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Editorial on the Research Topic 


Nanomaterials and multimodal tumor therapy


Although cancer treatment has improved dramatically over recent decades, it continues to remain among the most challenging public health issues. Comprehensive cancer management continues to evolve from use of earlier modalities such as surgery, radiotherapy (RT) and chemotherapy (CHT), to increasingly sophisticated approaches incorporating thermal therapy (e.g., photothermal therapy (PTT), magnetic-thermal therapy), dynamic therapy (e.g., photodynamic therapy (PDT), chemodynamic therapy (CDT), sonodynamic therapy (SDT) (1)) and more recently, immunotherapy (2). Such emerging therapies minimize tissue trauma, enhance targeting of malignant cells, reduce systemic side effects and improve patient prognosis.

However, monomodal therapeutic strategies that depend on a single mechanism of action are often inherently flawed. For instance, efficacy of thermal ablation by PTT is often lessened by expression of heat shock proteins produced under stress; treatment of deep-tissue tumors is thus often limited by the depth of light penetration. Oxygen-dependent dynamic therapy, which utilizes oxygen to produce reactive oxygen species (ROS) particularly toxic to cancer cells, is known to exacerbate hypoxia in the tumor microenvironment (TME) and thus exhibit poor efficacy. Similarly, tumor-driven immunosuppression is known to frequently render immunotherapy (IT) ineffective. Development of multimodal tumor therapies is thus urgently warranted.

Major advances in nanotechnology have paved the way for the exploitation of multi-functional therapeutic platforms. Elaborate nanoplatforms constructed via drug loading, structure optimization and surface modification, can thus be expected to exhibit efficacious anti-tumor activity.

In comparison with monomodal tumor therapy, nanomaterial-based multimodal therapy (Figure 1) possesses major advantages. First, use of multimodal therapy can exert multi-faceted anti-neoplastic effects while minimizing risks of multidrug resistance and untargeted toxicity. Second, multimodal therapeutic strategies can apply precision medicine approaches to treat a variety of malignancies. Third, nanomaterial optimization can effectively achieve controlled drug delivery to tumor tissues and thus significantly improve pharmacotherapeutic outcomes.




Figure 1 | Schematic illustration of nanomaterials for multimodal tumor therapy. (PTT, photothermal therapy; PDT, photodynamic therapy; NIR, near-infrared; ROS, reactive oxygen species; CDT, chemodynamic therapy; SDT, sonodynamic therapy; CHT, chemotherapy; RT, radiotherapy; GT, gene therapy; IT, immunotherapy; MP, macrophage; NEU, neutrophil; DC , dendritic cell).



As mentioned by Shi et al., combination strategies based on synergistically enhanced interactions among two or more treatments tend to produce super-additive “1+1>2” effects. They introduced common inorganic, organic and composite photothermal nanomaterials in the context of multimodal cancer treatment, highlighting the great potential of photothermal nanomaterial use.

In PTT/PDT dual-modal therapy, PTT achieves thermal ablation via near-infrared (NIR) light irradiation utilizing a specific wavelength, while PDT kills cells via photosensitization and induction of cytotoxic ROS generation. Zhu et al. prepared NIR-responsive injectable agarose hydrogels containing Cu-Hemin and indocyanine green (ICG). As a photothermal agent, ICG was found to effectually absorb and convert NIR light energy emitted by an 808 nm laser into thermal energy. Resultant heating and softening of the hydrogel matrix released Cu-Hemin to mediate antioxidant glutathione (GSH) consumption. Furthermore, ICG was reported to act as a photosensitizer that facilitated production of significant quantities of cytotoxic ROS in tumor cells. As such, PTT/PDT therapy utilizing Cu-Hemin and ICG effectively modulates GSH content within the TME and amplifies the anti-neoplastic effects of PDT.

Utilizing low-intensity ultrasound to generate ROS within tumor cells, SDT has been shown to effectively induce apoptosis. However, marked oxygen consumption in the setting of SDT was reported to aggravate TME hypoxia and thus limit its therapeutic use. Wang et al. designed a multifunctional hydrogel capable of co-delivering nanozyme prussian blue (PB) and sonosensitizer chlorin e6 (Ce6). After photoirradiation using an 808 nm laser, PB was found to convert light energy into heat. After heat-induced hydrogel softening, release of PB and Ce6 was achieved. Resultant catalysis of endogenous H2O2 to O2 by PB alleviated hypoxia within the TME and enhanced Ce6-mediated SDT. Both in vivo and in vitro results have underscored promise in utilizing PTT/SDT synergy in cancer treatment.

Autophagy was reported to render pharmacotherapy ineffective by facilitating drug resistance among cancer cells, which assists to clear damaged and aging organelles timely and maintains their persistent abnormal proliferation. As such, clinical use of PTT-induced thermal ablation remains challenging. Zhang et al. designed a PTT/gene therapy (GT) platform to load transcription factor EB (TFEB)-siRNA by cell penetrating membrane peptides (CPP)-functionalized gold nanorods (GNRs) with good stable photothermal conversion rate. Importantly, use of CPP was found to enhance the cell permeability of GNRs. Under NIR irradiation, this platform accurately delivered siRNA targeting the autolysosomes, which could weaken the drug resistance of osteosarcoma cells and enhance PTT efficacy. In addition, TFEB silencing by this platform was reported to efficiently inhibit pulmonary metastasis by osteosarcoma cells because TFEB associated autophagy with lysosomal biogenesis and promoted cancer metastasis.

Although generation of hydroxyl radicals (·OH) via Fenton or Fenton-like reactions triggers oxidative damage, CDT efficiency remains limited by the delivery rate of Fenton reagents and complex TME conditions. Qin et al. attempted to synergistically enhance the Fenton reaction utilizing PTT/CDT by developing a novel NIR-mediated, tumor-specific nanoplatform based on magnetic iron oxide nanoclusters (MNCs). MNCs were found to possess excellent magnetic response characteristics and facilitate delivery of Fenton reagents to tumor sites via magnetophoresis. Furthermore, MNCs exhibited excellent photothermal characteristics and Fenton-like nano-catalysts activity, which accelerated Fenton reactivity and enhanced therapeutic effects via an increase in temperature. As such, incorporation of PTT and the Fenton reaction was found to produce superior anti-tumor effects as compared to monotherapy both in vitro and in vivo, with MNCs + NIR group almost completely inhibiting in vivo tumor growth. Similarly, Zeng et al. developed a chemodynamic hydrogel system based on iron-gallic acid nanoparticles (FeGA) and α-cyano-4-hydroxycinnamic acid (α-CHCA) that also utilized PTT/CDT co-therapy. Irradiation of FeGA by an 808 nm NIR laser resulted in conversion of light energy into thermal energy, with Fe2+ simultaneously enhancing Fenton reactivity to damage tumor cells. Furthermore, diffusion of α-CHCA into the TME was found to increase intracellular acidity and contribute to ·OH production by CDT.

Profound nonspecific side effects of CHT significantly affect patient quality of life and limit patient compliance to treatment. As such, nanomaterials-based combination therapy utilizing PTT and CHT has recently emerged as a focus of study. Zhao et al. designed a biomimetic nanosystem based on a zeolitic imidazolate framework 8 (ZIF8) that employed particles loaded with doxorubicin hydrochloride (DOX·HCl) and photothermal agent copper sulfide (CuS), and that were coated with red cell membrane and catalase (CAT) components. With its biodegradation dependent on pH, ZIF8 rapidly degraded in the acidic TME and facilitated targeted co-delivery of both CHT and PTT agents. Furthermore, catalysis of H2O2 decomposition functioned to provide sufficient O2 for PTT activity, thus enhancing DOX delivery and cytotoxicity. Combined utilization of PTT and RT was similarly reported to optimize treatment while lowering required radiation doses and minimizing side effects. Hydrogel-encapsulated SnFe2O4 (SFO) nanozyme was reported by Zeng et al. to exploit GSH oxidase (GSH-OXD) and CAT activity in addition to PTT effects, thus reducing GSH levels in tumor tissues and effectively catalyzing formation of large quantities of O2. Thus, the anti-cancer properties of RT were enhanced via alleviation of hypoxia within the TME and minimization of resistance. In vivo anti-tumor findings revealed almost complete inhibition of tumor growth in the PTT/RT group. Moreover, Huang et al. highlighted the advantages of Bi2X3-based nanomaterials as photothermal agents in the context of PTT enhancement that improves ROS production in RT and thus broadens the clinical application of Bi2X3-based nanomaterials in RT use.

In addition to PTT-based strategies, other bimodal approaches also optimize multi-faceted therapeutic outcomes. Incorporation of CDT and RT by Zhang et al. entailed fixation of glucose oxidase (GOD) and Hemin on the surface of biodegradable mesoporous silica nanospheres (MSN). Oxidation of glucose by GOD generated significant quantities of H2O2; subsequent conversion of H2O2 into ROS by Hemin markedly enhanced RT efficacy and produced an in-vivo tumor suppression rate as high as 91.5%. Chen et al. designed a CHT/RT platform employing platelet membrane-coated gold nanocages (AuNs) loaded with cisplatin capable of directly destroying tumor cell DNA and enhancing RT efficacy. This platform almost completely inhibited increases in tumor volume in vivo. Yang et al. encapsulated camptothecin (CPT) and the CO prodrug MnCO in ZIF8 nanocarriers that decomposed in the acidic TME, releasing CPT to destroy tumor mass and produce significant quantities of H2O2. Subsequently, MnCO triggered a Fenton-like reaction with H2O2 to generate CO; this localized increase in CO levels inhibited mitochondrial respiration and induced tumor cell apoptosis. Such enhancement of CHT in the setting of CDT was reported to suppress approximately 90% of tumor cells in vitro and almost entirely inhibit tumor volume growth in mice with CT26 tumors.

Importantly, multimodality was reported to exhibit even greater superiority over monomodal and bimodal approaches. Feng et al. constructed an intelligent PTT/CHT/IT nanoplatform using MnIIIPC@DTX@poly-acylcosugar acid (PLGA)@Mn2+@hyaluronic acid (HA) (MDPMH) for treatment of non-small cell lung cancer. Mn-modified phthalocyanine derivative (MnIIIPC) was employed as a photothermal agent to facilitate PTT while docetaxel (DTX) was delivered in a targeted fashion to the tumor site to minimize non-targeted toxicity to normal tissues. Endocytosis of Mn2+ by macrophages, dendritic cells and lymphocytes resulted in activation of the innate immune response. In vitro findings confirmed this platform to be significantly more effective in inducing tumor cell apoptosis as compared to monomodal or bimodal strategies.

Use of multimodal strategies in concert with PTT/CHT/CDT overcomes a number of practical limitations such as penetration depth in PTT and decreases drug resistance. Wang et al. studied use of encapsulated CPT and pyrite (FeS2) with injectable hydrogels. A photothermal agent, FeS2 simultaneously functioned as a peroxidase (POD), mediated PTT and catalyzed production of ·OH within the TME via Fenton reactivity. The GSH-OXD activity of FeS2 resulted in consumption of excess intracellular GSH and further amplified oxidative stress. Moreover, this hydrogel system allowed for controlled release of nanomaterials, enhancing the selective chemotherapeutic effect of CPT, maintaining within the therapeutic window, and ultimately showing favorable tumor-specific cytotoxicity. Of note, PTT/CHT/CDT treatment group was reported to be most efficacious in mice.

In summary, incorporation of existing nanomaterial-based drug delivery platforms to rationally design multimodal cancer treatment strategies holds great promise for future clinical applications. Their cooperations are typically complementary between two or more therapies, including, but not limited to, examples within this Research Topic. But it is regrettable that research progress in this area has remained slow and most of the aforementioned therapies remain at the laboratory level. As such, further systematic study of potential contradictions and side effects in the context of multimodal treatment strategies is urgently warranted.

The emerging field of nanomedicine offers increased clinical precision in the management of malignancies. In order to successfully translate laboratory findings into clinical practice, thorough study of nanomaterial properties is necessary to characterize compound stability, excretion rates, safety profiles and metabolism, as well as identify possible physiological effects of short and long-term exposure. Adoption of diagnostic and treatment gold standards, preclinical and clinical evaluation protocols, as well as large-scale manufacturing specifications for nanomaterial drugs or vectors, is similarly mandated. Finally, although many nanomaterials offer remarkable efficacy with relatively few side effects, much interdisciplinary research remains to be performed for the purposes of optimizing their clinical value and minimizing costs of clinical applications. Fortunately, including the authors of this topic, a multitude of other talented scientists are working as hard as ever to accomplish the aforementioned objectives and improve patient outcomes.
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Exosomes are composed of a lipid bilayer membrane, containing proteins, nucleic acids, DNA, RNA, etc., derived from donor cells. They have a size range of approximately 30-150 nm. The intrinsic characteristics of exosomes, including efficient cellular uptake, low immunogenicity, low toxicity, intrinsic ability to traverse biological barriers, and inherent targeting ability, facilitate their application to the drug delivery system. Here, we review the generation, uptake, separation, and purification methods of exosomes, focusing on their application as carriers in tumor diagnosis and treatment, especially in brain tumors, as well as the patent applications of exosomes in recent years.
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Introduction

Most cells secrete various types of membrane vesicles, called extracellular vehicles (EVs) (1). EVs are classified into (1) ectosomes and (2) exosomes based on their size, biogenesis, and biophysical properties (2). Ectosomes are ubiquitous vesicles, approximately 100 to 500 mm in diameter, that are directly released from the plasma membrane (PM).

In the early 1980s, Pan and Johnstone first identified exosomes while studying the process of maturation of reticulocytes into erythrocytes (3). Exosomes are formed by the exocytosis of intraluminal vesicles (ILVs)-containing multivesicular bodies (MVBs) that are formed by the sequential invagination of the PM. The released exosomes have an approximate diameter of 40 to 160 nm (average ~ 100 nm) (4).

Exosomes possess a unique ability to facilitate complex biological responses, which promotes their use as diagnostic and therapeutic tools to treat various diseases, including neurodegenerative, cardiovascular, and cancer (5). The heterogeneity of exosomes is based on the different combinations of various characteristics, including size, original cells (source), content (cargo molecules), and effect on the functioning of the recipient cells (6). Recent studies are actively exploring exosomes as therapeutic agents to deliver drug payloads based on their ability to deliver various cargo molecules, including specific proteins, metabolites, lipids, and nucleic acids (7). Unlike liposomes, injected exosomes can effectively enter other cells and provide functional cargo molecules without getting attacked by the immune system and inducing toxicity due to its biogenetic derivation (8, 9).

Compared with other nanomaterials such as polymer-based nanomaterials and inorganic nanomaterials, they both have excellent pharmacokinetic properties, bioavailability (10), biodistribution, and can decrease the side effects of free drugs (11, 12). As a novel drug carrier, exosomes possess several unique structural and physicochemical properties, including low toxicity and immunogenicity, efficient cellular entry, intrinsic ability to cross biological barriers, increased circulatory stability, and active targeting potential (9). Interestingly, cancer cells are known to secrete excessive amounts of exosomes compared to normal cells and support tumor progression by promoting angiogenesis, modulating the immune system, and remodeling the surrounding parenchymal tissue (13, 14). Currently, there are several clinical trials with varying objectives, investigating the role of exosomes as tumor markers. This review summarizes the recent research on exosome as a carrier in tumor diagnosis and treatment, especially brain tumors, to facilitate the application of exosomes in the development of tumor therapy.



Background of Exosomes


Different Periods of Exosomes


The Biogenesis of Exosomes

Exosomes are derived from the early-sorting endosomes (ESEs), late-classified endosomes (LSEs), and ultimately ILVs-containing intracellular MVBs via the endosomal pathway (Figure 1). ESEs are cup-shaped structures formed by the initial invagination of the PM, which includes cell-surface proteins and extracellular soluble proteins. In some cases, the newly formed ESE might merge with the preexisting ESE. Consequently, ESEs mature into LSEs, leading to the formation of ILVs-filled MVBs via the second invagination of the PM. Ultimately, the fusion of MVBs with the PM results in the secretion of ILVs via exocytosis (15).




Figure 1 | Biogenesis, biomarkers and uptake of exosomes.



There are two major pathways involved in the generations of exosomes: Endosomal Sorting Complex Required for Transport (ESCRT)-dependent pathway and ESCRT-independent pathway (16). The ESCRT mechanism involves four major complexes, ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-III, comprising several subunits which play distinct roles. The ESCRT-0 complex identifies and separates ubiquitinated transmembrane proteins in the endosomal membrane; ESCRT- I, along with ESCRT-II, initiate the local budding of the endosomal membrane, followed by ESCRT-III-mediated vesicle segregation (17). The ESCRT-independent mechanism of exosome biogenesis requires the generation of ceramide by type 2-neutral sphingomyelinase (18). Additionally, ESCRT-independent endosomal sorting is regulated by proteins from the tetraspanin family and exosome-rich CD63 (19). Thus, it seems that both mechanisms might operate synergistically for the biogenesis of exosomes. Moreover, the cell type, cellular homeostasis, and cargo molecules could be vital for regulating the secretion of exosomes (20).



The Release (Secretion) of Exosomes

Exosomes are secreted as ILVs post the fusion of MVBs with the PM. Alternatively, MVBs are directed to lysosomes for degradation (18). The mechanism of regulation of the balance between intracellular degradation or the release of exosomes is unclear. Recent studies have provided insights into a possible mechanism, where the ISGylation of MVB proteins facilitates their fusion with lysosomes, directing MVBs toward the degradation pathway and away from the secretory pathway (21); intracellular transport of MVB via microtubules to the PM (22), the formation of docking sites in the PM (23), or recruitment of Soluble NSF Attachment Protein Receptor (SNARE) proteins and synaptotagmin family members that facilitate their fusion with either lysosomes or the PM (24). Molecular regulators associated with the release of exosomes include several molecules involved in MVB docking, such as RAB27A and RAB27B32 and their respective effectors, synaptotagmin-like protein 4 and exophilin 5 (20). Furthermore, studies have shown that autophagosomes fuse with MVBs and direct them to lysosomes to prevent exosome secretion (20). Similarly, previous studies have been shown that the prion protein (PrP) inhibits the formation of autophagosomes by interacting with caveolin to promote exosome secretion (25).



The Uptake of Exosomes

There are several pathways involved in the uptake of exosomes, including receptor-mediated endocytosis, clathrin-mediated endocytosis, lipid raft-mediated endocytosis, phagocytosis, caveolin-mediated endocytosis, micropinocytosis (26), and membrane fusion (27), which increase the complexity of exosomes in intercellular communication (Figure 1). For instance, mutated KRAS expression generates oncogenic signals that promote the uptake of exosomes in human pancreatic cancer cells through macrocytosis (28), clathrin-dependent endocytosis mediates exosome uptake in neurosecretory PC12 cells (derived from rat adrenal medullary tumor) (29).

A recent study identified a different exosome internalization pathway involving filopodia-mediated recruitment, followed by endocytosis by a process resembling virus entry (30). However, variable conditions impact exosome uptake and subsequent biological activity, such as the preferential uptake of small exosomes by cells of different sizes, exosome uptake is inhibited at low temperatures (31). Some proteins are known to facilitate exosome uptake, such as the tetraspanin membrane proteins CD9 and CD81 and intercellular adhesion molecule (ICAM)-1 (32). Additionally, proton pump inhibition or cellular pH changes in melanoma cells are known to limit exosome uptake (33).




Content and Function of Exosomes

Previous studies on the composition of exosomes have revealed the presence of various cargo molecules, including membrane proteins, cytosolic and nuclear proteins, extracellular matrix proteins, metabolites, and nucleic acids, such as mRNA, noncoding RNA species, and DNA (34, 35). The composition can vary widely based on cellular origin, heterogeneity in size, cellular microenvironment, and inherent biology of cells (4).

The diverse composition of exosomes results in the complexity of their functions. Additionally, the effects of exosomes on receptor cells vary based on the expression of receptors on the cell surface. Generally, exosomes are involved in eliminating excess metabolites to maintain cellular homeostasis (36) and intercellular communication, which has been associated with numerous physiological and pathological functions (37). In cancer cells, exosomes are known to support tumor progression by promoting angiogenesis, regulating the immune system, and remodeling the surrounding parenchymal tissue (38). In breast milk, breast milk-derived exosomes contain miRNAs with immunomodulatory functions to regulate immune tolerance and promote postnatal health and growth (39).

Recent studies on the central nervous system have indicated that exosomes secreted by oligodendrocytes enhance neuronal viability as well as an increase in the neuron firing rate (40). In a syngeneic mouse model of melanoma, melanoma-derived exosomes induced lung vascular leakiness and recruited bone marrow-derived macrophages to metastatic sites. Moreover, chemotherapy and radiation therapy also impact the composition and functioning of exosomes with potential implications on therapy outcomes (41).



Separation and Purification of Exosomes

Current studies are involved in the exploration of exosomes as a new method for the cellular delivery of drug payload. There are several techniques being used to separate exosomes from EVs (Table 1); however, there are still many challenges regarding the efficient and economic production, separation, and purification of exosomes in adequate quantities, which prevent their clinical use (9).


Table 1 | Isolation technique of exosomes.



Therefore, it is imperative to promote a standardized method that is practical, efficient, and feasible to isolate and purify exosomes from the cell culture medium.




Applying of Exosome to Improve Cancer Diagnosis

Timely detection is vital for the effective treatment of cancer. Currently, clinical diagnosis of cancer includes laboratory examinations, imaging studies, and tissue biopsy which is regarded as the gold standard. However, since biopsies are invasive, the first two methodologies are more widely used. Unfortunately, laboratory examination and imaging analysis have low sensitivity and have an insignificant role in the diagnosis of early-stage cancer. For several years now, scientists have discussed the application of exosomes in clinical diagnosis, especially in improving the sensitivity of laboratory and imaging studies. Moreover, an early cancer diagnosis is directly related to improved survival rates.


Application in Laboratory Examinations

Exosomes can transport DNA, RNA, and proteins into biological fluids to mediate intercellular communication (4). Tumor cell-derived exosomes contain oncogenic information that facilitates cancer growth and metastasis (51). Thus, it was recently predicted that exosomes could act as tumor biomarkers (52, 53). A study showed that TAG72-rich and CA125-rich exosomes could act as biomarkers of colorectal cancer (54). A significant increase in the serum/plasma levels of miR-547-3p was observed in patients with osteosarcoma (55) or hepatocellular carcinoma (56) and considered as a diagnostic biomarker, and miR-547-3p levels were significantly reduced post-radiotherapy in patients with glioma (57). Exosomes can be detected in the early stages of cancer, suggesting that they might be vital candidates for laboratory examinations.

Tumor-derived exosomes possess tumor markers, and tumors can be identified based on the levels of tumor-derived exosomes in bodily fluids (Figure 2A) (60). However, during the early stages of development, tumors secrete few exosomes, which are difficult to detect, and thus, detachable microfluidic devices were invented to detect early-stage tumors using electrochemical aptamer sensors (DeMEA). This equipment can improve the sensitivity of the detection of tumor-secreted exosomes (61). It provides the possibility of early detection of cancer. When a tumor progresses to a terminal stage, it is critical to determine its level of metastasis to develop the treatment strategy. Thus, an ingenious microfluidic device was designed to detect exosomes based on the specific binding of lectins to unique glycans on the surface of cancer cell-derived exosomes, which could distinguish between metastatic and non-metastatic pancreatic cancer while improving the accuracy of pancreatic cancer diagnosis (Figure 2B) (58).




Figure 2 | Cancer diagnosis. (A) An integrative microfluidic device (IMD) for the isolation and detection of exosomes. (a) The model design of the IMD. (b) The in-situ detection of exosomes. (c) An image of the IMD. (d) A scanning electron micrograph of the Au nanoparticles deposited on a 50-mm-thick AAO membrane; side view presented in (e). (f) A scanning electron micrograph of the captured exosomes on the AAO membrane, and (g) A scanning electron micrograph of the AuNC-Exosome-AuR complex. Reproduced with permission from Ref (60). Copyright 2020 Elsevier. (B) Schematic illustration of the capturing of pancreatic cancer exosomes via Exo-chip system. (a) Isolation of the exosomes from the patient blood specimens/pancreatic cancer cell line culture medium. (b) After addition to the Exo-chip with Janus nanoparticles (JNPs), the sample was visualized via fluorescence imaging and analysis. Lectin-conjugated JNPs mediate the interaction between exosomes and the chip substrate via click reactions (maleimide-functionalized JNPs and thiol-functionalized substrate) that bind the substrate in a laminar flow system. Reproduced with permission from ref (58). Copyright 2020 Elsevier. (C) Schematic illustration of the synthesis of tumor derived extracellular vehicles loaded Cy5 and antimiRNA-21 (TEVs-Cy5-antimiRNA-21) and TEVs-Cy5-antimiRNA-21-coated gold iron oxide nanotheranostics (GIONs). (a) Cy5-antimiRNA-21 was transfected into the donor 4T1 cells, (b) Cy5-antimiRNA-21-packed donor 4T1 cells, (c) In situ generation of 4T1 tumor cell-derived Cy5-antimiRNA-21-loaded extracellular vesicles, (d) Top-down fabrication synthesis of TEVs-Cy5-antimiRNA-21-coated GIONs, (e) TEVs-Cy5-antimiRNA-21-mediated cancer therapy, (f) TEVs-Cy5-antimiRNA-21-GIONs-mediated multimodal imaging and photothermal cancer therapy, (g) MRI of 4T1 cancer cells delivered by TEVs-Cy5-antimiRNA-21-GIONs. Reproduced with permission from ref (59). Copyright 2013 American Chemical Society. (D) Schematic representation of theranosome generation from drug-loaded magnetic precursor cells along with their application in photodynamic therapy and dual-mode MRI and fluorescence imaging. Reproduced with permission from ref (66). Copyright 2018 American Chemical Society.





Application in Imaging Examinations

Compared with laboratory examinations, imaging examinations are more intuitive and visual (62). Exosomes are considered to be natural delivery vesicles that can slow down the endocytosis of macrophages and extend blood circulation time to avoid clearance via the kidney, liver, and the immune system (28), implying that their biocompatibility and transcellular permeability present them as probable vehicles for theranostic applications. Currently, for imaging analysis, the cargo molecules that can be loaded by the exosomes include inorganic molecules (63), magnetic materials (Figure 2C) (59), and fluorescent molecules (64). Besides, there is two main preparation method of exosome theranostics: in-vitro biosynthesis and in-situ biosynthesis.

In-vitro biosynthesis is a more controllable technique. In a study, chlorin e6 (Ce6) molecules were loaded on the surface of inorganic Au nanoparticles (Au@Ce6), followed by embedding the Au@Ce6 into exosomes, which were collected and purified from the urine of gastric cancer patients. The results showed that the nanovehicles could successfully improve the cellular uptake of cancer cells and reduce the endocytosis of macrophages, which further enhanced the accumulation of targeted tumor sites for superior real-time fluorescence imaging (63). Another study used superparamagnetic iron oxide (SPIO)-loaded exosomes for magnetic particle imaging (MPI), which enabled the acquisition of in vivo images with greater contrast, sensitivity, and quantitation than magnetic resonance imaging (MRI) (65). Apart from this, gold-iron oxide nanoparticles-loaded exosomes also demonstrated excellent T2 contrast in MRI (Figure 2D) (66).

In-situ biosynthesis is a more sensitive technique where the raw materials of the bioprobe are injected into the organism, followed by their self-assembly in the tumor microenvironment (TME). After the bioprobe assembly is complete, it gets embedded into the exosome as metabolic trash and excreted outside the cell. Thus, it can be found in the early stages of cancer. A study utilized TME for bioimaging with in-situ biosynthesized nanoscale gold and iron probes and subsequently disseminated Au-Fe nanoclusters from cargo exosomes within the circulation, which could be subsequently used as fluorescence, Computed Tomography (CT), and MRI imaging tools for cancer diagnosis (67).



Application in Brain Cancer Diagnosis

In clinical studies, the application of biopsy to brain cancers is limited due to the location of the nidus. Usually, the diagnosis is confirmed by imaging analysis and laboratory examination, and biopsy is performed only when there are clinical symptoms; however, by then, the cancer has developed to middle or advanced stages. Therefore, it is necessary to improve the sensitivity of imaging techniques and laboratory examination and strive for early diagnosis. The use of exosomes in the diagnosis may solve this problem. In the laboratory diagnosis, once the TME is established, exosomes containing oncogenic information are released into the peripheral blood, which can be detected by laboratory tests (57). As for the image-based diagnosis, encapsulating particles with imaging capabilities in exosomes can be absorbed by the brain cancer cells due to their capability to cross the blood-brain barrier (BBB) (65, 68) or be transported from the nidus to the peripheral blood (67), which can effectively improve the imaging signals of CT or MRI and enhance the sensitivity of imaging diagnosis. Based on these conclusions, the combination of improved laboratory tests and imaging techniques by exosome can facilitate early diagnosis of brain cancers, reduce the rate of missed diagnosis, and achieve early treatment of brain cancers.

In summary, exosomes could improve the sensitivity of laboratory tests and imaging to detect tumors. In laboratory examinations, the presence of exosomes with tumor markers in bodily fluids could be used to detect tumors. Further research invented numerous devices to improve the sensitivity of detecting early tumors as well as for distinguishing whether tumors were metastatic by analyzing exosomes, with improved clinical efficacy. In imaging examinations, exosomes derived from tumor cells were found to enhance the signal at the tumor site by loading inorganic molecules, magnetic materials or fluorescent molecules. These involved two methods: (1) in vitro biosynthesis where fluorescent molecules were loaded into the exosomes in vitro and then transported to tumors through the homing ability of exosomes; (2) in-situ biosynthesis where the raw materials of the bioprobe were injected into the organisms and then self-assembled in the tumor microenvironment (TME).




Use of Exosomes to Improve RNAi-Based Cancer Therapy

Until now, RNAs interference (RNAi)-based therapy, such as small interfering RNAs (siRNAs) and micro RNAs (miRNAs) (Table 2), have been demonstrated to be effective for cancer treatment (85, 86). However, rapid hydrolysis, poor bioavailability (87), and the inability to cross the biological barriers have restricted the development of RNAi-based therapies (88). Thus, an effective delivery system is needed that protects RNAs from nuclease degradation and releases them into the cytoplasm of targeted cells without adverse effects (89). Currently, there exist three classes of delivery vehicles: viruses, polycationic polyethyleneimine (PEI)-based nanoparticles, and liposomes. With the delivery of viruses, RNAs can enter host cells and survive in host cells for a long time via genome integration. But there are some serious drawbacks to using viruses. They get cleared by preexisting antibodies in the bloodstream and active complement or coagulation factors in the circulating blood; furthermore, gamma retroviral vectors were used for clinical gene therapy in ten patients with X-linked SCID (SCID-X1), and four of them developed T-cell leukemia after treatment. Viruses may also cause malignancies (90). PEI nanoparticles or liposomes, which are more safe compared with viruses, can protect RNAs from degradation in the bloodstream and facilitate cellular uptake, but they may induce cellular stress, inflammatory response, and apoptosis (91). On the contrary, exosomes have high target specificity, high permeability, and low toxicity. Meanwhile, they also provide serum stability (Figure 3A) (69). and facilitate cellular uptake by cancer cells, without immune response or inflammatory reaction (4). Given the limitations of these three vehicles, exosomes, a natural intercellular communication system, are more suitable vehicles over existing RNAs delivery vehicles (93, 94).


Table 2 | Exosome-mediated siRNA delivery.






Figure 3 | RNAi-based cancer therapy. (A) Schematic illustration of folic acid-functionalized milk exosomes loaded with siRNA via chemical transfection. Reproduced with permission from ref (69). Copyright 2019 Elsevier. (B) FA-decorated exosomes loaded with siRNA were uniformly distributed in the cytoplasm, and there was little overlap with the endosomes/lysosomes in the cells, indicating that exosomes with folate targeting had effective cytosol delivery property. Reproduced with permission from ref (100). Copyright 2019 Elsevier. (C) Schematic illustration of the synthesis of a T7 peptide-decorated exosome (T7-exo). After systemic administration, the T7-exo could cross the BBB, bind to glioblastoma, and enhance the efficiency of AMO delivery. Reproduced with permission from ref (79). Copyright 2019 Elsevier.




Application in Stable Delivery

As mentioned above, the use of RNAs in oncology has been limited by their easy degradation by nucleases, which reduces their stability in the blood (95). Furthermore, the pore size of the glomerular basement membrane (GBM) is approximately 6-10 nm (96), while the length of naked RNA is only 7 nm; thus, it can be filtered through GBM and pass into the urine quickly (97). Currently, scientists assume that this defect in RNAs could be remedied by using the exosome. Several experiments have been designed to verify this hypothesis. For example, one study found a significant increase in the storage stability of RNAs after loading with exosomes compared with only PEIs-modified siRNAs (92). Plasma-derived exosomes also protected miRNAs from nuclease degradation and successfully promoted apoptosis of the HepG2 hepatocellular carcinoma cells (77). Again, siRNAs loaded with milk-derived exosomes are stable and resist degradation; the combination of exosomes and siRNAs eventually silence the expression of target genes by approximately 2-10 folds (Figure 3A) (69). Thus, exosomes, with no inherent toxicity and intrinsic biocompatibility, can protect RNAs from nuclease degradation and renal filtration and help maintain the stability of RNAs in blood.



Application in Crossing Biological Barriers

However, only maintaining stability is not enough. Since naked RNAs have a poor ability of cell penetration, it is hard for RNAs to enter into the cell (98). Even after entering the cell, they run the risk of being hydrolyzed by lysosomes (89). Consequently, the success of therapeutic RNAs depends on efficient cell internalization and timely endosomal escape. It is well known that exosomes have the innate ability to cross biological barriers; thus, engineered exosomes could efficiently facilitate cellular uptake of miRNAs and significantly reduce cancer proliferation (80). Professor Lin has proved that milk-derived exosomes can transport across the gastrointestinal barrier (99), and small interfering RAN (bcl-2 siRNA) encapsulated by milk-derived exosomes can effectively pass through cell membranes and inhibit the growth of cancer cells (84). Additionally, a study demonstrated that sometimes, exosomes fused with the target cell membranes, releasing their cargos directly into the cytoplasm. Thus, exosomes could help avoid the endosome trapping, enabling the full functionality of the RNAs and effectively inhibiting tumor growth (Figure 3B) (100). If the exosome was internalized via the clathrin-mediated or clathrin-independent endocytosis, it could also help RNAs escape digestion by reverse fusion with the limiting membrane of the MVE or by being re-secretion via the early endocytic recycling pathway (30).



Application in Overcoming Off-Target Effect

RNA therapy runs the risk of off-target effects, which can result in unanticipated phenotypes (89). Currently, active targeting might constitute the best way to solve this problem. Compared with other vehicles, exosomes have better targeting ability. First, exosomes have been proved to have a weak homing effect, i.e., cancer-derived exosomes are preferentially absorbed by the cancer cells (65, 101). Second, the exosomes originate from the cell membrane (4); thus, they can be modified via different targeted peptides or proteins and then can actively target cancer cells. Recently, exosomes were modified by a variety of target ligands, such as tLyp-1 (70), folic acid (69), iRGD peptide (102), and T7-peptide (79) in RNAs-based cancer therapy. Thus, this approach can limit the off-target effects and promote cellular uptake of RNAs by cancer cells, either passive targeting or active targeting.



Application in Brain Cancer RNAs Interference Based Therapy

The poor diagnostics, therapeutics, and prognosis of brain cancer are well known. It mainly includes glioblastoma, medulloblastoma, and oligodendroglioma. Currently, a standard treatment for brain cancer is surgical resection, followed by radiotherapy and chemotherapy. However, surgical resection is limited because of the diffusive nature of brain cancer and the intolerance in some patients. Also, chemotherapy and radiotherapy can have serious adverse effects; thus, brain cancer has a low cure rate and a high recurrence rate clinically. Therefore, a drug with low-toxicity, low-immunogenicity, high bioavailability, ability to cross the blood-brain barrier (BBB), and active targeting is needed. Most naked molecules do not meet these requirements. Fortunately, exosomes possess an invisibility cloak, increasing their functionality by wrapping them in a vesicle. In other words, they can carry the cargos and pass through biological barriers smoothly, including BBB; thus, improving the biological availability of cargos (103). Additionally, exosomes are non-toxic, which will not lead to acute immune rejection, thus giving the cargos high biocompatibility (7). Also, exosomes present a customizable surface and can be modified for different applications (104). These characteristics of exosomes are exclusive to them (105), making them the preferred carriers in brain treatment.

For the treatment of brain tumors, RNA therapy is not only hindered by the BBB but also by the off-target effects. The complex and mysterious structure of the brain makes the adverse effects of off-target unpredictable. One study analyzed the delivery of miRNA-21 using T7-peptide-decorated exosomes via intravenous injection. After systemic administration, this compound showed a brilliant brain-targeting ability and reduced tumor size in orthotopic glioblastoma models without adverse effects. Similarly, Lamp2b and rabies virus glycoprotein (RVG) are also known to target glioblastoma (Figure 3C) (79). If unmodified exosomes are used to deliver RNAs, then intra-tumor injection may be the most efficient and safe method (106).

In summary, exosome-loaded RNA for tumor treatment could improve the disadvantages of RNA, such as rapid hydrolysis, poor bioavailability, and inability to cross the biological barriers. Experiments have shown that exosomes can store RNA, avoiding RNA degradation by enzymes and maintaining its stability in the blood. In addition, exosomes can carry RNA across biological barriers, such as the blood-brain barrier and the gastrointestinal barrier. Finally, RNA therapy has the risk of off-target effects. Thus, exosomes can help RNA overcome off-target effects and improve targeting ability, in turn improving anti-tumor efficacy.




Use of Exosome to Improve Cancer Chemotherapy

Several chemotherapeutic drugs, which exhibit potent anti-cancer effects in vitro, do not show similar efficacy in vivo due to low bioavailability and low biocompatibility. Also, long-term chemotherapy induces drug resistance in cancer cells (107), which causes further complications. A drug needs a drug delivery system to exert its therapeutic effect in vivo to improve its bioavailability, as well as its solubility in water, stability in blood, permeability to biological barriers, and accumulation in cancer tissues. Additionally, it is also necessary to improve their active targeting ability, hide their immunogenicity, and make them self-degradable. Exosomes as “natural nanoparticles,” can not only meet the above requirements but also help to overcome cancer drug resistance; thus, they can work as valuable carriers for drug delivery (Table 3) (118).


Table 3 | Exosome-mediated anti-tumor drug delivery.




Use in Enhancing Bioavailability

Several natural products and extracts, such as paclitaxel, curcumin, celastrol, anthocyanin, etc. suffer from low bioavailability in vivo despite having excellent anti-cancer properties. Numerous experiments have shown that exosomes can improve the bioavailability of these drugs and improve their efficacy in cancer treatment. For example, aminoethylanisamide-polyethylene glycol-vectorized exosomes loaded with paclitaxel (AA-PEG-exoPTX) exhibit a high loading capacity, excellent accumulation in cancer cells upon systemic administration, and improved therapeutic efficiency (111). In this previous study, AA-PEG-vectorized exosomes increased the aqueous solubility of PTX and promoted the accumulation of PTX in tumor tissues. In another experiment, the poor aqueous solubility and instability in the blood of celastrol were improved via exosome wrapping. Thus, exosomes improved the bioavailability of celastrol and enhanced its anti-cancer efficacy (119).

Compared with systemic administration, oral administration is non-invasive and easy for the patient; thus, it constitutes an excellent treatment method for chemotherapy. However, the gastrointestinal barrier hinders the absorption of drugs, especially gastric acid, which reduces the stability of drugs. Fortunately, milk-derived exosomes can stably exist in gastric acid; thus, avoiding the degradation of the cargo molecules (99). Curcumin is well known for its excellent anti-cancer properties but poor aqueous solubility. Its hydrophobic nature results in not only poor aqueous solubility but also rapid intestinal hepatic metabolism. A study showed that exosome-encapsulated curcumin could stably exist in gastric acid and smoothly cross the gastrointestinal barrier to improve the bioavailability of curcumin. Additionally, compared with the pure curcumin group, exo-curcumin showed significantly improved accumulation in tumor cells as well as enhanced anti-tumor efficacy (108).



Application in Enhancing Biocompatibility

Most chemical drugs, such as adriamycin, cisplatin, oxaliplatin, etc. suffer from low biocompatibility. The adverse effects of these drugs limit their clinical application. Theoretically, carriers with active targeting ability, low immunogenicity, and self-degradability should solve this problem. Autologous-derived exosomes elicit a negligible immune response or an inflammatory reaction, as well as possess the ability of self-degradation and active/passive targeting via surface or gene modification. These characteristics make exosomes more suitable than other carriers to improve the biocompatibility of chemical drugs (120). A study developed A33 antibody, which is uniformly expressed in colorectal cancer, positive exosomes loading doxorubicin (Dox) to improve the targeting ability, and this system showed high efficacy for the treatment of colorectal cancer without causing cardiotoxicity. Additionally, it demonstrated that exosomes fused with target cells more efficiently under acidic conditions, implying that exosomes facilitated drug release in acidic cancer cells (Figure 4A) (112). Furthermore, autologous exosomes can also reduce the hepatotoxicity and nephrotoxicity of gemcitabine by mediating the delivery of drugs to the cancer site due to its special homing effect (117). Additionally, the use of exosomes increased cancer cell uptake, minimized immunogenicity, and enhanced the biocompatibility of aspirin (Figure 4B) (115).




Figure 4 | Cancer chemotherapy. (A) Schematic illustration of A33Ab-US-Exo/Dox complex formation between A33 antibody-coated surface-carboxyl Fe3O4 superparamagnetic nanoparticles (US) (A33Ab-US) and exosomes (A33-Exo) released from doxorubicin-loaded LIM1215 cells (A33-Exo/Dox). Reproduced with permission from ref (112). Copyright 2018 Elsevier. (B) Exosomes loaded with GEMP and PTX were used for targeted chemotherapy of pancreatic cancer via dual functions, i.e., stromal penetrability and anti-matrix and overcame chemoresistance. Reproduced with permission from ref (115). Copyright 2019 Elsevier. (C) Paclitaxel (PTX)-loaded exosomes (exoPTX), derived from autologous macrophages, exhibited high loading capacity, sustained drug release, profound ability to accumulate in resistant cancer cells, and elevated cytotoxicity compared to PTX. Reproduced with permission from ref (123). Copyright 2016 Elsevier. (D) Injection of fluorescence-labeled PTX alone and those complexed with bEND3 exosomes in zebrafish embryos showed that Exo/PTX effectively crossed the BBB into the brain. Reproduced with permission from ref (124). Copyright 2015 Springer Science.





Application in Overcoming Multidrug Resistance

Clinically, multidrug resistance is a fatal blow to cancer chemotherapy. Additionally, the TME is well known for its potential for drug resistance. In fact, exosomes play a crucial role in this process since they transmit the information related to drug resistance between cancer cells. On the contrary, for cancer treatment, exosomes can also be used to transmit information about reversing drug resistance between cancer cells. Thus, caudally injected exo-anti-miR-214 was shown to reverse the resistance to cisplatin in gastric cancer and repress cancer growth in vivo by downregulating the expression of miR-214, which promoted gastric cancer chemoresistance (121). Additionally, in pancreatic ductal adenocarcinoma, chemoresistance to gemcitabine (GEM) significantly reduced the sensitivity of chemotherapeutic agents. The downregulation of key proteins, such as human equilibrium nucleotide transporter 1 (hENT1) and deoxynivalenol kinase (dCK), reduced the transport of GEM to the cytoplasm and insufficient conversion of GEM phosphorylation products, resulting in GEM-related chemoresistance. The internalization of exosomes into the cell was shown to be energy-dependent and was mediated by clathrin-independent endocytosis and macropinocytosis. Thus, GEM could enter the cytoplasm through a different internalization via exosomes, avoiding the primitive transport involved in human equilibrium nucleotide transporter protein 1 (hENT1) and thus, resist resistance (116). Drug resistance has been associated with an efflux transporter known as P-glycoprotein (P-gp) that is located in the cellular membrane (122). A study showed that the PTX-loaded exosome could bypass P-gp-mediated drug efflux in the resistant cancer cells to overcome the chemoresistance (Figure 4C) (123).



Application in Brain Cancer Chemotherapy

Due to chemoresistance and the limitations related to BBB, most chemotherapy drugs show poor therapeutic efficacy in brain tumors. The exosome is an extraordinary carrier with improved drug bioavailability, biocompatibility, and the ability to cross the BBB, which is helpful in improving the efficacy of drugs. For example, doxorubicin- and paclitaxel-loaded exosomes can cross BBB smoothly, with good bioavailability and anticancer efficacy (Figure 4D) (124). In another study, neuropilin-1-targeted peptide (RGE) was conjugated with the exosome membrane to improve its biocompatibility (110). As previously mentioned, brain cancer is also affected by multidrug resistance. It has been proved that miR-9 plays an important role in the development of drug resistance in glioblastoma cells against temozolomide by inducing an increase in P-gp. After entering the cells by exosomes, anti-miR-9 could reverse the expression of the multidrug transporter and sensitize glioblastoma cells to temozolomide (125). Thus, exosomes can be used to increase the therapeutic efficacy in brain cancer, especially in crossing BBB and overcoming chemoresistance.

In summary, the anti-tumor effect of chemotherapy was mainly inhibited by the low bioavailability and poor biocompatibility of the drug and the drug resistance in cancer cells. Exosomes could improve their bioavailability, stability, trans-biological barrier capacity, and overcome tumor drug resistance, improving the antitumor effect of chemotherapy.




Use of Exosome in Combination With Cancer Immunotherapy

The immunosuppressive TME is known to help the cancer cells evade the immune system (126). For example, apoptotic tumor cells are rarely recognized as antigens, and TME has the ability to upregulate the expression of regulatory T (Treg) cells or myeloid-derived suppressor cells and downregulate that of the cytotoxic T cells (127). Therefore, the inhibition of immune escape is the focus of tumor immunotherapy (128). Recent studies have shown that tumor-derived exosomes (TEXs) and immune cell-derived exosomes (IEXs) exhibit outstanding immunomodulatory effects and can overcome tumor immunosuppression (Table 4) (143, 144). Among them, dendritic cell-derived exosomes (DEXs) and tumor cell-derived exosomes are widely used because of their high specificity (145).


Table 4 | Exosome-assisted immunotherapy.




Application in Immunotherapy of TEXs and IEXs

Tumor-derived exosomes are known to carry immunosuppressive signals from tumor cells and transmit them between cells (146, 147). However, they are rich in tumor antigens as they carry tumor cell-related information (134). Therefore, isolating TEXs and injecting them into the organism could help with antigen presentation, which could generate an immune response, and produce enough cytotoxic T cells to kill tumor cells.

Several experiments have shown that the immunostimulatory ability of dendritic cell-derived exosomes (DEXs) is the same as that of the donor cells (148), and they directly or indirectly stimulate cytotoxic T cells via the major histocompatibility complex class I (MHC I) and major histocompatibility complex class II (MHC II) (149). Additionally, DCs are highly immunogenic, and different mature DC-derived exosomes have different functions. Mature, activated DC-derived exosomes often express MHC-I and MHC-II molecules as well as co-stimulatory molecules (CD40, CD80, CD86, etc.) and are therefore able to induce effective antigen-specific T and B cell responses and activate cytotoxic T cells and natural killer (NK) cells. Studies have shown that DC-derived exosomes induce antigen-specific responses against tumor cells by activating innate and adaptive immune cells and overcoming tumor-induced immunosuppression (Figure 5A) (150). Based on these characteristics, DEXs have been extensively used in free-cell tumor vaccines (133). Along with dendritic cells, the exosomes derived from macrophages, natural killer cells, B cells, and T cells also possess the immunoregulatory ability and can be used in tumor immunotherapy (151, 152).




Figure 5 | Immunotherapy. (A) DEXs can overcome tumor immunosuppression. Reproduced with permission from ref (150). Copyright 2015 Elsevier. (B) DC-derived exosomes have been used for immunotherapy in animal studies and human clinical trials. It can also be bioengineered to contain specific cargoes. Reproduced with permission from ref (155). Copyright 2014 Elsevier. (C) Compared with epithelial cell-derived exosomes (HEK293-exo), tumor -derived exosomes (SKOV3-Exo) accelerates their accumulation in SKOV3 tumor cells due to their cell tropism. Reproduced with permission from ref (156). Copyright 2017 Elsevier. (D) Nexosomes (NK-derived exosomes) entrap CD markers, perforin, and FAS-L, which mediates cytotoxicity by interacting with FAS on exposed cell membranes. Reproduced with permission from ref (130). Copyright 2017 Wolters Kluwer Health, Inc.





Application in Tumor Antigens or Adjuvants Delivering by TEXs and IEXs

The successful delivery of tumor antigens or adjuvants to antigen-presenting cells (APCs) is the most effective method to induce an anti-tumor immune response. Therefore, a novel carrier that can deliver tumor antigens and adjuvants to APCs is required for the development of cancer immunotherapy. Exosomes are natural vesicles produced by cells, which carry cargo molecules stably and safely, can smoothly cross biological barriers, and can target cells accurately. Furthermore, exosomes are also suitable as carriers in immunotherapy because (i) they can simulate the transmission of pathogens to antigen-presenting cells (153), (ii) they can carry a wide range of cargo molecules, such as tumor-specific antigens, peptides, and toll-like receptor (TLR) ligands (154), (iii) the loading method is optional and convenient, the cargos can be loaded directly into the exosomes isolated from the donor cells or indirectly by co-incubation with donor cells (Figure 5B) (155).


Application in Tumor Antigens or Adjuvants Delivering by TEXs

Compared with other exosomes, TEXs carry a higher number of tumor-associated antigens and can effectively target tumor cells (156) (Figure 5C). Additionally, the surface of TEXs is rich in proteins that promote cell-to-cell interaction; thus, they can be easily absorbed by the target cells (157). A study demonstrated that TEXs painted with the functional domain of high-mobility group nucleosome-binding protein 1 (TEX-N1ND), a potent adjuvant, enhanced DC immunogenicity; thus, eliciting long-lasting anti-tumor immunity and tumor suppression. Also, N1ND-decorated TEXs are known to promote N1ND uptake because of the surface proteins of TEXs (141). Another experiment used the early secretory antigenic target-6 (ESAT-6) from Mycobacterium tuberculosis as an immune response-inducing antigen and found that TEXs expressing ESAT-6 or its epitopes on the surface could be captured by APCs to induce immune responses against the tumor cells. The pathogenic antigen presented on the TEXs surfaces acted as an “artificial neoepitope” and was recognized by DCs as a “danger signal”, leading to the activation of an antitumor immune response (158). Furthermore, the TEXs-based tumor antigens-adjuvant co-delivery system was more efficient, which effectively activated DC2.4 cells and enhanced tumor antigen presentation capacity (159).



Application in Tumor Antigens or Adjuvants Delivering by DEXs

Compared with tumor cell lysates, DEXs are more easily absorbed by DCs and have excellent antigen storage, presentation, and processing ability (149). Meanwhile, compared with other microvesicles, DEXs can induce a more effective immune response. For instance, among the microvesicles and exosomes from antigen Ovalbumin (OVA)-pulsed DCs, only DEXs elicit antigen-specific CD8+ T-cells and antigen-specific IgG production (129). Another experiment demonstrated that DEXs loaded OVA with poly(I:C), a ligand of TLR-3, induced a strong protective immune response and markedly inhibited the tumor growth and improved the survival rate of the tumor-bearing mice (135). Similarly, thymic stromal lymphopoietin (TSLP) induced DEXs, which were enriched with OX40 ligand (OX40L), promoted proliferation of CD4+ T cells, upregulated the level of IL-4, and promoted Th2 differentiation (160).



Application in Tumor Antigens or Adjuvants Delivering by Other IEXs

The mutual communication between innate immune cells and acquired immune cells results in a perfect immune system, and the exosomes secreted by them are the bridge of their communication (152). For example, the exosomes secreted by innate immune cells can not only be received by other types of innate immune cells but also recognized by acquired immune cells, affecting the differentiation, activation, tissue recruitment, and production of cytokines by the acquired immune cells (Figure 5D) (124, 130). Therefore, exosomes derived from immune cells loaded with tumor antigens or adjuvants are easier to be recognized by the immune system; thus, activating the immune response and effectively killing the tumor cells (143). By carrying the adjuvant heat shock protein 70, these exosomes can effectively induce an immune response and cause tumor regression in the animal model (161). Additionally, T cell-derived exosomes loaded with CD40L can promote B cell proliferation and differentiation (162).



Different Application Between TEXs and IEXs Delivering Tumor Antigens or Adjuvants

Exosomes derived from immune cells and tumor cells loaded with tumor antigens or adjuvants are easily recognized by the immune system; thus, these are used as antigen carriers for cancer immunotherapy. Compared with IEXs, TEXs have a stronger ability to target tumor cells and efficiently deliver multiple tumor antigens to DCs (163). TEXs, which are recovered and enriched from patient serum might provide an optimized, individual-specific source of antigen for DCs vaccination (164). Nevertheless, numerous studies have shown that TEXs have immunosuppressive effects on the immune system since they can interfere with the maturation of DCs, weaken the activation of NK cells, induce suppressor cells of myeloid origin, and transform macrophages into tumor-promoting phenotype (165–167). Compared with TEXs, IEXs are more easily absorbed by DCs and have better antigen storage, presentation, and processing capabilities; hence, the exosome fraction is known to be more immunogenic in vivo and produces fewer side effects (168). However, treatment with single IEXs might be more resistant to immunomodulatory events occurring in tumors than other immunotherapies (149). IEXs can be modified by multiple methods to increase their targeting ability and become a promising delivery system (169, 170). Further research is required to fully utilize the advantages of TEXs and IEXs, and bypass their disadvantages to regulate tumor immunity, which has great application potential in cancer treatment (171).




Application in Brain Cancer Immunotherapy of TEXs and IEXs

Based on their carrier and immunomodulatory ability, exosomes play a vital role in immunotherapy against the brain tumor. For example, co-delivery of tumor-derived exosomes with α-galactosylceramide (α-GalCer) on a DC-based vaccine induced strong activation and proliferation of tumor-specific cytotoxic T lymphocytes and destroyed tumor immunosuppressive environment, showing a powerful effect in glioblastoma (132). Additionally, DEXs loaded with chaperone-rich cell lysates (CRCLs) derived from GL261 glioma cells promoted proliferation and activity of CD4+ and CD8+ T cells, enhanced T cell infiltration in intracranial glioma tissues, and induced the generation of anti-tumor cytokines, including IL-2 and IFN-γ. Therefore, they significantly prolonged the survival of mice with tumors and inhibited tumor growth in vivo (172). A study used natural killer cell-derived exosomes (NK-Exos) to treat glioblastoma and found that NK-Exos exerted an innate therapeutic effect in glioblastoma. It demonstrated that NK-Exos possessed strong antitumor activity toward glioblastoma cells and could facilitate the transfer of other anti-cancer agents through the BBB by wrapping them (138).

In summary, collecting tumor-derived exosomes and reinjecting them into the organism could aid antigen presentation and elicit an immune response. While the dendritic cell-derived exosomes have the same immunostimulatory capacity as donor cells, the tumor-derived exosomes are able to activate innate and adaptive immune cells and overcome tumor-induced immunosuppression, triggering an antigen-presentation response against the tumor cells. Furthermore, in addition to their own biological activity, exosomes can transport tumor antigens or adjuvants to antigen-presenting cells and induce antitumor immune responses.




Application of Exosome to Improve Cancer Photodynamic Therapy or Photothermal Therapy

Recently, substantial breakthroughs have been made in the use of near-infrared light (NIR) in anti-cancer treatment. However, both photodynamic therapy (PDT) and photothermal therapy (PTT) need an effective carrier delivery system to deliver photosensitizers (173) or photothermal transducers (174). PDT kills the cancer cells by irradiating the photosensitizer to produce the toxic singlet oxygen. On the contrary, PTT induces the thermal killing effect by using photothermal transducers to convert light energy into thermal energy. Currently, exosomes are being used as carriers in PDT and PTT to improve their effectiveness.


Application in Photodynamic Therapy

Currently, the transport efficiency of photosensitizers in PDT is low. Recent studies on the excellent carrier performance of exosomes have attracted the attention of researchers. Studies have shown that exosomes can smoothly carry the photosensitizer to the tumor site. The engineered exosome can be endowed with the ability to target tumor cells; thus, enhancing the therapeutic efficiency of PDT. For example, exosomes collected and purified from the urine of gastric cancer patients have the ability to passively target tumor sites due to natural cell membranes and antigens. Meanwhile, the exosomes are known to promote the internalization of Exo-PMA/Au-BSA@Ce6. Au NPs are transferred into aqueous solution by amphiphilic polymer (PMA) coating, and after surface coupling of the BSA layer, Ce6 is trapped into the BSA network and finally embedded in the exosome nanocarriers toward the cancer cells, avoiding endocytosis by macrophages and prolonging their blood circulation time. The results have shown that the nanoparticles could be released inside cancer cells under 633 nm laser irradiation, producing a large number of singlet oxygen species, killing the tumor cells (Figure 6A) (63). However, the short lifespan and limited diffusion length of cytotoxic reactive oxygen species (ROS) generated by the photosensitizer reduces the anti-tumor effects. Therefore, a nucleus targeted exosome was designed to enhance the PDT effect, engineered using a chimeric peptide (ChiP-Exo). In this study, a dual-stage light strategy was used for precise PDT by sequentially destroying the PM and nucleus of the cancer cells. Based on these exosomes, it could activate ROS in situ to disrupt the nuclei, which greatly inhibited tumor growth with minimized systemic toxicity (Figures 6B, C) (175). As mention above, tumor-derived exosomes can be used as immunostimulants. Based on this feature, the combination of photodynamic therapy and immunotherapy can be used to treat tumors through exosomes. For instance, recombinant exosomes derived from tumors (R-Exo) are used as drug delivery vehicles and immunostimulants at the same time. During exosomal re-assemble, a chlorin e6 photosensitizer was loaded into tumor-derived exosomes. After this modification, R-Exo retains its original average size and has the same membrane protein, so that it can target tumor cells. The R-Exo loaded with chlorine e6 (Ce6-R-Exo) can be observed by photoacoustic imaging, and it can effectively produce reactive oxygen species inside tumor cells under laser irradiation. In addition, Ce6-R-Exo enhances the ability of immune cells to release cytokines, which indicates that these modified exosomes can also be used as immunotherapeutic (Figure 6D) (176)




Figure 6 | Photodynamic therapy. (A) Synthesis of Exo-PMA/Au-BSA@Ce6 nanovehicles. Laser irradiation at 633 nm under acidic conditions resulted in the collapse of the structure of nanovehicles, leading to the release of PMA/Au-BSA@Ce6 nanoparticles into the cancer cells, producing singlet oxygen species, inhibiting tumor cell growth. Reproduced with permission from ref (63). Copyright 2019 Elsevier. (B) Intravenous injection of ChiP-Exo and dual-stage light-guided PDT against the tumor. ChiP-Exo underwent the following steps: (1) PM-targeted delivery; (2) Endocytic delivery; (3) PM fluctuation; (4) Lysosomal escape after the first-stage light irradiation; (5) Photochemical internalization (PCI); (6) Nucleus-targeted translocation; this was followed by (7) PM rupture, and (8) Nucleus destruction under the second-stage light irradiation. Reproduced with permission from ref (175). Copyright 2019 Elsevier. (C) ChiP has several limitations, including a relatively shorter half-life in vivo and poor retention in tumor tissues. On the contrary, ChiP-Exo continuously accumulates in the tumor and exhibits superior tumor treatment ability. Reproduced with permission from ref (175). Copyright 2019 Elsevier. (D) Combined photodynamic therapy and immunotherapy via exosomes to treat tumors. Reproduced with permission from ref (176). Copyright 2020 Elsevier.





Application in Photothermal Therapy

Compared with traditional therapy, PTT is controllable, noninvasive, and has minimal adverse effects. With the help of exosome delivery, photothermal transducers are carried to tumor cells and produce a thermal effect after NIR irradiation. For instance, an exosome with gold nanoparticles has been designed that assembles into a popcorn-like nanostructure. The formulated nanopopcorn, consisting of self-grown gold nanoparticles and exosomes loaded with DOX, was shown to retain the photothermal conversion of gold nanoparticles and cytotoxicity of DOX. The use of exosomes improved cellular internalization, controlled drug release, enhanced anti-tumor efficacy, and minimized adverse effects (Figure 7A) (177). However, it was found that PTT was blocked by heat shock proteins and other stress proteins, resulting in thermal tolerance. Thus, a higher temperature was required to achieve anti-tumor effects. However, the high temperature could damage the surrounding tissue. Therefore, the low-temperature nucleus-targeted PTT in the NIR-II region is conceptualized. For example, vanadium carbide quantum dots (V2C QDs) with good photothermal effect in the NIR-II region were modified with TAT peptides and packaged into exosomes with RGD modification. This carrier exhibited good biocompatibility, long circulation time, and endosomal escape ability. More importantly, it could target the cell and enter into the nucleus to achieve low-temperature PTT with advanced tumor destruction efficiency (Figure 7B) (178).




Figure 7 | Photothermal therapy. (A) The prepared EVdox@AuNP (EVs encapsulating DOX were first obtained (EVdox), and self-growth of gold nanoparticles around EVdox) plays a synergistic role of photothermal and chemotherapy for tumor treatment. In this system, AuNPs have a good thermal effect and exosomes can assist DOX aggregation within tumor cells, thus inducing effective tumor elimination. Reproduced with permission from ref (177). Copyright 2019 Elsevier. (B) V2C-TAT@Ex-RGD (The small fluorescent V2C QDs were modified with TAT peptides and packaged into Ex with RGD modification) targeted the cancer cell membrane & nucleus organelle for low-temperature imaging-guided PTT in NIR-II. The PA intensity at the tumor site was 2.11-fold higher in V2C-TAT@Ex-RGD-treated mice than in V2C-PEG-TAT-treated mice. It was shown that the efficient tumor accumulation of V2C-TAT@Ex-RGD was due to the Ex-RGD coating. After 10 min of 1064 nm laser irradiation at a power density of 0.96 W/cm2, the tumor site warming was higher in the V2C-TAT@Ex-RGD-treated mice compared with the control group and the V2C-TAT-treated mice. And, the V2C-TAT@Ex-RGD +1064 nm laser irradiation group could effectively inhibit tumor growth without recurrence. Reproduced with permission from ref (178). Copyright 2019 American Chemical Society.



In summary, both PDT and PTT require delivery of the photosensitizer to the treatment site. Exosomes, as carriers of the photosensitizer, can increase the circulation time of the photosensitizer in the blood, and help the photosensitizer cross the blood-brain barrier. Additionally, the modified exosomes could carry photosensitizers to target the nucleus and improve the effectiveness of PDT or PTT.




Patents of Exosomes in Cancer Therapy

In the past ten years, research on exosomes has grown exponentially. The functions of exosomes have expanded from transporting intracellular garbage to participating in cell-to-cell communication as well as tumor growth and metastasis. Despite this growing trend, the lack of reference standards for exosomes, the inability to replicate experimental results, and the lack of clinical transformation have resulted in an incomplete acceptance of exosomes in some scientific fields. Fortunately, many patents are trying to address these problems, and many more are expected to support the multiple roles of exosomes.

Currently, there are several techniques to separate exosomes with their individual advantages and disadvantages; however, there is no uniform standard of characterization for isolated exosomes, which adds uncertainty to further experiments. In response, EP3690434 provided a method to analyze EVs using the size-specific fractionation ability of size-exclusion chromatography and specific binding of probes to EVs. This method could speed up and facilitate the quantitative analysis of EVs (types and quantities) present in the samples, the physicochemical analysis of EVs, and an analysis of the specificity or affinity of binding of the probes to the components of EVs. This kit could detect whether the isolated exosomes contained other vesicles, which can be used as a standard for testing the purity of exosomes. In view of the low output of exosomes, researchers have proposed to artificially synthesize exosome analogs with identical physiological functions and can be mass produced.

Tumor-derived exosomes contain tumor markers and can be used in tumor diagnosis. If the clinical transformation of tumor diagnosis by exosomes can be achieved, the early detection of tumors and timely treatment will be possible and would significantly benefit the patients. Currently, several kits have been developed for the detection of different tumors and applied for patents. WO2020159181 developed a kit to predict the recurrence probability of acute myeloid leukemia by detecting CD53 and CD47 expression of exosomes in the blood collected from the patients; WO2020147252 developed a kit to detect breast cancer, mainly to detect the TII protein of exosomes derived from the body fluids of the patients; WO2019093717 developed a kit to diagnose lung cancer and predict prognosis. The use of exosomes in tumor diagnosis has substantial future prospects. The nearly noninvasive, simple, and rapid diagnosis technique can eliminate the concerns of patients and improve the rate of early diagnosis of tumors.

Many experiments have confirmed that exosomes can significantly improve the efficacy of tumor treatment, but most of them are in the experimental stage and need to gradually transition to clinical applications. Thus, it is necessary to apply for patents to promote the transformation of exosomes into clinical practice. Exosomes as carriers can increase the efficacy of drug therapy, but most of the synthesis techniques are difficult to reproduce, which is not conducive to further research. WO2020132946 and WO2020141369 have provided a detailed process of preparing exosomes to carry cargo molecules for tumor treatment and have recorded the conditions, reagents, and instruments used in the preparation process, with high reproducibility, which will be implemented in clinical trials in the future. Additionally, the addition of the function of exosomes as a carrier to the original research would help with the further advancement of technology and would help maintain the patent protection period. Apart from being a carrier, exosomes themselves have an anti-tumor effect; WO2020032379 confirmed that exosomes derived from macrophages exposed to death cells could reach cancer cells and inhibit the epithelial-mesenchymal cell conversion in cancer cells as well as infiltration of cancer cells; thereby preventing or treating cancer. The successful application for the patent of exosomes for tumor therapy indicates that exosomes have great potential in assisting chemotherapy, RNA interference therapy, immunotherapy, and phototherapy (Table 5), which can significantly improve the efficacy of tumor treatment and optimize the current tumor treatment strategy.


Table 5 | Patents of exosomes.



Until January 2021, there were 205 clinical trials related to exosome research. Of the 205 trials, around 87 trials involved cancer-related studies (179). Among these clinical trials, exosome-based phase I and II clinical trials have been completed in advanced lung cancer patients showing promising data (148). Notably, DEX-based phase I and II clinical trials have been performed in non-small cell lung cancer (NSCLC), indicating the safety and feasibility of the approach, as well as the preference of these nanovesicles to stimulate T cell- and NK cell-based immune responses in patients (149). A vaccination trial with tumor antigen-loaded dendritic cell-derived exosomes showed the safety and feasibility of DEXs vaccines (NCT01159288). Based on these promising results of exosomes for clinical treatment, significant progress in this field could be expected in the future.



Conclusions and Future Perspective

In 1983, exosomes were first discovered in sheep reticulocytes, were named “exosomes” by Johnstone in 1987. Since its discovery, exosomes have always been regarded as a way for cells to excrete waste. Now, with many studies on its biological origin, material composition and transport, intercellular signal transduction, and distribution in body fluids, it has been found that exosomes have several functions. All body fluids contain exosomes, such as blood, saliva, urine, cerebrospinal fluid, and milk. Although exosomes come from a wide range of sources, their yield is very small. There are many kinds of purification methods, the most common one being ultracentrifugation, which results in large amounts of exosomes, but with low purity, and some researchers have proposed that the exosomes may contain other EVs rather than being pure exosomes. Another method is sucrose-gradient centrifugation, which generates highly pure exosomes, but the process is complicated and has a low yield. Additionally, there are filtration centrifugation, immunomagnetic beads method, PS affinity method, chromatography, etc. It is important to note that since there are multiple methods of separation and purification, there is a wide gap in the characteristics of the isolated exosomes. Therefore, a reliable and unified standard is needed to purify, separate, and characterize the exosomes.

Exosomes have several advantages as drug delivery systems, such as good biocompatibility, low immunogenicity, targeting specificity, and the ability to overcome membrane barriers. Based on these characteristics, exosomes are widely used in tumor diagnosis, prognosis, treatment, and are gradually applied to clinical trials. For tumor diagnosis, TEXs carry tumor specificity markers, which can be detected by laboratory tests or imaging analysis, to achieve early detection and early treatment. Furthermore, by analyzing the composition of TEXs, we can evaluate the short-term therapeutic effect, which would act as a reference for clinical treatment. Apart from providing an efficient and safe drug delivery system, exosomes display different synergistic effects in different tumor treatment strategies to reduce the adverse effects and improve the therapeutic effect. For example, in RNAs interference-based therapy, exosomes can not only ensure the stability of RNA but also reduce the risk of off-target effects; for chemotherapy, exosomes can not only efficiently transport drugs but also minimize drug resistance; for immunotherapy, the role of exosomes is more diverse, TEXs can be used as tumor antigens without any modification, thus activating the immune system. Moreover, exosomes derived from different sources of immune cells can not only have the same immune function as donor cells but also modulate the TME and inhibit tumor immune escape. In PDT/PTT, the exosomes can transport more photosensitizers and photothermal transducers into tumor cells. Also, as the exosome inherits the heat sensitivity of the lipid membrane, it is easy for materials to achieve endosomal escape after light. Interestingly, exosomes purified from patients themselves can be used in personalized therapy.

Brain tumors are different from other types of tumors due to the special position of the brain and the tight barrier system. Brain tumors are not easy to diagnose and even more difficult to treat. Many general tumor treatment strategies are not effective for brain tumors, and thus, the fatality rate of brain tumors remains high. The high permeability, biosafety, and exosome targeting are indispensable factors in the brain tumor treatment strategy. Many experiments have shown that the addition of exosomes to the original tumor treatment strategy can greatly improve the therapeutic efficacy of brain tumor treatment. Exosomes are like a natural ferry, which can carry the necessary substances for treatment across the BBB without destroying its integrity. Thus, the addition of exosomes might promote the treatment of brain tumors and reduce their mortality.
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The rapid development of medical imaging has boosted the abilities of modern medicine. As single modality imaging limits complex cancer diagnostics, dual-modal imaging has come into the spotlight in clinical settings. The rare earth element Holmium (Ho) has intrinsic paramagnetism and great X-ray attenuation due to its high atomic number. These features endow Ho with good potential to be a nanoprobe in combined x-ray computed tomography (CT) and T2-weighted magnetic resonance imaging (MRI). Herein, we present a facile strategy for preparing HoF3 nanoparticles (HoF3 NPs) with modification by PEG 4000. The functional PEG-HoF3 NPs have good water solubility, low cytotoxicity, and biocompatibility as a dual-modal contrast agent. Currently, there is limited systematic and intensive investigation of Ho-based nanomaterials for dual-modal imaging. Our PEG-HoF3 NPs provide a new direction to realize in vitro and vivo CT/MRI imaging, as well as validation of Ho-based nanomaterials will verify their potential for biomedical applications.
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Introduction

Imaging technology plays an important role in modern medicine due to its ability to provide noninvasive but detailed information of anatomical structure and functional activities during the progress of a disease. However, single-model imaging methods cannot always meet the criteria for diagnosing co2mplex diseases (1, 2); thus, multi-modal imaging has become the new direction for imaging technology development (3–6). There are two main means to achieve multi-modal imaging (1): endow one device with multiple imaging capabilities; or (2) construct multi-modal contrast agents (CAs) for diagnosis. Conflicts between various methods and high costs have limited the feasibility of the first method. Hence, researchers are focusing their efforts on developing multi-modal CAs that can be widely used in magnetic resonance imaging (MRI), X-ray computed tomography (CT), as well as fluorescence imaging (FI) (7–13). Due to the penetrative limitation of FI in vivo, CT and MRI are more commonly applied for clinical diagnosis (14–17). CT is the most cost-effective examination and offers strong X-ray penetration, which has very high resolution for bone and calcification but poor resolution for soft tissue. Notably, MRI can remedy this shortcoming. Therefore, the combination of CT and MRI can significantly improve diagnostic ability (2, 18–24).

At present, CT and MRI examinations are used independently in clinical settings. Small iodinated molecule nanomaterials are routinely applied as CT CAs to assist in disease diagnosis. Due to the lack of X-ray absorption, a very large amount of such CAs for intravenous injection is needed to meet the contrast requirement, usually 80-150 ml per adult for angiography (25, 26). Such a high dose is not only likely to cause allergy, but it can also lead to irreversible renal damage (27–29). Furthermore, as small molecular iodide is quickly excreted by the kidney, its short circulation lifetime can affect imaging quality for certain diseases. Similarly, MRI has its own limitations. Gd-chelates are the most commonly used commercial MRI CAs in clinical settings. However, Gd-based CAs can accumulate in the central nervous system and lead to renal fibrosis (30). Another notable disadvantage of MRI is that the optimum magnetic field strength for current Gd-based CAs is less than 1.0 T (31), whereas the trend in clinical MRI is to use ultra-high magnetic fields of 7.0 T or even higher because of the better imaging quality (32). 7.0 T MRI has been available in the market since 2017, and ultra-high field strength MRI equipment will become mainstream in the future. As a result, several researchers have been focusing on developing new CAs to suit this powerful visualization tool. Tb, Ho, and Dy are the elements with the largest magnetic moments in the periodic table and can cause considerable transverse relaxation of hydrogen protons in free water. Thus, Tb, Ho, and Dy-based materials are the best choices for ultra-high field T2 CAs (33–36). Against the background of continuous pursuit of ultra-high field intensity MRI, research on MRI CAs based on large magnetic moment elements is likely to experience rapid growth in the near future. Thus, we developed a facile strategy to construct control-sized PEGylated HoF3 nanoparticles (PEG-HoF3 NPs) as a dual-modal imaging CA. Scheme 1. illustrates the design of our study. We used a facile one-pot solvothermal approach to obtain Ho-based nanomaterial, which has a high X-ray attenuation and large magnetic moment. PEG-HoF3 NPs offer great biocompatibility and low cytotoxicity due to the existence of poly(ethylene glycol) (PEG). As a result, these NPs could be used as CT/MRI dual-modal imaging CAs both in vitro and in vivo, confirming the potential of Ho-based nanomaterials for bioapplication research.




Scheme 1 | Schematic illustration of PEG-HoF3 NPs for enhanced CT and T2-weighted duel-model imaging.





Materials and Methods


Chemicals

HoCl3•6H2O, poly(ethylene glycol) (PEG, MW = 4000 Da) was obtained from Sigma-Aldrich. NH4F and ethylene glycol (EG) were obtained from Beijing Chemicals. Dimethyl sulfoxide (DMSO) were obtained from Sigma-Aldrich. DMEM and FBS were purchased from Gibco.



Preparation of PEG-HoF3 NPs

PEG-HoF3 NPs were fabricated via a one-pot solvothermal method. Firstly, 0.8 mmol HoCl3•6H2O was dissolved in 5 mL of EG to form a clear solution. Then, 0.6 g of PEG 4000 was added to 15 mL of EG to form a clear solution. Next, prepared EG with 2.4 mmol NH4F added to the mixture of above two solutions. This mixed solutions were vigorously stirred for about 40 min and then transferred to a 50 mL Teflon-lined autoclave and kept at 200°C for 10 h. When the system was cooled down, all collected NPs were washed several times.



In Vitro Cytotoxicity Assessment

Human cervix cancer cells (HeLa) and mouse fibroblast cells (L929) were cultured in DMEM with 10% FBS, 1% penicillin, and 1% streptomycin at a 37°C in a 5% CO2 incubator. After incubation in 96-well cell culture plates for 24 h, different concentrations of PEG-HoF3 NPs (0, 25, 50, 100, 200, 300 μg/mL) were added to the HeLa cells and L929 cells and incubated for another 24 h. Next, 10 μL (5 mg/mL) MTT was added to 96-well cell culture plates and kept for an additional 4 h at 37°C. Finally, the medium was removed and DMSO was added for 15 min to dissolve the formazan. The absorbance peak at 570 nm was measured by a microplate reader.



Histological and Hematology Assessment

Kunming mice (18-25 g) were obtained from the Center for Experimental Animals, Jilin University (Changchun, China). All operations are carried out in accordance with relevant national regulations. For histological assessment, 100 μL PEG-HoF3 NPs (300 μg/mL) and 100 μL 0.9% NaCl solution were administered to Kunming mice via tail vein. After 30 days, Major organs and tissues (heart, liver, spleen, lung, kidney, and muscle) were collected. All tissues samples were formalin-fixed, paraffin-embedded, and stained with H&E. Tissue sections were observed under an optical microscope (×10). Blood samples were also obtained from the PEG-HoF3 NPs and NaCl injected mouse groups for routine blood testing and biochemical indices testing.



CT Imaging

Different concentration of PEG-HoF3 NPs and Iohexol aqueous solutions (I or Ho 0, 0.25, 0.5, 1, 2, 4 mmol/mL) were prepared for in vitro CT imaging. When the suitable con-centration was determined, in vivo CT images were obtained on Kunming mice. After intraperitoneal anesthesia with chloral hydrate, 100 μL PEG-HoF3 NPs (2 mg/mL) were injected into these mice via tail vein and images were obtained at different times (0, 1, 2, 6, 12, 24 h). CT was performed using a clinical CT scanner, and the parameters were tube voltage of 120 kVp, tube current of 300 mAs, 0.9 mm thickness, 0.99 pitch, window width of 200 HU, and window level of 45 HU.



T2-Weighted MRI

Different concentrations of PEG-HoF3 NPs aqueous solutions (Ho 0, 0.0625, 0.125, 0.25, 0.5, 1 mmol/mL) were prepared for in vitro T2-weighted MRI. Preliminary preparation was similar to the above steps. MRI was performed on a clinical MR scanner. 100 uL PEG-HoF3 NPs (0.8 mg/mL) were injected into mice as above. These mice were scanned pre-injection and 1, 2, 4, 12, and 24 h post-injection. The MR scanner parameters were TR=7279.7 ms, TE=113 ms and FOV=240x240 mm.




Results and Discussion


Preparation and Characterization of PEG-HoF3 NPs

Uniform HoF3 NPs were prepared through a one-pot solvothermal method using PEG 4000 as a surfactant, as illustrated in Figure 1A. The TEM images demonstrate the good dispersivity of PEG-HoF3 NPs, and the existence of Ho and F element is proved by HADDF-STEM image and EDS mapping (Figures 1B–F), and the high-resolution TEM image shows that the width of lattice fringes about PEG-HoF3 NPs was 0.3401 nm. The SEM image shows the spherical nanoparticles with an average diameter of 38 nm; the diameter of PEG-HoF3 NPs was normally distributed in the range of 30–55 nm (Figure S1). In order to ascertain the hydrodynamic diameters of PEG-HoF3 NPs, the dynamic light scattering (DLS) was performed, and the results show the average hydrodynamic diameter are suitable for using in organism in different solvents (Figure 2A). Meanwhile, the Zeta potential of PEG-HoF3 NPs was 5.83 mV with the decoration of PEG. These value are suitable for nanomaterial which will be applied in vivo. XRD analysis exhibited several strong peaks, which indicated the highly crystalline nanostructure of this material. The diffraction peaks of the nanoparticles can be indexed to orthorhombic HoF3, which matches the card (PDF 00-023-0284) in Figure 2B (34). XPS spectra verified that the NPs contained Ho 4d, F 1s (Figures 2C, D), further confirming the existence of HoF3 NPs. The peaks of C and O confirmed the presence of PEG (Figure S2). The peak in 3391 cm-1 of FTIR spectrum further confirm the existence of PEG (Figure S3). Due to the low toxicity and bio-tolerability of PEG, it was approved for use in biopharmaceuticals by the US FDA several years ago (37, 38). Using PEG 4000 to modify the surface of HoF3 NPs not only reduced cytotoxicity, but also enhanced dispersibility in water and phosphate-buffered saline (PBS) solution. The picture shows good stability of PEG-HoF3 NPs in normal saline and PBS solution (Figure S4). There was no obvious Ho3+ ion dissociation after long-term dialysis in PBS solution (pH=7.4) with PEG-HoF3 NPs.




Figure 1 | (A) The synthetic process of PEG-HoF3 NPs; (B, C) TEM image of PEG-HoF3 NPs, the particles size is about 30-40nm and its lattice fringes;(D–F). HADDF-STEM image of PEG-HoF3 and EDS mapping of F, Ho element.






Figure 2 | (A) The dynamic light scattering (DLS) of PEG-HoF3 NPs; (B) XRD pattern of PEG-HoF3 NPs; (C, D) Higher-resolution XPS spectra of Ho 4d and F1s, respectively.





Biocompatibility Assessment of PEG-HoF3 NPs

Biocompatibility assessment should be carried out before nanomaterial imaging probes are applied in vivo. Due to the lack of data about the application of Ho-based nanomaterial in vivo, we carried out a variety of tests to assess the safety of PEG-HoF3 NPs. The cytotoxicity of PEG-HoF3 NPs was evaluated by the MTT cell proliferation assay. We chose HeLa and L929 cells to evaluate the toxicity of the new Ho-based nanomaterial by observing damage in cancer cells and normal cells, respectively. The cell viability results are depicted in Figures 3A, B. The two cell types were exposed to PEG-HoF3 NPs at different extracellular concentrations (0-300 μg/mL). As expected, the new PEGylated Ho-based nanoparticles had great biocompatibility. Cell viability was still about 85% of the highest concentration (300 μg/mL) in both cell strains. We further investigated histological damage caused by PEG-HoF3 NPs through long-term toxicity assessment. Thirty days after injection, the two groups’ mice were sacrificed. The main organs and tissues (heart, liver, spleen, lung, kidney, and muscle) underwent H&E staining for histopathological assessment.




Figure 3 | (A, B) Viability of L929 and HeLa cells after incubation with different concentrations of PEG-HoF3 NPs; (C) Tissue sections of 6 major organs from mouse which injected with PEG-HoF3 NPs via tail vein.



Paraffin sections conformed that there was no significant damage or severe inflammation in organs or tissues in either the control group or PEG-HoF3 NPs injection group (Figure 3C). Encouraged by these results, quantitative analysis of PEG-HoF3 NPs potential toxicity was carried out via blood testing and biochemical examination. Routine blood tests can be used to observe changes in the distribution of blood cells to judge the condition of mice, and biochemical examination can be used to detect various products of metabolism in blood to show the condition of organs such as liver or kidney. Thirty days after injection, there were no significant abnormalities in the morphology or indices of blood cells Figure 4. Metabolism of the main organs also remained stable, which was consistent with the physiological status of the mice. Taken together, the results confirmed that Ho-based nanomaterials offer great potential for bio-application researches due to their high biocompatibility.




Figure 4 | Mice blood testing and biochemical examination, there is no evitable changes in two groups.





CT Imaging

As a rare earth element, Ho has an atomic number of 67, which is much higher than iodine’s atomic number of 53. The inherent characteristics of Ho, specifically its high x-ray attenuation, result in the significantly improved imaging ability of Ho-based CAs in CT. The in vitro CT imaging results are shown in Figure 5A. Different concentrations of PEG-HoF3 NPs and Iohexol aqueous solution (0-4 mM) were prepared in Eppendorf tubes and the solutions became brighter as the concentration increased. As shown in Figure 5B, the Hounsfield Units (HU) value of PEG-HoF3 NPs was significantly higher than that of iodine-based CAs, as we expected, and the HU values for both increased linearly. Therefore, the necessary dose of PEG-HoF3 NPs is much lower than that of iodine-based CAs to achieve the same contrast effect in vivo, which may reduce the risks of large doses of CAs (39).




Figure 5 | (A) In vitro CT images of PEG-HoF3 NPs and Iohexol aqueous solution with different concentration; (B) CT value of corresponding tube of A.



After cytotoxicity assessment of PEG-HoF3 NPs, tumor-bearing Kunming mice were selected to test the CT contrast effect in vivo. The distribution of PEG-HoF3 NPs was monitored by a CT scanner at different time points. We then compared the images at these time points with the images pre-injection: the brightness of the tumor site was obviously higher after 24 h (Figure 6A).




Figure 6 | (A, B) Changes of tumor site and mouse liver in different time point before versus post-injection of PEG-HoF3 NPs.



We also tracked the brightness of the liver and kidney after administering PEG-HoF3 NPs via the tail vein (Figures 6B and S5). Usually, small molecule iodine CAs are not long-lasting in the liver, which decreases the diagnostic ability of liver disease to some extent. However, as shown in Figure S5, the liver of the mice maintained a high contrast effect after 24 h, which likely indicates the uptake of PEG-HoF3 NPs by hepatocytes. However, there was no obvious enhancement in the kidney at the time points we used. This may indicate that the uptake of PEG-HoF3 NPs by renal cells is limited and that the size and shape of PEG-HoF3 NPs prevented its filtration through the kidney. It is possible that the above mechanism can decrease the side effects of CAs on the kidney, and warrants further study.



T2-Weighted MRI

To date, there have been few studies on Ho-based MRI imaging. It has been confirmed that Ho-based nanomaterial has T2-weighted MRI contrast ability owing to its intrinsic paramagnetism. However, the magnetic resonance relaxivity of NPs can differ due to their size, form, and even synthesis methods. For this reason, we firstly validated the feasibility of PEG-HoF3 NPs as a T2-weighted MRI CAs in vitro. Different concentrations of PEG-HoF3 NPs aqueous solution were tested on a clinical MR scanner. T2-weighted images of PEG-HoF3 NPs aqueous solution (0-1 mg/mL) gradually darkened with an increasing Ho concentration (Figure 7A). According to the concentration of PEG-HoF3 NPs, the r2 relaxivity value of this new contrast agent is 117.51 mM-1 S-1 (Figure 7B). Next, we further explored the potential of PEG-HoF3 NPs as negative MRI CAs in tumor-bearing mice. T2-weighted MRI was performed on the same scanner at different times (1, 2, 4, 12, 24 h) after intravenous injection of PEG-HoF3 NPs (Figure 7C). The results showed no significant changes in the signal of the tumor site within 0 to 2 h. However, after 12 h, the signal of the tumor site decreased significantly and a large dark area gradually presented. At 24 h, the negative contrast agent filled the center of tumor site. These results also confirm long term circulation of PEG-HoF3 NPs, which will be helpful for improving the detection of tumors at specific places.




Figure 7 | (A) In vitro T2-weighted MRI images of PEG-HoF3 NPs with different concentration; (B) The r2 relaxivity plot of PEG-HoF3 NPs; (C) Signal changes of tumor site in different time point before and post-injection of PEG-HoF3 NPs.






Conclusions

We firstly synthesized a new Ho-based NP via a one-pot solvothermal method. The new PEG-HoF3 NPs had a uniform size and showed good dispersibility in aqueous solution. Cytotoxicity assessment and histological analysis indicated that the new Ho-based NPs had good biocompatibility and low toxicity for applications in vivo. We then further verified the imaging ability of the PEG-HoF3 NPs in vitro and vivo. The results showed that PEG-HoF3 NPs had an excellent contrast effect in both CT and T2-weighted MRI. Based on this desirable performance, we expect that PEG-HoF3 NPs hold great promise for dual-modal imaging and that Ho-based nanomaterials warrant further research.
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Chemotherapy is one of the important means of tumor therapy. However, most of the anti-tumor drugs that currently used in clinic are hydrophobic non-specific drugs, which seriously affect the efficacy of drugs. With the development of nanotechnology, drug efficacy can be improved by selecting appropriate biodegradable nanocarriers for achieving the controlled release, targeting and higher bioavailability of drugs. This paper reviewed the research progress of anti-tumor drug nanoparticle carriers, which mainly summarized the materials used for anti-tumor drug nanoparticle carriers and their effects in anti-tumor drugs, as well as the targeted drug delivery methods of anti-tumor drugs based on nanocarriers.
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Introduction

Tumor is still one of the main fatal diseases of human beings, and chemotherapy is one of the main methods to treat tumor in clinic (1). However, most anti-tumor drugs have poor water solubility and low bioavailability (2), which leads to the limited therapeutic effect of drugs on tumor tissues (3). In addition, chemotherapy will have serious toxic and side effects on other normal tissues and cells (4), which not only damages patients’ body function, but also causes patients to develop drug resistance (4), which seriously affects the curative effect. In 1978, Marty first used nanoparticles as drug carriers (5). Nanocarriers are nano-sized carriers based on the concept of targeted drug delivery system (TDDS) (4). At present, it has become a research hotspot due to its advantages of controlled release, targeting, high efficiency, low toxicity and high stability (6). With the development of nanotechnology, the anti-tumor drug with nanoparticles as carriers can achieve controlled release and targeted drug delivery through using special materials and surface modification (4). It can also improve the stability and bioavailability of anti-tumor drugs, overcome the limitations of traditional anti-tumor drugs, which has been widely used. In this review, we introduced main types of nano-drug carrier materials and their effects and discussed the targeted transport modes of nano-drug carriers.



Nano Carriers for Anti-Tumor Drug

The nanoparticles used as anti-tumor drug loading system have a size of 1–100 nm (4) and mainly include nano-liposomes, nano-polymers, nano-gene carriers, nano-inorganic materials and other drug carriers. Figure 1 showed the development of nano-sized anti-tumor drug carriers. Table 1 presented the materials used as anti-tumor drugs delivery carriers.




Figure 1 | Development of nano-carriers for anti-tumor drug.




Table 1 | Different materials as anti-tumor drugs delivery carrier.




Nano-Liposomes

Liposomes are structures, similar to biofilms, composed of hydrophilic head and lipophilic tail, which can encapsulate drugs in aqueous solution to form monolayer or multilayer vesicles (25). Liposomes are considered as promising drug carriers due to their low toxicity, high safety, high biocompatibility, strong drug loading capacity and more flexible regulation of drug release (25–27). Luteolin (LUT) is a kind of natural flavonoids widely distributed in a variety of plants and has anti-tumor activity. Due to the poor water solubility and low bioavailability of luteolin, so Wu et al. (7) prepared liposome LUT with encapsulation efficiency of up to 90%. In vitro studies show that LUT encapsulated by liposome can inhibit tumor growth by inducing apoptosis of tumor cells and has superior anti-tumor effect on mouse colon cancer cell CT26 compared with LUT without liposome.



Nano-Polymers

Nano-polymer carriers have good biocompatibility and biodegradability (28), and have been widely studied in the medical field. Currently, nano-polymer carriers used for anti-tumor drugs mainly divided into natural and synthetic nano-polymer carriers. Natural nano-polymer carriers mainly include hyaluronic acid-based polymers, agarose, collagen and chitosan while synthetic nano-polymer carriers include poly anhydrides, poly (ϵ-caprolactone) (PCL), polylactic acid (PLA), polyethylene glycol (PEG), polyglutamic acid(PGA),and poly D,L-lactide-co-glocolide(PLGA),etc. Among them, PEG with low toxicity have been the focus of research in recent years. PEG is a polymer material obtained by ring-opening polymerization of ethylene oxide. Its main characteristics are controllable polymerization degree, stable structure (29), and can avoid the recognition of human immune system, which has the property of “stealth” in vivo. Genexol-PM® in Korea and Paclical® in Russia are polymer nanodrugs that have been approved clinically, and both of them are polymer nanomedicine formulations of paclitaxel. Furthermore, there are many polymer nano-drugs that have entered preclinical research (30), such as Opaxio and Xyotax.



Nano-Gene Carriers

Gene therapy played an important role in cancer treatment (31). The carrier of gene therapy was the key to the success of gene therapy (32). At present, the commonly used gene vectors mainly include viral vectors and non-viral vectors. The difficulty and high cost in preparing viral vectors and the potential carcinogenicity limit their application in gene therapy (33). As a potential substitute for viral vectors, non-viral vectors are simple to prepare, high in portability and low in toxicity, and most of them are nano-vectors including peptides, liposome, polymers and so on (34–36). Wang et al. (37) prepared a multifunctional tumor therapeutic carrier transport plasmid Cas9-sgPlk-1 by electrostatic interaction with lipid encapsulated gold nanoparticles, which provides a multifunctional method for efficient targeted gene editing and makes nano-gene carriers more widely used in vivo and in vitro experiments.



Inorganic Nanoparticles

In recent years, inorganic nanoparticles have been widely used in tumor imaging and treatment (38) mainly including metals (e.g., gold, zinc, silver and iron nanoparticles), metal oxides (iron and titanium oxide nanoparticles), carbon dots, carbon nanotubes and semiconductors etc. (39, 40). Due to the unique physical and chemical properties and good stability of inorganic nanoparticles, especially optical, magnetic and other physical properties, inorganic nanoparticles may be more suitable for cancer treatment than traditional organic nanocarriers (38). Chen et al. (41) modify Fe3O4 nanoparticles onto carbon nanotubes to provide a double-targeted drug delivery system with about 110% excellent drug-loading capacity for tumor-targeted optical imaging and magnetic-targeted drug delivery. However, the toxicity of inorganic nanoparticles greatly limits its clinical application (42).




Targeted Delivery of Nano-Drug Carriers

Although traditional chemotherapy drugs can kill tumor cells with high efficiency, they also have toxic and side effects on normal tissues due to their lack of specificity while nanotechnology provides a new opportunity for tumor targeted therapy (43). At present, anti-tumor drugs based on nanoparticles can be targeted to transport drugs through three ways: passive transport, active transport and physical and chemical transport, which can identify cancerous tissues more accurately in complex organisms and release them at cancerous tissues to reduce toxic and side effects on normal cells.


Passive Targeted Transport

Passive targeting, mainly through permeation and retention effect(EPR), enables the drug to be swallowed by macrophages as a foreign body immediately after entering the human body, so as to reduce non-specific binding with non-target sites and reach the targeted sites for selective binding (44). Drug carriers, such as liposomes, mainly transported drugs through passive targeting (45). Mitra et al. (46) embedded adriamycin glucan complex in long-circulating nanoparticles, and enriched the drug targeting to the tumor site of mice by EPR effect, so as to achieve the purpose of slow targeting, high efficiency and low toxicity of drugs. At present, many passive targeting nanoparticles have shown promising therapeutic effects in clinical trials, such as Marqibo, Myocet and lysosomes (47).



Active Targeted Transport

The limitation of passive targeting is that it has lower specificity to tumor site, while active targeting has higher targeting. It is found that some antigens or receptors are over-expressed on the surface of tumor cells, while normal cells express them normally (48), such as folate receptor (49), prostate-specific membrane antigen (50), biotin receptors (51), transferrin receptor (52), peptide (53) and the carbonic anhydrase IX (54). Active targeting is based on the specific recognition between receptor and ligand or the covalent modification of targeting groups on the surface. Mackiewicz et al. (55) designed multifunctional poly(ethylene glycol)-block-poly(lactic acid)) nanoparticles modified by folic acid and fluorescent probes, which can achieve the purposes of cell imaging and targeted delivery of anti-tumor drugs at the same time.



Physical and Chemical Targeted Transport

The microenvironment of tumor cells is different from that of normal cells. Based on the unique physical and chemical environment of tumor site, researchers have developed a series of nano-drug carriers with stimulus response, which can achieve targeted release by controlling exogenous stimulus (change of temperature, magnetic field, light or electric pulse) or endogenous stimulus (change of PH value or redox), thereby improving drug efficacy and reducing side effects (56–59).


Magnetic-Responsive Nanocarriers

Since Widder et al. (60) proposed the targeted therapy of magnetic drugs in the 1970s, the research on magnetic targeted drug delivery system (MTDS) has become an important part of the current research on tumor diagnosis and treatment. Magnetic nanoparticles were fixed by external magnetic field, and then heated by alternating magnetic field to kill tumor cells (61). MTDS usually used core-shell nanoparticles (62), magnetic liposomes (63) and nanoporous metal capsules (64) as magnetic responsive nanocarriers. Among them, superparamagnetic iron oxide nano drug-loaded particles have become the current research focus due to their low cytotoxicity, chemical and magnetic stability. Shalaby et al. (65) combined magnetic nanoparticles with adenovirus to transfect them into human fibroma cells under the action of external magnetic field. The results showed that magnetic transfection could significantly inhibit cell proliferation and induce apoptosis.



PH-Responsive Nanocarriers

pH value in tumor cells is generally lower than that in normal tissues. The pH value of normal tissue is about 7.4, while the pH value of tumor extracellular microenvironment is about 6.5~7.2 (66). Researchers have developed pH-responsive drug carrier systems by introducing alkaline polymers containing multiple amino groups into polymers, or acetals, orthoesters, hydrazine bonds that can be broken in acidic environments (67–69). This carrier systems were often used to control drug release in specific organs (such as the gastrointestinal tract or vagina) or organelles (such as nucleosomes or lysosomes) and trigger drug release when microenvironment changes are associated with pathological conditions (70). Deng et al. (71) found that the amino protonation caused by chitosan swelling would lead to the release of tumor necrosis factor-α (TNF-α) encapsulated in chitosan in tumor tissues in local acidic environment.



Temperature-Responsive Nanocarriers

Temperature-responsive nanocarriers maintain structural integrity in normal tissues (37°C), and the drug is well encapsulated in nanomaterials, but the tumor tissue temperature of the patients treated by hyperthermia therapy is as high as 39.5°C, therefore, when the nano-carrier reaches the tumor site, at least one component of the nano-material responds to the nonlinear rapid change of temperature, the structure of the system is destroyed and the drug is released, thus realizing targeted drug delivery at the tumor site (72). Temperature-responsive nanocarriers usually included liposomes and polymer micelles (n-isopropylacrylamide). Shah et al. (73) wrapped photosensitizer tetrakis(hydroxymethyl)phosphonium chloride and anticancer drug doxorubicin in hydrophobic lipid bilayer membrane, and wrapped magnetic nanoparticles in hydrophilic inner capsule, realizing simultaneous magnetocaloric therapy, photodynamic therapy and chemotherapy. Experimental results show that combined therapy can almost eliminate completely cancer cells, and the therapeutic effect is remarkable.



Photo-Responsive Nano-Carrier

The photo-responsive nano-carrier can respond to specific wavelength light to achieve targeted drug delivery (74). The photosensitive azobenzene group and its derivatives can be optically isomerized from trans to cis under the irradiation of 300-380 nm, and can also be optically isomerized from cis to trans in the visible region, which makes it possible to optically control drug release (75). Because soft tissue has strong scattering in the ultraviolet visible region less than 700 nm, the penetration depth of light-responsive nanocarriers is low (~ 10 mm), which is only suitable for body parts that can be directly irradiated (such as eyes and skin, etc.) (74). Today, near infrared lasers (NIR) with wavelengths ranging from 700 to 1000 nm have wide clinical applications due to their low scattering, deep tissue penetration, and micro-tissue damage (76). YOU et al. (77) designed and synthesized multifunctional doxorubicin hollow gold nanoparticles, which accelerated the release of drugs under the irradiation of near infrared light. Compared with traditional chemotherapy methods, the anti-cancer activity was increased, and the systemic toxicity was reduced, proving that the NIR technology has a broad prospect.



Redox-Responsive Nanocarriers

Concentration of Glutathione (GSH) in tumor cells was about several hundred times higher than that in extracellular cells. In general, redox-responsive nanocarriers can intelligently target drug release in tumor cells by introducing disulfide or diselenide bonds (78), which is of great significance to many drug molecules (e. g. camptothecin, doxorubicin, etc.) that exert their effects in the organelles of tumor cells. Disulfide bonds are very stable under normal physiological condition but will be reduced and broken in the presence of high concentration GSH in tumor cells (79). Based on this principle, Wang et al. (80) developed Camptothecin (CPT) conjugated core cross-linked micelles that can break down disulfide bonds by oxidation-reduction, thus, destroying the micelle structure and releasing CPT rapidly. In vitro cytotoxicity study showed that the anti-cancer activity of redox-responsive core cross-linked micelles was significantly higher than that of nonresponsive micelles.





Conclusion and Prospect

Great progress has been made in the research of nano anti-tumor drug carrier, which effectively overcomes the limitations of poor solubility, low bioavailability and non-specificity of traditional chemotherapy drugs, and obviously improves the curative effect of drugs. At present, nano-carriers for anti-tumor drugs mainly include nano-liposomes, nano-polymers and nano-gene carriers, which belong to nano-organic materials and nano-inorganic materials. The application of anti-tumor drug nanocarriers can truly achieve targeted drug delivery at the focus, and its targeted transportation modes mainly include passive transportation, active transportation and physical and chemical transportation (according to the changes of temperature, magnetic field, light or electric pulse, PH and redox). However, most of the research on nano anti-tumor drug carrier focuses on the basic theory, and few drugs can be used clinically, which limits the wide application of nano anti-tumor drug carriers (81–83). In the future, researchers need to continuously explore and design nanoporous carriers of anti-tumor drugs with high drug loading, high efficiency, low toxicity, low cost and clinical application value. The modification of nanoparticles is combined with single surface group modification and combined physicochemical modification so as to establish a new route of administration, which is conducive to the interdisciplinary comprehensive research and maximize its scientific value and market value.
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Carbon monoxide (CO) gas therapy is a promising cancer treatment. However, gas delivery to the tumor site remains problematic. Proper tunable control of CO release in tumors is crucial to increasing the efficiency of CO treatment and reducing the risk of CO poisoning. To overcome such challenges, we designed ZCM, a novel stable nanotechnology delivery system comprising manganese carbonyl (MnCO) combined with anticancer drug camptothecin (CPT) loaded onto a zeolitic imidazole framework-8 (ZIF-8). After intravenous injection, ZCM gradually accumulates in cancerous tissues, decomposing in the acidic tumor microenvironment, releasing CPT and MnCO. CPT acts as a chemotherapy agent destroying tumors and producing copious H2O2. MnCO can react with the H2O2 to generate CO, powerfully damaging the tumor. Both in vitro and in vivo experiments indicate that the ZCM system is both safe and has excellent tumor inhibition properties. ZCM is a novel system for CO controlled release, with significant potential to improve future cancer therapy.




Keywords: H2O2 generator, CO gas therapy, camptothecin, ZIF-8 nanoparticles, TME (tumor microenvironment)



Introduction

The targeted development of cancer treatment technology—including chemotherapy, radiotherapy, and immunotherapy—has enormous potential in tumor treatment, although most such technologies are yet to be used routinely in the clinic (1–5). Among therapeutic approaches being developed, treating cancer with CO gas is both novel and practical, yet remains underexplored. High-dose CO can reduce cell protein synthesis by inhibiting cellular mitochondrial respiration and induce cancer cell apoptosis (6–8). The safety and potency of CO therapy relies on the precise release of large amounts of CO directly into the tumor (8). However, most CO-related anticancer treatments are still in their initial stages, as the gaseous nature of CO makes controlled release highly problematic.

As a CO prodrug, manganese carbonyl (MnCO) has a Fenton-like reaction with H2O2 to generate CO gas in situ (9). CO can then bind hemoglobin in tumor tissue, reducing its capacity for oxygen transport, causing mitochondrial damage, and thus achieving an anticancer effect without causing side effects systemically (9). Zhu and coworkers designed a novel type of CO delivery system using the immune evasion ability and tumor targeting of tumor-derived exosomes (EXO), encapsulating MnCO into exosomes by electroporation method to form the MMV system (6); this system could achieve a powerful antitumor effect in combination with low-dose radiotherapy. Both in vivo and in vitro experiments have verified the rationality of the MMV combined with RT designed by their team, and there is no inflammatory reaction and other side effects during the treatment period, which has good biological safety. Jin and his team used hollow mesoporous silica nanoparticle (hMSN) nanocarriers to effectively encapsulate MnCO and constructed a nano-drug (MnCO@hMSN) for antitumor research (10). After being internalized into the tumor tissue, the nanomedicine (MnCO@hMSN) will react with H2O2 in the tumor (a new Fenton-like reaction that releases CO gas in situ) to achieve antitumor effects. In vivo experiments have shown that within the treatment cycle. The weight of the mice did not have any abnormalities, and the tumor proliferation was significantly inhibited (10). However, in cancer cells, although intracellular H2O2 concentration can reach 50 μM, endogenous H2O2 is unable to achieve satisfactory efficiency (11–13). Insufficient H2O2 in the tumor microenvironment (TME) is a profound problem for MnCO-based cancer therapy. CPT is a natural product topoisomerase inhibitor operating via several mechanisms including induction of cellular DNA damage (14–16). It is also an H2O2 enhancer, inducing high levels of H2O2 in the tumor (14). This property has interested several researchers. Tang et al. overcame the lack of target-specific, high-intensity luminescence by creating a target-specific chemiluminescence strategy, where CPT was loaded into the CLDRS system, enhancing H2O2 concentration and chemiluminescence (14). However, CPT has poor delivery to tumors and low water solubility, limiting its systemic use in cancer therapy.

Use of new nanocarriers allows for the design of secure and efficient multifunctional nanoplatforms for accurate drug delivery and effective cancer treatment. As a new metal-organic framework (MOF), ZIF-8 has good drug delivery properties and biocompatibility (17–21). Compared to other metal-organic framework (MOF) materials (22–26), ZIF-8 has several unique characteristics. ZIF-8 comprises 2-methylimidazole and Zn2+. Zinc is the second most abundant transition metal in biology, while biogenic amino acid histidine contains an imidazole group (27). ZIF-8 has exceptional chemical and thermal stability, particularly in aqueous conditions; high specific surface area; and negligible physiological toxicity (28). Moreover, decomposition occurs easily under acidic conditions (pH 5.0–6.0), making ZIF-8 suitable for stimulus-responsive controlled drug release of payloads in the acidic tumor microenvironments (18). ZIF-8 is thus an ideal template for preparing hollow nanomaterials with adjustable sizes for small-molecule drug delivery. The ZIF-8-loaded drugs are less likely to leak during transit to their site of action, retaining pharmaceutical activity until they reach their target tumors (29, 30). Efficient delivery of CPT/MnCO using ZIF-8 nano-frameworks is expected to overcome many limitations of current CO gas therapy.

We designed a therapeutic strategy that combines chemotherapy drug CPT and CO gas prodrug MnCO in a ZIF-8 nanocarrier with good drug delivery properties forming a composite system we named ZCM (Scheme 1). After intravenous injection, ZCM circulates systemically, reaching the tumor target, where it is endocytosed. Subsequently, CPT and MnCO are released in response to the acidic tumor microenvironment, where CPT also acts as a H2O2 generator increasing the concentration of H2O2 in the tumor, synergistically improving the anticancer activity of MnCO. MnCO reacts with H2O2 to generate CO in situ, directly damaging mitochondria. In vitro and in vivo experiments indicate that the ZCM system has a high antitumor effect and does not induce significant off-target toxicity, since ZCM does not leak MnCO. The development of ZCM highlights a powerful new approach to MOF-based nanomedicines.




Scheme 1 | Illustration of a novel H2O2 generator for enhanced CO gas therapy.





Results and Discussion

ZIF-8 nanomaterials of approximately 100 nm were prepared using a simple stirring method (30). Then ZCMs were synthesized by simultaneous embedment of CPT and MnCO into ZIF-8 to form a ZCM system, as shown in Figures 1A, B for transmission electron microscope (TEM) images of pure ZIF-8 and ZCM. A TEM image of ZCM, as measured in an acidic environment (Figure 1C), suggests that ZCM can decompose in an acidic environment. The diameter of ZCM (Figure 1D) showed almost no changes, 	again indicating that ZCM was stable and did not alter due to inclusion of drugs. The absorption of CPT, ZIF-8, MnCO, and ZCM was measured using UV–vis absorption spectroscopy, with results indicating the successful preparation of ZCM (Figure 1E). The drug loading efficiency of CPT and MnCO in ZCM was found to be 14.6% and 17.8%. ZCM’s drug release ability was also studied (Figure 1F). Under neutral conditions, ZCM did not decompose and CPT was not released. At pH = 6.5, after 48 h of coculture, CPT release was approximately 30%. At pH = 5.5, CPT release was approximately 38% at 24 h; after 48 h, this had reached almost 90%, with the CPT almost completely released. As shown in Figure S1, the release rate of CO rapidly enhances with increasing H2O2 concentrations. This indicated that ZCM can release CO in response to the tumor microenvironment. This indicates that ZCM can help control payload release in the tumor environment, which is expected to alter the tumor microenvironment and realize CO gas therapy.




Figure 1 |  Characterization of ZCM. (A) TEM image of ZIF-8 and (B) ZCM. (C) TEM image of decomposed ZCM. (D) DLS was used to measure the hydrodynamic diameter of ZCM. (E) UV–vis spectra for CPT, ZIF-8, MnCO, and ZCM in PBS. (F) In vitro CPT release profile at different pH from ZCM.



Our ZCM system performs well, and we are actively conducting in vitro antitumor trials. Although MnCO greatly inhibits tumors, the CO yield generated by the H2O2-MnCO reaction is affected by the H2O2 concentration in the tumor: at 50–100 μM, this is higher than in ordinary cells, but is still limited. Therefore, it is necessary to increase the tumor H2O2 concentration. Our system contains the chemotherapeutic drug CPT, which produces H2O2. We verified the ability of ZCM to produce CO; see Figures 2A, D. The control group and single ZIF-8 or ZC showed no fluorescence, suggesting a low intracellular CO concentration. ZM containing MnCO shows weak fluorescence. The green fluorescence of the ZCM treatment group was the strongest, since CPT can generate H2O2 in TME, promoting the reaction between MnCO and H2O2. Changes in mitochondrial membrane potential (MMP) in tumor cells were monitored using the JC-1(5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl-imidacarbocyanine) probe method. Typically, JC-1 dye accumulates in the mitochondria, where it aggregates, producing a red fluorescence. However, in damaged mitochondria where MMP is reduced, monomeric dye is released into the cytoplasm, producing green fluorescence. Figures 2B, E shows the high green/red fluorescence ratio of cells treated with ZCM. This is consistent with reduced mitochondrial damage due to ZCM. Once ZCM is decomposed by the acidic environment of tumor cells, MnCO will react with H2O2 in TME to produce CO gas in situ. This causes serious mitochondrial damage. In addition, we measured the ROS content of different formulations: the ZCM group had high fluorescence, while that of the ZC and ZM groups was much lower (Figure 2C). This may be because CPT alters the tumor microenvironment and MnCO produces elevated ROS. ROS can degrade cellular protein and DNA, thus killing tumor cells (27, 31–33). An MTT assay test indicated that the cell viability of the control and ZIF-8 groups was minimally affected, while ZC alone or ZM induced moderate tumor growth inhibition (Figure 2F). Our ZCM system showed the greatest tumor inhibition, reaching 90%. There are significant differences when compared to other experimental groups, suggesting that ZCM-mediated increased H2O2 concentrations of TME can enhance the effect of MnCO, inhibiting tumor growth.


	

Figure 2 | In vitro synergetic therapeutic effects of the ZCM. (A–C) CO (FL-CO-1), JC-1 (green for JC-1 monomer and red for JC-1 aggregate), and ROS (DCFH-DA) fluorescence images under different treatments. (D) Quantification analysis of CO (A) based on the relative intensity of counts of at least 100 cells per treatment group (n = 3). (E) Fluorescence intensity of ROS in (C) based on the relative intensity of counts of at least 100 cells per treatment group (n = 3). (F) The survival of CT26 cells with different treatments. **p < 0.01, ***p < 0.005; Student’s t-test.



We next evaluated the ZCM-mediated antitumor efficacy in mice with CT26 tumors. To investigate the principal effect of ZCM, BALB/c mice were injected subcutaneously into the right flank with 1 × 106 CT26 cells. The mice were treated when the primary tumor volume reached 200 mm3. Tumor-bearing mice were randomly divided into five groups (five mice per group): (1) PBS; (2) ZIF-8; (3) ZC; (4) ZM; and (5) ZCM. The equivalent CPT dose was 10 mg/kg in groups 3 and 5. Treatment was conducted every 3 days for 16 days. During treatment, the tumor volumes of the control and ZIF-8 groups rose rapidly, which is shown in Figures 3A, B. The ZC or ZM group showed a moderate tumor suppression effect. When ZIF-8 reaches the tumor and is endocytosed, the acidic tumor microenvironment causes the ZIF-8 framework to decompose, releasing its drug payload and inducing a therapeutic effect. The ZCM system had the most marked therapeutic effect, with tumor volume growth almost entirely suppressed during treatment. During this study, no weight changes were detected in the treatment group, indicating no significant systemic toxicity (Figure 3C). This is crucial since many treatments have clear systemic toxicity, which significantly decreases their potential utility (34–37). We used the FL-Co-1 + PdCl2 fluorescence probe to detect the CO content of tumors, confirming that combining CPT and MnCO in ZCM greatly enhanced CO generation in the tumor. We took tumor tissue sections for staining. H&E, TUNEL, and Ki-67 staining (Figures 3D, E and S2, S3) confirmed there was significant cell necrosis in the ZCM group. As shown in Figure 4, there was likewise no inflammatory damage, and liver and kidney indexes were normal. The in vivo results indicate that our novel treatment achieved both good biological safety therapy and increased tumor H2O2 concentration, reinforcing the effect of ZCM with profound CO-based therapy.




Figure 3 | In vivo therapy. (A) Tumor volume, (B) weight, and (C) murine body weight were monitored in the five treatment groups (n = 5). (D) Tumor sections were stained for H&E. (E) Fluorescence imaging for co-localization of the tumor region to test CO production. (Blue: DAPI, green: FL-CO-1). **p < 0.01, ***p < 0.005; Student’s t-test.






Figure 4 | (A) Histopathologic examination of the tissues including the heart, liver, spleen, lung, and kidney from tumor-bearing mice after PBS or ZCM treatment. (B) Blood biochemistry data for kidney function marker BUN. (C) Blood biochemistry data including kidney function marker CRE. (D) Liver function markers: ALT, AST, and ALP.





Conclusion

We designed a novel H2O2 generator ZCM to realize enhanced CO gas therapy. Encapsulated chemotherapeutic agents CPT and MnCO can increase the concentration of H2O2 in the tumor microenvironment driving CO gas therapy, with an enhanced ability to induce tumor cell apoptosis. The in vitro and in vivo results indicate our system has an excellent tumor inhibition effect. Our ZCM system exhibited no clear toxicity during treatment. As non-toxic materials have better application potential and will also reduce the pain of patients during treatment. Although many materials have good antitumor effects, their systemic toxicity significantly affects the application value. We will explore the biological application of our combination of MnCO and other novel nanotechnology vehicles, optimizing our treatment plan.
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Hydroxyl radical (•OH)-mediated chemodynamic therapy (CDT) is an emerging antitumor strategy, however, acid deficiency in the tumor microenvironment (TME) hampers its efficacy. In this study, a new injectable hydrogel was developed as an acid-enhanced CDT system (AES) for improving tumor therapy. The AES contains iron–gallic acid nanoparticles (FeGA) and α-cyano-4-hydroxycinnamic acid (α-CHCA). FeGA converts near-infrared laser into heat, which results in agarose degradation and consequent α-CHCA release. Then, as a monocarboxylic acid transporter inhibitor, α-CHCA can raise the acidity in TME, thus contributing to an increase in ·OH-production in FeGA-based CDT. This approach was found effective for killing tumor cells both in vitro and in vivo, demonstrating good therapeutic efficacy. In vivo investigations also revealed that AES had outstanding biocompatibility and stability. This is the first study to improve FeGA-based CDT by increasing intracellular acidity. The AES system developed here opens new opportunities for effective tumor treatment.
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Introduction

Cancer, as one of the primary diseases affecting human health, has a profound impact on human life, and the patient’s condition becomes due to the rapid propagation and diffusion of cancer cells, and the lower efficacy of the currently used chemotherapeutic agents (1–5). However, cancer cells are very sensitive to reactive oxygen species (ROS), increased ROS levels can cause cell redox imbalance, thus resulting in permanent damage to the orgate and, eventually, apoptosis (6, 7). Based on this fact, researchers have developed a range of new treatment approaches to enhance tumor ROS levels, such as radiotherapy (RT), photodynamic therapy (PDT), CDT, and so on (8–10). However, the light-treated PDT is limited in the body, and long-term RT results in diverse side effects (11–13). Furthermore, increasing evidence suggests that the CDT for foreign iron treatment offers a significant advantage (14, 15). In TME, Fe2+ can react with enough hydrogen peroxide (H2O2), thus producing toxic •OH. Several other kinds of iron-containing formulations such as tetraned iron nanoparticles, iron oxide nanoparticles, and FeGA particles have been utilized as a catalyst for Fenton-reacted cell death, either alone or in combination with other catalysts (16, 17). Liu et al. used food acid and Fe2+ mixed ultra-small FeGA complex for achieving improved CDT (18). The catalytic stability of free Fe2+ was greatly improved due to GA-mediated Fe3+, and the combined glutathione (GSH) consumpant BSO was significantly improved as FeGA could consume GSH. This in turn improved oxidative stress in tumors, resulting in a considerable improvement in the treatment effect of simultaneous chemotherapy or radiotherapy. Although a significant anti-tumor efficacy is attained, the Fenton reaction’s effect is highly associated with the acidity of the tumor (19). With the decrease of pH, the reaction rate of Fe2+ with H2O2 increases. TME frequently exhibits a weak acid environment due to aberrant cancer cell metabolism and is unable to attain the optimal pH range of Fanton, which has a significant effect on CDT.

Cancer cells, unlike normal cells, are more likely to “ferment” glucose into lactic acid to produce adenosine triphosphate for energy rather than oxidative phosphorylation of mitochondria, even in normoxic conditions. This is the Warburg effect (20, 21). Furthermore, some tumor tissues continue to deteriorate lactic acid via the tricarboxylic acid (TCA) cycle to prevent long-term accumulation of lactic acid in the cells, thus inducing cell disorders. This is the metabolic process that tumor cells go through (22). As a result, disrupting the tumor’s metabolic equilibrium by affecting the cyclic impact of TCG or the lactic acid transfer chain will eventually result in a substantial lactic acid accumulation in the cell and leads to cell acidosis (23). This in turn results in improved anti-tumor effects. Wan et al. used α-CHCA, a monocarboxylic acid transport inhibitor, to destroy the delivery process of lactic acid, alter the metabolic homeostasis, and used it in combination with H2S to achieve a powerful tumor-killing effect (23). This approach only targets cancer tissues during therapy and does not produce inflammatory reactions or other organ side effects, thus demonstrating a high level of biological safety. However, most small-molecule drugs are administered via intravenous injection. The drugs are incapable of evading the immune system and cannot actively target tumor cells (24). A considerable number of drugs are removed through the bloodstream, and the drugs reaching the tumor are uncontrolled. These factors greatly limit the treatment efficacy.

Traditional drug delivery systems usually have issues such as poor drug loading, difficult manufacturing processes, and early drug leakage or slow release (25–27). Although many inorganic and organic materials are also widely used in biological applications, most of them are injected intravenously, with high material loss rate and difficulty in reaching tumor tissues (28). Moreover, it is difficult to achieve controlled release of these materials or require complex modifications to improve their biological applicability, which is not conducive to clinical applications (29, 30). The long-term toxicity induced by the carrier persisting in the body for an extended period is also an important aspect. Light-responsive hydrogels with minimal invasiveness have recently gained popularity as a controlled drug release platform (31–33). The hydrogel gradually solidifies after being injected into tumor tissue and can be utilized as a military rationing depot for a longer period, this characteristic is attributed to the rapid decrease of the temperature of the hydrogel and the increase of the storage modulus, which leads to the solidification of the hydrogel and its long-term residence in the body (34, 35). After one injection, this form of local administration can be used again and again. Furthermore, the drug release rate can be changed by optimizing parameters such as laser strength and laser irradiation period and extending the treatment method’s application. For the first time, Zhu et al. used an agarose hydrogel to deliver the AIEgen material for anti-tumor treatment. As a photothermal agent (PTA), prussian blue (PB) nanozyme stimulated the disintegration of the hydrogel while also acting as a CAT enzyme to catalyze H2O2 for improving the TME (31). Following that, a low-power white light was used. AIEgens produced ROSs under sufficient oxygen levels for promoting tumor ablation upon irradiation. As a result of these findings, we are encouraged to use hydrogels to deliver α-CHCA for disrupting the tumor’s ecological balance and boosting the efficacy of FeGA-based CDT.

We designed an injectable hydrogel with FeGA nanoparticles and α-CHCA for intratumoral injection of chemodynamic and photothermal therapy (Scheme 1). The US Food and Drug Administration (FDA) has declared agarose hydrogels to be safe. FeGA nanoparticles and α-CHCA were placed into an agarose hydrogel for producing the FeGA reservoir and acid enhance system (AES). In this system, the FeGA nanoparticles serve as a PTA due to their outstanding photothermal performance. FeGA turns light energy into heat energy upon irradiating the AES system with an 808 nm near-infrared (NIR) laser, thus causing the temperature rise of the agarose hydrogel, as a result, reversible hydrolysis and softening occur. α-CHCA diffuses into the TME, inhibiting lactic acid efflux and intracellular accumulation in tumor cells, resulting in tumor acidosis. The Fenton reaction, which is driven by Fe2+, can then produce a high amount of •OH, which can damage tumor cells. The AES can be employed as a FeGA storage controller for achieving the controlled release of the drug and for intratumor injection of local tumors. This is the first study to show that increasing intracellular acidity in situ improves FeGA-based CDT. In conclusion, the FH nanosystem has a wide range of clinical applications in synergetic therapy.




Scheme 1 | Schematic illustration of an injectable hydrogel for enhanced FeGA-based chemodynamic therapy by increasing intracellular acidity.





Results and Discussion


Characterization of FeGA Nanoparticles and AES

Figure 1A shows a transmission electron microscope image of FeGA. The results show better dispersibility and smaller size of FeGA, with an average of 2.36 ± 1.2 nm. The nanoparticles of smaller than 10 nm in size are easily cleared by the kidney, which limits its therapeutic efficacy. Therefore, the applicability of FeGA can be greatly improved through the hydrogel delivery system. The particle size of FeGA was measured for three consecutive days (Figure 1C), and the size fluctuation range was found small, reflecting the good stability of FeGA. Thus, in turn makes it a good system in clinical application prospects. Even though many materials have a beneficial biological impact, their high instability restricts their future value (36). The agarose hydrogel has been authorized by the FDA as a safe material that does not cause any toxicity in the body and is metabolized by the body’s natural processes following dissolution. The scanning electron microscope (SEM) image of the agarose hydrogel is shown in Figure 1B. The pore size of the hydrogel is larger and the AES system was then developed by encapsulating FeGA and α-CHCA in a hydrogel. Figure 1D demonstrates the good photothermal heating potential of AES while the developed hydrogel remains solid. The hydrogel gradually dissolves after 10 minutes of 808 nm laser irradiation. The drug and nanoparticles in the gel are almost totally dissolved and are released. Infrared thermal imaging further indicated that following irradiation, the temperature of AES increased dramatically. Figure 1E shows the ultraviolet-visible absorption of FeGA. FeGA has a quite high absorption bandwidth in the 600-800 nm range, with a distinctive peak near 600 nm. X-ray photoelectron spectroscopy (XPS) was used to measure the Fe 2p spectrum in FeGA (Figure 1F). Zeta potential of FeGA was detected to be -18.1 ± 6.57mV. The rheological value of AES was evaluated at various temperatures (Figure 1G), and the results revealed that as the temperature increases, AES rapidly dissolves, accompanied by a gradual decrease in storage modulus. This is in line with the hydrogel’s rheological properties. We then put AES to the test to see if it could regulate the release of materials and the results are described in Figure 1H. Laser irradiation can partially disintegrate AES and liberate the α-CHCA within it. The hydrogel becomes cool and hardens after the laser irradiation is stopped, and the drug will remain protected. The drug is usually released completely after four laser switching cycles. This also demonstrates that our AES system has a strong ability to control drug release, which inhibits lactic acid efflux, strengthens the tumor’s acidic environment, and keeps the cells in an acidic environment, which is likely to promote FeGA-mediated CDT.




Figure 1 | Characterization of AES. (A) TEM image of FeGA. (B) SEM image of the hydrogel. (C) Statistical graph of the measured diameter of FeGA. (n = 3). (D) The morphology of the prepared AES before and after 0.5 W/cm2 808 nm laser irradiation for 10 min and infrared thermal images of the prepared AES after being irradiated. (E) FeGA absorbance spectra. (F) Fe 2p spectrum of XPS spectra of fresh GA–Fe. (G) Rheological and temperature curves (blue and red, respectively) for the prepared AES in response to 0.5 W/cm2 808 nm laser irradiation. (H) In vitro AES release profile in the presence and absence of 808 nm laser irradiation, with red arrows being used to indicate irradiation time points (n = 3). The results were expressed as mean ± SD.





Photo-Thermal of the FeGA for PTT

One of the most essential factors for evaluating PTA is photothermal stability. A powerful photothermal treatment can be assisted by a good photothermal agent. To test the photothermal performance of FeGA nanoparticles, FeGA solutions were prepared with different concentrations (0, 25, 50, 100, 200 μg/mL). Figure 2A shows that assuming all other parameters remain constant, the heating impact of the solution increases as the FeGA concentration rises. The temperature of 100 μg/mL FeGa increased by roughly 16.6°C after 5 min of laser irradiation. For 5 minutes, the 200 μg/mL FeGA solution was repeatedly heated with the 808 nm NIR laser (Figures 2B, D, E), then the solution was allowed to cool to ambient temperature. The heating curves of each cycle were identical, and the variations in peak temperature changes were minor, demonstrating that the FeGA nanoparticles’ photothermal conversion capability was found to be stable and reproducible over repeated 4 heating and cooling cycles. These findings suggest that the FeGA nanoparticles have good photothermal stability. Furthermore, the photo-thermal conversion efficiency (η) of the FeGA was calculated from the data of Figures 2C, F, and was found as 42.6%, which was higher than various materials such as Au nanorods (21%) and Ti3C2 nanosheets (30.6%) (37, 38). Above all, FeGA nanoparticles are an excellent PTA for photothermal conversion to anti-tumor.




Figure 2 | In vitro synergetic therapeutic effects of the AES. (A) Temperature increase for the different FeGA concentrations upon laser irradiation at 808 nm and 0.5 W/cm2 for 5min. (B) Temperature variation of a FeGA solution at 100 μg/mL under cyclic laser irradiation. (C) Calculation of the time constant for the heat transfer using linear regression of the cooling profile. (D) Measurement of tumor cell ROS fluorescence after the indicated treatments (n = 5). (E) In vitro lactate accumulation effect of different formulations (n = 5). (F) Dark cytotoxicity of FeGA on 4T1 cells (n = 5). (G) In vitro cytotoxicity of different formulations against 4T1 cells (n = 5). **P < 0.01, ***P < 0.005; Student’s t-test. The results were expressed as mean ± SD.





In Vitro Combination Therapy

Furthermore, we assessed the ROS content of several formulations. There is no green fluorescence in the control group, the NIR group, or the AES group when treated alone. The AES + NIR group had high fluorescence, whereas the FeGA + NIR group had much lower fluorescence. This could be because α-CHCA alters the tumor acid microenvironment, and FeGA reacts with enough H2O2 to produce increased ROS. ROS can cause cellular protein and DNA damage, resulting in the death of tumor cells (39). In several experimental groups, we continued to evaluate the lactic acid concentration of the TME. The results revealed that, despite the presence of α-CHCA in the AES group, α-CHCA was unable to affect the cells due to the hydrogel’s encapsulation, but the AES + NIR group had increased lactic acid concentration. α-CHCA can be released after laser irradiation, changing the lactic acid ecological microenvironment of tumor cells. Hence, the AES + NIR group was able to produce good lactate accumulating effect. The acidic environment is conducive to the subsequent FeGA-mediated Fenton reaction. FeGA was incubated with 4T1 cells at various concentrations (0, 10, 20, 30, 40 μg/mL) for 24 hours. Even at high concentrations, cell viability did not decrease significantly. The findings suggested that FeGA NPs are highly biocompatible. The cell viability of the control group was largely unaffected by the MTT experiment, whereas the NIR with FeGA group demonstrated a little inhibition in tumor growth (Figure 2G). AES + NIR system exhibited the best tumor growth inhibition rate (about 88.5%), with significant differences compared to other experiment groups indicating that AES mediated controlled release of α-CHCA can effectively increase the acidity of TME, thereby enhancing the CDT effect and inhibiting tumor growth. These findings motivate our ongoing research to proceed with the developed formulation for anti-tumor efficacy in vivo.



In Vivo Anti-tumor Study

As stated earlier, the good performance of AES in vitro as a PTA and acid boosting system has prompted us to investigate the photothermal conversion effect of FeGA in vivo. BALB/c mice were used to establish 4T1 subcutaneous tumor models. After invading the tumor tissue, we measured the temperature rise of AES under laser irradiation. The PBS group rarely heated up after laser irradiation, as seen in Figures 3A, B, whereas the temperature of the tumor in the AES group increased dramatically, showing that AES has strong photothermal performance. This finding is similar to the in vitro photothermal findings, demonstrating that AES can provide in vivo photothermal therapy and drug release. Tumor tissues’ heat resistance was lowered when compared to normal cells, resulting in tumor cell-selective apoptosis at high temperatures (42 – 47°C) (17). Following that, we measured the amount of lactic acid in the tumor after various treatments. The lactic acid level of the tumor increased considerably after 4 hours of AES plus NIR treatment, as seen in Figure 3C. However, no obvious signals of increase were observed in the other groups, demonstrating that the released -CHCA can effectively prevent tumor cell lactic acid efflux and intracellular accumulation, leading to tumor acidosis (Figure 3C). The anti-tumor efficacy of AES-mediated anti-tumor therapy was next evaluated in mice with 4T1 tumors. BALB/c mice were injected subcutaneously with 1 × 106 4T1 cells in the right flank to assess the main effect of AES. The mice were treated after reaching the primary tumor volume to 200 mm3. Tumor-bearing mice were randomly divided into 4 groups (5 mice per group): (1) PBS; (2) NIR; (3) AES and (4) AES + NIR. The equivalent FeGA dose was 5 mg/kg in groups 3 and 4. For 16 days, treatment was given every 4 days. The body mass of treated and control mice remained normal after treatment, showing the safety of our technique (Figure 3F). This is quite interesting because many treatments are associated with severe systemic toxicity, which is detrimental to the material’s future clinical application (40). The tumor volumes of the PBS and NIR treated groups increased substantially during the 2 weeks of treatment, as illustrated in Figure 3D. In addition, the AES group had essentially no tumor-suppressive effect. The hydrogel entrapped FeGA and CHCA are unable to kill tumors. The AES + NIR system, which included both FeGA, had the most potent therapeutic response as the tumor volume growth curves being nearly reduced during therapy (Figures 3D, E). When the AES hydrogel is exposed to laser radiation after intratumoral injection, it dissolves and releases FeGA and α-CHCA in FH. α-CHCA would raise the tumor’s lactic acid concentration. FeGA then combines with intratumoral H2O2 to produce •OH in situ, which kills the tumor. We tested the fluorescence intensity of ROS in different groups in vivo, and the results also showed that AES + NIR group showed the strongest green fluorescence, and produced a large amount of ROS to promote tumor apoptosis. The tumor mass of mice was also in agreement with the volume curve (Figure 3E). We obtained slices of tumor tissue for staining. TUNEL and H&E staining (Figures 3G, H) also confirmed the large amount of cell necrosis in the AES combined NIR treatment group.




Figure 3 | In vivo therapy. (A) IR thermal images of tumors following an 808 nm laser irradiation (0.5 W/cm2) for 5 min in the indicated treatment groups (n = 3). (B) Temperature increase in mice implanted with 4T1 tumors following 808 nm laser irradiation (0.5 W/cm2) for 5 min in the indicated treatment groups. (C) Lactate accumulation effect of different in vivo treatments (n = 5). (D) Tumor volume changes over time in groups treated as indicated (n = 5). (E) Average tumor weight values associated with the indicated treatments (n = 5). (F) Changes in body weight in response to the indicated treatments (n = 5). (G) TUNEL and (H) H&E stained tumor sections from the indicated treatment groups (n = 5). ***P < 0.005; Student’s t-test. The results were expressed as mean ± SD.





Histological Analysis

Furthermore, FeGA activation did not cause any loss to systems, as shown in Figure 4. After the treatment of mice’s vital organs (heart, liver, spleen, lungs, and kidney), there was no inflammation, and damage in the body, and the liver, and kidney indexes were also normal. As many nanomaterials possess great therapeutic efficacy, they are also associated with systemic toxicity, which limits their future clinical applications (41). In vivo data show that our novel combination therapy not only achieves a high level of biological safety but also increases tumor •OH content, thus enhancing the effect of FH-enhanced therapy.




Figure 4 | Result of in vivo safety experiments. (A) Histopathological analysis results (H&E-stained images) of the major organs, heart, lung, liver, kidneys, and spleen, of mice that were exposed to different treatments of 16 days post-injection. Blood biochemistry data including kidney function markers: (B) liver function markers: BUN, (C) CRE, and (D) ALT, ALP, and AST after various treatments (n = 5). The results were expressed as mean ± SD.






Conclusion

Finally, we developed an injectable light-controlled hydrogel system, called an acid to enhance system AES, by encapsulating FeGA nanoparticles and α CHCA in agarose hydrogel. The nano-system can be combined with 808 nm laser irradiation for achieving outstanding tumor treatment effects. FeGA nanoparticles can be employed as an ideal PTA due to their superior photothermal effect in the NIR-I region. The agarose hydrogel underwent controlled and reversible hydrolysis and softening states under the NIR laser power, resulting in light-triggered FeGA nanoparticles release and degradation of hydrogel. Then, α-CHCA would then cause tumor acidosis in the region, causing an increase in the Fenton reaction. The AES exhibits outstanding cancer cell killing and tumor ablation properties in both in vitro and in vivo tests, with good stability, low toxicity, and biocompatibility. This is the first study to show that increasing intracellular acidity in FeGA-based CDT improves its performance. Thus, we may conclude that the AES has great anti-cancer potential in combination therapy.
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Colorectal cancer is the third most common malignant disease worldwide, and chemotherapy has been the standard treatment for colorectal cancer. However, the therapeutic effects of chemotherapy are unsatisfactory for advanced and recurrent colorectal cancers. Thus, increasing the treatment efficacy of chemotherapy in colorectal cancer is a must. In this study, doxorubicin (DOX)-loaded tumor-targeting peptide-decorated mPEG-P(Phe-co-Cys) nanoparticles were developed to treat orthotopic colon cancer in mice. The peptide VATANST (STP) can specifically bind with vimentin highly expressed on the surface of colon cancer cells, thus achieving the tumor-targeting effects. The nanoparticles are core-shell structured, which can protect the loaded DOX while passing through the blood flow and increase the circulation time. The disulfide bonds within the nanoparticles are sensitive to the glutathione-rich microenvironment of tumor tissues. Rupture of disulfide bonds of the nanoparticles leads to the continuous release of DOX, thus resulting in the apoptosis of the tumor cells. The in vivo experiments in mice with orthotopic colon cancer demonstrated that the synthesized DOX-loaded tumor-targeting peptide-decorated polypeptide nanoparticles showed properties of drug delivery systems and exhibited good antitumor properties. The synthesized nanoparticles show appropriate properties as one of the drug delivery systems and exhibit good antitumor properties after encapsulating DOX.
Keywords: colorectal cancer, chemotherapy, nanoparticles, tumor targeting, drug delivery system
INTRODUCTION
Colorectal cancer was the third most common malignant disease worldwide, and the number of patients was rising, with approximately 500,000 deaths each year (Jemal et al., 2011; Laroui et al., 2011). With the innovation of treatment theories, chemotherapy was highlighted. Recent advances in chemotherapy, including the use of irinotecan, oxaliplatin, fluoropyrimidines, cetuximab, bevacizumab, and radiation therapy, have increased the median survival of patients (Ortiz et al., 2012). However, advanced and recurrent colorectal cancers were still hard to be cured (Chaudhary et al., 2011). Therefore, patients with colorectal cancer needed more efficient chemotherapy (Soster et al., 2012; Prados et al., 2013).
With the development of nanotechnology, plenty of nanoscale drug delivery systems (DDSs) have been applied to the chemotherapy drug delivery, such as micelles, vesicles, nanogels, and dendrimer (Gu et al., 2015; Li et al., 2018; Chen et al., 2020; Su et al., 2020). Among them, the polymer nanoparticles were possibly the most promising (Choi et al., 2012; Wang et al., 2012; Ai et al., 2021). Through special design, nanoparticles could achieve specific functions, such as increasing the solubility of chemotherapy drugs and improving the stability in circulation (Cherukuri and Curley, 2010; Laroui et al., 2011). Nanoparticles have attracted worldwide interest and made great progress in design and fabrication.
In general, most nanoparticles possessed good biocompatibility and biosecurity (Zhu et al., 2010; Cho et al., 2012). Therefore, the loading of antitumor drugs into nanoparticles is needed to treat cancer. For the package of antitumor drugs, small-molecule drugs were promising, such as doxorubicin (DOX) and curcumin (Kaminskas et al., 2012). DOX is a kind of antitumor antibiotic with a wide antitumor spectrum (Cui et al., 2012; Maeda, 2012). Clinically, DOX could inhibit some common tumors and had been used to treat breast cancer, bladder cancer, lung cancer, ovarian cancer, colorectal cancer, and so on (Ta et al., 2009). However, the broad distribution of DOX limited the treatment efficiency and caused a variety of side effects, such as inhibition of medullary hematopoiesis function, nephrotoxicity, and cardiotoxicity (Lee et al., 2006).
In this study, a kind of mPEG-P(Phe-co-Cys) copolymers was developed, which could self-assemble into nanoparticles in aqueous solutions. The mPEG-P(Phe-co-Cys) nanoparticles (mNPs) were decorated with peptide VATANST (STP), and DOX was encapsulated within the nanoparticles to obtain STP-mNPs/DOX. STP-mNPs/DOX are core-shell structured with DOX as the core and the PEG as the shell. The appropriate particle size can prolong the circulation time while passing through the blood flow. STP could specifically bind with vimentin highly expressed on the surface of colon cancer cells (Kim et al., 2020; Vermani et al., 2020), thus increasing the tumor-targeting effects of STP-mNPs/DOX. The disulfide bonds within the nanoparticles were sensitive to the glutathione-rich microenvironment of colon cancer (GSH) (Zinczuk et al., 2020). The disulfide bonds of STP-mNPs/DOX are ruptured in the tumor tissues and led to the continuous release of loaded DOX, thus increasing the necrosis of tumor cells. The treatment efficacy of STP-mNPs/DOX in primary orthotopic colon cancer was evaluated using mice in this study.
MATERIALS AND METHODS
The preparation of mPEG-P(Phe-co-Cys) nanoparticles (mNPs) and STP-mNPs and characterizations of mNPs and STP-mNPs are in the Supplementary Material.
Materials
Polyethylene glycol monomethyl ether (mPEG), L-phenylalanine (L-Phe), L-cysteine (L-Cys), and deuterated trifluoroacetic acid (TFA-d) were purchased from Sigma-Aldrich (Shanghai, PR China). The STP, DOX hydrochloride (DOX HCl), and GSH were obtained from Gill Biochemical Co., Ltd. (Shanghai, PR China). Cell culture products, including Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine serum (FBS), were provided by Gibco (USA). Penicillin and streptomycin were obtained from Huabei Pharmaceutical Co., Ltd. (Hebei, PR China). Sodium cyanoborohydride (NaBH3CN), 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), and 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI) were purchased from Sigma-Aldrich (Shanghai, P. China). Terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL) kit was purchased from Roche Company (Mannheim, Germany). The purified deionized water was prepared by the Milli-Q plus system (Millipore Co., Billerica, MA, USA).
Preparations of mNPs/DOX and STP-mNPs/DOX
DOX was loaded into mNPs and STP-mNPs through a nanoprecipitation technique. In brief, DOX HCl was dissolved in 2.0 ml of phosphate-buffered saline (PBS) solution, and then the solution was slowly added to 18.0 ml N,N-dimethylformamide (DMF) (10.0 mg ml−1) containing mNPs or STP-mNPs. After that, 18.0 ml distilled water and 2.0 ml PBS were added to the mixed solution. The solution was continuously stirred at room temperature for 12 h and then dialyzed in deionized water for 12 h (molecular weight cut-off (MWCO) = 3,500 Da). At last, the mNPs/DOX and STP-mNPs/DOX were obtained by lyophilization.
Characterizations of mNPs/DOX and STP-mNPs/DOX
The drug loading content (DLC) of mNPs/DOX and STP-mNPs/DOX was calculated using DLC (%) = (the amount of drug in the nanoparticles/total mass of the nanoparticles × 100%). The drug loading efficiency (DLE) of mNPs/DOX and STP-mNPs/DOX was calculated using DLE (%) = (the amount of drug in the nanoparticles/total amount of the drug × 100%).
The morphologies of mNPs/DOX and STP-mNPs/DOX were revealed by transmission electron microscopy (TEM) on a JEM-1011 (JEOL, Tokyo, Japan). The hydrodynamic diameters (Dh) were detected by dynamic laser scattering (DLS) measurements with a scattering angle at 90° on a WyattQELS instrument (DAWN EOS, Wyatt Technology Corporation, Santa Barbara, CA, USA).
DOX Release In Vitro
The DOX release profiles of mNPs/DOX and STP-mNPs/DOX in vitro were determined at pH 5.5, 6.8, and 7.4 with or without 10.0 mM glutathione (GSH) in PBS solution. The DOX-loaded freeze-dried micelles were dissolved into PBS at pH 5.5, 6.8, and 7.4 with or without 10.0 mM GSH, and the concentration of the solution was 100.0 μg ml−1, respectively. Then 10.0 ml of each solution was transferred into a dialysis bag (MWCO = 3,500 Da). Extremity-sealed dialysis bags were then placed into the homologous 100.0 ml of PBS for the release assay with 75 rpm electric shock at 37°C, which simulated the circulation in vivo. At pre-set times, 2.0 ml of external soaking solution was taken out and the equivalent fresh PBS of different pH with or without GSH was replenished into the homologous sample. Afterward, the accumulative DOX release was tested by fluorescence spectroscopy using the standard curve method (λex = 480 nm).
Cellular Uptake and Intracellular DOX Release
Murine colon cancer cell line CT26 was cultured in complete DMEM with 10% (v/v) FBS, penicillin (50.0 IU ml−1), and streptomycin (50.0 IU ml−1) at 37°C in a 5% (v/v) carbon dioxide atmosphere. The cellular uptake and intracellular release DOX profiles of DOX-loaded nanoparticles were detected by both flow cytometry (FCM) and confocal laser scanning microscopy (CLSM) using CT26 cells. Germfree coverslips were put onto 6-well plates, one for each well. The CT26 cells were seeded into the well with a density of 2.0 × 105 cells per well in 2.0 ml of DMEM and cultured for 12 h. Then, three wells were chosen, and 200 μl of buthionine-sulfoximine (BSO) PBS solution was added to the selected wells with a concentration of 0.01 mmol ml−1. After 12 h of culture at 37°C in a 5% (v/v) carbon dioxide atmosphere, another three wells were selected, and 200 μl of GSH solution in PBS with the same concentration of BSO solution was added to the wells. After 2 h of culture, the medium was replaced with free DOX, mNPs/DOX, or STP-mNPs/DOX solution in DMEM at a final DOX concentration of 10.0 μg ml−1. Then, after 2 h of culture, the coverslips that were adhered with CT26 cells were washed with PBS and then fixed with 4% PBS-buffered formaldehyde for 30 min at room temperature. Subsequently, the coverslips were counterstained with DAPI (blue color) for cellular nuclei. The cellular microimages were determined on the CLSM (LSM 780, Carl Zeiss, Jena, Germany). For the FCM assay, the CT26 cells were cultured similarly to CLSM tests without any coverslips. After culture with free DOX, mNPs/DOX, or STP-mNPs/DOX for 2 h, the culture media were removed. The obtained cells were washed three times with PBS. The cells in each well were then suspended in 1.0 ml of PBS and centrifuged for 4 min at 3,000 rpm. The cells were then resuspended in 0.3 ml of PBS, and the data for 10,000 gated events were collected. The data were analyzed on a flow cytometer (Beckman, California, USA).
Cytotoxicity Assays In Vitro
The cytotoxicity of free DOX, mNPs/DOX, and STP-mNPs/DOX in vitro in the different external environments was demonstrated using the MTT assay. The CT26 cells were seeded in 96-well plates, 7,000 cells per well, in 200.0 μl of complete DMEM and cultured for 12 h. Then, BSO solution with a concentration of 0.01 mmol ml−1 was added to three lists of wells. After 12 h of culture, another three lists were selected for adding GSH solution with the same concentration of BSO solution and then cultured at constant temperature for 2 h. Subsequently, the culture medium was replaced with 200.0 μl of fresh medium containing free DOX, mNPs/DOX, or STP-mNPs/DOX at a final DOX concentration of 10.0 μg ml−1. The cells were subjected to MTT assay after 48 h culture. The stock solution containing 0.05 mg of MTT in PBS was added to each well and then cultured for another 4 h. Subsequently, the medium was replaced with 150 μl of DMSO. Furthermore, mNPs and STP-mNPs (0–40.0 mg L−1) were also cultured with CT26 cells as above, but BSO or GSH solutions were not used. The absorbency of the above solution was measured on a Bio-Rad 680 microplate reader at 490 nm. The cell viability was calculated using the following: cell viability (%)= (absorbance of sample/absorbance of control × 100%).
Pharmacokinetics of DOX In Vivo
For the in vivo research of pharmacokinetics of free DOX, mNPs/DOX, and STP-mNPs/DOX, male Kunming mice weighing about 200 g were fasted for 12 h before the test. Free DOX, mNPs/DOX, and STP-mNPs/DOX were dissolved with PBS. After intravenous administration of 5.0 mg kg−1 of free DOX and an equivalent dose of mNPs/DOX and STP-mNPs/DOX, blood was collected from the retrobulbar vein into heparinized 1.5 ml centrifuge tubes at 0, 5, 15, and 30 min and 1, 2, 3, 4, 6, 8, 10, 12, and 24 h. To separate the plasma and blood cells, blood samples were centrifuged at 10,000 rpm and 4°C for 10 min. The supernatant (200.0 μl) was transferred into a new centrifuge tube with 1.0 ml of methyl alcohol. After vibration by the vortex mixer for 10 min, the samples were centrifuged again. Then, the supernatants were removed into glass tubes, respectively; moreover, the samples were blow-dried using a nitrogen concentrator at 35°C. Subsequently, the samples were redissolved with 200.0 μl of methyl alcohol, and the amounts of DOX of samples were detected with the High-Performance Liquid Chromatography (HPLC) method. Waters liquid chromatographic system (Waters e2695 Separations Module, USA) was equipped with a fluorescence detector (Waters 2475 Multi-λ Fluorescence Detector, USA) with the excitation and emission wavelengths at 472 and 592 nm, respectively. A Waters Symmetry C18 analytical column (5 μm, 4.6 × 250 mm) was used at 35°C.
In Vivo Antitumor Assay
The in vivo antitumor efficacy of free DOX, mNPs/DOX, and STP-mNPs/DOX was demonstrated using a drug-induced in situ tumor model in 6–8 -eek-old male Balb/C mice. Dimethyl hydrazine (DMH) was the inducer and was dissolved in ethylene diamine tetraacetic acid (EDTA) solution. EDTA was dissolved in PBS solution, and the concentration was 1 mmol L−1. The concentration of DMH solution was 3 mg ml−1. DMH solution was injected into the mice’s abdominal cavity, and the drug was absorbed through the peritoneal. The given dose was 30 mg per kilogram of body weight. The injection was performed on Tuesday and Friday every week, and the whole process lasted 16 weeks. After the last injection, one mouse was sacrificed, and the colon was dissected to confirm the formation of the tumor. After 3 days, mice were randomly divided into four groups. The tumor-bearing mice were treated with free DOX, mNPs/DOX, STP-mNPs/DOX, and PBS. The tail vein injections of 0.2 ml of PBS alone or DOX-loaded micelles of free DOX with an equivalent DOX dosage (5.0 mg DOX per kilogram body weight) in PBS were performed on days 1, 5, 9, 13, 17, and 21. Free DOX and PBS were administred as positive and negative controls, respectively.
Histological and Immunohistochemical Analyses
Five days after the last injection, all the mice were sacrificed, and the colons were dissected along the longitudinal axis. The lining of the colons was rinsed in deionized water, flattened, and photographed. Then, the colon segments were rinsed in deionized water again, flattened, and photographed. The number of the tumor sites larger than 2 mm in each mouse was recorded. The colons and major organs (i.e., heart, liver, spleen, lung, and kidney) of other mice were collected and fixed in 4% (w/v) PBS-buffered paraformaldehyde overnight and then embedded in paraffin. The paraffin-embedded organs were cut into 5.0 μm slices. The slices were stained with hematoxylin and eosin (H&E) and cut into 0.3 μm sheets for immunohistochemical analyses (i.e., Ki-67, PARP, TUNEL). The histological and immunohistochemical alterations were detected by microscope (Nikon Eclipse Ti, Optical Apparatus Co., Ardmore, PA) and subsequently analyzed with CLSM and ImageJ software (National Institutes of Health, Bethesda, Maryland).
Statistical Analyses
All experiments were performed at least three times, and the results were represented as means ± standard deviation (SD). Data were analyzed using SPSS 14.0 (SPSS Inc., Chicago, IL, USA). *p < 0.05 was considered statistically significant, and **p < 0.01 and ***p < 0.001 were considered highly significant.
RESULTS AND DISCUSSION
In this study, DOX-loaded tumor-targeting peptide-decorated polypeptide nanoparticles were developed for treating primary orthotopic colon cancer in mice. Vimentin was a kind of epithelial-to-mesenchymal (EMT) marker highly expressed in many cancers, including colorectal cancer (Kim et al., 2020; Vermani et al., 2020). STP could specifically bind with vimentin, which can increase the tumor-targeting effects of mNPs (Qiu et al., 2020). The STP-mNPs/DOX are core-shell structured with DOX loaded in the core, and the PEG shell can protect the inside DOX while allowing the blood flow through. The STP-mNPs/DOX is based on mPEG-P(Phe-co-Cys) copolymers, and the disulfide bonds within the nanoparticles were sensitive to the GSH-rich microenvironment of colon cancer (Wen et al., 2019; Zinczuk et al., 2019). The concentrations of GSH were 1.0–2.0 μmol/L, 2.0–20.0 μmol/L, and 2.0–10.0 mmol/L in plasma, normal tissues, and tumor cells, respectively (Schafer and Buettner, 2001). The GSH concentration in tumor cells was about 500 times higher than that in normal tissues. The rupture of disulfide bonds of STP-mNPs/DOX led to the continuous release of loaded DOX, thus increasing the necrosis of tumor cells (Wang et al., 2020; Wang et al., 2021). As a result, under the enhanced permeability and retention (EPR) and tumor-targeting effects, STP-mNPs/DOX can accumulate in tumor tissues. Large amounts of DOX can be released under high levels of GSH within the tumor cells. Furthermore, the efficacy of STP-mNPs/DOX in the treatment of primary orthotopic colon cancer was evaluated in this study.
Based on our previous study (Qiu et al., 2020), the mNPs/DOX and STP-mNPs/DOX were successfully synthesized. Supplementary Figure S1 shows the proton nuclear magnetic resonance (1H NMR) and Fourier-transform infrared (FTIR) spectroscopy of mNPs and STP-mNPs. Detailed descriptions are provided in the Supplementary Material. The DLC and DLE of mNPs/DOX are 6.42 ± 1.05 wt% and 36.12 ± 1.85 wt%, respectively. The DLC and DLE of STP-mNPs/DOX are 7.12 ± 1.85 wt% and 37.20 ± 2.55 wt%, respectively. The decoration of STP did not change the DLC or DLE of mNPs/DOX significantly.
Figure 1A shows the schematic illustration of the preparation of STP-mNPs/DOX. The morphology and size of mNPs/DOX and STP-mNPs/DOX were determined by TEM and DLS. As shown in Figures 1B,C, both mNPs/DOX and STP-mNPs/DOX are spherical particles in an aqueous environment with similar sizes. DLS shows the diameters of mNPs/DOX and STP-mNPs/DOX are 88.34 ± 4.26 nm and 90.74 ± 4.65 nm, respectively (Figures 1D,E). For nanoparticles, size was a crucial property for distribution. Some studies have suggested that the particles with a radius larger than 100 nm would be captured by the reticuloendothelial system, and the particles with a radius smaller than 30 nm would be eliminated from plasma rapidly (Peer et al., 2007; Wang et al., 2012). This result indicated that the sizes of mNPs/DOX and STP-mNPs/DOX were appropriate for DDSs. Moreover, the morphology of the drug delivery systems plays an important role in the distribution within the body tissues. Spherical nanoparticles are more likely to be endocytosed within tumor cells (Qiu et al., 2020). Benefiting from the appropriate size and spherical morphology of nanoparticles, mNPs/DOX and STP-mNPs/DOX prolonged circulation and increased DOX accumulation in tumor sites through the EPR effect (Kobayashi et al., 2013).
[image: Figure 1]FIGURE 1 | Preparation of STP-mNPs/DOX and characterizations of mNPs-DOX and STP-mNPs/DOX. (A) Schematic illustration of preparation of STP-mNPs/DOX. TEM analysis of (B) mNPs/DOX and (C) STP-mNPs/DOX and Rhs of (D) mNPs/DOX and (E) STP-mNPs/DOX. Scale bars = 100 nm.
The DOX release behaviors from both mNPs/DOX and STP-mNPs/DOX with or without GSH in different pH values in vitro were detected, respectively. As shown in Figure 2, a similar rapid release of DOX from mNPs/DOX and STP-mNPs/DOX is observed at 6 h, and DOX is released in a more steady pattern till 72 h subsequently. The data of DOX release behavior showed that both mNPs/DOX and STP-mNPs/DOX had a better release effect in the pH value 5.5 environments compared with pH values 6.8 and 7.4. The different pH values 5.5, 6.8, and 7.4 were similar to the pH values of the internal environment of tumor cells, the interstitial fluid, and the plasma, respectively. Therefore, the release of DOX from both mNPs/DOX and STP-mNPs/DOX is less in plasma than in the internal environment of tumor cells, showing that the nanoparticles prolonged the circulation time. More DOX was released from mNPs/DOX and STP-mNPs/DOX in the GSH environment than that in non-GSH environment, indicating that high levels of GSH in the tumor microenvironment could lead to more DOX release. The core-shell structure of STP-mNPs/DOX increases the stability of the nanoparticles in blood circulation and protects the loaded DOX. The disulfide bonds of STP-mNPs/DOX are ruptured within tumor tissues because of the rich GSH environment, and large amounts of DOX can be released. Due to the specific structure and the disulfide bonds, the developed STP-mNPs/DOX can deliver DOX to tumor cells in a targeted manner.
[image: Figure 2]FIGURE 2 | DOX release profiles of mNPs/DOX in (A) PBS and (B) PBS with GSH and STP-mNPs/DOX in (C) PBS and (D) PBS with GSH in vitro at 37°C, pH 5.5, 6.8, and 7.4, respectively. Data were presented as mean ± SD (n = 3).
The cellular internalization and intracellular release of DOX were performed on the murine colon cancer cell line CT26. The CT26 cells were observed by CLSM after being treated with free DOX, mNPs/DOX, and STP-mNPs/DOX. DOX was directly used to measure the cellular internalization without any other additional markers due to its self-fluorescent characteristic, and the fluorescence intensity was directly proportional to the amount of internalized DOX (Hossain et al., 2013). As shown in Figure 3, the red fluorescence of DOX can be observed in the cell nuclei treated with free DOX, mNPs/DOX, and STP-mNPs/DOX, demonstrating the cellular internalization of mNPs/DOX and STP-mNPs/DOX and the intracellular DOX release of mNPs/DOX and STP-mNPs/DOX. For further evaluation, the cellular uptake of free DOX, mNPs/DOX, and STP-mNPs/DOX of the CT26 cells is analyzed with fluorescence-activated FCM (Figure 4). There is no significant difference in cellular internalization in the free DOX group after being treated for 2 h in PBS, PBS with BSO, or PBS with GSH. However, the cellular internalization or intracellular DOX release of mNPs/DOX and STP-mNPs/DOX in the PBS with GSH was more than PBS or PBS with BSO due to disulfide bonds in the mNPs/DOX and STP-mNPs/DOX possibly. BSO could inhibit the effects of GSH and mNPs/DOX and STP-mNPs/DOX are more stable after BSO treatment. However, GSH could increase the rupture of disulfide bonds, thus leading to more DOX being released. Therefore, fractures are more likely to occur in the GSH-induced reductive environment, thus accelerating DOX release from dissociated nanoparticles. These results further indicate that the rich GSH environment of tumor tissues can lead to large amounts of DOX release for tumor killing.
[image: Figure 3]FIGURE 3 | Cellular uptake and intracellular DOX release of (A) free DOX, (B) mNPs/DOX, and (C) STP-mNPs/DOX after incubation with CT26 cells for 2 h detected by CLSM. Scale bars = 20 μm.
[image: Figure 4]FIGURE 4 | Cellular uptake and intracellular DOX release of DOX, mNPs/DOX, and STP-mNPs/DOX after incubation with CT26 cells for 2 h detected by FCM.
MTT assay was used to determine the cytotoxicity of free DOX, mNPs, STP-mNPs, mNPs/DOX, and STP-mNPs/DOX. CT26 cells were cultured in 96-well plates with PBS, BSO PBS solution, or GSH PBS solution, as previously described and treated with free DOX, mNPs/DOX, or STP-mNPs/DOX at an equal dosage of DOX, proceeding with MTT assay after 48 h. Figures 5A–C show that the viability of the CT26 cell decreases with the increase of DOX concentration and there is no significant difference between cell viability in the cells cultured with PBS, BSO PBS solution, or GSH PBS solution in the free DOX treated group. However, in mNPs/DOX and STP-mNPs/DOX treated group, the cell viability of cells cultured with GSH PBS solution was significantly lower than that of the cells cultured with PBS or BSO PBS solution, indicating that the cytotoxicity of mNPs/DOX and STP-mNPs/DOX was enhanced in reductive conditions, consistent with the previous result of DOX intracellular release. Figure 5D shows that mNPs and STP-mNPs have no toxic effect toward CT26 cells. The cell viability is still at a relatively high level with the increasing of mNPs and STP-mNPs concentrations. The synthesized mNPs and STP-mNPs indicated no cytotoxicity toward CT26 cells and can be safely applied for DOX delivery. STP-mNPs/DOX shows the best cytotoxicity toward CT26 cells under a rich GSH environment.
[image: Figure 5]FIGURE 5 | Cytotoxicities in vitro of free DOX, mNPs, STP-mNPs, mNPs/DOX, and STP-mNPs/DOX after incubation with CT26 cells for 48 h. Data were presented as mean ± SD (n = 3).
HPLC was used to evaluate the plasma pharmacokinetics of the free DOX, mNPs/DOX, and STP-mNPs/DOX (Zhu et al., 2010; Cho et al., 2012). Figure 6 shows that the DOX in plasma is cleared from blood circulation rapidly and can hardly be detected after being injected into the plasma for 60 min. In contrast, the DOX concentration of mNPs/DOX and STP-mNPs/DOX decreases relatively slower, showing that both mNPs/DOX and STP-mNPs/DOX increased the DOX stability in plasma in a slow-release mode. The results were consistent with previous DOX release profiles in vitro. The longer circulation time of mNPs/DOX and STP-mNPs/DOX could reduce the side effects of DOX to other major organs and increase the DOX accumulation in the tumor tissues (Qiu et al., 2020). The PEG shell of mNPs/DOX and STP-mNPs/DOX could seal DOX within the nanoparticles and protect the agent while passaging the blood flow. The disulfide bonds within the nanoparticles were stable in normal tissues but were sensitive to the microenvironment of tumor tissues with high levels of GSH. The suitable particle size of mNPs/DOX and STP-mNPs/DOX could also help maintain longer blood circulation time (Kolate et al., 2014). As mentioned above, the diameter of STP-mNPs/DOX (90.74 ± 4.65 nm) enables the effective delivery of DOX to tumor cells without being captured by the reticuloendothelial system or eliminated from plasma rapidly (Peer et al., 2007; Wang et al., 2012).
[image: Figure 6]FIGURE 6 | Pharmacokinetics of free DOX, mNPs/DOX, and STP-mNPs/DOX in vivo. Data were presented as mean ± SD (n = 3).
DMH was used as the inducer to establish the colon cancer in situ tumor animal models (Samanta et al., 2008; Baskar et al., 2012). Hematochezia occurred in many Balb/C mice, and ascites occurred in only two mice during the drug-induced process caused by colon cancer formed in the intestines possibly. The growth or burst of colon cancer could cause bleeding within the colonic cavity. The DMH-induced process lasted for 4 months. After the last intraperitoneal injection, mice were randomly divided into PBS, free DOX, mNPs/DOX, and STP-mNPs/DOX groups, respectively, and administred with a DOX dose of 5 mg kg−1 through intravenous injection every 4 days for a total of six injections. Free DOX and PBS were administred as positive and negative controls, respectively. The mice were sacrificed, and the colon tissues were dissected and washed out in deionized water after the treatment process. Figure 7A shows the photographed results of the flattened colons. Tumor sites with diameters larger than 2 mm were counted. The amount of the tumor of the STP-mNPs/DOX treated mouse is significantly less than the others (Figure 7B), indicating that the STP-mNPs/DOX has the best treatment effect. Subsequently, the flattened colons were curled up along the long axis and fixed with 4% paraformaldehyde. The winding colon was sliced along the winding direction and the tissues were H&E stained and photographed under the microscope. Figure 8 shows that the nucleus gathered zones are tumor sections. The amount of the tumor of STP-mNPs/DOX treated mice was significantly less than the other mice on the micro-level. The accumulation of nanoparticles at the tumor site was enhanced due to the EPR effect (Kobayashi et al., 2013) and tumor-targeting effect (Qiu et al., 2020), leading to the enhanced antitumor efficacy of STP-mNPs/DOX. The disulfide bonds made STP-mNPs/DOX release DOX more efficiently in the intercellular environment.
[image: Figure 7]FIGURE 7 | The treatment efficacy of STP-mNPs/DOX toward primary orthotopic colon cancer in mice. (A) The tumor and colon were dissected from mice treated with free DOX, mNPs, or STP-mNPs/DOX, with PBS as control. The red arrows pointed to tumors that are larger than 2 mm in diameter. (B) The number of tumor sites which are larger than 2 mm in diameter. Data were presented as mean ± SD (n = 6, ***p < 0.001).
[image: Figure 8]FIGURE 8 | Colon and tumor sections of mice after treatment of (A) PBS, (B) free DOX, (C) mNPs/DOX, or (D) STP-mNPs/DOX were stained by H&E. The red arrows pointed to tumors. Scale bar = 5 mm.
To further evaluate the antitumor efficacy of DOX, mNPs/DOX, and STP-mNPs/DOX, the colons were collected after the mice dead and sectioned for TUNEL assay. The DNA of tumor cells was fractured caused by chemotherapy drugs, and the fragmentation of DNA could be dyed with green fluorescence by a fluorescein isothiocyanate marked TUNEL kit. Figure 9A shows that the flake and punctiform green fluorescent signals are observed in DOX-loaded nanoparticles or free DOX treated tumor, and the green fluorescence signal is relative to the tumor cell apoptosis. The images are taken from the junction of the tumor and normal tissue, showing that there was no visible fluorescence signal in the location of normal tissue. However, in the tumor location, more fluorescence signal was observed in the tumor of the STP-mNPs/DOX treated group than the other groups, indicating that more apoptosis took place in the STP-mNPs/DOX treated tumor. Therefore, the antitumor efficacy of STP-mNPs/DOX was better than that of the others. The results were also confirmed by semiquantitative analysis. The fluorescence intensity of the control group was defined as “1,” and the optical densities of the other groups were defined as the ratio of the sample group and the control group. Figure 9B shows that the STP-mNPs/DOX treated group has the most TUNEL expression compared to the other groups. The Ki-67 and PARP assays were processed in the tumor area to confirm the tumor apoptosis further. Figure 9A shows different results because the Ki-67 and PARP assays are a pair of opposite markers. The tumor treated with STP-mNPs/DOX shows the lowest fluorescent signal in the Ki-67 assay, reflecting the lowest tumor proliferation ability in STP-mNPs/DOX group. The STP-mNPs/DOX group also showed the highest fluorescent signal in PARP assay, reflecting tumor apoptosis. The results indicate that STP-mNPs/DOX can effectively promote tumor apoptosis and inhibit tumor proliferation, consistent with Figure 9A. Figures 9C,D also show the least and most fluorescent intensities of TUNEL and PARP in the STP-mNPs/DOX group, respectively. The histopathological studies show that STP-mNPs/DOX can significantly prevent the progression of colon cancer by inhibiting tumor proliferation and increasing tumor apoptosis.
[image: Figure 9]FIGURE 9 | Immunofluorescence analysis of TUNEL, Ki-67, and PARP in Control, DOX, mNPs/DOX, and STP-mNPs/DOX groups. (A) CLSM of the immunofluorescence images in different groups. Semiquantitative analysis of (B) TUNEL, (C) Ki-67, and (D) PARP in different groups. Data were presented as mean ± SD (n = 3, *p < 0.05 and ***p < 0.001). Scale bar = 50 μm.
For antitumor drugs, security assessments were crucial in the clinical application (Ding et al., 2011). The major organs (heart, liver, spleen, lung, and kidney) were dissected from mice after death to evaluate the safety of STP-mNPs/DOX. The organs were sliced and stained by H&E. The stained sections were photographed for histopathological analyses. As shown in Figure 10, the images of major organs of each group are exhibited. The images of organs of the control group show that no significant tissue damage occurs, and every organ has a relatively normal histological structure. However, other groups treated with DOX formulation showed different degrees of myocardial injuries, such as myocardial cell edema, irregular arrangement of the myocardial cell, and inflammatory cell infiltration. In the meantime, pathological lung changes could be observed in the DOX formulation treated group, such as thickening and blocking alveolar walls. Moreover, the organ damage level of the STP-mNPs/DOX treated group was lower than that of mNPs/DOX or free DOX treated group. Nevertheless, all the visible changes were slight, and no significant morphological changes could be detected, showing the high biosecurity of STP-mNPs/DOX.
[image: Figure 10]FIGURE 10 | In vivo histological (H&E) analyses of major organs (heart, liver, spleen, lung, and kidney) sections form in situ tumor model mice after treatment with free DOX, mNPs/DOX, STP-mNPs/DOX, or PBS (as control). Red arrows indicate myocardial injuries and yellow arrows indicate lung injuries. Scale bar = 100 μm.
CONCLUSION
DOX-loaded tumor-targeting peptide-decorated polypeptide nanoparticles were synthesized to treat DMH-induced in situ colon cancer in mice. In vitro experiments of STP-mNPs/DOX showed appropriate size for tumor tissue accumulation, improved DOX release and internalization, and enhanced antitumor efficacy against CT26 cells. In vivo experiments in mice with the orthotopic colon cancer model demonstrated that STP-mNPs/DOX possess better antitumor efficacy than mNPs/DOX and free DOX. The synthesized STP-mNPs/DOX shows appropriate properties as one of the DDSs and exhibits good antitumor properties after encapsulating DOX. Therefore, STP-mNPs can be applied in delivering a series of small-molecule chemotherapeutic drugs for cancer therapy.
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High doses of radiotherapy (RT) are associated with resistance induction. Therefore, highly selective and controllable radiosensitizers are urgently needed. To address this issue, we developed a tin ferrite (SFO)-based tumor microenvironment (TME)-improved system (SIS) that can be used in combination with low-dose radiation. The SIS was delivered via intratumoral injection directly to the tumor site, where it was stored as a ration depot. Due to the photothermal properties of SFO, SIS steadily dissolved under near-infrared (NIR) laser irradiation. Simultaneously, the dual glutathione oxidase (GSH-OXD) and catalase (CAT) activities of the SFO nanozyme significantly lowered the content of GSH in tumor tissues and efficiently catalyzed the conversion of intracellular hydrogen peroxide to produce a large amount of oxygen (O2) for intracellular redox homeostasis disruption, thus reducing radiotherapy resistance. Our in vivo and in vitro studies suggested that combining the SIS and NIR irradiation with RT (2Gy) significantly reduced tumor proliferation without side effects such as inflammation. To conclude, this study revealed that SFO-based nanozymes show great promise as a catalytic, radiosensitizing anti-tumor therapy.
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Introduction

Cancer, which can strike at any age and affect anybody, remains a serious threat to human life and health in today’s society, despite current scientific advancements (1–3). Radiotherapy (RT), either alone or in combination with other cutting-edge treatments, is widely utilized to treat cancer patients (4). RT is based on the use of high-energy X-rays or gamma rays to generate radiation-induced DNA damage and triggers the development of large amounts of harmful reactive oxygen species (ROS) (4). Both radiation-induced DNA damage and ROS production that exceeds the potential of the cell to neutralize these free radicals result in cell death by apoptosis reducing the size of the tumor (5, 6). However, while RT kills tumor cells, it does so at the expense of nearby cells and tissues in the human body. Radiation produces ROS in a dose-dependent manner, resulting in better treatment outcomes at higher doses (7, 8). However, high-dose radiotherapy might cause systemic effects, including fatigue, loss of appetite, bone marrow suppression, radiotherapy-induced secondary and primary malignancies, and infertility, as well as local radiation damage. Local liver injury can lead to altered activity or even liver failure in more serious cases (9, 10). Furthermore, while RT has some efficacy, the tumor microenvironment (TME) in solid tumors frequently exhibits high levels of glutathione oxidase (GSH-OXD) expression, since GSH plays an essential role in anti-tumor radiation via GSH spontaneous reaction or GSH S-transferase catalyzed reaction with xenoorganisms (11–13). Moreover, since GSH is a reducing agent it can directly eliminate ROS which reduces the effectiveness of ROS-based therapies (14). Therefore, a decrease in cellular GSH content can effectively promote radiation sensitization and, thus, improve RT efficacy (15, 16). The employment of alternative catalysts to decrease the levels of GSH is expected to have a good synergistic impact when paired with irradiation, allowing a reduction of the dose of radiation without compromising the therapeutic effect.

Since there are various pathways of GSH metabolism and various types of chemical reactions involving GSH, its elimination can be accomplished in a variety of ways (17, 18). Converting GSH to its oxidized state through direct interactions has become one of the most commonly used methods for lowering GSH levels (11, 13, 19). For example, Bao et al. achieved radiation sensitization by creating a composite nanomaterial containing MnO2 to improve tumor hypoxia and lower intracellular GSH levels (20). Qu et al. developed MoS2@AIBI-PCM, a composite nanomaterial in which GSH oxidation is effectively achieved through reaction with MoS2 without releasing hazardous metal ions, resulting in significant tumor death and good biocompatibility during therapy (21). Tin ferrite (SnFe2O4, abbreviated as SFO) is a novel nanomaterial that stimulates both GSH-OXD and high-activity CAT (22). SFO can reduce GSH and act as a catalyst for the conversion of H2O2 to O2 to produce sufficient O2 to sensitize the TME, and is expected to act synergistically with RT. These nanomaterials can reach tumor tissues via blood circulation upon intravenous injection. Despite the fact that these nanomaterials have proven effective against the GSH system they are vulnerable to the activity of the immune system and are easily cleared from the bloodstream by the liver and kidneys, which considerably reduces their anti-tumor efficiency. Various drug delivery systems such as liposomes have been designed and developed in recent years that represent safer and more effective cancer treatments (17, 23). However, the interference of a series of in vivo biological barriers, including the blood circulation, vascular extravasation, accumulation at the tumor location, tumor depth of stromal infiltration, and tumor cell internalization, have limited intracellular drug release.

Traditional drug delivery systems are susceptible to issues such as poor drug loading, complicated synthesis methods, early drug leakage or slow-release, and the long-term toxicity brought on by the carrier’s presence in the body over an extended period (24, 25). Recently, light-responsive hydrogels with minimum invasiveness have received a lot of attention as a controlled drug release platform (26–28). The hydrogel progressively solidifies after being injected into tumor tissue and can serve as a rationing depot over a long period (29). After one injection, this form of local administration can be used repeatedly. Furthermore, parameters such as laser power and irradiation period can be modified to alter the medication release rate, extending the applicability of this treatment method. Recently, Zhu et al. were the first to employ an agarose hydrogel to deliver anti-tumor aggregation-induced emission-based luminogens (AIEgen) material. As a photothermal agent, Prussian blue (PB) nanozyme stimulates the disintegration of the hydrogel while also stimulating CAT to scavenge H2O2 to sensitize the tumor microenvironment (30). Following that, under the irradiation of low-power white light, AIEgens can produce ROS under sufficient oxygen levels to promote tumor ablation. Zhang et al. developed a black phosphorus-based injectable hydrogel for photothermal therapy, which employs external photoexcitation to release cancer drugs, resulting in accurate and safe cancer treatment (31). In addition, thermal-radiotherapy is a combined treatment mode. Photothermal therapy can not only kill tumors alone, but also inactivate cells, thus sensitizing radiotherapy (32). In view of these findings, we hypothesized that delivering SFO to the TME using hydrogels would enhance the efficacy of low-dose radiation.

In this study, we developed a method using intratumoral delivery of an injectable hydrogel containing SFO nanoparticles for combined photothermal and radiotherapy (Scheme 1). Agarose hydrogels have been approved by the US Food and Drug Administration (FDA) owing to their reliable biosafety. Therefore, we prepared an SFO-based TME-improved system (SIS) by loading SFO nanoparticles into an agarose hydrogel. SFO nanoparticles serve as a photothermal agent (PTA) in this system due to their outstanding photothermal performance. SFO turns light energy into heat energy when an 808 nm near-infrared (NIR) laser irradiates the SIS system, causing the temperature of the agarose hydrogel to rise and reversible hydrolysis and softening to occur. When SIS diffuses into the local TME, the SFO nanozyme lowers intracellular GSH levels and simultaneously catalyzes the conversion of H2O2 to O2, due to its stimulation of GSH-OXD and CAT activities, respectively, increasing the sensitivity of the TME to radiation. The SIS functions as an SFO storage control, to achieve regulated drug release following its intratumoral injection of local malignancies. Our in vivo and in vitro experiments showed that SIS is effective in treating tumors without any off-target toxicity. In conclusion, the SIS nanosystem has a wide range of clinical potential in synergetic anti-tumor therapy.




Scheme 1 | SIS system was used for anti-cancer combination thermoradiotherapy.





Results and Discussion

We first obtained a transmission electron microscope (TEM) image of SFO, as shown in Figure 1A. SFO has outstanding dispersibility and small size with an average of 16.4 ± 1.4 nm. Since nanomaterials are easily cleared by the kidney it is difficult to achieve the desired therapeutic effect by methods that require circulation in the bloodstream (33). Therefore, we used a hydrogel delivery technique that considerably improved the applicability of SFO. The hydrogel was prepared using a basic hydrothermal technique and analyzed by scanning electron microscopy (SEM). As shown in Figure 1B, the SEM images reveal the complex pore structure of the hydrogel. The results of X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) are shown in Figures 1C, E, respectively. The ability of SFO nanozymes to produce O2 from hydrogen peroxide is essential for the treatment of hypoxic tumors. Figure 1D shows that SFO nanozyme interacts with H2O2 and effectively produces O2. The rheological values of SIS were measured at various temperatures (Figure 1F). The results revealed that as the temperature rises SIS gradually dissolves, accompanied by a gradual decrease in storage modulus. This is in line with the hydrogel’s rheological properties. One of the most essential factors for evaluating PTA is photothermal stability (34, 35). A powerful photothermal treatment can be assisted by a good photothermal agent. Figure 1G shows that SFO has a wide absorption region (650-900 nm). To test the photothermal performance of SFO nanoparticles, solutions were prepared with different concentrations of SFO (0, 50, 100, 200 μg/mL). Figure 1H shows that, assuming all other parameters remain constant, the heating impact of the solution increases as the SFO concentration rises. At 100 μg/mL SFO, the temperature increased by roughly 19.5°C after 5 min of laser irradiation. Next, a 200 μg/mL SFO solution was repeatedly heated for 5 min using an 808 nm NIR laser and allowed to cool to ambient temperature (Figure 1I). The heating curves of each cycle were identical and the variations in peak temperatures were minor, demonstrating that the photothermal conversion capability of the SFO nanoparticles was stable and reproducible over 4 repeated heating and cooling cycles. These findings suggested that the SFO nanoparticles had good photothermal stability. Furthermore, the photothermal conversion efficiency (η) of the SFO was calculated from the data of Figure 1I and was found to be 38.5%, which was greater than various other materials such as Au nanostars (36.4%) and Ti3C2 nanosheets (30.6%) (36, 37).




Figure 1 | (A) TEM image of SFO. (B) SEM image of hydrogel. (C) XRD pattern of SFO. (D) O2 generation in H2O2 solution added with PBS or SFO under different pH values (7.4 and 6.0). (E) Sn 3d spectrum of XPS spectra of fresh SFO. (F) Rheological and temperature curves (red and black, respectively) for the prepared SIS in response to 0.5 W/cm2 808 nm laser irradiation. (G) SFO absorbance spectra. (H) Heating curves for the different concentrations of SFO nanoparticles solutions upon laser irradiation at 808 nm (0.5 W/cm2) for 5 min. (I) Temperature variation of an SFO solution at 200 μg/mL under cyclic laser irradiation.




The SIS system is well-structured and performance oriented. Anti-tumor experiments in vitro are presently underway. While SFO has the potential to disrupt the ecological balance of cancer cells and hence increase the efficacy of radiation, it can do so only when it is present in tumor tissue. The immune system may recognize stimuli from a variety of foreign invaders and part of that stimulation may trigger the immune response, resulting in immunity, while other stimuli may result in tolerance. When tumor cells are exposed to radiation, double-stranded DNA breaks (DSB) occur at certain sites, providing insight into radiation sensitization (38). Measuring the fluorescence intensity of the histone variant H2AX phosphorylated is a specific and sensitive technique to detect DSB formation following DNA damage (39). Therefore, we analyzed the density of H2AX foci in the nuclei of 4T1 cells after various treatments, including 1) PBS + NIR; 2) RT (2Gy); 3) SIS + NIR; 4) High dose RT (6Gy); and 5) SIS + NIR + RT, both under normoxic and hypoxic conditions. Under normoxic conditions, 2 Gy of radiation caused substantial DNA damage and when the dose was raised to 6Gy, the DSB effect increased. However, in hypoxic cells, the effect was not satisfactory. The DSB effect in the 6 Gy RT group under hypoxia conditions was only about 40.6%. It is important to mention that 808 nm laser irradiation combined with SIS achieved about 40% γ-H2AX formation whether in hypoxia or normoxia conditions. Notably, SIS + NIR + RT displayed the strongest effect, up to 76.4% and 72.6% γ-H2AX foci development in normoxic and hypoxic conditions, respectively, which was greater than the 6 Gy RT groups (Figures 2A–D). The uniform and significant differences between each experimental group were linked to the synergistic effect of SIS as a photothermal agent in PTT, SFO as CAT and GSH-OXD, and sensitization to low-dose radiation. Colony formation assays also showed that the SIS + NIR + RT group demonstrated considerable tumor growth inhibition compared with controls under both normoxic and hypoxic conditions (Figures 2E, F, respectively). SFO was added to 4T1 cells at various doses (0, 5, 10, 20, 40 μg/mL) and after 24 hours of incubation cell viability was assessed (Figure 2G). Even at high concentrations, cell viability did not decline significantly. Therefore, our results show that SFO NPs exhibit high biocompatibility. GSH is a rich endogenous antioxidant that can maintain cellular redox balance and inhibit cell damage caused by ROS (40). Therefore, we studied the ability of SFO nanozymes to deplete GSH. With increasing SFO concentrations, GSH depletion increased significantly (Figure 2H). Taken together, these findings motivated us to fully investigate the anti-tumor efficacy of SFO in vivo.




Figure 2 | (A) The CLSM images of 4T1 cells under different treatment in normoxia condition. The nuclei were stained with DAPI (blue) and DSBs were stained with γ-H2AX (red). (B) The CLSM images of 4T1 cells under different treatment in hypoxia condition. The nuclei were stained with DAPI (blue) and DSBs were stained with γ-H2AX (red). (C) The density of γ-H2AX foci in (A) was determined based on analyses of 100 cells per treatment group (γ-H2AX foci/100 μm2, n = 3). (D) The density of γ-H2AX foci in (B) was determined based on analyses of 100 cells per treatment group (γ-H2AX foci/100 μm2, n = 3). (E) Colony formation assays were conducted using 4T1 cells treated with radiation under normoxia condition (n = 3). (F) Colony formation assays were conducted using 4T1 cells treated with radiation under hypoxia condition (n = 3). (G) Dark cytotoxicity of SFO on 4T1 cells. (H) Quantitative analysis of GSH levels for different SFO concentration. **P < 0.01; Student’s t-test.



The proliferation of malignant tumors is associated with local intratumoral hypoxia and, as a result, cancerous tissues are less susceptible to the lethal DNA damaging effects of ionizing radiation than aerobic cells, reducing the sensitivity and increasing the resistance towards radiotherapy (41). We explored the effect of SIS on the oxygen content of the tumor. The results showed that SIS + NIR reduced the hypoxic staining (PIMO-positive cells) in the tumor (Figure 3A), while the control group (PBS + NIR) showed obvious hypoxic areas, confirming that the SFO actively catalyzes the conversion of local H2O2, producing a large amount of oxygen to relieve the tumor hypoxia. In view of its good in vitro performance as a PTA and radiosensitizer, we next investigated the photothermal conversion impact of SFO in vivo. BALB/c mice were injected subcutaneously with 4T1 cells to develop tumors. Figure 3B shows the temperature change curves for the PBS and SIS groups after 10 minutes of 808 nm NIR laser irradiation at 0.5 W/cm2. Within 10 minutes of receiving SIS, the temperature increased about 20.4°C, whereas the PBS group experienced only little increase in temperature. Tumor tissues have lower heat resistance than normal cells, resulting in tumor cells being selectively destroyed at high temperatures (42–47°C). The efficacy of SIS-mediated anti-tumor activity was then tested in mice bearing 4T1 tumors. To investigate the primary effect of the SIS, BALB/c mice were subcutaneous injected into the right flank with 1 × 106 4T1 cells. When the primary tumor volumes reached 200 mm3, the mice were randomly divided into 5 groups (each group included 5 mice): 1) PBS + NIR; 2) RT (2Gy); 3) SIS + NIR; 4) High dose RT (6Gy); 5) SIS + NIR + RT. The SFO concentration was 1 mg/kg in groups 3, and 5. The mice received therapy every five days for 16 days. The tumor volumes of the PBS + NIR group and the low dosage RT treated group increased rapidly over the 2 weeks of treatment, as illustrated in Figure 3C. The SIS + NIR treatment had a tumor-suppressing impact that was moderate. Following intratumoral injection of SIS, the hydrogel will disintegrate once subjected to laser radiation and release SFO. SFO then catalyzes the intratumoral conversion of H2O2 to produce O2 in situ, which increases radiation sensitization. Furthermore, SFO decreases GSH levels in the tumors, further amplifying the radiation effect. The SIS + NIR + RT treatment, which included SFO, had the most potent therapeutic impact, with growth curves of tumor volume nearly completely suppressed during therapy. As the combination of 808 nm laser irradiation and RT could play the role of mutual promotion, SFO could simultaneously enhance RT and PTT. The tumor mass of the mice was also in agreement with the volume curve (Figure 3D). No weight changes were observed in the treatment group throughout the study, indicating that the treatment did not cause any significant systemic toxicity in the mice (Figure 3E), which is noteworthy because many treatments are associated with severe systemic toxicity, which severely hampers future medical applications of the material (30). We obtained slices of tumor tissue for staining. Hematyloxin and eosin (H&E) and TUNEL staining (Figure 3F) revealed that tumors from the SIS combined thermal radiation group had a significant percentage of cell necrosis. Furthermore, SFO activation did not result in systemic loss, as shown in Figure 4. Following the treatment, the vital organs (heart, liver, spleen, lungs, and kidney) were without any inflammation or damage. Moreover, the liver and kidney indexes were also normal. While many nanomaterials have high therapeutic efficacy, they also have a high risk of systemic toxicity, which limits their future clinical applications. Our in vivo results showed that our unique and powerful SIS-enhanced combination treatment not only achieved a high level of biological safety but also sensitized the TME, enhancing the efficacy of RT.




Figure 3 | (A) Representative images of tumor tissue sections stained with anti-PIMO (green) and DAPI (blue) following the indicated treatments. (B) Temperature increases in mice implanted with 4T1 tumors following 808 nm laser irradiation (0.5 W/cm2) for 5 min in the indicated treatment groups. (C) Tumor volume change over time in groups treated as indicated. (D) Average tumor weight values associated with the indicated treatments. (E) Changes in body weight in response to the indicated treatments. (F) H&E and TUNEL stained tumor sections from the indicated treatment groups. ***P < 0.005; Student’s t-test.






Figure 4 | Result of in vivo safety experiments. (A) Histopathological analysis results (H&E stained images) of the major organs, heart, lung, liver, kidneys, and spleen, of mice that were exposed to different treatments 16 days post-injection. Blood biochemistry data including kidney function markers: (B) liver function markers: CRE, (C) ALT, ALP, and AST and (D) BUN after various treatments.





Conclusion

In conclusion, by encapsulating SFO nanozymes in an agarose hydrogel, we developed an injectable light-controlled SFO-based hydrogel as a TME-sensitizing system named SIS. The nano-system allowed the combination of low-dose radiation with other therapies greatly improving tumor treatment outcomes. SFO nanoparticles are outstanding radiosensitizers and PTAs due to the nanozyme catalysis and superior photothermal effect in the NIR-I region. The agarose hydrogel underwent regulated and reversible hydrolysis and a softening under the NIR laser power, resulting in the light-triggered release of SFO nanoparticles and hydrogel deterioration. The release rate of SFO nanoparticles is adjustable by changing the parameters. More importantly, by injecting the hydrogel intratumorally, the concentration of SFO nanoparticles in tumor tissues will be significantly raised, a single injection allowing for multiple treatments in vivo. It is worth emphasizing that after photothermal treatment, we observed an increase in of O2 content of the tumor cells, which considerably boosted radiotherapy efficacy. The SIS exhibits outstanding cancer cell killing efficacy and tumor ablation properties in both in vitro and in vivo tests, with good stability and biocompatibility, and low toxicity. In conclusion, SIS has great potential in anti-cancer combination therapy.
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As an emerging strategy for oncotherapy, Fenton chemistry can efficiently improve the conversion from endogenous H2O2 into highly toxic ·OH in the whole high-performance therapeutic process. Although promising, the efficiency of Fenton reaction in tumor regions is highly limited by the inefficient delivery of Fenton reagents and the restrictive conditions of tumor microenvironment. One promising strategy against the above limitations is to specifically increase the temperature around the tumor regions. In this study, a novel NIR light-mediated tumor-specific nanoplatform based on magnetic iron oxide nanoclusters (MNCs) was rationally designed and well developed for photothermally enhanced Fenton reaction-assisted oncotherapy. MNCs could accumulate into the tumor regions with the help of an external magnet field to enable T2-weighted magnetic resonance (MR) imaging of tumors and MR imaging-guided combined antitumor therapy. Our well-prepared MNCs also revealed excellent photothermal effect upon a NIR light irradiation, promising their further important role as a photothermal therapy (PTT) agent. More importantly, heat induced by the PTT of MNCs could accelerate the release of Fe from MNCs and enhance the efficiency of Fenton reaction under H2O2-enriched acidic tumor microenvironment. Results based on long-term toxicity investigations demonstrated the overall safety of MNCs after intravenous injection. This work therefore introduced a novel nanoplatform based on MNCs that exerted a great antitumor effect via photothermally enhanced tumor-specific Fenton chemistry.




Keywords: magnetic nanomaterials, photothermal effect, Fenton chemistry, oncotherapy, long-term toxicity



Introduction

Reactive oxygen species (ROS) are a series of chemicals originated from complete or partial reduction of oxygen in living organisms. As the main by-products of oxygen metabolism, ROS including H2O2, 1O2, ·OH, and O2·- play essential roles during the regulation process of various physiological functions, while overproduction of ROS can introduce serious cellular oxidative stress via DNA damage, protein denaturation, as well as lipid peroxidation (1–6). Accordingly, numerous efforts have been devoted to using excessive harmful ROS to regulate the intracellular redox status for oncotherapy. Compared with classical approaches of surgery and chemotherapy, current novel ROS-mediated therapeutic strategies with the assistance of exogenous/endogenous light, ultrasound, radiation, and chemical species hold more advantages including non-invasiveness, high selectivity, and negligible side effects (7–13). Although promising, the clinical efficiency of the above strategies in solid tumors is severely restricted by the hypoxic tumor microenvironment and the intratumoral ROS generation efficiency. Thus, it is urgently needed to develop novel therapeutic strategies towards further oxygen-independent ROS-mediated oncotherapy.

Exploitation of the typical Fenton reaction and Fenton-like chemical reaction for oncotherapy has attracted increasing attention in recent years (14–16). Briefly, Fenton reaction containing ferrous ions/ferric ions (Fe2+/Fe3+) is able to efficiently catalyze the transformation of endogenous H2O2 into highly toxic ·OH in tumors. Compared with other ROS-mediated antitumor strategies, mild acidity and elevated levels of H2O2 of tumor microenvironment can significantly endow intratumoral Fenton chemistry with more advantages in therapeutic selectivity and specificity as compared to normal tissues (17–20). However, Fenton reaction alone cannot achieve a satisfactory clinical antitumor efficiency due to the endogenous lake of Fenton catalysts and relatively limited reaction conditions including excess reducing glutathione in tumors. As well known, the amount of Fenton catalysts in tumors is directly related to the generation efficacy of ·OH, and effective delivery of Fenton catalysts to the tumor regions accordingly has been considered as an important feature in a Fenton reaction-mediated oncotherapy (21–23). In addition, recent studies indicate that raising temperature of reaction system can highly increase efficiency of Fenton reaction in some research fields including the treatment of hazardous organic pollutants in water based on the classical thermodynamic molecular collision theory (24–26). Therefore, a strategy to deliver Fenton catalysts and simultaneously increase the temperature of tumor regions can achieve a localized and adaptive Fenton reaction with an enhanced antitumor therapeutic effect.

Thanks to the remarkable breakthroughs in the field of nanotechnology and materials science, a great deal of novel nanomaterials with unique physicochemical properties have been rationally designed and well prepared as next-generation therapeutic reagents for biomedical usages (27–31). As a series of important nanomaterials, magnetic iron oxide nanoparticles have been widely explored in versatile biomedical fields including magnetic resonance (MR) imaging, magnetic hyperthermia, photothermal therapy, chemodynamic therapy, nanozyme-based bioanalysis, magnetic field-assisted targeted drug delivery, and magnetic separation of biomolecules (32–42). Recent studies indicate that magnetic nanoparticles exhibit distinct toxicity under different physiological conditions (43–45). In detail, magnetic nanoparticles can decompose H2O2 into non-toxic O2 and H2O under neutral condition with catalase-like activity while they convert H2O2 into highly toxic ·OH under acidic condition and behave like Fenton nanocatalysts. Significantly, U. S. Food and Drug Administration-approved magnetic nanoparticles named ferumoxytol can inhibit the growth of early mammary cancers and prevent the hepatic metastasis via the increase of pro-inflammatory M1 macrophages in tumor regions, which is closely related to the generation of ROS via Fenton reaction. In that case, we envision that magnetic nanoparticles can achieve enhanced ROS-mediated oncotherapy with their intrinsic photothermal effect. More importantly, magnetic nanoparticles can efficiently target tumor regions with the assistance of external magnetic field. All these exciting lines of evidence encourage us to using magnetic nanoparticles as new-generation biocompatible antitumor reagents with new therapeutic mechanism and high therapeutic efficiency.

In this study, a novel NIR light-mediated tumor-specific nanoplatform based on magnetic iron oxide nanoclusters (MNCs) was rationally designed and well developed for photothermally enhanced Fenton reaction-assisted oncotherapy. MNCs with excellent magnetic response character could efficiently accumulate into the tumor regions under an external magnet field, favoring further T2-weighted MR imaging of tumors and MR imaging-guided combined antitumor therapy. Upon a NIR light irradiation, these MNCs exhibited great photothermal effect, promising their important role as a photothermal therapy (PTT) agent. It is worth noting that heat induced by the PTT of MNCs could accelerate the release of Fe from MNCs and enhance the efficiency of Fenton reaction under H2O2-enriched acidic tumor microenvironment. Toxicity investigations after intravenous injection of MNCs indicated their overall safety. Taken together, a new magnetic nanoparticle-based therapeutic strategy against solid tumors was developed via photothermally enhanced tumor-specific Fenton chemistry, promising for further preclinical or clinical applications.



Materials and Methods


Chemicals

FeCl3·6H2O, urea, polyethylene glycol (PEG, Mw = 2000) and sodium citrate were purchased from Aladdin Reagent. Calcein AM and propidium iodide (PI) were achieved from Sigma-Aldrich. Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine serum (FBS) were obtained from Beyotime Biotechnology. All chemicals were of analytical grade and used directly without any purification. Water used in all experiments was obtained via a Milli-Q water system.



Synthesis of Magnetic Iron Oxide Nanoclusters

Magnetic iron oxide nanoclusters (MCNs) were synthesized via a facile one-pot hydrothermal method. Typically, FeCl3·6H2O (2 mmol), sodium citrate (4 mmol), urea (6 mmol), and PEG (2.0 g) were dissolved in distilled water (40 ml). After the above mixture was dissolved totally, the solution was transferred to a Teflon-lined autoclave (50 ml) and maintained at 200°C for 12 h. After cooling down to room temperature, MCNs were collected by magnetic separation, washed with distilled water and absolute ethanol, and dried under vacuum overnight for further use.



Photothermal Effect of MNCs

MNCs dispersed in 0.9% NaCl solution with different concentrations were irradiated under an 808-nm laser with a power intensity of 2 W/cm2. Solution temperatures were recoded every 30 s by using an infrared thermal camera (FLIR I3). Relative photothermal photos of MNCs after near-infrared irradiation with a period of 5 min were collected at the same time.



Time-Dependent Fe Release

MNCs were added into various PBS (10 mM, 10 ml) with different pH values under 37°C. Final concentration of MNCs was defined as 1 mg/ml. At each given time interval, solution was collected after magnetic separation of residual MNCs, and the release amount of Fe in each group was quantitatively analyzed via ICP-MS. Three independent repeated experiments were done in the abovementioned groups.



Catalytic Effect of MNCs

A colorimetric method based on the oxidation of TMB was used to explore the Fenton reaction performance of MNCs. Briefly, absorbance changes at 652 nm of TMB at pH 7.4 or 6.5 with or without H2O2 were measured in the presence or absence of MNCs at 37°C. In order to simulate the heat from the photothermal effect of MNCs, reaction temperature was maintained at 50°C and the temperature effect on the Fenton reaction of MNCs was investigated. Concentrations of MNCs, TMB, and H2O2 in the above experiments were 50 μg/ml, 1 mM, and 20 mM, respectively. Co-incubation period of above reaction system was defined as 5 min.



Cell Culture

4T1 mouse breast tumor cell line (4T1 cells) was obtained from the Type Culture Collection Committee of the Chinese Academy of Sciences (Shanghai, China) and was cultured in DMEM containing 10% FBS in an incubator (37°C, 5% CO2).



Cytotoxicity of MNCs

4T1 cells were seeded into a 96-well plate to allow the cellular attachment at first (n = 4). Twelve hours later, medium was replaced by medium containing MNCs. After further co-incubation for 24 h, cell viabilities were evaluated by using MTT assay. Moreover, similar experiments were carried out and above cellular suspension was collected for LDH leakage analysis (n = 4). For cellular live-dead staining analysis of MNCs, 4T1 cells were seeded into a six-well plate to allow the cellular attachment. Twelve hours later, medium was replaced by medium containing MNCs. After co-incubation for 12 h, medium containing MNCs was removed, live-dead staining was performed, and stained cells were observed under an Olympus BX-51 imaging system.



Animals

Balb/c mice weighing about 25 g were purchased from Charles River (Beijing, China). The protocol of all the animal studies was approved by the Institutional Animal Care and Use Committee at Jilin University.



Assays of Hemolysis and Coagulation

Fresh mouse blood samples stabilized by EDTA were obtained from Balb/c mice. After centrifugation at 1,000 rpm, red blood cells were diluted to a quarter of their volumes with 0.9% NaCl solution. Diluted red blood cells (0.2 ml) were mixed with 0.9% NaCl solution (0.8 ml) as negative group, distilled water (0.8 ml) as positive group, and 0.9% NaCl solution containing a series of concentrations of MNCs (0.8 ml) as experimental groups. The above samples were further vortexed and maintained for another 2 h. Then, the absorbance of supernatants at 541 nm was determined via a UV-vis spectroscopy (n = 4). For coagulation assays, plasma from volunteers was mixed with 0.9% NaCl solution containing MNCs at first. Then, a fully automatic blood coagulation analyzer was used to read out the values of activated partial thromboplastin time (APTT) and prothrombin time (PT) in the presence of MNCs with different co-incubation concentrations (n = 4).



Light-Induced Cytotoxicity of MNCs

4T1 cells were seeded into a 96-well plate and cultured overnight (n = 4). Then, medium was replaced by medium containing MNCs. Six hours later, cells were irradiated with an 808-nm laser with different power intensities for 5 min. After another 6 h incubation, cell viabilities were evaluated by using the MTT assay.



Fenton Reaction-Mediated Cytotoxicity of MNCs

4T1 cells were seeded into a 96-well plate and cultured overnight (n = 4). Then, medium was replaced by medium containing a series of concentrations of MNCs and H2O2 (100 μM) at pH 7.4 or 6.5. After 12 h co-incubation, cell viabilities were evaluated by using MTT assay.



Combined Antitumor Effect of MNCs In Vitro

4T1 cells were seeded into a 96-well plate and cultured overnight (n = 4). Cells were divided into eight groups, namely, control, NIR, H2O2, H2O2+NIR, MNCs, MNCs+H2O2, MNCs+NIR, and MNCs+H2O2+NIR. MNCs with a concentration of 100 μg/ml, H2O2 with a concentration of 100 μM, pH value of 6.5, an 808-nm laser with a power intensity of 2 W/cm2, and an irradiation period of 5 min were used throughout our current experimental design. Twelve hours after the above various treatments, cell viabilities of various groups were evaluated by using the MTT assay.



Live/Dead Staining

4T1 cells were seeded into a six-well plate and cultured overnight. Then, medium was replaced by fresh medium with different components. Detailed treatments were similar to those of combined antitumor effect of MNCs in vitro. Acidified medium was used throughout all groups except the control group. After the above treatments, cells were stained with calcein AM and PI, and fluorescence microscopy images were collected on an Olympus BX-51 imaging system. In addition, trypan blue solution (0.4%) was used to distinguish live/dead cells under an optical microscope.



Cellular ROS Detection

4T1 cells were seeded into a six-well plate and cultured overnight. Then, medium was replaced by fresh medium with different components. Detailed treatments were similar to those of combined antitumor effect of MNCs in vitro. Acidified medium was used throughout all groups except the control group. After the above treatments, cells were washed with cool 0.9% NaCl solution. After the co-incubation with DCFH-DA for another 20 min, cells were observed under an Olympus BX-51 imaging system.



Preparation of 4T1 Tumor-Bearing Mice

4T1 tumor xenografts were implanted into the axillaries of Balb/c mice by subcutaneous injection of 106 4T1 cells. When tumor volumes reached about 100 mm3, MR imaging, thermal imaging, and antitumor effect of MNCs were explored in detail.



MR Imaging

MR imaging was carried out on a 1.5-T clinical MR imaging instrument (Siemens Medical System). A series of concentrations of MNCs fixed in low concentration of agarose gel were mixed with water at first and prepared for the following in vitro T2-weighted MR imaging. For in vivo T2-weighted MR imaging, 0.9% NaCl solution containing MNCs (1 mg/ml, 1 ml) was intravenously injected into tumor-bearing mice under the assistance of magnet. Mice were imaged before intravenous administration and 5 min after injection of MNCs under the above MR imaging system.



Thermal Imaging

Firstly, 0.9% NaCl solution containing MNCs (1 mg/ml, 1 ml) was intravenously injected into tumor-bearing mice under the assistance of magnet. Secondly, tumors were irradiated by an 808-nm laser with a power density of 2 W/cm2 for 5 min to obtain thermal imaging. During the irradiation, the spot size of laser beam was well adjusted to cover the whole region of tumors. Tumor-bearing mice without intravenous administration of MNCs was selected as the control group to highlight the photothermal effect of MNCs in vivo. Both groups were imaged by using an infrared thermal camera. Meanwhile, temperature changes around tumors were recorded.



Antitumor Effect In Vivo

When tumor volumes reached about 100 mm3, mice were randomly divided into four groups including control, MNCs, NIR, and MNCs+NIR (n = 4). 0.9% NaCl solution containing MNCs (1 mg/ml, 1 ml) was intravenously injected under the assistance of magnet in the groups of MNCs and MNCs+NIR. 1 h after the injection of MNCs, tumors were irradiated with an 808-nm laser (2 W/cm2, 5 min) in the group of MNCs+NIR. To achieve a great antitumor effect, the above irradiation was conducted every other day for three treatments. Similar irradiation treatment was also carried out in the group of NIR. Tumor sizes of the above four groups were measured every day during the whole experimental period. Tumor volumes were calculated via the following formula: volume = (tumor length) × (tumor width)2/2. Two weeks after the first irradiation treatment, mice were sacrificed, tumors were excised and weighed, and tumor sections were examined after hematoxylin and eosin (H&E) staining.



Biosafety of MNCs

For biosafety evaluation of MNCs, mice with similar body weight were randomly divided into two groups, which were defined as control and test (n = 4). Mice in the test group were intravenously injected of high dosages of MNCs (5 mg pre mouse weighted about 25 g). Mice in the control group were administered of 0.9% NaCl solution with the same volume. Body weight measurements of the above mice were recorded for a month. Then, blood of mice in the above groups was collected for further assays of blood biochemical and inflammatory cytokines. Last but not least, mice in the above two groups were sacrificed, and main organs including heart, liver, spleen, lung, and kidney were harvested for further H&E staining.



Statistical Analysis

All data were expressed as mean ± standard deviation and carried out at least three times. A p-value < 0.05 was considered as statistical significances. Statistical analysis was performed via one-way analysis of variance together with a post hoc LSD test.




Results and Discussion

Figure 1A schematically illustrated our rational strategy of NIR light-mediated tumor-specific Fenton reaction-assisted oncotherapy and relative proposed antitumor mechanism of magnetic iron oxide nanoclusters (MNCs). With the help of external magnetic field, MNCs could efficiently target and accumulate into 4T1 tumor sites after intravenous injection. Upon multiple NIR irradiation, MNCs could elevate the temperature of tumor sites, resulting in an effective PTT against solid tumors. During the whole process of PTT, the heat could accelerate the release of Fe from MNCs with the assistance of acid tumor microenvironment, improved the conversion of endogenous H2O2 into ·OH, and achieved a PTT-enhanced catalytic cancer therapy. Typically, MNCs were well synthesized via a facile one-pot hydrothermal method according to previous studies with some modification (40). Images achieved by scanning electron microscopy (SEM) and transmission electron microscopy (TEM) demonstrated the uniform and non-aggregated characteristic of MNCs, which held an average diameter of 140 nm (Figures 1B, C). Wide-angle x-ray diffraction (XRD) pattern of MNCs showed a pure-phase cubic structure, promising their well-defined magnetite phase (Figure 1D). High-resolution TEM image revealed that MNCs were composed of many smaller particles (inset of Figure 1C). Interlayer distance could be calculated as 0.48 nm, which matched well with the separation between (111) lattice planes. A selective area electronic diffraction (SAED) pattern exhibited polycrystalline-like diffraction rings and further supported the polycrystalline nature of MNCs (inset of Figure 1D). Energy-dispersive spectroscopy (EDS) analysis confirmed that MNCs were composed of Fe, O, and C elements (Figure 1E). The absence of a hysteresis loop based on field-dependent magnetization measurement demonstrated the superparamagnetic nature of MNCs with a relatively high saturation magnetization value of 70.43 emu/g at room temperature (Figure 1F). In addition, the photo inset of Figure 1F revealed a direct magnetic response of MNCs in water towards magnet. C-H vibrating and carboxylate vibrating in FT-IR spectra indicated the presence of PEG molecule and citrate capped on MNCs, which endowed their great dispersion in various physiological solution including PBS, FBS, and DMEM (Figure 1G). Moreover, the addition of PEG molecules and citrate in the typical synthesis implied the presence of negative charge density on the surface of MNCs according to their negative Z-potential value. The above results thus promised that our MNCs prepared in aqueous solution instead of organic solvents exhibited more advantages in further biomedical applications.




Figure 1 | Schematic illustration of tumor-targeting therapy via a PTT-enhanced Fenton reaction and relative antitumor mechanism (A). SEM image (B), TEM image (C), wide-angle XRD pattern (D), EDS analysis (E), room temperature magnetic hysteresis loop (F), and FT-IR spectrum (G) of well-prepared magnetic nanoclusters (MNCs). Inset of (C): HR-TEM image of MNCs. Inset of D: SEAD image of MNCs. Inset of (F): photo of magnetic separation process. Inset of (G): photos of MNCs dispersed in different physiological solutions.



UV-vis-NIR spectra demonstrated that MNCs in water exhibited a broad absorption in the NIR region, which inspired us to explore their photothermal performance (Figure 2A). To assess the photothermal properties of MNCs, temperature changes of dispersion containing MNCs with different concentrations were recorded under continuous NIR irradiation (35, 36). As shown in Figure 2B, obvious concentration- and irradiation period-dependent temperature increases could be clearly detected, which were then visually confirmed via relative NIR thermal imaging photos (Figure 2C). In detail, the temperature of a dispersion containing MNCs with a concentration of 100 μg/ml increased by 34.1°C within 5 min of NIR irradiation while the temperature of water increased only 2.5°C. All these results suggested that MNCs could efficiently convert NIR irradiation energy into heat energy. As another vital feature of NIR light-mediated Fenton antitumor therapy, we further explored the release performance of Fe from MNCs under different stimulation conditions. In general, tumor microenvironment was featured with regional hypoxia, low pH, and nutritional deprivation. Moreover, lysosome produced by the rupture of Golgi apparatus usually contained many acid enzymes, and the pH value of lysosome was about 5.0. Therefore, pH 6.5 and pH 5.0 were used to simulate the acid conditions of tumor microenvironment and lysosome, respectively. As shown in Figure 2D, a clear time- and pH-dependent Fe release behavior could be found in MNCs with different conditions. After 12 h of co-incubation, 28% Fe release could be detected at pH 5.0 and 17% Fe release occurred at pH 6.5 while less than 3% Fe release was found at pH 7.4. These results thus promised that MNC-based Fenton antitumor therapy could efficiently work in tumor sites instead of other normal tissues or organs. In order to simulate the heat from photothermal effect of MNCs, we further explored reaction temperature effect on the Fenton reaction of MNCs. Based on our experimental design, TMB was used to study the catalytic performance of MNCs by monitoring the generation of ·OH. As shown in Figure 2E, upon the addition of MNCs, solution containing TMB and H2O2 held a temperature- or pH value-dependent manner. Significantly, high temperature or low pH value could lead to obvious absorbance increase at 652 nm. More importantly, maximum absorbance reached only when the experimental condition was defined as low pH value of 6.5 and high temperature of 50°C. Generally, only when the localized photothermal temperature was over 43°C could cellular apoptosis and necrosis be well achieved. Meanwhile, low temperature-induced photothermal effect could be easily resisted by the intracellular regulation, such as heat shock protein-assisted physiological process. Similar to a very recent study, 50°C was therefore selected and used as the typical experimental temperature in our study (24). According to the above findings, heat and low pH value could extremely improve the efficiency of Fenton reaction catalyzed by MNCs, which were also confirmed by the photos of oxTMB colorimetry experiments (Figure 2F).




Figure 2 | UV-vis-NIR absorption spectra of MNCs in water (A). Temperature change (B) and relative near-infrared photos (C) of MNCs under an 808-nm laser irradiation with a power intensity of 2 W/cm2. Time-dependent Fe release percentages from MNCs with a concentration of 1 mg/ml at different pH values (D). Relative absorbance of TMB at 652 nm (E) and corresponding photos (F) after various treatments. The concentrations of MNCs, TMB, and H2O2 used in (E, F) were 50 μg/ml, 1 mM, and 20 mM, respectively.



Prior to the use of MNCs for further biomedical usages, their cytotoxicity and blood compatibility were well explored at first. According to the results of MTT assay and live/dead staining shown in Figures 3A, B, all the viabilities of 4T1 cells were not hindered after the co-incubation with different concentrations of MNCs, and cellular morphology was not affected by MNCs with the same experimental concentrations, which indicated that MNCs possessed negligible cytotoxicity. Moreover, the results based on lactose dehydrogenase (LDH) leakage revealed that nearly no LDH could be detected even under the maximum co-incubation concentration, promising the integrity of cell membrane in the presence of MNCs (Figure 3C). As an essential method towards the exploration of interaction between any newly developed nanomaterial and blood components, hemolytic assay in the presence of MNCs was further investigated. Based on both qualitative and quantitative results shown in Figures 3D, E and Table S1, MNCs were not even able to cause slight injury of red blood cells, and all the hemolysis percentages were lower than 2%. In addition, activated partial thromboplastin time (APTT) and prothrombin time (PT) were used to explore the blood coagulation of MNCs. As expected, no obvious differences in APTT and PT could be found between the samples treated with a series of concentrations of MNCs and the reference one, thus demonstrating the negligible effect of MNCs on blood coagulation time (Figure 3F). All of these exciting results indicated the negligible cytotoxicity and high blood compatibility of MNCs.




Figure 3 | Viability (A), live-dead staining images (B), and LDH leakage (C) of 4T1 cells treated with MNCs. Hemolysis assay (D), photo of hemolysis (E), and blood coagulation assay (F) after co-incubation with MNCs.



Encouraged by the excellent properties of MNCs so far, we further investigated their antitumor effect in vitro. Cytotoxicity of 4T1 cells against H2O2 under different pH values was explored at first in order to confirm the experimental concentration of H2O2 in cell culture. As shown in Figure 4A, 100 μM was considered as a reasonable concentration of H2O2 for further cell culture because 200 μM or 400 μM of H2O2 could induce more or less death of 4T1 cells upon different co-incubation pH values including pH 7.4 and pH 6.5 (23–25). Moreover, no apparent cytotoxicity could be detected even at a high concentration of MNCs up to 100 μg/ml, both at pH 7.4 and pH 6.5, further demonstrating their high biocompatibility (Figure 4B). With the assistance of an 808-nm laser irradiation, viabilities of 4T1 cells significantly decreased along with the increasing of the concentrations of MNCs or laser intensities (Figure 4C). For instance, fewer than 40% of 4T1 cells survived when treated with MNCs at 100 μg/ml and a 2 W/cm2 laser irradiation, indicating the excellent PTT effect of MNCs in vitro. We then evaluated the Fenton reaction-mediated antitumor effects of MNCs. As shown in Figure 4D, MNCs exhibited a slight cytotoxicity when incubated at pH 7.4 with H2O2, while an obvious concentration-dependent antitumor effect was found at pH 6.5 with H2O2. In detail, viability of 4T1 cells decreased to their 40% in the presence of 100 μg/ml of MNCs at pH 6.5 with 100 μM of H2O2. In the following experiments, we further explored the NIR laser-assisted combined antitumor effect of MNCs in the presence of H2O2 at relatively low pH value, which was used to simulate tumor microenvironment. Detailed experimental information was illustrated in Figure 4E. No more than 60% of 4T1 cells were killed in the groups of MNCs+H2O2 and MNCs+NIR; however, more than three-quarters of 4T1 cells were killed in the group of MNCs+H2O2+NIR, which exhibited a clearly enhanced antitumor effect than PTT alone or Fenton reaction alone. Live-dead staining images and trypan blue staining images further demonstrated the combined antitumor effects of MNCs via both PTT and Fenton reaction (Figures 4F, G). No dead cells could be detected in the groups of control, NIR, H2O2, NIR+H2O2, and MNCs. However, nearly all the 4T1 cells were damaged or killed in the group of MNCs+H2O2+NIR. The generation of ROS in 4T1 cells by Fenton reaction was then detected with the help of DCFH-DA. As shown in Figure 4H, green fluorescence could be easily found in the groups with the addition of H2O2. Compared with that of the group of H2O2 or the group of NIR+H2O2, much stronger fluorescence could be detected in the group of MNCs+H2O2+NIR, which could be ascribed to the effect of photothermally enhanced Fenton reaction. All these exciting results thus demonstrated the excellent combined antitumor effects of MNCs under simulated tumor microenvironment.




Figure 4 | Viabilities of 4T1 cells treated with H2O2 (A) and MNCs (B) under different pH values. Cellular viabilities under laser irradiation in the presence of MNCs (C). Cellular viabilities under different pH values in the presence H2O2 and MNCs (D). The concentration of H2O2 in D was 100 μM. Combined in vitro antitumor effect of MNCs with laser irradiation and H2O2 under acidic pH value (E). Inset of E: detailed experimental conditions. Live-dead staining images (F), trypan blue staining images (G), and ROS staining images (H) of 4T1 cells after various treatments. Scale bars are equal to 100 μm. Asterisks indicated statistical significances (*p < 0.05, **p < 0.01, ***p < 0.001).



Figure 5A schematically illustrated the detailed timeline for NIR light-mediated tumor-specific Fenton reaction-assisted oncotherapy. When tumor volumes grew to 100 mm3, 0.9% NaCl solution containing MNCs was intravenously injected with the assistance of an external magnetic field around the tumors. Then, an 808-nm laser with a power density of 2 W/cm2 was used to perform irradiation for the following tumor thermal imaging and tumor ablation experiment. Moreover, magnetic field-assisted MR imaging was carried out at the same time owing to the excellent magnetic property of MNCs. As shown in Figure 5B, all the tubes containing MNCs appeared darker and darker according to T2-weighted MR images along with the increasing of concentrations of MNCs while the tube without the addition of MNCs remained bright. In vivo T2-weighted images before and after administration of MNCs demonstrated that our well-designed MNCs could efficiently accumulate into tumor upon the help of magnetic field even within a very short response period of 5 min. In detail, a significant darkening effect in the tumor region of 4T1 tumor-bearing mouse could be easily detected as compared with the image recorded before administration of MNCs. These results thus indicated the feasibility of MNCs as MR imaging-guided antitumor theranostic reagents. NIR light-induced temperature changes in vivo by MNCs were then explored with the assistance of a thermal imaging camera. As shown in Figures 5C, D, the temperature of tumor region administered with MNCs could easily increase from mouse body temperature to about 55°C during the whole NIR light irradiation, while other regions, which were not exposed to the NIR light, exhibited no temperature changes. Additionally, a no more than 5°C increase occurred around the tumor region without the injection of MNCs. Before the evaluation of antitumor effects of MNCs in vivo, 4T1 tumor-bearing mice were randomly divided into four groups at first, which were then defined as control, MNCs, NIR, and MNCs+NIR. During the whole treatment period of 2 weeks, tumor volumes were monitored to assess the therapeutic effects of above groups. As shown in Figure 5E, groups of control, NIR, and MNCs exhibited relatively rapid tumor growth while nearly total tumor suppression could be easily found in the group of MNCs+NIR. At the end of the whole antitumor treatment period, mice were sacrificed, and tumors were excised and weighted. As shown in Figures 5F–H, average tumor weights in the above four groups were consistent with our tumor volume measurements. However, tumor weights in the group of MNCs revealed somewhat lighter than those in the groups of control and NIR because of the appearance of partial tumor cavity after tumor ablation, indicating the effects of Fenton reaction-mediated antitumor therapy. Significantly, photothermal effect of MNCs could extremely enhance the effect of Fenton reaction based on our current study. Figure 5I provided the H&E staining of tumor sections collected from the mice at the end of antitumor treatment. As expected, no obvious tumor cell damage was found in the groups of control and NIR. However, most tumor cells in the group of MNCs+NIR were killed while some cell damage was detected in tumors from mice treated with MNCs, which re-confirmed the superior antitumor effect of MNCs based on the rationally combined PTT and Fenton reaction.




Figure 5 | Schematic illustration of the timeline for NIR light-mediated tumor-specific Fenton reaction-assisted oncotherapy (A). T2-weighted MR image of MNCs in aqueous solution and in vivo magnet-assisted MR imaging before and 5 min after intravenous administration of MNCs (B). Thermal images of tumor-bearing mice (C) and relative temperature profiles of tumor sites in mice (D) under different treatments. Tumor growth curves (E) and relative tumor weights at the end of the whole therapy period (F) for the indicated treatments. Photos of tumors in mice (G) and relative tumor tissues collected from mice (H) at the end of the whole therapy period upon different treatments. H&E staining of tumor tissues after various treatments (I). Asterisks indicated statistical significances (*p < 0.05, **p < 0.01, ***p < 0.001).



To determine whether MNCs could induce any harmful effect after systemic administration, we then explored the long-term toxicity of MNCs. The timeline of our experimental design is illustrated in Figure 6A. Firstly, mice adapt to diet about 1 week before the initiation of experimentation. Secondly, MNCs with a relative high dosage dispersed in 0.9% NaCl solution were intravenously injected. As shown in Figure 6B, no differences in body weight could be detected between the control group and the test group during the whole experimental period of a month. In addition, mice in both groups did not exhibit any behavior abnormality. A month after the intravenous injection of MNCs, assays of blood biochemicals and inflammatory cytokines were used to provide more quantitative toxicity evaluation of these MNCs. Results shown in Figure 6C demonstrated that MNCs did not alter the hepatic function indexes, such as alanine aminotransferase (ALT), alkaline phosphatasein (ALP), and aspartate aminotransferase (AST). Serum levels of inflammatory cytokines including TNF-α and IL-β in mice exhibited negligible differences at the same time (Figure 6D). H&E histology analysis of main exposed organs a month after the injection of MNCs was used to indicate the potential signs of inflammation and injuries. Compared with those of the control group, no obvious inflammation and injuries were observed in the test group (Figure 6E). All these results thus supported the extremely low systemic toxicity of MNCs and the high feasibility of our current therapeutic strategy.




Figure 6 | Schematic illustration of in vivo toxicity evaluation of MNCs (A). Body-weight changes of Balb/c mice after intravenous injection of MNCs (B). Serum levels of ALT, AST, and ALP in mice (C). Serum levels of TNF-α and IL-β in mice (D). H&E staining images of mouse main exposed organs after different treatments (E).





Conclusion

In summary, a novel NIR light-mediated tumor-specific nanoplatform based on efficient MNCs has been well developed for photothermally enhanced Fenton reaction-assisted oncotherapy. These MNCs were synthesized via a green hydrothermal method without any organic solvent. By virtue of their superparamagnetic nature, these MNCs can act as a T2-weighted MR imaging-guided antitumor theranostic reagent. Meanwhile, relatively high saturation magnetization value endows these MNCs with the capacity for tumor targeting with the help of an external magnet field. Because of their high photothermal effect, MNCs can serve as an efficient PTT agent for antitumor therapy. Significantly, heat produced by the PTT effect can extremely accelerate the release of Fe from MNCs and achieve an enhanced Fenton reaction under H2O2-enriched acidic tumor microenvironment for oncotherapy. Both in vitro and in vivo results confirm the superior antitumor effect of MNCs based on combined PTT and Fenton reaction, promising the high feasibility of our current therapeutic strategy. Last but not least, long-term toxicity exploration of MNCs after intravenous administration suggests their low systemic toxicity and high biocompatibility. Accordingly, our present approach not only develops a new concept of photothermally enhanced Fenton chemistry based on magnetic nanomaterials, but also provides a meaningful insight for further nanoplatform-assisted combined tumor therapy.
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Continuous high doses of radiation can cause irreversible side effects and radiation resistance; thus, advanced radiosensitizers are urgently needed. To overcome this problem, we developed a nano platelet radiosensitization system (PCA) by coating the chemotherapeutic drug cisplatin (CDDP) loaded gold nanocages (AuNs) within the platelet membrane. The developed PCA system may enable AuNs to have immune escape and targeting capabilities. After administration, PCA will actively target tumor cells and avoid being cleared by the immune system. Subsequently, CDDP, which destroys tumor cell DNA, can not only kill tumor cells directly but also combine with AuNs, which deposit radiation energy into tumor tissues, reducing RT resistance. In vivo and in vitro studies revealed that the combination of PCA with RT (2Gy) efficiently inhibits tumor proliferation without causing side effects such as inflammation. To conclude, this is the first attempt to use platelet membranes to correctly transport AuNs while also accomplishing low-dose RT, which could help AuNs-based tumor RT become more effective.
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Introduction

Despite current scientific advancements, cancer, which can strike at any age and affect anybody, remains a severe threat to human life and health (1–3). Radiotherapy (RT) is widely used to treat cancer patients, either alone or in combination with other cutting-edge treatments (4). RT is based on the use of high-energy X-rays or gamma rays to cause radiation-induced DNA damage and triggers the generation of reactive oxygen species (ROS) in increased concentrations (5). Both radiation-induced DNA damage and ROS generation that exceeds the cell’s ability to neutralize these free radicals result in apoptosis, which reduces tumor size (6). However, while RT kills tumor cells, it also kills adjacent cells and tissues in the human body (7). RT produces ROS in a dose-dependent manner, with higher doses resulting in better therapeutic outcomes (8). However, high-dose RT might cause systemic effects such as fatigue, loss of appetite, bone marrow suppression, RT-induced secondary and primary malignancies, and infertility, as well as local RT damage (9–11). Local liver damage can lead to changes in activity or, in the worst-case scenario, liver failure (12). Therefore, there is a definite need to find novel methods to improve RT effectiveness in cancer patients.

The emergence of nanoplatforms has enabled more and more novel nanomaterials to be delivered to tumor tissues to accomplish radiosensitization while reducing systemic toxicity, as a result of the integration of nanotechnology in the area of cancer treatment (13). MoS2-based nanomaterials and copper selenide nanomaterials have been explored to realize radiosensitization (14, 15). These studies provide new insights for the selection of radiotherapy sensitizers. Gold nanomaterials, such as gold nanorods, gold nanostars, gold nanocages, and other High-Z nanomaterials, are the most common of these (16–18). Gold, a High-Z nanomaterial, can enhance the deposition of radiation energy in the tumor and improve the effectiveness of RT (19). For example, Liu et al. developed a new type of gold nanostar probe that can simultaneously realize tumor imaging and photothermal therapy in vivo (20). Unlike other gold nanomaterials, gold nanocages have the excellent drug-carrying ability. Zhu et al. (21) designed paclitaxel-loaded gold nanocages and wrapped them with red blood cell membranes to achieve combined anti-tumor effects in vitro. However, no article has yet been published that describes the usage of gold nanocages to produce radiosensitization.

For a long time, people have known that platelets play an important role in hemostasis through clotting and blood vessel damage (22–24). Platelets can also interact with tumor cells by directly binding or secreting cytokines. Taking advantage of the natural pathophysiological affinity and targeting ability of platelets to tumors, a biomimetic drug delivery system based on platelet membranes has also been developed for tumor treatment (25, 26). Compared with artificial drug delivery platforms, they are less likely to cause clearance reactions, so vesicles administered with the platelet membrane itself provide a better prospect for drug delivery (27, 28). Platelet membranes are easier to penetrate from blood vessels to tumor tissues for precision medication administration or nanomaterial delivery due to the properties of membrane proteins. The oxidative stress amplifying drug cinnamaldehyde (CA) coated platelet membrane hybrid nanosystem (PSCI) was developed by Huang et al. using the peculiarities of platelet membranes (PM) to transport CA to tumor tissues and achieve up to 90% tumor growth suppression (22). Therefore, it stimulates us to add gold nanocages to PM to overcome radiation resistance and immune clearance.

For the first time, a study on the combined application of AuNs and PM to improve low-dose RT was published in this study. A composite nanosystem PCA was constructed by coating AuNs containing the anticancer drug cisplatin (CDDP) with PM (Scheme 1). The platelet membrane can protect CDDP and AuNs, prevent these medicines from leaking in advance, and successfully improve the blood circulation time of AuNs in the body because PCA has targeting and radiosensitization capabilities. At the same time, it helps the drug overcome the renal effect and immune clearance, and actively targets tumor cells. Subsequently, CDDP, which destroys tumor cell DNA, can not only directly kill tumor cells, but also can combine with AuNs that deposit RT energy to tumor tissues to achieve high-efficiency sensitization RT. It needs to be pointed out that in the treatment window, we only need 2 Gy of RT and PCA synergistic treatment to obtain a strong radiation sensitization effect. PCA system provides a higher biological potential for long-term use. Finally, these findings broaden the use of gold nanocages and provide new insights for the development of platelet membrane-based tumor treatment systems.As shown in Scheme 1, we firstly extracted platelet vesicles (PV) from platelets. The AuNs and CDDP were co-coated with PV to obtain a PV-coated composite nano-system (PCA). Figure 1A shows a transmission electron microscopy (TEM) image of the prepared AuNs and PCA. PCA exhibited a gray-scale platelet membrane (PM) of about 8.5 nm. PCA and platelet membrane showed the same P-selectin protein profile, as shown in Figure 1B, indicating that platelet membrane proteins are completely retained in PCA. These results showed that we have successfully prepared AuNs and composite material PCA. Platelet membranes have a lot of potential in the field of substance delivery because of this characteristic, which makes them far superior to standard drug delivery methods like liposomes or red blood cell membranes that don’t target anything (29, 30). P-selectin in platelet membranes can specifically recognize corresponding ligands on the surface of tumor cells, and these interactions give PCA the ability to actively target tumor cells. None of these materials increase the penetration of the substance into the tumor tissue. The successful coating of PV allows the poorly targeted CDDP and AuNs to stay in the bloodstream for longer, evade immune system attacks, and actively target tumor cells. And we continued to measure the zeta potential of different materials, as shown in Figure 1C. During the three days, the particle sizes of AuNs were 95.4 ± 4.8 nm, 93.8 ± 4.2 nm, and 94.5 ± 5.1 nm, respectively, while the particle sizes of PCA were 103.4 ± 6.2 nm, 101.7 ± 5.2 nm, and 102.5 ± 5.7 nm (Figure 1D), which also indicates that both AuNs and hybrid PCA have good stability and can be used in subsequent biological experiments. The drug releasing ability of PCA have been investigated, as shown in Figure 1E, PCA hardly releases CDDP without X-ray exposure (Figure 1E). Once irradiated by X-rays, the platelet membrane will be damaged, and gradually release the drugs. The drug loading efficiency (DLE) was determined using high-performance liquid chromatography (HPLC). DLE was 94.6 ± 5.2%. These results suggest that PCA has a PM structure and that would be released from 4T1 tumor cells via extracellular action to change the tumor micro-environment.




Scheme 1 | Schematic illustration of platelet membranes coated gold nanocages for tumor targeted drug delivery and amplificated low-dose radiotherapy.






Figure 1 | (A) TEM image of (i) AuNs and (ii) PCA. Insert: single PCA with high magnification. (B) The expressions of the key protein P-selectin on PCA with PM as a control. (C) Zeta potential of AuNs, PM, and PCA. (D) Statistical graph of the measured diameter of AuNs and PCA. (E) CDDP release profiles under different conditions.



The PCA system is well-structured and characterized in terms of performance. We are actively conducting in vitro anti-tumor trials. Although AuNs and CDDP can change the ecological balance of the tumor microenvironment and therefore enhance the efficacy of radiation, they can only do so when they are located at the tumor tissue. The immune system can recognize the stimulation of various foreign invaders, and some of the stimulation can trigger the immune response, resulting in immunity, and inhibit the immune system from responding to other stimuli, resulting in tolerance (31, 32). However, the platelets are not attacked by the immune system, which is related to PM proteins. Unlike other drug delivery systems that do not have targeting capabilities rearranged nanomaterial-coated PCA may be directed to tumor cells, identified by cancer cells, and engorged to release nanomaterial. This internalization effect was tracked by staining RCA (red blood cell membrane comprising AuNs which have been loaded with CDDP) and PCA nanovesicles with Dil dye and co-incubation with 4T1 cells and staining with commercial lysosome Lyso-Tracker Green probe to verify the ability of PCA to be internalized by tumor cells in vitro (co-localization assay). After 2 h of incubation, it was clear that a significant quantity of PCA had been endocytosed, whereas RCA only had a partial measured fluorescence impact of Dil (Figure 2C), demonstrating that PM may be used as an excellent carrier of AuNs to target tumor tissues. When tumor cells are exposed to radiation, double-stranded DNA breaks (DSB) occur, providing insight into radiation sensitization. Measuring the fluorescence intensity of γ-H2AX is a good and intelligent technique to verify the formation of DSB after cell damage (33). Therefore, we detected H2AX foci in the nucleus after treatment in different groups. There was moderate DNA damage after low dose (2 Gy) RT. Notably, it is worth noting that 2Gy RT combined with PA only achieved about 53.6% γ-H2AX formation, while 2Gy combined with PCA achieved the best γ-H2AX foci formation, as high as 70.2% (Figures 2A, B). Compared with each experimental group, there was a uniform and significant difference, which was attributed to the targeting ability of platelet membrane and RT sensitization effect of CDDP and AuNs. Furthermore, the Colony formation assays test showed that the cell viability of the control group was almost unaffected, while RT combined with the PA group had moderate tumor growth inhibition (Figure 2D). Although Au can deposit RT rays to enhance its therapeutic efficacy, the single sensitization effect is limited. There were significant differences in tumor growth inhibition rates (the tumor inhibition rate reached 92.5%) between the PCA + RT system and the other experiment groups, indicating that CDDP in PCA mediated destroying DNA of tumor cells can effectively exert influence on cellular viability balance and thus enhance the effect of RT to achieve tumor growth inhibition. Together, these results drive continued exploration of anti-tumor efficacy in vivo.




Figure 2 | The CLSM images of 4T1 cells with different treatments. The nuclei were stained with DAPI (blue) and DSBs were stained with γ-H2AX (red). (B) Average fluorescence intensity of γ-H2AX from figure (A). (C) Co-localization of Lyso-Tracker Green FM (blue) and Dil (red) for RCA and PCA over time in 4T1 tumor cells. (D) Colony formation assays were conducted using 4T1 cells treated with 2 Gy of radiation (n = 3). Significant differences among groups as calculated using the Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.005.



Because an in vitro investigation of the tumor-killing effect revealed significant potential. We further explore in vivo intensification of PCA effects. Therefore, we conducted in vivo pharmacokinetic experiments to investigate the effect of platelet membranes on blood retention. Mice were intravenously injected with RCA or PCA at a dose of 1 mg CDDP/kg (Figure 3A). Next, we studied the biological distribution (Figure 3B). After 12 h of administration, the CDDP mainly accumulated in the liver and spleen of the RCA group of mice, while the PCA group showed good tumor targeting and low organ accumulation, further proving the targeting ability of the platelet membrane. Both PCA and RCA showed a stronger blood retention effect. Although the coating of erythrocyte membrane made AuNs and CDDP impervious to immune system attack, it lacked tumor targeting, and CDDP accumulation in tumor tissues was only marginally increased, with the PCA group having the most visible tumor accumulation. We next evaluated PCA-mediated anti-tumor efficiency in mice bearing 4T1 tumors. To investigate the primary effect of the PCA, BALB/c mice were subcutaneous injected with 1 × 106 4T1 cells into the right flank. The mice were grouped and treated when the primary tumor volume reached 200 mm3. Tumor-bearing mice were divided randomly into 5 groups (each group included 5 mice): 1) Control (PBS); 2) Radiotherapy (RT, 2Gy); 3) PCA; 4) PA + RT; 5) PCA + RT. The CDDP concentration was 1 mg/kg in groups 3 and 5. The AuNs concentration was 5 mg/kg in groups 3, 4, and 5. The treatment was conducted every 5 days for 15 days. During the 2 weeks treatment, the tumor volumes of the control group and RT treated group rose rapidly, as shown in Figure 3C. The PCA group also hardly inhibited tumor growth. The group of PA + RT also showed an almost moderate tumor suppressant effect. Although Au element can deposit RT rays to expand the RT therapeutic effect, the single sensitization effect is limited. When these nanomaterials are injected into the caudal vein, the PCA circulates to the tumor tissue and is endocytosed by tumor cells. As a result of the tumor cells’ endocytosis, AuNs are released into the tumor microenvironment (TME), having a therapeutic effect. Specifically, the PCA + RT system, which carried both CDDP and AuNs, achieved the most powerful therapeutic effect, with tumor volume growth curves almost completely suppressed during treatment. The tumor mass of mice was also consistent with the corresponding volume curve (Figure 3D). The treatment group did not gain or lose weight during the study, indicating that the treatment did not cause any significant systemic toxicity (Figure 3E). This is significant because many treatments are associated with extremely systemic toxicity, which is extremely detrimental to the future clinical application of the material. We took tumor tissue sections for H&E staining (Figure 3F) also confirmed that there was a large amount of cell necrosis in the PCA combined RT treatment group. As shown in Figure 4, during PCA activation treatment of mice, their vital organs (heart, liver, spleen, lungs, and kidney) were found to be healthy and free of inflammation and damage throughout the body. Furthermore, the liver and kidney indices were found to be normal as well. as many nanomaterials possess great therapeutic efficacy, they are also associated with systemic toxicity, which limits their future clinical applications (34, 35). The in vivo results demonstrate that this novel combined treatment not only achieves a good biological safety therapy but gives damage to tumor cell DNA, reinforces the effect of RT with profound PCA-enhanced therapy.




Figure 3 | (A) Pharmacokinetic behavior of RCA and PCA in mice following i.v. administration. Data are presented as mean ± SD (n = 3). (B) Quantitative analysis of Pt biodistribution in tissues and tumors of tumor-bearing mice injected with RCA or PCA at CDDP dose of 5 mg/kg, respectively (n = 3). (C) Change in tumor-volume curves of 4T1 tumor-bearing mice after treatments (n = 5). (D) Changes in tumor weight following treatment (n = 5). (E) Body weight of 4T1 tumor-bearing mice as recorded every 2 days following treatment (n = 5). (F) Representative hematoxylin-eosin staining (H&E) stained tumor slice images of mice following treatment (n = 5), scale bars = 100 μm. Significant differences among groups as calculated using the student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.005.






Figure 4 | Result of in vivo safety experiments. Blood biochemistry data including kidney/liver function markers: (A) CRE, (B) ALT, ALP, and AST, and (C) BUN after various treatments. (D) Histopathological analysis results (H&E) stained images of the major organs, heart, lung, liver, kidneys, and spleen, of mice that were exposed to different treatments 16 days’ post-injection under laser irradiation.





Conclusion

In a nutshell, we developed a platelet membrane-based RT sensitizer to achieve enhanced RT results. The nano-agent AuNs and chemotherapeutic drugs encapsulated in PCA can deposit RT rays or damage tumor DNA to reduce RT resistance. Platelet membranes endow PCA with excellent targeting ability. These elements have a greater ability to induce tumor cell apoptosis. Both in vitro and in vivo results indicate that PCA system shows good tumor suppression. What matters is that the method we developed has no visible adverse effects during therapy. We will continue to investigate the biological applications of PM in combination with other new nanomaterials in the future, as well as combine additional nanotechnology to improve treatment approach.



Materials and Methods


Materials and Reagents

Deionized (DI) water was obtained by an 18 MΩ cm (SHRO-plus DI) system. Phosphate buffer solution (PBS) and bovine serum albumin (BSA) were purchased from Thermo-Fisher (USA). AuNs were obtained from XFNano (Nanjing, China)., 1’-dioctadecyl-3, 3, 3’, 3’-tetramethylindocarbocyanine perchlorates (Dil) was obtained from Sigma-Aldrich (USA). The γ-H2AX antibody was purchased from Abcam Company. The other reagents used in this work were purchased from Sinopharm Chemical Reagent (China) and Aladdin-Reagent (China).



Preparation and Characterization of PLT-Vesicles (PM)

Platelets (PLTs) from whole blood were isolated through gradient centrifugation. 10 mL mice whole blood was centrifuged at 100 × g for 20 min with no brake. Afterward, the supernatant was centrifuged at 800 × g for 20 min. The PLTs were washed by PBS and centrifuged repeatedly. The preparation processes were monitored using a conventional microscope (IX71, Olympus, Japan). PLT membranes were derived by a repeated freeze–thaw process. Aliquots of PLT suspensions were first frozen at −80°C, thawed at room temperature, and pelleted by centrifugation at 4000 × g for 3 min. After three repeated washes with PBS mixed with protease inhibitor tablets, the pelleted PLT membranes were suspended in water, sonicated in a capped glass vial for 5 min using a bath sonicator at a frequency of 53 kHz and a power of 100 W, and then extruded sequentially through 400 and 200 nm polycarbonate porous membranes on a mini extruder (Avanti Polar Lipids, USA).



Preparation of PCA

To prepare the PCA, the mixture of 100 μg AuNs, CDDP (20 μg dispersed in PBS) and PM was sonicated for 0.5 h. Thereafter, a polycarbonate membrane containing 200 nm pore size was used for extruding the mixture 10 times using an extruder. The final mixture was centrifuged and washed with PBS to remove the residual free materials.



Characterization of the PCA Nanoparticles

The morphology structures of AuNs and PCA nanoparticles were observed by the TEM (JEOL-2100). Hydrodynamic diameter and zeta potential were detected by the dynamic light scattering (Nano-ZS ZEN3600). Drug loading efficiency (DLE) = (weight of loaded drug/weight of feeding drug) × 100%.



Drug Release Studies

1mg of PCA were dispersed in 1ml PBS solution. The solution was exposed to X-ray irradiation (2 Gy) for 5min. At the given time points, the released CDDP was measured by High Performance Liquid Chromatography (HLPC). No X-ray irradiation was used as a control group.



Cell Lines and Animal Model

4T1 mouse breast cancer cell lines were provided by the College of Life Science of Wuhan University. All the cells were cultured in the standard cell medium recommended by American Type Culture Collection. Female Balb/c mice aged 4-5 weeks were purchased from Vital River Company (Beijing, China). 5×106 4T1 cells suspended in 100 μL PBS were subcutaneously injected into each mouse to establish the tumor models. After the tumor volume reached around 200 mm3, the tumor bearing mice were used for further experiments. The animal experiments were carried out according to the protocol approved by the Ministry of Health in the People’s Republic of PR China and were approved by the Administrative Committee on Animal Research of the Wuhan University.



Western Blotting for the Key Proteins in PM and PCA

The total cellular protein in PM and PCA were extracted using a protein extraction kit (Dingguo, China). The extracted proteins were separated using SDS-PAGE electrophoresis. After electrophoresis, the gel was treated with Coomassie blue staining. Extraction of protein for western blot was performed as described above. The proteins were then transferred onto polyvinylidene fluoride (PVDF) membranes (BioRad). This was followed by a blocking step for 1 h with 5% skim milk, and then the membrane was incubated with the primary antibody against P-selectin (Proteintech) overnight at 4°C using Na,K-ATPase as the control. Finally, the membrane was incubated with the secondary antibody for 1 h at room temperature.



In Vitro Tumor-Specific Uptake

At first, Dil labeled RCA and PCA (Containing 100 μg/mL AuNs) were incubated with 4T1 cells for 2 h at 37°C. The cells were then washed with PBS several times, fixed with PFA for 30 min at room temperature, stained with Lyso-Tracker Green and then imaged by using a fluorescence microscope (IX81, Olympus, Japan). The fluorescence intensity was measured by IamgeJ software.



γ-H2AX Immunofluorescence Analysis

4T1 cells were seeded in 24-well plates and then cultured for 24 h at 37°C under hypoxia condition. Then the cells were treated with 1) Control (PBS); 2) Radiotherapy (RT, 2Gy); 3) PCA; 4) PA + RT; 5) PCA + RT. The AuNs concentration was 200 μg/mL in groups 3, 4, and 5. After RT treatment for 2 h, the cells were fixed with 4% paraformaldehyde for 10 min, rinsed with PBS, permeabilized with methanol for 15 min at -20°C and then rinsed with PBS again. Then the cells were exposed to a blocking buffer (1% bovine serum albumin (BSA) in PBS solution) for 1 h at room temperature and further incubated with anti- phospho-histone γ-H2AX mouse monoclonal antibody (dilution 1:500) overnight at 4°C. After washing with PBS, the cells were incubated with Cy5-conjugated sheep anti-mouse secondary antibody (dilution 1:500) for 1 h at room temperature. Excess antibody was removed by rinsing the coverslips in PBS. Cell nuclei were stained by DAPI for 5 min at room temperature. The cells were imaged via confocal fluorescence microscopy (IX81). Quantitative analysis of γ-H2AX foci density (foci/100 μm2) was performed by automatic counting using the ImageJ software for n = 100 cells in each treatment group.



Clonogenic Assay

4T1 cells were seeded in 6-well plates with a different amount (125, 250, 500, 1000 and 2000) per well and incubated at 37°C for 24 h Then the cells were treated with five groups: 1) Control (PBS); 2) Radiotherapy (RT, 2Gy); 3) PCA; 4) PA + RT; 5) PCA + RT. The AuNs concentration was 200 μg/mL in groups 3, 4, and 5. After that, cells were washed with PBS and fresh medium was replaced every three days for 10 days. The colonies were fixed by 4% paraformaldehyde and then stained with Giemsa dye. Only colonies containing at least 50 cells were counted. At last, an evaluation of the effects of different treatments was conducted by counting the survival fraction of the colonies. Each treatment was performed in triplicate.



In Vivo Pharmacokinetics and Distribution Study

4T1 tumor bearing BALB/c mice (n = 3) received an intravenous (i.v.) injection of 100 μL PBS containing RCA, or PCA at the concentration of 1 mg/kg CDDP. At various time points after the injection (i.e.,0.5, 1, 2, 4, 8, 16, 24, and 48 h), 20 μL blood was collected from the tail veins, treated with aqua regia, and then on heated at 70°C until to obtain clear solutions. And the resultant mixture was left standing still at room temperature for 12 h and then kept in oil bath at 70°C for 6 h to remove acids, yielding samples for Pt content quantification by using an ICP-AES (iris Intrepid II XSP, Thermo Elemental, USA). To study the biodistribution of particles in various organs, at 24 h after the injection, all mice were euthanized and their hearts, livers, spleens, kidneys, lungs, and tumors were carefully collected, weighted, and finally quantitatively analyzed with ICP-AES as described above.



In Vivo Antitumor Study

1×106 4T1 cells suspended in 100 μL PBS were subcutaneously injected into each mouse to establish the tumor models. When tumor size reached approximately 200 mm3, the mice were divided randomly into 5 groups (each group included 5 mice): 1) Control (PBS); 2) Radiotherapy (RT, 2Gy); 3) PCA; 4) PA + RT; 5) PCA + RT. The CDDP dose was 1mg/kg in groups 3 and 5. The treatment was conducted every 5 days for 15 days. Mice body weight and tumor volume in all groups were monitored every 2 days. A caliper was employed to measure the tumor length and tumor width and the tumor volume was calculated according to the following formula. Tumor volume = tumor length × tumor width2/2. After 16 days of treatment, all the mice were sacrificed. Their blood samples and major organs (i.e., hearts, livers, spleens, lungs, and kidneys) were collected. Three important hepatic indicators (i.e., ALT: alanine aminotransferase, AST: aspartate aminotransferase, and ALP: alkaline phosphatase) and two indicators for kidney functions (i.e., BUN: blood urea nitrogen and CRE: creatinine) were measured by using a blood biochemical autoanalyzer (7080, HITACHI, Japan). And the tumor tissues were weighed, and fixed in 4% neutral buffered formalin, processed routinely into paraffin, and sectioned at 4 μm. Then the sections were stained with hematoxylin and eosin (H&E) staining and finally examined by using an optical microscope (BX51, Olympus, Japan). Part of their organs were stained with H&E and examined as described above.



Statistical Analysis

Data analyses were conducted using the GraphPad Prism 5.0 software. Significance between every two groups was calculated by the Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.005.
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Bi-based nanomaterials, such as Bi2Se3, play an important part in biomedicine, such as photothermal therapy (PTT) and computed tomography (CT) imaging. Polyethylenimine (PEI)-modified ultrasmall Bi2Se3 nanodots were prepared using an ultrafast synthetic method at room temperature (25°C). Bi2Se3 nanodots exhibited superior CT imaging performance, and could be used as effective photothermal reagents owing to their broad absorption in the ultraviolet–visible–near infrared region. Under irradiation at 808 nm, PEI-Bi2Se3 nanodots exhibited excellent photothermal-conversion efficiency of up to 41.3%. Good biocompatibility and significant tumor-ablation capabilities were demonstrated in vitro and in vivo. These results revealed that PEI-Bi2Se3 nanodots are safe and a good nanotheranostic platform for CT imaging-guided PTT of cancer.
Keywords: photothermal therapy, Bi2Se3 nanodots, ultrafast synthesis, CT imaging, cancer therapy
INTRODUCTION
The early diagnosis of cancer and “precision” medicine are major challenges for oncologists. Scientists need to develop multifunctional biocompatible nanotheranostic platforms that integrate diagnostic and therapeutic functions (Barreto et al., 2011; Ho et al., 2015; Chen et al., 2016). As a non-invasive method, phototherapy can alleviate the side-effects and suffering of treatment as compared with that using resection, chemotherapy, or radiotherapy (Cheng et al., 2014; Fan et al., 2017; Lei et al., 2018; Basak et al., 2019).
Photothermal therapy (PTT) has attracted significant research attention because it is highly efficient, minimally invasive, and controllable (Liu et al., 2019; Meng et al., 2020; Zhao et al., 2020). Recently, PTT agents, such as precious metals (e.g., Au, Pt, or Pd nanoparticles) (Yin et al., 2014; Tang et al., 2015; Zhu et al., 2017; Zhang et al., 2019), metal chalcogenides (e.g., CuS nanoparticles, Bi2S3 nanoparticles, Bi2Se3 nanosheets, MoS2 nanosheets, or MoSe2 nanosheets) (Liu et al., 2014; Yang et al., 2016; You et al., 2017; Huang et al., 2019; Wang et al., 2019), carbon derivatives (Bao et al., 2018; Ortega-Liebana et al., 2019), and polymeric nanoparticles (Han et al., 2018; Zhang et al., 2018), have aroused widespread research interest. In particular, Bi2Se3, with its broad near absorption in the infrared (NIR) region, excellent efficiency for photothermal conversion, good biocompatibility, and metabolizability, has been used as a PTT agent (Song et al., 2015; Cheng et al., 2016; Xie et al., 2017; Huang et al., 2019). Moreover, due to the high X-ray attenuation coefficient (5.74 cm2 g−1, 100 keV) and atomic number (Z = 83) of Bi than those of the extensively applied contrast agent iobitridol (X-ray attenuation coefficient of 1.94 cm2 g−1, 100 keV; Z = 53), Bi-based nanomaterials can be used as potential contrast agents for computed tomography (CT) (Lei et al., 2017). Thus, Bi2Se3 has been used widely as a powerful nanotheranostic agent in CT imaging-guided PTT of cancer. However, most reports have focused on the synthesis of Bi2Se3 nanosheets at high temperatures (Xiao et al., 2017; Xie et al., 2017). Nevertheless, the synthesis is more complicated, and a larger particle size is not conducive to biological metabolism. Only a few reports have focused on the ultrarapid synthesis of water-soluble ultrasmall Bi2Se3 nanodots at room temperature (25°C).
We report a facile room-temperature method for synthesizing ultrasmall polyethylenimine-decorated Bi2Se3 (PEI-Bi2Se3) nanodots for CT imaging-guided PTT of cancer in vitro and in vivo. Compared with strategies reported previously, the rapid synthesis of PEI-Bi2Se3 nanodots may improve the efficiency of the synthesis and prevent further surface modification. Furthermore, the raw materials are inexpensive, and the organic solvents are nontoxic and environmentally friendly, thereby making the process suitable for future production at a large scale.
The synthesized nanodots exhibited excellent absorption properties and the efficiency of photothermal conversion was high under laser irradiation at 808 nm. Moreover, the outstanding CT imaging and photothermal-ablation capacity observed in vitro and in vivo, and non-significant long-term toxicity observed in vivo, revealed that PEI-Bi2Se3 nanodots could achieve CT imaging-guided PTT of cancer. Hence, PEI-Bi2Se3 nanodots could be powerful and safe nanotheranostic agents in cancer therapy.
RESULTS AND DISCUSSION
The Synthesis and Characterization of PEI-Bi2Se3 Nanodots
A novel NIR light-responsive nanotheranostic platform based on PEI-Bi2Se3 nanodots for CT imaging-guided PTT of cancer was fabricated (Scheme 1). Under the protection of an inert-gas atmosphere and ice-water bath, Se powder was reduced by NaBH4 under magnetic stirring at room temperature (25°C) to obtain NaHSe solution (Se2− precursor solution). An appropriate amount of the Se2− precursor solution was transferred rapidly to a mixed solution of ethylene glycol and water containing Bi(NO3)3·5H2O and PEI. The reaction solution turned black rapidly, indicating that the reaction was ultra-facile and efficient (within 1 min). In the Experimental section in Supplementary Material, the experimental details are presented. Moreover, Bi2Se3 nanodots had promising potential for CT imaging-guided PTT of cancer owing to an efficient photothermal performance, strong absorption in the NIR region, and the high X-ray attenuation coefficient of Bi3+.
[image: Scheme 1]SCHEME 1 | Fabrication of PEI-Bi2Se3 nanodots for CT imaging-guided PTT of cancer.
A transmission electron microscopy (TEM) image of the obtained PEI-Bi2Se3 nanodots is shown in Figure 1A. A clear lattice fringe with a distance of 0.304 nm can be seen on the high-resolution TEM image (Figure 1B), which can be attributed to the (015) planes of Bi2Se3. Furthermore, the prepared PEI-Bi2Se3 nanodots, as uniform spheres with relatively narrow size distribution, had a mean diameter of 3.56 nm (Figure 1C). The X-ray diffraction (XRD) patterns of the prepared PEI-Bi2Se3 nanodots are shown in Supplementary Figure S1. All the characteristic XRD peaks matched well with the standard hexagonal phase of Bi2Se3 (Joint Committee on Powder Diffraction Standards = 33-0214). Moreover, PEI-Bi2Se3 nanodots could maintain good dispersity in various solutions, such as Dulbecco’s modified Eagle’s medium, phosphate-buffered saline (PBS), NaCl, and water, for several months (Supplementary Figure S2), indicating that the PEI modification was beneficial for improving the stability of PEI-Bi2Se3 nanodots.
[image: Figure 1]FIGURE 1 | (A) TEM image, (B) HRTEM image, and (C) size histogram of PEI-Bi2Se3 nanodots.
Photothermal Performance of PEI-Bi2Se3 Nanodots in vitro
PEI-Bi2Se3 nanodots showed a broad ultraviolet–visible–NIR (UV–Vis–NIR) absorption spectrum ranging from 500 to 1,100 nm (Figure 2A). As the concentration of Bi3+ increased, the absorption intensity of PEI-Bi2Se3 nanodots was enhanced, and the colorless solution turned dark black (Supplementary Figure S3). Absorbance at 808 nm increased linearly (Supplementary Figure S4), which suggested that PEI-Bi2Se3 nanodots exhibited good dispersibility in water, and could be excellent photothermal agents for PTT. To investigate the photothermal performance, pure water (control) and aqueous solutions of PEI-Bi2Se3 nanodots (25, 50, 100, 200 μg/ml) were exposed to a NIR laser (808 nm, 1.0 W cm−2) for 10 min. The temperatures of the different PEI-Bi2Se3 nanodot solutions increased rapidly, exhibiting noticeable concentration- and irradiation time-dependent behavior (Figure 2B). This finding indicated that the temperature of the PEI-Bi2Se3 solution could reach up to 70.1°C at a concentration of 200 μg ml−1 (1.0 W cm−2, 10 min), which is highly effective for killing tumor cells via hyperthermia. In contrast, under identical experimental conditions, the temperature of pure water increased by up to 8.4°C (Figure 2C). The IR thermal images of pure water and aqueous solution of PEI-Bi2Se3 nanodots (200 μg ml−1) after a certain duration of irradiation are shown in Figure 2D. The temperature of the PEI-Bi2Se3 aqueous solution (200 μg ml−1) increased rapidly with an increase in the irradiation duration using a laser at 808 nm whereas, under identical conditions, the temperature of pure water increased slowly.
[image: Figure 2]FIGURE 2 | (A) UV–Vis–NIR absorption spectra of PEI-Bi2Se3 nanodots in water with different concentrations of Bi+3. (B) Plot of temperature increase of pure water and aqueous solutions of PEI-Bi2Se3 nanodots of different concentrations upon exposure to a NIR laser at 808 nm (1.0 Wcm−2) as a function of irradiation duration. The temperature was measured every 10 s using a thermocouple microprobe. (C) Plot of temperature change (ΔT) over a period of 600 s vs. the concentration of PEI-Bi2Se3 nanodots. (D) IR thermal images of an aqueous solution of PEI-Bi2Se3 nanodots (200 μg ml−1) and pure water after irradiation for 10 min (808 nm, 1.0 W cm−2). (E) Photothermal response of an aqueous solution of PEI-Bi2Se3 nanodots (200 μg ml−1) after irradiation for 600 s with an NIR laser (808 nm, 1.0 W cm−2). Subsequently, the laser was turned off. (F) Linear time data vs. −lnθ obtained after a cooling period of (E).
PEI-Bi2Se3 nanodots could therefore convert NIR energy into thermal energy rapidly and efficiently, and act as potential photothermal agents during PTT. In particular, the efficiency of photothermal conversion of PEI-Bi2Se3 nanodots was up to 41.3% (Figures 2E,F), which is much higher than that of currently reported photothermal agents, such as PVP-Bi nanodots (∼30%) (Lei et al., 2017), Bi2Se3 nanosheets (∼33%) (Xie et al., 2017), and Cu2−xSe nanocrystals (∼22%) (Hessel et al., 2011). Photostability is another prerequisite for evaluating the performance of photothermal agents during PTT. After irradiation of the aqueous solution of PEI-Bi2Se3 nanodots (200 μg ml−1) using a continuous-wave NIR laser at 808 nm for 1 h (1.0 W cm−2), the color of the solution, UV–Vis–NIR spectrum, and morphology exhibited no distinct changes (Supplementary Figures S5, S6). Hence, PEI-Bi2Se3 nanodots possessed satisfactory photothermal stability. All the results shown above (excellent photothermal effect and good photostability) highlighted the potential of PEI-Bi2Se3 nanodots as suitable agents for PTT of cancer.
Studies on Cytotoxicity and Photothermal Ablation of Tumor Cells
Evaluation of the cytotoxicity of PEI-Bi2Se3 nanodots is important. The cytotoxicity of PEI-Bi2Se3 nanodots was tested by the Cell Counting Kit-8 assay. Even at a high concentration of PEI-Bi2Se3 nanodots (200 μg ml−1), the viability of A549 cells was 96 and 92% after incubation for 24 h (red bars) and 48 h (green bars), respectively (Figure 3A). These results indicated that PEI-Bi2Se3 nanodots exhibited no distinct toxicity towards A549 cells.
[image: Figure 3]FIGURE 3 | (A) Viability of A549 cells incubated with PEI-Bi2Se3 nanodots (0–200 μg ml−1) for 24 and 48 h (B) IR thermal images of A549 cells in a 96-well plate incubated with PEI-Bi2Se3 nanodots after irradiation for 10 min (808 nm, 1.0 W cm−2). (C) Fluorescence images of A549 cells stained with calcein-AM (live cells, green) and PI (dead cells, red) after various treatments. Scale bar = 200 μm.
Because of the outstanding photothermal performance of PEI-Bi2Se3 nanodots, we investigated their photothermal effects against tumor cells. The IR thermal images of A549 cells incubated with PEI-Bi2Se3 nanodots in a 96-well plate are shown in Figure 3B. Notably, the temperature could increase up to 53.8°C under irradiation at 808 nm (1.0 W cm−2) after addition of PEI-Bi2Se3 nanodots to the culture. Cancer cells are sensitive to heat, and can be killed effectively at >42°C. To identify further the anti-cancer effect of PEI-Bi2Se3 nanodots on A549 cells, live and dead cells were imaged using a fluorescence microscope after staining with calcein acetoxymethyl ester (green fluorescence) and propidium iodide (red fluorescence), respectively. In the control groups, notable cytotoxicity was not observed (PBS, PEI-Bi2Se3 nanodots only, laser only), whereas almost no living cells were observed in the PEI-Bi2Se3 + laser group (Figure 3C). These results suggested that the as-synthesized PEI-Bi2Se3 nanodots with low cytotoxicity would produce satisfactory results upon in vivo cancer treatment. In addition, endocytosis pathways were determined in order to identify the uptake mechanism of extracellular PEI-Bi2Se3 nanodots. The cellular uptake of PEI-Bi2Se3 was evaluated by monitoring the fluorescence of FITC in the A549 cells at various incubation times (1, 3, and 6 h). As shown in Supplementary Figure S7, green fluorescence of FITC was observed after 1 h incubation with FITC-labeled PEI-Bi2Se3. The signals increase obviously with incubation time, demonstrating efficient internalization of PEI-Bi2Se3 by cancer cells.
CT Imaging in vitro and in vivo
High resolution, easy manipulation, and high penetrability make CT imaging an important part of medical diagnoses (Lee et al., 2013; Du et al., 2020). Bi element with its large atomic number and high electron density has promising capacity for X-ray attenuation (Kinsella et al., 2011; Li et al., 2016). The X-ray absorption coefficient and iobitridol were compared to evaluate the in vitro CT imaging capability of PEI-Bi2Se3 nanodots. The latter exhibited a much higher CT density than that of iobitridol at equivalent concentrations (Figure 4A), whereas the Hounsfield unit (HU) values of both contrast agents exhibited a typical linear dependence on the concentration (Figure 4B). Compared with the curve for iobitridol, the curve for PEI-Bi2Se3 nanodots had a steeper slope. Hence, the as-synthesized PEI-Bi2Se3 nanodots had superior ability in CT imaging and were effective contrast agents.
[image: Figure 4]FIGURE 4 | (A) In vitro CT images of iobitridol and PEI-Bi2Se3 nanodots at different concentrations. (B) Concentration-dependent CT signals of iobitridol (black line) and PEI-Bi2Se3 nanodots (red line) in vitro. (C) Time-dependent CT imaging of tumor-bearing mice before and after intravenous injection of PEI-Bi2Se3 nanodots. (D) CT signal intensities of the tumor area at different times.
Inspired by the satisfactory CT effect in vitro, we assessed the feasibility of using PEI-Bi2Se3 nanodots as CT contrast agents in vivo. Time-dependent CT imaging was undertaken after tumor-bearing mice were injected (i.v.) with PEI-Bi2Se3 nanodots (Bi concentration = 30 mM, 150 μL). At 0 h–1 h after injection, the CT density at the tumor site brightened gradually (Figure 4C), which was caused by passive accumulation of PEI-Bi2Se3 nanodots at the tumor site through the enhanced permeability and retention effect. Thereafter, the density decreased because some PEI-Bi2Se3 nanodots had metabolized. The mean HU value increased from 40.2 HU (pre-injection) to 40.7 HU (0.5 h) and 51.6 HU (1 h) and decreased gradually from 49.4 HU (2 h) to 46.1 HU (24 h) at the tumor site (Figure 4D). These results demonstrated that PEI-Bi2Se3 nanodots could serve as promising in vivo CT contrast agents for the accurate diagnosis of cancer.
Photothermal Effect, Photothermal Therapy, and Long-Term Toxicity of PEI-Bi2Se3 Nanodots in vivo
Based on the good properties of PEI-Bi2Se3 nanodots at tumor sites (i.e., excellent in vitro photothermal effect, satisfactory CT imaging effect, and outstanding passive targeted accumulation), we studied the feasibility of CT imaging-guided PTT of cancer in vivo. PEI-Bi2Se3 nanodots (Bi concentration = 20 mg kg−1) were injected (i.v.) into tumor-bearing mice. Obvious enhancement was observed 1 h after injection, so the tumor was irradiated using a laser at 808 nm (1.0 W cm−2) 1-h later, and the photothermal effect in vivo was monitored by an IR thermal camera. The temperature at the tumor site in the treatment group increased rapidly as the duration of irradiation increased (Figure 5A) but the temperature at the tumor site did not show a significant change compared with that in the control group. The corresponding curve detailing temperature variation is shown as Figure 5B. After 10 min of NIR irradiation (808 nm, 1.0 W cm−2), in the presence of PEI-Bi2Se3 nanodots, the temperature at the tumor sites was as high as 51.1°C whereas, in the control group, a minor increase in temperature was observed. Hence, PEI-Bi2Se3 nanodots could serve as excellent photothermal agents for in vivo tumor ablation: they could kill cancer cells and inhibit their continued diffusion.
[image: Figure 5]FIGURE 5 | (A) IR thermal images and (B) corresponding curve showing the temperature variation of tumor-bearing mice injected (i.v.) with PBS (control) or PEI-Bi2Se3 nanodots, followed by irradiation with a laser at 808 nm for 10 min (C) Bodyweight of mice and (D) curves showing relative tumor growth in different groups after various treatments. (E) Mean tumor weight of each group after various treatments. (F) Photographs of tumors of each group and (G) H&E staining of tumor slides collected from different groups. All scale bars = 100 µm.
A tumor model was established by injecting (s.c.) U14 cells into the left axilla of female Kunming mice. Once the tumors had grown to ∼100 mm3, mice were used for experimentation. The mice bearing the U14 cells were divided randomly into four groups of six: 1) control; 2) laser only; 3) PEI-Bi2Se3 nanodots; 4) PEI-Bi2Se3 nanodots + laser. The tumors in mice were irradiated (808 nm) 1 h after injection of PEI-Bi2Se3 nanodots. The bodyweight and tumor volume of mice were measured every 2 days to evaluate therapeutic efficacy. After various treatments, the bodyweight of mice showed a steady increase (Figure 5C), thereby indicating that PEI-Bi2Se3 nanodots did not produce toxic side-effects during PTT. The tumor volume of each mouse was measured using a Vernier caliper, and plotted as a function of the relative tumor volume and treatment duration (Figure 5D). The average weights of excised tumors are shown in Figure 5E, and representative tumor photographs of each group are shown in Figure 5F. Compared with groups 1–3, the growth of tumors in group 4 was inhibited significantly after 14 days of PTT. In addition, hematoxylin and eosin (H&E) staining revealed no appreciable damage in groups 1–3; simultaneously, severe shrinkage and discrete cancer cells were observed clearly in group 4 (Figure 5G). Taken together, these results demonstrated that PEI-Bi2Se3 nanodots possessed potential as ideal and safe photothermal agents for cancer treatment.
The potential long-term toxicity of PEI-Bi2Se3 nanodots in vivo was also investigated. Thirty days after injection, pathological samples of major organs (heart, lungs, liver, spleen, kidneys) from control mice and treated mice were obtained. H&E staining (Figure 6) revealed no distinct tissue damage or inflammatory lesions in any major organ. Moreover, there were no abnormal signs in treated mice during the entire observation period. These results confirmed that PEI-Bi2Se3 nanodots were not significantly toxic in vivo.
[image: Figure 6]FIGURE 6 | H&E staining of major organs (heart, liver, spleen, lungs, and kidneys) of mice 30 days after injection of PEI-Bi2Se3 nanodots. All scale bars = 100 µm.
CONCLUSION
Ultrasmall PEI-Bi2Se3 nanodots were fabricated via an ultrafast, facile, and environmentally friendly method. The obtained PEI-Bi2Se3 nanodots could ensure good contrast enhancement owing to their high X-ray attenuation coefficient, and showed good photothermal killing effects in vitro and in vivo owing to considerable photothermal-conversion effects. Moreover, PEI-Bi2Se3 nanodots possessed negligible long-term toxicity in vivo. Therefore, we believe that the as-synthesized PEI-Bi2Se3 nanodots are useful theranostic agents for CT-imaging-guided PTT of cancer.
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Gold nanorods (GNRs) are intensively explored for the application in cancer therapy, which has motivated the development of photothermal therapy (PTT) multifunctional nanoplatforms based on GNRs to cure osteosarcoma (OS). However, the major limitations include the toxicity of surface protectants of GNRs, unsatisfactory targeting therapy, and the resistant effects of photothermal-induced autophagy, so the risk of relapse and metastasis of OS increase. In the present study, the GNR multifunctional nanoplatforms were designed and synthesized to deliver transcription factor EB (TFEB)-siRNA–targeting autophagy; then, the resistance of autophagy to PTT and the pH-sensitive cell-penetrating membrane peptide (CPP) was weakened, which could improve the tumor-targeting ability of the GNR nanoplatforms and realize an efficient synergistic effect for tumor treatment. Meanwhile, it is worth noting that the GNR nanoplatform groups have anti-lung metastasis of OS. This study provides a new reference to improve the efficacy of OS clinically.
Keywords: gold nanorods, photothermal therapy, RNA interference, osteosarcoma, autophagy
INTRODUCTION
Surgical resection of solid tumors and postoperative chemotherapy and radiotherapy are currently adopted for the treatment of malignant tumor, but the side effects of chemotherapeutic drugs and the development of resistant tumor cells lead to patient intolerance, tumor recurrence, and distant metastases (Holohan et al., 2013; Wyld et al., 2015; Zugazagoitia et al., 2016). Photothermal therapy (PTT) is a promising and effective approach in cancer therapy, and it applies light-absorbing nanomaterials to convert light radiation into heat so as to kill tumor cells (Riley and Day 2017). The approach displays many advantages, including high penetration depth in the biological tissues, minimal invasiveness to normal tissues, high spatial precision, and so on (Xu et al., 2020). It has been studied that NIR triggers nanomaterial-induced PTT that could be used as an effective way to treat deep tissue pancreatic cancer and gallbladder disease (Ma et al., 2018; Cai et al., 2020; Jia et al., 2020). PTT also could enhance the antitumor immune response after the highly immunogenic thermal death of tumor cells (Liu et al., 2018) and promote tumor infiltration of CAR T cells (Chen et al., 2019), which makes. These characteristics of PTT enable it suitable for the treatment of some highly malignant and aggressive metastatic tumors that are difficult to be completely removed with surgery, such as osteosarcoma (OS). For the malignant tumor with the highest incidence in the skeletal system (Luetke et al., 2014), a major problem, as yet unsolved, is that patients with relapsed or unresectable OS have dismal prognosis (Ritter and Bielack 2010; Harrison et al., 2018). A recent study has revealed that PTT inhibited the tumor growth in an OS mouse model (Xiong et al., 2021). However, the nanomaterial-triggered PTT could not exhaustively eradicate the tumor for the nonuniform distribution of hyperthermia (Zhang et al., 2013; Li et al., 2015) and the production of resistant tumor cells. Therefore, the development of an advanced PTT-based strategy with a stable photothermal conversion rate could improve cancer cell killing via countering resistance, with great potential for clinical transformation.
[image: Graphical ABSTRACT]GRAPHICAL ABSTRACT | Schematic representation of the photothermal therapy approach using GNR@siRNA/CPP multifunctional nanoplatforms in osteosarcoma.
In the process of photothermal treatment of the tumor, the photothermal absorption capacity is highly dependent on the photothermal conversion rate of the photothermal material and the laser wavelength (Liu et al., 2017). With prominent optical absorption and excellent photothermal conversion efficiency in the near-infrared (NIR) window, MoS2-based nanocomposites can be used for cancer therapy. However, it is still difficult to synthesize stable MoS2 nanocomposites that may also interfere with the reproductive system (Ai et al., 2021). Another nanomaterial, namely, copper selenide, has broad application prospects in the field of near-infrared thermal ablation for its localized surface plasmon resonance (LSPR) in the near-infrared region. But copper selenide is easy to be oxidized to release copper ions, thus causing LSPR changes, and trigger adverse effects in vivo, and these characteristics limit its clinical application (Wang et al., 2021). Gold nanorods (GNRs) have a mature synthetic method without genotoxicity (Zarska et al., 2018). Meanwhile, GNRs have been explored as light-absorbing nanomaterials for cancer therapy for their unique biological characteristics, strong absorption of light in the near-infrared region, and excellent photothermal conversion (Huang et al., 2009). The size of the gap between tumor vascular endothelial cells and normal vascular endothelial cells is different, and thus, the number of nanocarriers was designed to enhance passive accumulation and extend blood circulation at tumor sites by increasing permeability and retention (EPR) (Golombek et al., 2018) effects, which could weaken cellular uptake, in turn.
A cell-penetrating membrane peptide (CPP) is a small molecule polypeptide which can carry various cargoes across the cellular membranes in an intact, such as liposomes, full-length proteins, nucleic acids, and nanoparticles (Taylor and Zahid 2020). Studies have confirmed that CPP-functionalized gold nanorods could improve the cell penetration, exert excellent efficacy (Riveros et al., 2020), and improve the targeting of tumor cells (Tan et al., 2017). The characteristic features of acidosis in tumor microenvironments are taken as advantages to synthesize pH-responsive CPP and realize the targeting of therapeutic drugs to tumor tissue, and it is undoubtedly a strategy for the treatment of tumors. One study pointed out that pH-controllable CPP provided an active cell-penetrating characteristic in tumors (Lee et al., 2017), while the role of CPP-functionalized gold nanorods in the treatment of OS was rarely been reported.
As a physiological activity of cells to maintain substance metabolism, internal environment stability, and genome integrity, autophagy also plays an important role in the abnormal proliferation of tumor cells (Levy et al., 2017). The activation of autophagy helps to remove damaged and aging organelles timely and maintain the continuous abnormal proliferation of tumor cells (Ravanan et al., 2017). In addition, the development of drug resistance in cancer cells has become a major barrier for the effective treatment of cancer with chemotherapy, and autophagy has been proved to be involved in the production of resistant cancer cells (Li et al., 2017; Taylor et al., 2018). In addition, the activation of autophagy provides necessary energy and nutritional supply for DNA repair and delays cell apoptosis following photothermal therapy (Wu et al., 2018; Zhang et al., 2019). On the other hand, the surface chemistry of GNRs mediates their biological toxicity, and CTAB-GNRs induce cell apoptosis and autophagy by damaging the mitochondria and activating intracellular reactive oxygen species (ROS) (Wan et al., 2015). Research studies have confirmed that near-infrared photothermal therapy using gold nanoparticles could increase autophagic cell death in breast cancer (Zhang et al., 2017), and the autophagy suppressor enhances the efficacy of PTT in tumor cells (Ma et al., 2018). In the process of clinical application, near-infrared photothermal therapy could overcome autophagy-induced resistance to PTT and chemotherapy in the treatment of tumors, increase the dose of chemotherapeutic drugs, the treatment temperature, or extend the irradiation time, which may result in unpredictable damage to normal tissues. Gene silencing is a promising technique for cancer treatment with precision and few side effects. The silencing of the transcription factor EB (TFEB) gene has positive effects on autophagy inhibition and antitumor activities (Golombek et al., 2018; Li et al., 2019; Astanina et al., 2021). However, the renal clearance, nuclease degradation, and the positive charge of siRNA prevent its diffusion across cellular membranes during siRNA delivery (Kulkarni et al., 2019), which still needs to be addressed.
In this report, the aim was to construct a multifunctional GNR-based therapeutic system combined with pH-sensitive CPP to improve the uptake efficiency of cells and tumor targeting. Importantly, efficient delivery of siRNA (target lysosomes) significantly restrained the PTT-induced autophagy and then weakened the resistance of autophagy to PTT. Therefore, this study provides a potential platform for PTT to treat cancer with superior efficacy.
MATERIALS AND METHODS
Chemical and Reagents
TFEB siRNA was designed by TSINGKE (Beijing, China). The sequences are as follows: 5’-: GAU​GUC​AUU​GAC​AAC​AUU​ATT and R: UAA​UGU​UGU​CAA​UGA​CAU​CTT-3’. Chloroauric acid (HAuCl4.4H2O), sodium chloride, hexadecyltrimethylammonium bromide (CTAB), l-Ascorbic acid, sodium borohydride (NaBH4), silver nitrate (AgNO3), l-ascorbic acid, poly (diallyldimethylammonium chloride) (PDDAC, MW 100,000–200,000 g/mol), and poly (sodium 4-styrenesulfonate) (PSS) were purchased from Aldrich (Shanghai, China). Hydrochloric acid (HCl) was obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Cell-penetrating peptides [CPP, Pep-TH, AGYLLGHINLHHLAHL (Aib) HHIL-Cys] (Supplementary Figure S1A) were supplied by Shanghai Apeptide Co., Ltd. (Shanghai, China). More than 95% of the pure peptide was analyzed by LC-MS and 2467.90 of the molecule was analyzed by high-performance liquid chromatography (HPLC) (Supplementary Figures S1B,C).
Synthesis of GNRs, GNR@siRNA, and GNR@siRNA/CPP
To synthesize the GNRs, a seed-mediated growth method (El-Sayed, 2003) was adopted. Briefly, under vigorous stirring, 0.6 ml of 10 mM fresh NaBH4 was immediately injected into 5 ml of 0.5 mM HAuCl4, and they were mixed with 5 ml of 0.2 M CTAB solution. The color changed from yellow to bright brown, and the stirring was stopped. This seed solution was aged at least 1 h before being used. A total of 15 ml (0.1 M) AgNO3 and 1.2 ml (5 mM) HAuCl4 were added to 6 ml (0.2 M) CTAB together. Afterward, 720 ml (10 M) Mascorbic acid and 15 ml (1.2 M) HCl were added to the solution and swirled until the color changed from dark orange to colorless. Then, 12 ml of the seed solution was added. Finally, the GNRs were harvested by centrifugation at 10,000 rpm for 10 min. In the synthesis of GNR@siRNA/CPP, the GNRs are scattered to 2 ml of 10 mg/mLPSS (dispersed in 1 mM NaCl) and stirred for 2 h at room temperature to get PSS-coated GNRs (GNR/PSS) by adopting a similar method to the PDDAC further coated. Subsequently, the GNRs/PSS/PDDAC were mixed with different amounts of siRNAs and incubated for 1 h to obtain GNR/PSS/PDDAC@siRNA (GNR@siRNA). In the synthesis of GNR@siRNA/CPP, the GNR@siRNA nanoplex was mixed with different amounts of CPP by pipetting and incubated for 24 h at room temperature.
Cell Culture
Human OS cell lines (HOSs), U2-OS (U2), 143B, and MG-63 were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China, cultured in Dulbecco’s modified Eagle’s medium) (DMEM), supplemented with 10% fetal bovine serum (FBS) and 1% antibiotics (penicillin–streptomycin). All cells were maintained at an appropriate atmosphere.
Characterizations
The molecular weight and the purity of the sample were confirmed by Shimadzu LCMS-2020 and high-performance liquid chromatography (HPLC), respectively. Transmission electron microscopy (TEM, Hitachi H-7650) was used to observe the morphology of GNR nanoplatforms. The zeta potentials of the samples were investigated on a zetasizer (Malvern Instruments, UK), and the absorption spectra were performed on a TU-1810 UV-V spectrophotometer.
Agarose Gel Electrophoresis
The GNR nanoplexes with different siRNA ratios were loaded onto 1% agarose gels with 0.5 mg/ml ethidium bromide. The gels were electrophoresed at 100 V (15 min) and acquired by using UV light on a Gel Doc 2000 imager system (Bio-Rad, Munich, Germany).
In Vitro Photothermal Measurement
Cells were plated on 12-well tissue culture plates and incubated for 24 h, and the culture medium was then removed and replaced with a culture medium containing the conjugated nanoparticles. Afterward, each sample was exposed or unexposed to a near-infrared (NIR) laser (808 nm, Tengxing Electronic Technology Co., Ltd. Guangdong, China) at 1 W/cm2 for 5 min. Finally, a high-precision infrared thermal imager (ST9450, Xima, Guangzhou, China) was applied to monitor the temperature change.
Cell Invasion and Migration Assays
Cells were seeded into the well plate with different treatment. After 24 h, the Cell Counting Kit-8 (Dojindo, Japan) dye was added to investigate cellular survival. For the wound-healing assay, a wound was made using a pipette tip, and when the cell proliferation reached approximately 80% confluence in the 6-well plate, it was used to detect cell migration. Transwell chambers (Corning Life Science, United States) were chosen to determine cell invasion and migration abilities.
Measurement of Endocytosis
Cells were grown to about 80% confluence in 12-well plates and then incubated with siRNA (labeled with the green fluorescent FAM), GNR@siRNA, and GNR@siRNA/CPP for 24 h, respectively. After the culture medium was removed, a confocal laser microscope (Nikon, A1PLUS, Tokyo, Japan) was used to capture fluorescence images immediately, and the densities of the fluorescence intensity were analyzed using ImageJ software (NIH, Bethesda, MD, United States).
Live/Dead Staining
Cells were seeded in well plates and grown to about 80%, treated with different nanoparticles for 24 h, and then irradiated under 808 nm NIR laser (1 W/cm2) for 5 min. Next, 2 μM calcein (Beyotime, China) and 50 μg/ml PI (Beyotime, China) were used to stain the cells for 10 min before observation by confocal laser microscopy (Nikon, A1PLUS, Tokyo, Japan).
In Vivo Experiments
All animal experiments complied with the guidelines and followed a protocol that was approved by the Research Ethics Committee of Zhejiang University, China (Permit No. 2019/053). Nude mice (4-week-old, male) were obtained from the Shanghai Laboratory Animal Center (Chinese Academy of Science, Shanghai, China). The mice were raised under specific pathogen-free conditions and inoculated with 2 × 106 HOS cells via the marrow cavity of the right tibia and armpit subcutaneously. After 7 days, these mice were randomized into four groups. The mice received the GNR complex (10 mg/kg) and an equivalent volume of PBS (CON group) with a time interval of 4 days, respectively. Tibial axillary and armpit tumors were harvested 3 weeks after treatment, with each tumor being weighed. The tumor sizes were calculated as volume (cm3) = [π × width2 (cm2) × length (cm)]/6.
Western Blotting
Cellular proteins (60 μg) were transferred onto a polyvinylidene fluoride membrane (Bio-Rad Laboratories), and after being blocked by 5% fat-free milk for 1.5 h, the membranes were incubated with the following primary antibodies: active caspase-3 (1:1,000, CST), LC3I/II (1:1,000, Proteintech Group, Inc.), and GAPDH (Cat: RT1210-1, Huabio) overnight at 4°C. Then, the membranes were incubated with a secondary antibody for 1 h. The signals were visualized with the ChemiDocTM XRS + Imaging System (Bio-Rad Laboratories, Hercules, CA, United States).
Immunofluorescence
After the samples were fixed with 4% paraformaldehyde and blocked by 5% bovine serum albumin (BSA), the samples were incubated with the following primary antibodies: active caspase-3 (1:100, CST) and LC3B (1:200, Proteintech Group, Inc.) at 4°C overnight. Afterward, the samples were incubated with the secondary antibody (1:1,000, Huabio), and the sections were then restained with an anti-fluorescent quench sealant (Yeasen). The fluorescence images were captured by confocal laser microscopy (Nikon, A1PLUS, Tokyo, Japan), and the densities of the fluorescence intensity were analyzed using ImageJ software (NIH, Bethesda, MD, United States).
Hematoxylin and Eosin
Tissues were harvested and fixed in 4% (w/v) paraformaldehyde for 24 h, after gradient alcohol dehydration and being embedded in paraffin wax. The sections were then prepared and mounted on slides for H&E and cresyl violet staining. Images were obtained by light microscopy.
Statistical Analysis
All data were presented as means ± SEM. Differences between two groups were determined using Student’s t-test, whereas one-way ANOVA followed by Dunnett’s post hoc test was used to determine differences among multiple groups. p value < 0.05 was considered to be significant.
RESULTS AND DISCUSSION
Synthesis and Characterization of the GNR@siRNA/CPP System
In this study, the GNR@siRNA/CPP delivery vehicle was acquired via a well-developed layer-by-layer assembly approach. Before PDDA (positively charged) coating, the original CTAB on the surface of GNRs was replaced by the sodium polystyrene sulfonate (query) (PSS, negatively charged) layer. Meanwhile, the PDDA made the siRNA electrostatic bond with GNRs. Next, CPP was immobilized on the GNR surface by sulfur–gold bonds (Figure 1A). As revealed by TEM (Figure 1B), the GNR@siRNA/CPP indicated a regular rod-shaped and well-dispersed character, and being proved after modification and conjugation, GNRs were still in a well-dispersed status. The zeta potential values of the CTAB–GNRs, PSS-GNRs, PSS-PDDA–GNRs, PSS-PDDA–GNR@siRNA, and PSS-PDDA–GNR@siRNA/CPP were + 34.3, −6.5, + 19.1, −6.4, and + 10.7 mV, respectively (Figure 1C). After the incubation of the cationic GNR/PSS/PDDAC substrate with anionic siRNA, the zeta potentials reverse from positive to negative, while that after the anionic GNR/PSS/PDDAC/siRNA substrate with cationic CPP, the zeta potentials reverse from negative to positive, which suggests the binding of CPP with GNRs-siRNA in the final GNRs-siRNA/CPP. Being attributed to the siRNAl and CPP doping, the GNR complex exhibited a continuous red shift that was observed from the longitudinal SPR (LSPR) in the absorption spectra (Figure 1D). Based on the above experimental results, we concluded that the siRNA and CPP were successfully bound to the surface of GNRs.
[image: Figure 1]FIGURE 1 | Characterization of the nanoplatforms. (A) Schematic illustration of the synthesis of GNR@siRNA/CPP nanorods. (B) TEM images of GNR@siRNA/CPP nanorods. (C, D) Zeta potential and UV-vis spectrum of GNRs, GNR-PSS, GNR-PSS-PDDAC, GNRs-PSS-PDDAC-siRNA (GNRs@siRNA), and GNR/PSS/PDDAC-siRNA-CPP (GNR@siRNA/CPP). (E, F) Agarose gel retardation assay of GNR/siRNA complexes under various weight ratios and protection of siRNA against fetal bovine serum digestion. (G) siRNA cumulative release from GNR@siRNA/CPP complexes at different points in time.
Two important factors, the binding stability and release of siRNA, needed to be considered before the siRNA delivery platform was performed. The agarose gel electrophoresis assay was used to investigate the optimal binding ratio of GNRs to TFEB siRNA. As shown in Figure 1E, when the mass ratio of GNRs to siRNA is 16:1, siRNA almost completely binds to GNRs. And then, the GNR@siRNA was incubated in 50% fetal bovine serum (FBS) at 37°C for different time periods, and after 24 h of incubation, the particle-bound siRNA still remained intact, which confirms the stability of the delivery system siRNA that binds to GNRs. The released siRNA was also tested from the GNR@siRNA/CPP via the absorbance of the supernatant at 260 nm. After 24 h, the accumulated siRNA release reached about 35% (Figure 1G) that was enough to make the biological availability. The Micro BCA assay was used to measure the peptide contents on the GNRs (Figure 2A). When the ratio between the peptide and GNRs was greater than 1:1, about 6% of the total weight of GNR@siRNA/CPP can provide excellent biological functions. In addition, the photothermal conversion ability of the GNR complex was also tested. Various concentrations of GNR complexes can be heated from room temperature to about 49.7–70.8°C after 5 min irradiation under an 808 nm laser (Figures 2B,C), and all GNR complexes can realize ternary heating–cooling cycle for the excellent photothermal stability (Figure 2F).
[image: Figure 2]FIGURE 2 | Characterization of the GNR/CPP complexes. (A) Peptide content on GNR/CPP complexes surface under various weight ratios. (B) Temperature plot of different concentrations of GNRs irradiated by 808 nm laser irradiation (1 W/cm2). (C) Temperature changes of GNRs and GNR complexes irradiated by 808 nm NIR laser. (D) Temperature change curves of the GNR@siRNA and GNR@siRNA/CPP irradiated by 808 nm laser.
Cellular Uptake of the GNR@siRNA/CPP System.
 The pharmacokinetic and biodistribution of nanoplatforms need to be considered before treatment. It has been reported that coated gold nanorods were injected intravenously in mice, and their concentration peaked in the blood about 1 h later. After 24 h, they were basically cleared and gradually increased in tissues and organs. Meanwhile, they could still be detected after 24 h, mainly in the spleen, liver, and tumor tissues (Arunkumar et al., 2015; Puleio et al., 2020). The cellular uptake of GNR@siRNA/CPP was detected in HOS and U2 osteosarcoma cell lines. As illustrated in Figures 3B,C and Supplementary Figures S2A,B, FAM siRNA was observed in GNR complex groups by laser confocal, and the fluorescence intensity follows the hierarchy: GNR@siRNA/CPP > GNR@siRNA > GNRs > CON group. TEM images were used to visualize the nanorods in the cells, and the results (Figure 3A; Supplementary Figure S2C) showed the same results as laser confocal. These results suggested that CPP increased the amount of GNR complex cellular uptake by OS cells. To further explore the effectiveness of siRNA vectors, the expression of the target protein TFEB and the lysosomes was detected in OS cells. As anticipated, free siRNA did not have effects on the expression of TFEB protein levels; the GNR complexes inhibited the expression of TFEB protein, and the GNR complex with CPP showed stronger inhibition in OS cells (Figures 3F,G). The LysoTracker red staining assay was conducted to investigate the number of lysosomes in OS cells. As demonstrated in Figures 3D,E and Supplementary Figures S2D,E, the number of lysosomes in OS was unaffected by free siRNA, and the GNR complexes inhibited the lysosomal formation in OS cells. The autophagy-related protein LC3B was also investigated in OS cells. As displayed in Figure 3K, the expression of LC3B was significantly increased in the GNR group, which was reversed by the GNR@siRNA group under NIR irradiation. However, it did not have that trend without NIR irradiation in OS cells. Additionally, the free siRNA did not inhibit the LC3B protein expression, and compared with the GNR@siRNA group, the GNR@siRNA/CPP group exerted much effective ability for the promotion of the expression of LC3B protein in OS cells (Figures 3H–K; Supplementary Figures S2F–I). Therefore, it was concluded that an siRNA delivery vector that can efficiently transport siRNA and realize the efficient gene silencing of the target gene was constructed successfully.
[image: Figure 3]FIGURE 3 | Nanoplatforms inhibits lysosome formation. (A) TEM images of GNR@siRNA and GNR@siRNA/CPP in OS cells. (B, C) Fluorescent images of OS cells incubated with siRNA (labeled with the green fluorescent FAM), GNR@siRNA, and GNR@siRNA/CPP, respectively. (D, E) Confocal microscopic images of Lyso Tracker for lysosomes (red) in OS cells. (F, G) Protein expression and densitometric quantification of TFEB in different groups. (H–K) Protein expression and densitometric quantification of LC3B in different groups. (n = 5 per group; *p < 0.05 vs. CON group, **p < 0.01 vs. siRNA group, #p < 0.05 vs. siRNA group or GNR@siRNA group; &p < 0.05 vs. GNR@siRNA group).
In Vitro Photothermal Effects
The cytotoxicities of GNR complexes on OS cells were first investigated by the cell survival rate via the CCK8 assay. As shown in Figure 4A; Supplementary Figures S3A–C, GNR complexes have no effects on the survival rate of OS cells without laser irradiation, suggesting that the GNR complexes are non-toxic themselves. When OS cells were exposed to GNR complexes, the survival decreased was dose-dependent under laser irradiation conditions. Furthermore, due to higher cellular uptake of GNR@siRNA/CPP, the GNR@siRNA/CPP group had better ability to kill tumor cells, which was further confirmed by Cal/PI double staining and Western blot for the apoptotic protein (Figures 4B,C; Supplementary Figures S3D,G). Hence, it can be concluded that gene silencing by GNR complexes and photothermal effects can synergically kill OS cells, and CPP increases GNR complex entry into tumor cells and promotes apoptosis. Most cancer-related deaths are attributable to metastases, but the current clinical treatments are unsatisfactory (Liao et al., 2021). Transcription factor EB (TFEB) links autophagy to lysosomal biogenesis (Settembre et al., 2011) and promotes metastasis in cancer (Liang et al., 2018; He et al., 2019). Moreover, autophagy has been confirmed to be involved in modulating tumor cell motility and invasion (Sharifi et al., 2016). Hence, the experiment was performed to determine whether GNR complexes have effects on the migration of OS cells, and the GNR complexes were exposed to the OS cells under 808-nm near-infrared (NIR) light, where the temperature was regulated without affecting the cell viability/proliferation. Our results demonstrated that the invasion and migration of the GNR complex groups were significantly abrogated in OS cells, compared with those in CON and GNR groups (Figure 4H; Supplementary Figures S3H–J), which was similar to the results observed in the wound-healing assay (Figure 4I; Supplementary Figure S3K), suggesting that the nanocarrier successfully transported the interfering gene with inhibitory effects on OS cells in vitro.
[image: Figure 4]FIGURE 4 | Nanoplatforms inhibit OS cell activity in vitro. (A) Cell-survival rate in OS cells. (B, C) Living/dead staining of OS cells incubated with 100 μg/ml GNRs and GNR complexes for 24 h and then irradiated under 808 nm NIR laser (1 W/cm2). (D, E) Immunofluorescence staining of c-caspase-3 in different groups. (F, G) Western blotting and densitometric quantification. (H) Migration and invasion assay in different groups. (I) Wound-healing assay in different groups. (n = 5 per group; **p < 0.01 or ***p < 0.001 vs. CON group; ##p < 0.01 vs. GNR@siRNA group; #p < 0.05 vs. GNR@siRNA group).
In Vivo Experiment
To further verify the efficacy of the GNR complex for OS, we tested in situ and subcutaneous mouse models of OS. In in situ mouse models, the GNR complex decreases the growth of the tumors compared with that of the control group and decreases the growth of the tumors with the following hierarchy: GNR@siRNA/CPP > GNR@siRNA GNRs > CONgroup (Figures 5A–C). Being encouraged by the antitumor efficacy of the GNR complex in vivo, it was necessary to evaluate the conversion property of nanocomposites under NIR light in vivo. We investigated the photothermal therapy of GNR complexes by performing with an 808 nm laser. After irradiation for 8 min, the tumor area in CON, GNR, GNR@siRNA, and GNR@siRNA/CPP showed temperatures of 38.7°C, 45.1°C, 45°C, and 47.4°C, respectively (Figure 5D), which were enough to achieve the effects of tumor ablation in the GNR and GNR complex groups. pH-sensitive CPP increased the GNR complex into the tumor cells, thus leading to sufficient tumor ablation. In subcutaneous mouse models, the GNR complex presented the same inhibiting tumor growth tendency and photothermal conversion ability with that in situ mouse models (Figures 6A–D). Next, the cleaved caspase-3 and LC3B-positive cells in the tumor tissue were detected. The GNR@siRNA/CPP group resulted in a more remarkable increased apoptosis of tumor cells than other groups (Figures 5E,F). The hierarchy of the amount of LC3B-positive cells is as follows: GNR@siRNA/CPP > GNR @siRNA > GNRs > CON group (Figures 5G,H). This indicated that the silencing of the TFEB gene by the GNR complex reduced the generation of lysosomes and the binding between lysosomes and autophagosomes, thereby leading to the blocked autophagy. LC3B accumulation increases the photothermal effects and tumor cell apoptosis.
[image: Figure 5]FIGURE 5 | Nanoplatforms inhibit the growth of the marrow cavity of OS in vivo. (A–C) Photographs of harvested xenograft tumors in different groups. (D) Thermographs of mice recorded in different groups by NIR irradiation for various times. (E–H) Immunofluorescence staining of c-caspase3 and LC3B in different groups. (n = 5 per group; *p < 0.05 vs. CON group; #p < 0.05 vs. GNR group; &p < 0.05 or &&p < 0.01 vs. GNR@siRNA group).
[image: Figure 6]FIGURE 6 | Nanoplatforms inhibit the growth of OS subcutaneously and pulmonary metastasis in vivo. (A–C) Tumor formation in different groups. (D) Thermographs of mice recorded in different groups by NIR irradiation for various times. (E, F) Photographs and H&E staining of lung tissues in different groups. (G) H&E staining of organ tissues of mice in different groups. (n = 5 per group; *p < 0.05 vs. CON group; #p < 0.05 or ##p < 0.01 vs. GNR group; &&p < 0.01 or &&&p < 0.001 vs. GNR@siRNA group).
In vitro, we have demonstrated that GNR complexes abrogated the invasion and migration of OS cells, and some studies have revealed that patients with osteosarcoma had evidence of metastases at diagnosis, mostly in the lungs (Meazza and Scanagatta, 2016). Therefore, we examined the influences of the GNR complex on lung metastasis of OS in vivo. As presented in Figures 6E,F, the lungs of the CON group exhibited multiple small metastatic tumor nodules which increased compared with the GNR complex group, and the hierarchy of the GNR complex inhibited lung metastasis of OS as follows: GNR@siRNA/CPP > GNR @siRNA > GNRs > CON, indicating that the nanocarrier is successful in transporting cargoes and facilitating biological functions of the cargo in vivo. The biosecurity of the GNR complex was also detected by the H&E-stained vital organs, and no obvious damage was observed in H&E-stained histopathological slices of the heart, liver, spleen, lungs, and kidneys (Figure 6G). In summary, the GNR complex was designed and synthesized by exerting an admirable ability to carry siRNA, and pH-sensitive CPP increased the tumor-targeting ability of the GNR complex, which plays a synergistic role in gene silencing and photothermal ablation of tumor in vivo experiments.
CONCLUSION
In this study, the GNR@siRNA/CPP nanoplatforms were designed to efficiently deliver siRNA oligos targeting TFEB so as to promote photothermal therapy. The multifunctional nanoplatforms exhibited excellent biocompatibility, photothermal conversion property, and stability. The GNR conjugation with pH-sensitive CPP resulted in the uptake efficiency of the nanoplatforms by OS cells, and tumor targeting was improved. In addition, the multifunctional nanoplatforms provide an effective protection of siRNA from unexpected degradation and a stable release rate. It was demonstrated that TFEB-siRNA delivered efficient intracellularly by GNR significantly, weakened the formation of autolysosomes, induced the inhibition of autophagy in OS cells, and then weakened the resistance of autophagy to PTT. Most importantly, the GNR@siRNA/CPP nanoplatforms exerted efficacy to suppress metastasis of OS. Both in vitro and in vivo anti-osteosarcoma effects were remarkably enhanced, which attributes to the synergistic effects by GNR@siRNA/CPP nanoplatforms under NIR irradiation conditions. Therefore, this study indicated a potential multifunctional nanocarrier system for tumor therapy and metastasis.
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Supplementary Figure S1 | Characterization of the GNR/CPP complexes. (A) Structural diagram of the cell-penetrating membrane peptide (CPP). (B, C) Molecular weight of CPP detected by MS and the purity of CPP detected by HPLC.
Supplementary Figure S2 | Nanoplatforms inhibit lysosome formation. (A, B) Fluorescent images of OS cells incubated with siRNA (labeled with the green fluorescent FAM), GNR@siRNA, and GNR@siRNA/CPP, respectively. (C) TEM images of GNR@siRNA and GNR@siRNA/CPP in OS cells. (D, E) Confocal microscope images of Lyso Tracker for lysosomes (red) in OS cells. (F–I) Protein expression and densitometric quantification of LC3 in different groups. (n = 5 per group; *p < 0.05 vs. CON group, **p < 0.01 vs. siRNA group, #p < 0.05 vs. siRNA group or GNR@siRNA group; &p < 0.05 vs. GNR@siRNA group).
Supplementary Figure S3 | Nanoplatforms inhibit OS cell activity in vitro. (A–C) Cell survival rate in OS cells. (D, G) Living/dead staining of OS cells incubated with 100 μg/ml GNRs and GNR complexes for 24 h and then irradiated under 808 nm NIR laser (1 W/cm2). (E, F) Immunofluorescence staining of c-caspase3 in different groups. (H–J) Migration and invasion assay in different groups. (K) Wound-healing assay in different groups. (n = 5 per group; **p < 0.01 or ***p < 0.001 vs. CON group; ##p < 0.01 vs. GNR@siRNA group; #p < 0.05 vs. GNR@siRNA group).
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Mitochondria, as one of the most critical subcellular organelles of cancer cells, are very vulnerable and often on the verge of oxidative stress. The classic chemodynamic therapy (CDT) directly employs endogenous chemical energy to trigger reactive oxygen species (ROS) burst and destroy tumor cells. However, the effectiveness of CDT is restricted by the limited diffusion distance and short half-life of ROS. From this perspective, the treatment method (mitochondria-targeting chemodynamic therapy nanodrugs, M-CDT nanodrugs) that can generate high levels of ROS at the mitochondrial site is extremely efficient and promising for cancer treatment. Currently, many emerging M-CDT nanodrugs have been demonstrated excellent spatial specificity and anti-cancer efficacy. In this minireview, we review various proof-of-concept researches based on different M-CDT nanodrugs designs to overcome the limits of the efficacy of CDT, mainly divided into four strategies: supplying H2O2, non-H2O2 dependent CDT, eliminating GSH and enhancing by hyperthermia therapy (HT). These well-designed M-CDT nanodrugs greatly increase the efficacy of CDT. Finally, the progress and potential of M-CDT nanodrugs are discussed, as well as their limitations and opportunities.
Keywords: chemodynamic therapy, mitochondria-targeting, nanomaterials, cancer therapy, reactive oxygen species
INTRODUCTION
Many new therapeutic targets and emerging therapies have been developed to find the Achilles heel of cancer cells (de Lázaro and Mooney, 2021). However, most therapy methods cannot completely kill malignant tumors or prevent the formation and recurrence of metastatic tumors (Chen et al., 2020). Mitochondria, as one of the most critical organelles in cancer cells, play a vital role in the energy supply, calcium homeostasis regulation, and signal transduction of cancer cells (Jiang et al., 2021). Mitochondria are also the key regulators of the apoptosis pathway. Damaged mitochondria release pro-apoptotic proteins (like cytochrome c) from the mitochondrial membrane space to the cytoplasm to trigger apoptosis in a typical apoptotic pathway (Bock and Tait, 2020). Moreover, the mitochondria of cancer cells usually undergo metabolic reprogramming for rapid proliferation and invasion, that is, they are more inclined to glycolysis than oxidative phosphorylation to produce ATP (Martínez-Reyes and Chandel, 2021). This process also produces a higher level of reactive oxygen species (ROS), which makes the mitochondria themselves on the verge of oxidative stress (Hayes et al., 2020). ROS has strong oxidative activity and can cause severe oxidative damage (Qin et al., 2021). Therefore, it is an extremely efficient strategy to promote mitochondrial damage to kill cancer cells by increasing the level of ROS in the mitochondrial region (Guo et al., 2021).
ROS-based cancer therapy such as chemodynamic therapies (CDT), photodynamic therapy (PDT), and sonodynamic therapy (SDT) have attracted substantial attention in recent years with the advantages of noninvasiveness, high tumor specificity, minimal toxicity, and low drug resistance (Wang et al., 2021a; Gao et al., 2020a). Among them, CDT has more unique advantages than other methods because it directly employs endogenous H2O2 in tumor site to generate toxic ROS through Fenton/Fenton-like reactions (Eq. 1) or other ways to kill cancer cells with no need for external energy input or O2 (Tian et al., 2021). However, ROS is a short-lived and efficient “killer” with a lifetime of less than 0.1 ms and a diffusion range of only 10–20 nm (Zhang et al., 2019). The initial location of ROS production has a significant impact on the therapeutic effect of CDT. CDT agents with targeting mitochondria can produce a high level of ROS in situ on mitochondria to cause severely mitochondrial damage and further trigger cell death (Zeng et al., 2021). However, the transport of CDT agents to the mitochondria of cancer cells is a huge bottleneck. In addition, the effect of CDT is greatly limited by the high concentration of glutathione (GSH), the unsustainable supply of H2O2, and the low Fenton reaction rate at the tumor site (Wang et al., 2020). Fortunately, the mitochondrial membrane potential of cancer cells is much higher than that in normal cells (∼−220 mV vs. ∼ −140 mV) (Fantin et al., 2006; Bagkos et al., 2014), which means mitochondria targeting groups with positive electricity and lipophilicity can be preferentially enriched into mitochondria of cancer cells (Shen et al., 2020; Xie et al., 2021). Moreover, the rapid development of nanodrugs has brought new hope for an ideal CDT agent delivery system. Well-designed nanodrugs can greatly increase the penetration of CDT agents at tumor sites by the enhanced permeation and retention (EPR) effect or active targeting (Li et al., 2021a; Nadar et al., 2021). Currently, many emerging CDT nanodrugs with mitochondria-targeting (M-CDT nanodrugs) have recently been demonstrated excellent spatial specificity and anti-cancer efficacy. More importantly, the therapeutic efficacy of M-CDT nanodrugs is further increased by GSH depletion (Wang et al., 2021b), H2O2 supplementation (Sun et al., 2021), non-H2O2 dependent CDT (Zhang et al., 2019), and combination hyperthermia therapy. This minireview focuses on the latest progress of M-CDT nanodrugs because of the significance of M-CDT nanodrugs and many advances in this research field. We divide these M-CDT nanodrugs into two parts to comprehensively summarize: Firstly, self-enhanced M-CDT nanodrugs with H2O2 supplementation, non-H2O2 dependent CDT, and GSH depletion; Secondly, HT enhanced M-CDT nanodrugs (Figure 1; Table 1). Finally, we propose the future development direction and challenges of M-CDT nanodrugs. This review provides the most advanced treatment methods and valuable information for cancer treatment.
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[image: Figure 1]FIGURE 1 | Schematic illustration of representative M-CDT nanodrugs. The therapeutic efficacy of M-CDT nanodrugs is further increased by H2O2 supplementation (A), non-H2O2 dependent CDT (B), GSH depletion (C), and combination with MHT (D) or PTT (E). To be specific, MGDFT NPs catalyzed the decomposition of glucose into H2O2 and gluconic acid through loaded GOD, significantly increasing the level of H2O2 (A). DT-PNs delivered non-H2O2 CDT agents to mitochondria through a poly-prodrug delivery strategy, triggering a ROS burst in situ and efficiently killing tumor cells (B). BDTLAG NPs rapidly consumed GSH and released CDT agents through the reaction of disulfide bonds with GSH, which significantly improved the tumor killing effect of ROS (C). Ir@MnFe2O4 NPs generated high temperatures locally in the mitochondria under the AMF, greatly promoting the rate of Fenton reaction and thus producing a high level of ROS to induce mitochondria damage (D). MPFPT NSs with high photothermal conversion efficiency efficiently accelerated the rate of the Fenton reaction by heating mitochondria, indicating the superiority of PTT-CDT with mitochondria targeting (E).
TABLE 1 | Nanodrugs for mitochondria-targeting chemodynamic therapy.
[image: Table 1]SELF-ENHANCED M-CDT NANODRUGS
Cancer cells have a much higher level of H2O2 (up to 100 mM) than normal cells (20 nM), which is also the first prerequisite for CDT treatment (Tang et al., 2020). However, H2O2 cannot be continuously supplied, which greatly limits the effect of CDT (Xuan et al., 2020). In addition, cancer cells have high concentrations of GSH to balance the oxidative stress caused by ROS (Langford et al., 2018). The ROS can easily be eliminated by the GSH-Glutathione peroxidase system during CDT treatment. Currently, three strategies are developed to greatly improve the efficacy of M-CDT nanodrugs: supplying H2O2, non-H2O2 dependent CDT, and eliminating GSH in cancer cells.
H2O2 is still insufficient for continuous ·OH generation during Fenton reaction-based CDT. Therefore, M-CDT nanodrugs with H2O2-supplement are advantageous for maintaining continuous oxidative damage (Cheng et al., 2022). For example, Peng et al. (2021) designed phosphate-degradable nanoparticles based on metal-organic frameworks nanocarriers (MGDFT NPs) with glucose oxidase (GOD) and doxorubicin (DOX) for CDT of cancer. Mil-101 (Fe) was selected as the nanocarrier for DOX and GOD, as well as the iron source for the Fenton reaction. Then Mil-101 (Fe) was modified by folic acid (FA) and triphenylphosphonium (TPP) to get a sequential targeting efficiency to cancer cells and mitochondria in cancer cells, respectively. Furthermore, MIL-101(Fe) was phosphate-sensitive and easy to degrade in cancer cells with the high concentration of phosphate, and MGDFT NPs disintegrated quickly to release iron ions and GOD. GOD catalyzed efficiently the reaction of glucose and O2 to produce gluconic acid and H2O2, which supplied the Fenton reaction substrate and prolonged CDT treatment duration. The level of ROS produced by MGDFT NPs was 4.4 times that of the NPs without GOD in 4T1 cells. The growth of cancer cells was successfully inhibited by MGDFT NPs without obvious side effects. Similarly, Sun et al. (2021) developed M-CDT nanodrugs loaded with GOD and lonidamine (FG/T-Nanoprodrug) for the chemotherapy and CDT combination therapy. The FG/T-Nanoprodrug was prepared in two steps: First, a T-Prodrug containing polylysine, TPP, and lonidamine self-assembled to form nanoparticles; Secondly, GOD and ferrocene (a Fenton reaction catalyst) were linked to the surface of nanoparticles to prepare the FG/T-Nanoprodrug. The FG/T-Nanoprodrug entered the mitochondria of cancer cells mediated by TPP and then released lonidamine and GOD. Lonidamine, as a hexokinase inhibitor (the rate-limiting enzyme of glycolysis), reduced glucose utilization by inhibiting mitochondrial energy metabolism, which allowed more glucose to be converted by GOD into H2O2 in cancer cells. The FG/T-Nanoprodrug continuously produced abundant ROS to destroy mitochondria and release cytochrome c. Tumor tissues treated with the FG/T-Nanoprodrug had a 7-fold increase of ROS levels compared to the saline group after 7 days. The FG/T-Nanoprodrug demonstrated extremely strong tumor suppression and ablation in a tumor xenograft model.
Non-H2O2 dependent CDT completely avoids the bottleneck problem that H2O2 cannot be continuously supplied in cancer cells (Gao et al., 2020b). Some chemotherapy drugs can directly stimulate the generation of endogenous ROS by interacting with the mitochondrial respiratory chain complex, which is considered to have CDT effect as well (Wang et al., 2021c; Wang et al., 2021d). For example, camptothecin (CPT), as an atypical CDT agent, can not only inhibit DNA topoisomerase I but stimulate the production of endogenous mitochondrial ROS to hyperpolarize mitochondria (Sánchez-Alcázar et al., 2000; Sen et al., 2004). Recently, Zhang et al. (2019) developed ROS-responsive polyprodrug nanoreactors with dual-targeting properties (DT-PNs) for cancer therapy. DT-PNS was self-assembled with two polyprodrug amphiphiles connected with multi-CPTs through the ROS-responsive thioketal linkage: cRGD-PDMA-bPCPTSM and TPP-PDMA-bPCPTSM. The decorated cyclic Arg-Gly-Asp (cRGD) peptide and TPP targeted the overexpressed integrins on the surface of cancer cells and mitochondria, respectively. As a result, DT-PNs internalized by cancer cells precisely anchored the mitochondria and released the initial CPT in response to endogenous upregulated mitochondrial ROS, while the CPT released in situ further triggered mitochondrial ROS, and finally formed a CPT-ROS circulation to generate a ROS burst in mitochondria. The self-circulation of CPT release and ROS burst led to mitochondrial-dependent apoptosis and efficiently killed cancer cells.
Very recently, Wang et al. (2021b) constructed a sequential multi-stage targeting nanoparticles (BDTLAG NPs) to increase the effect of non-H2O2 dependent CDT by GSH depletion. The BDTLAG NPs consisted of three parts: two mitochondria targeting CDT agents (TPP-PEG2K-LND and TPP-PEG2K-TOS) and a GSH scavenging group (Bio-PEG2K-S-S-CPT). The TPP group mediated the mitochondria targeting of lonidamine (LND) and α-tocopheryl succinate (α-TOS), both of which interfered with the mitochondrial energy metabolism to stimulate endogenous ROS production. Importantly, the Bio-PEG2K-S-S-CPT part of BDTLAG NPs actively targeted cancer cells because the surface of the cancer cells expresses biotin (Bio) receptors. The disulfide bond in the BDTLAG NPs broke to release CPT, LND, and TOS by reacting with GSH in cancer cells. The effect of depletion GSH was measured by the released CPT. Bio-PEG2K-S-S-CPT effectively removed GSH in cancer cells, and the CPT released by Bio-PEG2K-S-S-CPT was 6.8 times higher than that by the group without GSH response in cancer cells. At the same time, LND and TOS entered the mitochondria and caused high concentrations of ROS in situ on mitochondria, which led to mitochondria damage to induce the death of cancer cells. Compared with the CPT group and the BDG NPs group (without mitochondria targeting), BDTLAG NPs had the best tumor suppression effect because of their mitochondria targeting and efficient GSH depletion.
HT ENHANCED M-CDT NANODRUGS
The slower reaction rate of CDT based on Fenton reaction is also a major factor limitation of the effectiveness of CDT (Cao et al., 2021). The high temperature from hyperthermia therapy (HT) can improve the rate of the Fenton/Fenton-like reaction to greatly increase the efficacy of CDT (Liu et al., 2019; Danewalia and Singh, 2021). Recently, Shen et al. (2020) reported MnFe2O4 NPs functionalized with Ir (III) complexes (Ir@MnFe2O4 NPs) for magnetic hyperthermia therapy (MHT) enhanced CDT. Cyclometalated iridium (III) complexes effectively targeted tumor cells inner mitochondrial membrane with high membrane potential. MnFe2O4 with superparamagnetism responded quickly to external magnetic fields and had excellent magnetothermal-properties including high magnetothermal conversion efficiency and magnetothermal stability. Therefore, Ir@MnFe2O4 NPs were internalized into cancer cells via the EPR effect and localized in mitochondria with help of cyclometalated iridium (III) complexes. GSH in cancer cells reduced the Fe (III) to Fe (II) on Ir@MnFe2O4 NPs surfaces to catalyze the Fenton reaction. More importantly, Ir@MnFe2O4 NPs generated high temperatures locally in the mitochondria under the alternating magnetic field (AMF), which produced a high level of ROS to induce mitochondria damage by greatly promoting the rate of the Fenton reaction. Ir@MnFe2O4NPs + AMF demonstrated a much stronger effect of inhibiting tumor growth than Ir@MnFe2O4NPs and AMF due to the synergistic effect of MHT and CDT.
Local high temperature through near-infrared light is also an effective strategy to enhance the efficacy of CDT (Zhou et al., 2019; Li et al., 2021b). For example, Jin et al. (2020) recently reported dual-targeted core-shell nanoplatforms (PTFHD nanoplatforms) for photothermal therapy (PTT) enhanced CDT. The PTFHD nanoplatforms were composed of hyaluronic acid (HA) and TPP co-modified polydopamine (PDA) nanoparticles loaded with DOX and Fe ions. HA and TPP mediated the sequential multistage-targeting of PTFHD nanoplatforms from cancer cells to their mitochondria. The PTFHD nanoplatforms catalyzed Fenton reaction by Fe ions in mitochondria after enzymolysis of HA shell and exposure of PDA-TPP-Fe core. PDA was a high-efficiency photothermal agent with high photothermal conversion efficiency. The PTFHD nanoplatforms lead to the local high temperature of mitochondria site under the irradiation of near-infrared laser (808 nm), which greatly promoted the rate of the Fenton reaction and damages the mitochondria. The second near-infrared (1,000–1,350 nm, NIR-II) has deeper tissue penetration and higher maximum allowable exposure than the first near-infrared (750–1,000 nm, NIR-I) light (Wang et al., 2021e; Liu et al., 2021; Zhang et al., 2021). Very recently, Li et al. (2021c) developed mitochondria-targeted MoS2@PDA-Fe@PEG/TPP nanosheets (MPFPT NSs) for the combination therapy of NIR-II-activated PTT and CDT. MPFPT NSs had a high photothermal conversion efficiency at NIR-II (34.9%). In addition, the Fe doped in MPFPT NSs was adopted as a Fenton reaction catalyst. MPFPT NSs significantly led to mitochondrial dysfunction and cancer cell apoptosis through TPP-mediated mitochondria targeting under NIR-II light (1,064 nm). The MPFPTNSs had a better tumor suppressive effect than similar nanoagents without mitochondria targeting ability or relying on single-mode therapy thanks to the superiority of PTT-CDT with mitochondria targeting.
Iron-based Fenton reaction has a low reaction rate. In addition, the optimal pH value for iron-based Fenton reaction is usually pH 2-5, and the reaction rate is low in the neutral intracellular environment of tumor cells (pH7.4) (Bao et al., 2021). The Fenton reaction rate of Cu(I) (1 × 104 M−1s−1) is much higher than that of Fe (II) (76 M−1s−1) (Hu et al., 2019; Li et al., 2019; Lin et al., 2019). Meanwhile, the pH range required for the reaction of Cu(I) is wider than that of Fe(II), which can be carried out in weakly acidic and neutral media (Ma et al., 2019). Recently, Li et al. (2020) proposed an exo/endogenous dual-augmented mitochondria targeting nanoplatform (CuO@AuCu-TPP) for PTT-enhanced CDT by Cu(I) mediated Fenton reaction. The CuO@AuCu was prepared by in-situ reduction of chloroauric acid on Cu2O truncated octahedron. In this process, the Cu(I) in truncated octahedron was converted to Cu (II), and chloroauric acid was reduced to small gold nanoparticles on the surface of Cu2O truncated octahedrons. The CuO@AuCu were further modified with TPP (CuO@AuCu-TPP) to target the mitochondria of cancer cells. The aggregates of small gold nanoparticles on the surface of CuO@AuCu-TPP were adopted as a powerful photothermal agent because of their strong near-infrared absorption. Cu (II) was reduced into Cu (I) by GSH after CuO@AuCu-TPP were enriched in mitochondria, which deleted GSH and initiated a rapid Fenton reaction. Moreover, ROS generation efficiency of the CuO@AuCu-TPP further increased by 4.6 times under the irradiation of near-infrared light (808 nm). The CuO@AuCu-TPP possessed an excellent antitumor effect due to the PTT enhanced CDT and GSH depletion in Balb/c mice tumor models.
CONCLUSION AND PROSPECT
Traditional anticancer drugs including CDT agents are limited by their poor pharmacokinetic properties, such as low bioavailability, short half-life and low stability. Fortunately, nanotechnology can effectively improve the pharmacokinetic characteristics of traditional drugs by changing the size, shape and material characteristics of nanomaterials (Liu et al., 2012; Chen et al., 2021; Zhao et al., 2022; Zhu et al., 2022). Especially, well-designed nanodrugs can greatly increase the penetration of drugs at tumor sites and improve their pharmacokinetic and pharmacodynamic properties by the EPR effect. After decades of development, some nanodrugs have been approved for clinical cancer treatment, such as liposomes, polymer micelles, and inorganic nanomaterials (Cheng et al., 2021). However, most of these nanodrugs are carried with traditional chemotherapeutic drugs. Fundamentally, these nanodrugs are difficult to solve the resistance of cancer cells to traditional chemotherapeutic drugs, and have limited efficacy for cancer. Mitochondria are probably the most vulnerable part of cancer cells, because mitochondria not only play an irreplaceable core role in cancer cells but are also a key link in the apoptosis pathway of cancer cells. Therefore, mitochondria are likely to be the Achilles heel of cancer cells. Compared with non-mitochondria-targeting treatments, M-CDT nanodrugs exhibit higher therapeutic effect with lower dosage of drugs via precise and severe damage to mitochondria. More importantly, M-CDT nanodrugs are expected to solve the resistance of traditional drugs, because the resistance of cancer cells is generally ATP-dependent. For example, P-glycoproteins use ATP produced by mitochondria to pump a variety of anti-cancer drugs with different structures and different molecular weights out of the cancer cell, which is why cancer cells acquire multiple drug resistance. These emerging M-CDT nanodrugs destroy mitochondria very efficiently and fundamentally eliminate the multi-drug resistance of cancer cells. In short, M-CDT nanodrugs have great advantages over traditional drugs and conventional CDT nanodrugs, and have demonstrated amazing effects of cancer treatment. However, M-CDT nanodrugs still have some challenges to overcome.
First, M-CDT nanodrugs with the classic iron-based Fenton reaction face the bottleneck of insufficient reaction rate. Iron is a ubiquitous element in the human body and has excellent biocompatibility. However, the biggest problem lies in its low efficiency under the conditions of the cancer microenvironment. Hyperthermia can increase the reaction rate, but it brings complexity to the treatment and does not fundamentally solve the problem. In addition, other transition metals such as Cu, Pt, etc. are adopted to increase the reaction rate. However, the biocompatibility of transition metals is far less than that of iron (Ai et al., 2021). Reducing the pH of cancer cells is a very promising solution. The deduction of pH in tumor cells reinforces the response rate of the classic Fenton reaction-based CDT and simultaneously induces mitochondrial calcium overload, and these two resulting effects synergistically cause mitochondrial dysfunction and therefore tumor cell death (Bao et al., 2021). Secondly, for non-H2O2-dependent M-CDT nanodrugs, precise control of CDT drugs release on the mitochondria is a great challenge. Most of these CDT drugs can produce ROS only when they interfere with the mitochondrial respiratory chain in the inner mitochondrial membrane. In addition, these CDT drugs generally belong to traditional high toxic chemotherapy drugs, and their uncontrollable release can cause great side effects. Third, cancer cells themselves have sophisticated antioxidant defense systems, such as abundant GSH and antioxidant enzyme systems, etc (Su et al., 2021). Therefore, M-CDT nanodrugs often need to intervene in the various factor of antioxidant defense systems. Integrating multiple functions on M-CDT nanodrugs is still a great challenge.
Nevertheless, M-CDT nanodrugs are very promising in cancer treatment. M-CDT nanodrugs will be undergoing rapid development with a deeper understanding of tumor pathology and treatment methods. We hope that a new way for the clinical transformation of the M-CDT nanodrugs will be opened through the optimized design of M-CDT nanodrugs.
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Triple negative breast cancer (TNBC) is a malignant breast cancer subtype that is prone to progression, with high associated metastasis and five-year mortality rates and an overall poor prognosis. Chemotherapy is usually administered to treat TNBC without additional targeted therapies. Novel nanomaterials have a variety of excellent physical and chemical properties and biological functions (including targeting specificity), and contrast agents and drug delivery vectors based on nanotechnology are progressing towards a more accurate and targeted direction. This review discusses the mechanisms of action and prospects for the use of nanotechnology in the treatment of TNBC, thus providing potential new strategies for the diagnosis and treatment of TNBC.
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Introduction

Cancer is a major public health problem worldwide and the second leading cause of death in the United States. Cancer mortality rates have been rising throughout most of the 20th and 21st centuries, with 1,898,160 new cancer cases and 608,570 cancer deaths expected in the United States as of 2021 (1). From 2010 to 2016, the five-year overall survival rate for all diagnosed cancers in the United States was 67% (68% for Caucasians and 63% for African Americans) (1, 2). Prostate cancer (98%), melanoma (93%) and female breast cancer (90%) had the highest associated survival rates, while pancreatic cancer (10%), liver cancer (20%), esophageal cancer (20%) and lung cancer (21%) had the lowest survival rates (3, 4).

Improved cancer survival rates seen in recent decades are mainly due to advances in diagnosis and treatment, specifically reflecting advances in screening, diagnosis, and surgery (e.g., pathological staging, thoracoscopic surgery). Therapies for metastatic disease include targeted therapy (e.g., precision medicine), chemotherapy, radiotherapy, immunotherapy (e.g., programmed cell death protein-1 and programmed death ligand-1 inhibitors), and novel material-based therapies (1, 5–9). The disruptive effects of the coronavirus disease 2019 (COVID-19) pandemic on healthcare delivery include disruptive effects with respect to the diagnosis and treatment of cancer patients due to delays in diagnosis and treatment, reduced access to care, and delays or closures of healthcare facilities and systems. These factors are likely to result in short-term, spurious declines in cancer rates followed by an increase in advanced disease and associated cancer mortality rates (1, 10, 11).



Breast Cancer

Women comprise 49.5 percent of the global population, and are disproportionately represented among elderly people over age 60. In fact, due to population growth and aging, the global cancer burden for women has been increasing in all countries regardless of income level. Breast cancer is the most common malignancy among women worldwide, with one study estimating that approximately 160,000 patients with advanced breast cancer were diagnosed in the United States as of 2017 (12).

Due to the influence of multi-modal factors, such as genetic susceptibility, lifestyle, and other environmental factors, breast cancer incidence and mortality show extreme variance across countries and demographics (13). For example, breast cancer incidence is higher in high-income regions (e.g., 92 per 100,000 in North America) as compared with low-income regions (e.g., 27 per 100,000 in Central Africa and East Asia) (14). However, many low-income and middle-income countries, including countries in sub-Saharan Africa and developing countries in Asia, have low breast cancer incidence rates due to delays in healthcare delivery, late diagnoses, and limited access to treatment due to low mammography coverage and limited overall treatment options (15).

At the molecular level, breast cancer molecular signatures include the activation of human epidermal growth factor receptor 2 (HER2, encoded by ERBB2), the activation of hormone receptors (estrogen receptors and progesterone receptors), and BRCA mutations (16, 17). Intrinsic classifications delineated in 2000 distinguish four breast cancer subtypes: Luminal A and Luminal B, HER2-enriched, and triple negative breast cancer (TNBC). This classification system shifts the clinical management of breast cancer from a cancer burden-based approach to a biologically-centered approach. Currently, clinical practice classifies five breast cancer subtypes (luminal A, luminal B, HER2-enriched (HER2+), basal-like and normal-like) based on histological and molecular characteristics, including TNBC. TNBC is defined according to the following criteria: estrogen receptor-negative (ER–), progesterone receptor-negative (PR–), HER2–, high grade, and high Ki67 index tumors, either NST (no special type) histology or special type histology (metaplastic, adenoid cystic, medullary-like, secretory), and a generally poor prognosis (18).

There are differences in prognosis among breast cancer subtypes. Approximately 10-15% of TNBC cases present with poor prognoses due to the lack of targeted therapy for TNBC, aside from chemotherapy (19, 20). Morphologically, approximately 90% of TNBC cases present as infiltrating ductal carcinoma, while the remaining cases are classified as apocrine carcinoma, lobular carcinoma, adenoid cystic carcinoma, and metaplastic carcinoma (21–23). There are six different TNBC subtypes, including basal like 1, basal like 2, mesenchymal like, mesenchymal stemlike, intracavitary androgen receptor, and immune regulation subtypes. TNBC heterogeneity clinically refers to different breast cancer subtypes presenting with a triple negative phenotype. Gene expression profiles and genetic outcomes for each class show differences, thus illustrating the inherent complexity of TNBC (21).

Triple-negative breast cancer is more likely to recur as compared with other breast cancer subtypes, with five-year specific survival rates of 85% for stage 3 triple-negative cancer, as compared with survival rates ranging from 94-99% for hormone receptor-positive and ERBB2-positive cancers (24). The distribution of breast cancer molecular subtypes varies by race, with African and African American women having the highest rates of TNBC. TNBC presents with a higher rate of metastasis and the highest proportion of poorly differentiated or undifferentiated grades among all subtypes. These factors result in reduced survival rates (25).



Breast Cancer Diagnosis and Treatment

Therapeutic strategies for treating breast cancer include local therapies (e.g., surgery, radiotherapy) as well as systemic therapies. Molecular subtypes have a profound influence on the therapeutic strategies selected for breast cancer. Specifically, systemic therapies have been developed primarily on the basis of molecular characteristics, including targeted chemotherapy, endocrine therapy for hormone receptor-positive diseases, anti-HER2 therapy for HER2-positive diseases, polymerase inhibitors for BRCA mutation carriers, and novel immunotherapy modalities (18).

In addition to surgical topical treatment, patients with hormone-receptor-positive cancer need endocrine therapy. A few of these patients also receive chemotherapy. Patients with ERBB2-positive cancer are treated with ERBB2-targeted antibodies or small molecule inhibitors combined with chemotherapy. Patients with triple-negative cancer typically receive only chemotherapy or radiation. Whether breast cancer patients receive radiotherapy is determined according to their specific indications. More and more patients are choosing to undergo systemic treatments, including targeted preoperative chemotherapy (i.e., neoadjuvant chemotherapy) following preoperative puncture examination (24). Breast cancer treatments based on nanotechnology are the focus of the current review.



Nanotechnology and Cancer

Advances in nanotechnology over the past two decades offer potential new strategies for treating various diseases (26–32). Nanotechnology-based contrast agents and drug delivery vectors for disease diagnosis and treatment are progressing towards a more accurate and targeted direction. Currently, nanocarriers are mainly comprised of polymers, metals, lipids, nucleic acids, and proteins, including nanoparticles/tubes, micelles, dendrimers and liposomes (33). These smart nanoparticles can encapsulate drugs or probes and are coated with specially modified ligands that bind to receptors expressed at cell sites and ultimately affect cell function for the accurate and effective diagnosis and treatment of disease (34, 35).

Nanooncology is a branch of nanomedicine. Cancer diagnosis and treatment based on nanotechnology has received wide attention on a worldwide scale in the past decades (36–40). For example, in diagnostics, some nanoparticles have been developed into biomolecular vectors that can detect cancer biomarkers and play an important role in assisting cancer detection and monitoring cancer biomarkers, including proteins, antibody fragments, DNA fragments, and RNA fragments (37). For example, nanobiosensors are very sensitive and can detect multiple protein biomarkers within seconds (41, 42). Additionally, nanotechnology assisted molecular diagnostic technology has been increasingly implemented in imaging applications, which is conducive to the identification of cancer at an earlier and more accurate stage (43, 44).

In terms of treatment, nanotechnology has unique physicochemical properties, including a high surface volume ratio. In recent years, drug delivery systems based on nanomaterials, including micelles, nanoemulsions and liposomes, have been widely used. Nanomaterials can bind and load bioactive molecules, including DNA, RNA, drugs, and proteins. These bioactive molecules can easily cross many biological barriers and can easily be transported to the target. Therefore, nanomaterials are widely used in the loading and delivery of drugs for treating various cancers so as to improve the efficacy of chemotherapy combined with radiotherapy and photodynamic cancer therapy (7, 25, 45–47). To achieve complete tumor eradication, therapeutic agents need to be infused at extremely high levels. Moreover, within cancer immunotherapy using nanotechnology, nanoparticles carry T cells or natural killer cells and higher concentrations of anti-cancer drugs, achieving a strong and lasting anticancer immune response due to low concentrations of immune regulators (48, 49). Advances in nanotechnology, including virus-like sizes and high surface-volume ratios and surfaces that can be modified to precisely target specific cell types can be widely used in designing cancer vaccines (50).

Additionally, the cancer microenvironment plays a critical role in determining cancer survival and reducing mortality. Microenvironmental factors, such as cancer hypoxia or hyperglycemia and inflammation, are also directly associated with the survival and expansion of cancer cells. Interventions aimed at changing the microenvironment of cancer cells can induce cancer cell death and form the basis for new anticancer therapies (51).



Nanotechnology and TNBC

TNBC is an important and recalcitrant breast cancer subtype. The treatment of patients with TNBC remains an immense clinical challenge, characterized by aggressive progression, high metastasis rates, and poor overall prognoses (52). Because standard endocrine therapy (i.e., HER2 targeting therapy) does not affect TNBC, anthracycline-based drugs and taxane chemotherapy are major means to achieving TNBC systemic treatment. These treatment modalities are highly effective. However, many cycles of chemotherapy and high doses of cytotoxic drugs employed to destroy cancer cells are likewise toxic to nearby healthy cells, causing adverse systemic effects such as hair loss, gastrointestinal symptoms, and thrombocytopenia (53, 54).

Moreover, chemotherapy resistance caused by P-glycoprotein overexpression, DNA damage repair, topoisomerase II mutations, low solubility and bioavailability of chemotherapy drugs, and the immune escape of cancer cells limits the therapeutic effects of drugs on TNBC. Chemotherapy resistance results in a recurrence rate of 50% and a mortality rate of 37% for TNBC (55, 56). Invasive proliferation, heterogeneity, and cancer resistance to therapeutic drugs are extreme challenges in the treatment metastatic breast cancer, which mainly metastasizes to local lymph nodes, bones, and the lungs (57).

Therefore, in order to avoid non-specific targeting and chemotherapy side effects among TNBC patients, the need to open up new molecular targets and treatments is much more urgent than for other types of breast cancer. Nanotechnology-based drug delivery systems are auspicious tools that can selectively target tumors and eliminate the cytotoxicity of drugs to other organs (58).


Drug Delivery Systems for Nanotechnology

Nanodrug delivery systems mostly rely on enhanced permeation and retention effects for targeting drug delivery (59). In general, nanoparticles that can be applied to cancer treatment within nanoscience have the following physiochemical properties: tailored size and conformation, appropriate encapsulation capacity, high adhesion to the cancer environment, selective localization, enhanced cancer internalization through endocytosis, sustained and controllable drug release, a long cyclic half-life, minimal systemic toxicity, and safe biological elimination (60, 61). Research on the high expression of cancer targets and ligands via nanomaterials combined with other therapies (such as photodynamic therapy, chemotherapy, and radiotherapy) to produce therapeutic synergistic effects will be the key to the application of nanomaterials within TNBC.

Photothermal therapy (PTT) is ineffective in the treatment of TNBC due to the lack of effective therapeutic targets. In order to solve this problem, Cheng et al., used gold nanocage (AuNC) as a photothermal conversion agent combined with anti-heat shock protein monoclonal antibody (cmHSP) as a target ligand in order to prepare a microwave triggered heat shock protein (HSP)-tar gold nanosystem (CMHSP-AUNC). Microwave irradiation can effectively activate HSP70 overexpression in TNBC, thus meaningfully improving the targeting ability, accumulation in cancer area, and anti-cancer efficacy of CMHSP-AUNC (62). Xu et al. developed a nanoemulsion formulation with high stability for the systematic delivery of puerarin nanoPue. This modality reshapes the stromal microenvironment through nanoparticle treatment, down-regulates intracanceral reactive oxygen species (ROS) and oxidative stress, meaningfully reduces the connective tissue formation response within different types of solid tumors and enables nanoparticles to infiltrate more effectively into cancer parenchyma. Simultaneously, nanoPue, a powerful tumor microenvironment (TME) modulator, meaningfully improves the cancer immune microenvironment as well as the therapeutic efficiency of α-PD-L1 in TNBC models (63). Bhattacharya et al. have also developed thyquinone (TQ)-loaded hyaluronic acid (HA) coupled with Pluronic ® P123 and F127 copolymer nanoparticles (HA-TQ-NPS) as selective drug carriers to deliver anticancer phytochemical TQ to TNBC cells. HA-TQ-NPS meaningfully promotes apoptosis, anti-metastasis, and anti-angiogenesis in TNBC cells via upregulation of microRNA-361 with no associated toxicity to normal cells (64).



Nanomaterials as Adjuvant Immunotherapy for TNBC

The immune microenvironment affects the occurrence and development of breast cancer according to the principles of immune monitoring and immune editing. In the early stages of tumorigenesis, the immune microenvironment plays an anti-cancer role mainly through the cytokine environment (i.e., activated CD8+ and CD4+ T cells). In contrast, once the cancer becomes aggressive, the cellular composition of the microenvironment, including fibroblasts and the cytokine content associated with cancer, facilitates cancer promotion and is invaded by breast cancer cells (63).

Using immune cells within targeted cancer therapy is in line with the concept of using internal mechanisms within the host immune system to fight cancer. In this study, Prof. James Allison and Prof. Tasuku Honjo, the winners of the 2018 Nobel Prize in Medicine, investigated the use of immune checkpoint blockades in cancer treatment via inhibiting negative immune regulation. Immunotherapy has achieved some success thus far, thereby providing a new therapeutic strategy for TNBC treatment. Current immunotherapies include immune checkpoint blockers, cytotoxic T lymphocyte (CTL) exchange activation, adaptive cell transfer therapy (ACT), and TME regulation. Nanotechnology presents a novel immunomodulatory strategy that can be implemented as a personalized immunotherapy modality for TNBC (65).

Nanotechnology provides efficient and intelligent nanodelivery systems that facilitate the delivery of immune-stimulating adjuvants and cancer antigens to enhance antigen presentation and immunity and aid in the treatment of metastases. Nanoparticle carriers improve the solubility and bioavailability of immunotherapy modalities, including protection from degradation, thereby increasing therapeutic efficacy. Currently, nanoparticles (NPs) are already implemented to help improve antigen expression pathways by delivering epigenetic regulators and immune-stimulating cytokines (66). For example, Tran et al. evaluated different polyethylene-oxidation-polylactic acid (PEO-PLA) copolymer micelles, with vorinostat (HDACi) demonstrating better biosolubility, an increased half-life, and improved pharmacokinetics as compared with other modalities (67). NP-carrying bevacizumab and CRLX101 likewise showed good efficacy in TNBC treatment (68). Sulforaphane (SFN) downregulates histone deacetylase (HDAC6) mediated phosphatase and inhibits MDA-MB-231 and MDA-MB-468 cells. The expression of tensin homolog (PTEN) induces autophagy, meaningfully increasing the sensitivity of TNBC to doxorubicin (DOX). Thus, inhibition of cancer growth via autophagy induction due to SFN combined with therapeutic DOX may provide an effective approach for TNBC treatment (69). Although targeted nanodrugs have good potential, due to the biological distributions, pharmacokinetics, targeted population biodegradability, immunogenicity, and the complexity of dosing system design for nanodrugs, only a portion of nanodrug systems (e.g., polymer micelles, liposomes, nanoparticle couplings) progress to the clinical administration stage. More research is needed with respect to TNBC nanodrugs.



Vaccines Based on Nanotechnology

Cancer vaccines are comprised of cancer cells and/or cancer antigens and lead to an effective anti-cancer host immune response. Cancer vaccines include DNA vaccines, Ab vaccines against idiotypic types and cancer-associated pathogens, and dendritic cell vaccines (70, 71). In Liu’s study, the researchers (including the authors of the current review) constructed nanoparticles to deliver an mRNA vaccine encoding the cancer-associated antigen MUC1 to dendritic cells (DCs) in lymph nodes, thus activating cancer-specific T cells. In this study, combining a simple mRNA vaccine with an anti-CTLA-4 monoclonal antibody meaningfully enhanced the anti-cancer host immune response and anti-cancer effects. These data support the use NP as messenger RNA vaccine vectors as well as the combined implementation of TNBC immunotherapies, NP-based messenger RNA vaccines, and CTLA-4 inhibitors (52).




Conclusions

Triple negative breast cancer is a difficult and often intractable disease because of its high heterogeneity and low associated survival rates. Currently, the available treatment methods for patients diagnosed with TNBC are limited, especially with respect to refractory TNBC. Novel nanotechnology modalities represent auspicious strategies for efficient and accurate diagnoses and targeted therapies for TNBC due to their tailored physical and chemical properties and biological functions. Our work guides and informs future research directions and will ultimately contribute to informing medical guidelines.
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Mesoporous silica nanocarrier (MSN) preparations have a wide range of medical applications. Studying the biocompatibility of MSN is an important part of clinical transformation. Scientists have developed different types of mesoporous silica nanocarriers (MSNs) for different applications to realize the great potential of MSNs in the field of biomedicine, especially in tumor treatment. MSNs have achieved good results in diagnostic bioimaging, tissue engineering, cancer treatment, vaccine development, biomaterial application and diagnostics. MSNs can improve the therapeutic efficiency of drugs, introduce new drug delivery strategies, and provide advantages that traditional drugs lack. It is necessary not only to innovate MSNs but also to comprehensively understand their biological distribution. In this review, we summarize the various medical uses of MSN preparations and explore the factors that affect their distribution and biocompatibility in the body based on metabolism. Designing more reasonable therapeutic nanomedicine is an important task for the further development of the potential clinical applications of MSNs.
Keywords: mesoporous silica, MSN, cancer, targeted drug delivery, gene delivery, biodistribution
INTRODUCTION
The completion of the Human Genome Project (HGP) marks the entry of human beings into the postgenome era.(Ginsburg and Phillips, 2018). The “precision medicine initiative” was proposed in the State of the Union address in 2015, and $215 million was allocated in 2016 to fund related scientific research and innovation development (The White House, 2015). In 2012, the British government announced the launch of the Genome Project, investing $523 million in cancer and rare disease research. Chinese nanomedicine is also actively being explored and has achieved good results (Zhao, 2018). Precision medicine (Adams and Petersen, 2016; Konig et al., 2017) is playing an increasingly prominent role in disease prevention, diagnosis and treatment and improving the health of the population, especially through the use of gene sequencing technology, (Ji et al., 2018; Nagahashi et al., 2019; Wakai et al., 2019), targeted drug delivery, accurate diagnostic and treatment methods, and the establishment of large-scale data for predicting health risks (Vogt et al., 2018). In practical applications, such as precision prevention, precision medicine (Bertier et al., 2016) has become the future direction of biomedicine development; compared with traditional empirical medicine, nanomedicine (Bjornmalm et al., 2017; Shi et al., 2017) can overcome medical problems based on nanotechnology. Nanomedicine integrates information about the human body and disease obtained through modern technologies, such as precision instruments and life sciences, with information obtained from traditional experience and can thus greatly reduce the uncertainty of clinical practice, improving diagnosis and treatment, especially surgical treatment. Nanomedicine (Shi et al., 2017; Bayda et al., 2019) has become a research hotspot in the international medical sciences. A variety of nanocarriers and nanomedicines have been developed, including those based on inorganic materials (such as gold (Zhang et al., 2019), iron oxide, silver (Rai et al., 2009), silica (Rotow and Bivona, 2017; Ni et al., 2018; Assaraf et al., 2019; Hu et al., 2019), and graphene) and organic nanoparticles (such as liposomes, micelles, polymers, and vesicles). Among them, mesoporous silica nanocarriers (MSNs) have many advantages, which will be discussed in detail, as follows: 1) the high specific surface area yields a high drug loading capacity for both hydrophilic and hydrophobic drugs; 2) the particle size and shape are easy to adjust to meet different drug delivery needs; 3) the easily modified active surface groups allow different coatings and targeting strategies to be applied to improve uptake, targeting and bioavailability and reduce toxic effects, thereby achieving the purpose of precision treatment and improved efficacy; 4) the mesoporous structure is ordered; MSNs with pore channels which build up an effective nano-network path enable the diffusion and extended release of drugs (Letchmanan et al., 2017). And 5) the biocompatibility is hilicic acid, are absorbed by the body or are excreted through the urinary system. It is precisely because of the above advantages that mesoporous silica has shown great prospects for applications in biomedicine and other fields. The M41S family of ordered mesoporous silica (Kresge et al., 1992) was first reported in the early 1990s. Silica-based diagnostic nanoparticles in the form of Cornell dots (C dots) have been approved by the FDA for phase I human clinical trials, (Benezra et al., 2011), which is a landmark achievement. However, for MSNs to be transformed into clinical medicines, it is necessary to understand the biological behavior and related clinical data of mesoporous silica.
[image: Graphical ABSTRACT]GRAPHICAL ABSTRACT | Mesoporous silica nanocarrier (MSN) preparations have a wide range of medical applications. Studying the biocompatibility of MSN is an important part of clinical transformation.
The mechanism of interaction between nanoparticles and various cells and tissues in the human body is the key to determining the medical applicability of nanotechnology. Compared with soluble molecules and drugs, the delivery of drugs using nanocarriers is more complicated because the behavior of nanocarriers is related not only to the molecular weight, solubility, and physical and chemical properties of the loaded drugs but also to the pore size distribution, and particle size of the nanocarrier. Coatings, targeting groups and other factors are also closely related. Therefore, for drug delivery using nanocarriers, it is necessary to detect, understand and optimize the release parameters, distribution, metabolism, excretion and biocompatibility of the drugs in the body for optimal clinical results. These are the current challenges in nanomedicine.
In this review, we summarize the current reliable research data and describe the application of mesoporous silica as a nanocarrier in gene therapy, photodynamic therapy, molecular targeted drug delivery, vaccine delivery, and imaging, among others. MSN distribution and metabolism are discussed in detail. The importance of biodistribution and biocompatibility is explained, and key points of future research are discussed.
APPLICATIONS IN MEDICINE
MSNs have the advantages of an ordered mesoporous structure, an adjustable pore size, a high specific surface area, and easily modified active surface groups (Baek et al., 2015). MSNs are particularly promising as nanodrug carriers; biomedical applications require MSNs to maintain a high degree of dispersion and colloidal stability. Aggregation affects MSN internalization by cells, which increases the difficulty of controlling the biodistribution; furthermore, larger particle sizes caused by agglomeration may lead to increased biological toxicity. Based on the easy-to-modify hydroxyl groups on the MSN surface, chemical modifications, such as with a protein, polymer coating, or phospholipid bilayer, can be used to maintain its colloidal stability and reduce the occurrence of agglomeration. (Figure 1). Various MSNs have been developed for targeted drug, gene, and protein delivery, along with composite nanomedicines for diagnostic bioimaging, tissue engineering, cancer treatment, vaccine development, biomaterial applications, and theranostics (Singh et al., 2017); (Table 1)
[image: Figure 1]FIGURE 1 | Mesoporous silica nanoparticles are particularly promising as a platform for drug delivery. (A) Hydrophobic/hydrophilic drug and combining drugs could be entrapped in the interior of the MSN. (B) Targeting ligands such as antibodies. (C) Bioimaging agents such as magnetic nanoparticles, quantum dots. or fluorophores. (D) gene therapy agents such as plasmids, DNA, small interfering RNA (siRNA), micro RNA (miRNA), and short-hairpin RNA (shRNA). (E) nanoparticles attached to MSNs as functional gatekeepers. (F) Stimuli-responsive polymers. (G) Grafting with a protecting polymer, such as PEG, shields the MSN surface from interacting with opsonizing proteins. (H) Stimuli-responsive linkers, which chemically attach MSNs and gatekeepers.
TABLE 1 | Applications and biocompatibility of MSNs.
[image: Table 1]Improving the Efficacy and Reducing the Side Effects of Anticancer Drugs
At present, chemotherapy is one of the most effective methods for the treatment of cancer, and chemotherapy, surgery and radiotherapy together form the three pillars of cancer treatment. In chemotherapy, drugs are used to kill cancer cells to achieve the goal of treatment. However, whether is the drugs are taken by mouth, injection, intraperitoneal injection, or other routes, they will enter the systemic circulation and cause uncontrollable side effects. MSNs have a high drug loading capacity and can be loaded with small-molecule drugs, especially hydrophobic drugs; at the same time, this approach can prevent drug degradation and physiological toxicity to healthy tissues caused by premature drug exposure. Thus, MSNs are of great significance for the delivery of hydrophobic anticancer drugs, drugs with narrow therapeutic windows, and chemotherapeutics with significant side effects. Drugs with narrow therapeutic windows is also called narrow therapeutic index (NTI). NTI drugs can be defined based on the steepness of the dose–response relationship and the degree of overlap between the effective and the toxic concentrations. MSNs are good tool about solving the problem of NTI, because they could improve the efficacy and reduce the side effects of drugs (Zenych et al., 2020; Habet, 2021). Duo et al (Duo et al., 2017) designed the doxorubicin (DOX)-loaded mesoporous silica nanomedicine MSN-DOX@PDA-PEG for the treatment of breast cancer; compared with free DOX, the nanomedicine showed a higher cell uptake efficiency in MCF-7 and MDA cells. The cytotoxicity test in MB-231 cells proved that the nanomedicine had almost no cytotoxicity. In vivo experiments showed that the smallest tumor volume and greater anticancer efficacy in the mesoporous silica nanomedicine group; additionally, body weight monitoring and hematoxylin and eosin (H&E) staining of organ (including heart, liver, spleen, lung and kidney) tissue sections showed no histopathological abnormalities, indicating MSN-DOX@PDA-PEG has good biocompatibility and low in vivo toxicity.
Mesoporous silica nanomedicine can not only improve the therapeutic effect of the anticancer drug DOX but also reduce its side effects. Hu et al. (Hu et al., 2019) designed a DOX-loaded MSN (LM@MSN) via surface modification and liquid metal immobilization for cancer treatment; the near-infrared (NIR) dye indocyanine green (ICG) was encapsulated in the nanosystem. In vivo fluorescence imaging was performed to evaluate its targeting performance. The results of in vitro fluorescence imaging showed aggregation of the targeted drug in the tumor. After 36 h, the content of heparin in the tumor was higher than that in the heart, spleen, kidney and other organs. When tested in tumor cells (4T1, HeLa, MCF-7) and normal cells (3T3), the normal cells showed a viability of greater than 80%, demonstrating low toxicity and good activity even at relatively high concentrations, in turn indicating that this MSN has good biocompatibility. Shao et al (Shao et al., 2016) designed a “nanobullet” consisting of magnetic Fe3O4 as the head and DOX-loaded MSN as the body (M-MSN-DOX); this multifunctional nanocomposite material showed excellent targeting, with greater uptake by HepG2 tumor cells. The administration of DOX and M-MSN-DOX via a tail vein injection for 16 days effectively inhibited the growth of orthotopic liver tumors and the deterioration of other analyzed liver tumor mouse model parameters, including body weight, blood chemistry and major organ and tissue toxicological indicators. No pathological damage was observed in mouse brain, heart, liver, spleen, lung or kidney tissue sections, indicating that this mesoporous silica nanomedicine not only has good biocompatibility but is also effective for improving the efficacy and reducing the side effects of the drug.
Combining Drugs and Overcoming Resistance
The current important standard for cancer treatment (Yardley, 2013) is based on increasing the dosage and scheduling intensity of therapeutic drugs to avoid chemotherapy resistance. Multidrug resistance (MDR) (Rotow and Bivona, 2017; Fang et al., 2018; Assaraf et al., 2019) is the main obstacle to cancer chemotherapy; MDR can severely hinder the efficacy of anticancer drugs and even lead to treatment failure. The drug resistance mechanism of tumor tissue is very complex and involves multiple dynamic mechanisms. MDR can usually be divided into two categories. Drug efflux pump (P-glycoprotein (Thorat et al., 2020) and multidrug resistance protein MRP1) overexpression is an effective method (Figure 2).
[image: Figure 2]FIGURE 2 | Schematic diagram of strategies to overcome MDR. Drug-resistant cancer cells have many ways to escape cytotoxic drugs, including the overexpression of ABC transporter to increase drug efflux, repair DNA and inhibit drug-induced apoptosis. The anti-apoptotic signal transduction pathway always involves the activation of Bcl-2, MDR1, NF-κB and HIF-1 overexpression and the mutation of tumor suppressor gene p53. MSN is endocytosed into drug-resistant cancer cells, and the loaded cytotoxic drugs and/or siRNA targeting related genes can be continuously released to reduce drug resistance.
Drug transport pumps can actively prevent the treatment of tumors. The drug is pumped out of the cell, increasing the efflux of the drug and reducing the accumulation of the drug in the cell. The second category mainly refers to the activation of cell antiapoptotic defense pathways, such as by drug-induced B-cell lymphoma 2 (BCL-2), inhibitor of apoptosis protein (IAP) and FLIP protein expression, leading to reduced drug sensitivity. These two mechanisms are sometimes active at the same time. In view of the unique properties of mesoporous silica, different drug delivery strategies have been designed to overcome drug resistance. The energy-dependent endocytosis of MSNs promotes cell absorption, improves drug efficacy and bypasses drug efflux pumps to overcome drug resistance. Sun et al. (Sun et al., 2017) designed a unique core-shell-level mesoporous silica/silicone nanosystem. The small mesopores in the core were loaded with small-molecule drugs, and the large mesopores in the shell were integrated with siRNA by disulfide bonds. During treatment, the reactivity of the disulfide bonds in the shell to the tumor microenvironment (TME) caused them to break down, first releasing the siRNA to inhibit the expression of P-gp to inhibit MDR and then releasing the small-molecule drug DOX from the core to exert a therapeutic effect. In vivo experiments showed that the tumor inhibition rate in the free DOX group was 50.7%, while that in the H-MSN-DOX/siRNA group reached 87%, demonstrating a significant inhibitory effect on drug resistance. At the same time, mice in the free DOX group lost weight, but those in the other groups, including the H-MSN-DOX/siRNA group, showed normal weight changes. Compared with the injection of free drug, administration of the H-MSN-DOX/siRNA delivery system greatly enhanced the therapeutic efficacy while significantly reducing the side effects of the delivered anticancer drug. MSNs loaded with different drugs may overcome the problem of drug resistance by strategically improving the therapeutic efficacy of the drugs. Meng et al (Meng et al., 2015) designed a mesoporous silica nanoparticle (MSNP) carrier to jointly deliver paclitaxel (PTX) and gemcitabine (GEM) for the synergistic treatment of pancreatic cancer. The codelivery of PTX/GEM by the LB-MSNP yielded better results than the delivery of free GEM and Abraxane in xenotransplantation and orthotopic tumor animal models, with a therapeutic effect equivalent to that of 12 times the dose of Abraxane. Similarly, Jia et al (Jia et al., 2015) designed multifunctional MSNPs loaded with the antitumor drug PTX and the multidrug resistance reversal agent tetrandrine (TET). The results of experiments in MCF-7 human breast cancer cells and MCF-7/ADR multidrug-resistant cells showed that the PTX/TET-CTAB@MSNs significantly inhibited the proliferation of the drug-resistant cells and completely reversed the resistance to PTX.
The combination of medications can improve the therapeutic effect of the drugs; additionally, different drugs can be selected for loading according to different treatment strategies and individual differences. This approach can reduce the side effects of anticancer drugs and avoid the development of drug resistance.
MSNs for Gene Delivery
Gene therapy has broad prospects, but naked nucleic acids are not easily internalized by cells; they have poor biological stability and a short half-life and are subject to intracellular degradation prior to entering the nucleus. The systemic delivery of carrier particles can overcome these problems. At present, gene delivery systems can be divided into two categories: viral vectors and nonviral vectors. Although viral vectors have advantages in delivering genes, they have potential safety hazards. Nonviral vectors have been a research hotspot in recent years, including polymers, recombinant proteins, cationic compounds and inorganic nanoparticles. However, cationic materials are usually associated with high toxicity, recombinant proteins show low cost performance, and liposomes can enable effective gene transfection but are unstable. Compared with other nanoparticles, inorganic nanoparticles are simple to prepare and easy to functionalize and have good biocompatibility and excellent physical and chemical stability. MSNs have favorable characteristics for gene delivery, including a narrow pore size distribution and the ability to can effectively protect the cargo up to the release point, and the surface chemical structure facilitates the optimization of adsorption and release characteristics. Thus, MSNs are considered promising carriers for gene therapy.
The current methods to improve the performance of mesoporous silica-loaded genes are as follows: 1) positive charge functionalization, such as by amination (Cheang et al., 2012; Tao et al., 2014; Xu et al., 2015; Zhang M. et al., 2016) and cationic polymer (Ngamcherdtrakul et al., 2018; Wang et al., 2018) functionalization, yielding modified MSNs with a net positive charge that promotes gene loading by enhancing electrostatic interactions with nucleic acids; (Figure 3); 2) synthesizing large pore size MSNs to realize improved gene protection and transportation. (Wu et al., 2015; Zhang J. et al., 2016; Meka et al., 2016).
[image: Figure 3]FIGURE 3 | MSNs for gene therapy to increase the cell uptake and transfection efficiency. MSNs modified by a net positive charge such as amination modification, metal cations and cationic polymers. The aminated MSN delivery systems had a higher loading capacity and showed greater delivery efficiency and protection, resulting in significantly improved serum stability without cytotoxicity.
To study the effect of amination on the delivery efficiency of nucleic acids, Xu et al.(Xu et al., 2015) modified MSNs with NH2-TES, 2NH2-TES and 3NH2-TES and loaded them with CpG oligodeoxynucleotide (CpG ODN) to form MSN-NH2/CpG, MSN-2NH2/CpG, MSN-3NH2/CpG complexes. The aminated MSN delivery systems had a higher loading capacity and showed greater delivery efficiency and protection, resulting in significantly improved serum stability without cytotoxicity. Similarly, the modification of mesoporous silica with cationic polymers can also improve the gene loading performance. Shen et al (Shen J. et al., 2014) designed a universal siRNA carrier composed of MSNPs functionalized with polyethyleneimine (PEI) grafted with cyclodextrin (CP), allowing the positive charge loading and release of siRNA in vivo through electrostatic interaction. Compared with free siRNA, the CP-MSNPs reduced the intracellular degradation rate of siRNA by 47.4%, and the cell internalization rate reached 99.2% within 24 h. In vivo microscopy monitoring in a tumor mouse model showed that the maximum concentration at the tumor site could be reached in 20 min, targeting and effectively inhibiting the gene expression of glycolytic pyruvate kinase isoenzyme (PKM2). Wang et al (Wang et al., 2018) designed MSNs carrying MDR1-siRNA to block the expression of MDR1 and loaded them with the anticancer drug DOX. The cationic polymer PEI was used to modify the MSNs to obtain a positive charge for better MDR1-siRNA loading. Meka et al. (Meka et al., 2016) prepared MSNs with 9 nm mesopores. The hydrophobic octadecyl-conjugated MSNs showed a high loading capacity and effectively delivered siRNA to cancer cells, inhibiting cancer cell proliferation. Wu et al (Wu et al., 2015) successfully developed mesoporous organosilica nanoparticles (MONs) with cell-penetrating peptides (TAT) for efficient nuclear gene delivery with a high drug loading capacity, which resulted in better loaded gene protection and improved EGFP plasmid transfection efficiency.
At present, surface amino and cationic modification as well as large-pore-size mesoporous silica can effectively improve gene delivery and have broad prospects for application in cancer therapy drug/gene delivery.
Application of Mesoporous Silica in Photo-Triggered Therapy
Both photothermal therapy (PTT) and photodynamic therapy (PDT) are important class of therapy approach by MSNs, have been demonstrated the priorities to elevate cancer therapeutic efficacies and diminish undesired side effects through different mechanisms in cancer treatment. Photothermal therapy (PTT) (Shen et al., 2016) is a minimally invasive method selectively ablate cancer cells by converting light energy into heat. It has become a promising alternative to radiotherapy and chemotherapy. The basic principle of PDT is that the irradiation of photosensitizers at specific wavelengths causes cells to produce create cytotoxic singlet oxygen or ROS, leading to cell death (Singh et al., 2017; Liang et al., 2020; Wang et al., 2020).
To improve the therapeutic effect, synergistic effects between photothermal agents and antitumor drugs (Youssef et al., 2018; Hu et al., 2019; Yang et al., 2019; Zhang et al., 2019) have become a new hot topic of research. Many dosage forms of DOX-loaded mesoporous silica for cancer treatment have been developed and achieved good results. Hu et al (Hu et al., 2019) designed immobilized liquid metal nanoparticles based on a surface mesoporous silica coating strategy (LM@MSNs) and loaded them with the anticancer drug DOX and decorated them with hyaluronic acid (HA), resulting in the construction of the tumor-targeted nanomedicine LM@MSN/DOX@HA. Under NIR irradiation, the immobilized LM nanoparticles exerted a photothermal effect and a synergist effect with the anticancer drug to kill cancer cells. HA helped the nanocarrier achieve targeted recognition and reduced its toxic side effects on normal tissues. Similarly, Liu et al (Liu et al., 2018) designed a multifunctional nanoplatform based on mesoporous silica-coated gold nanorods (AuNRs@MSNs) that were loaded with ICG and RLA peptide with plasma membrane permeability and a mitochondrial targeting ability ([RLARLAR]2) and capped with β-cyclodextrin (β-CD). The weakly acidic microenvironment of tumor tissue induced polymer dissociation and re-exposure of the RLA peptide, promoting targeted accumulation of the nanocarrier in mitochondria. When irradiated with an 800 nm laser, the local electric field enhancement of the AuNRs significantly increased the ROS production of ICG, yielding a photothermal effect. The production of ROS and local hyperthermia led to mitochondrial dysfunction, leading to obvious tumor cell apoptosis and necrosis. Zhang et al (Zhang et al., 2019) used microfluidic technology to encapsulate mesoporous silica and AuNRs in a hybrid polymer body to construct a composite material. The hybrid polymer was composed of a combination of poly (ethylene glycol)-b-poly (lactic acid) diblock copolymer and phospholipids, resulting in high biocompatibility and low permeability. This material could be used to realize combined antitumor, photothermal, and targeted therapy.
Copper sulfide (CuS) nanoparticles have the characteristics of a low synthesis cost, a wide NIR absorption range, good biocompatibility and a good NIR photothermal conversion efficiency. An increasing number of nanodrugs based on the photothermal effect of CuS are being developed (Chen et al., 2014; Cheng et al., 2018). Liu et al. (Liu et al., 2014) developed hollow MSNPs loaded with CuS as a photosensitizer, DOX as an anticancer drug, and folic acid (FA) as a targeting agent. The system showed a good photothermal effect and an excellent DOX loading capacity. It enters cancer cells through a targeted receptor-mediated endocytic pathway; the change in pH and exposure to NIR irradiation trigger the release of DOX, driving the synergy of chemotherapy and PTT.
Wang et al. (Wang et al., 2020)reported a redox nanocarrier (called RN) is prepared by hollow mesoporous silica sphere (HMSNs) and a redox-responsive polymer ligand. The nanocarrier is loaded with catalase, metformin, and photosensitizer chlorin e6 (Ce6). With optimal size, redox-responsive drug release behavior and excellent singlet oxygen production, the RN have potential to enhance anti-tumor efficiency. The in vitro chemo-photodynamic synergetic experiments indicated that the NPs had excellent reactive oxygen species generation and remarkable cancer cell killing efficiency under laser irradiation.
The critical challenges in photodynamic and photothermal chemotherapies of cancer are the limited penetration depth of light, instability of photosensitizers, and non-degradable character of inorganic nanomaterials (Cheng et al., 2020; Wang et al., 2020). Improving the photothermal conversion efficiency and reducing the laser power density have become the directions of PTT development. Combination photo-chemotherapy, including photothermal-chemotherapy, photodynamic-chemotherapy, and photodynamic-photothermal-chemotherapy, has demonstrated the priorities to elevate cancer therapeutic efficacies and diminish undesired side effects through different mechanisms in cancer treatment.
Targeted Delivery System Based on Mesoporous Silica
Targeted drug delivery systems (TDDSs) (Chen et al., 2015; Foster et al., 2017) consist of drug delivery systems conjugated with carriers, ligands or antibodies to selectively concentrate drugs in target organs, tissues, cells, or intracellular structures through local, oral or systemic administration. At present, the targeted delivery of nanoparticles can be achieved by active and passive targeting. Passive targeting (Meng et al., 2011; Tang et al., 2013; Tang et al., 2014) is mainly based on the enhanced permeability and retention (EPR) effect. Compared with the microvascular endothelial space in tumor tissue, the microvascular endothelial space in normal tissue is dense, and the structure is complete. Solid tumor tissue is rich in blood vessels and has a large vascular wall surface area, poor structural integrity, and a lack of lymphatic drainage. Such tissue demonstrates selectivity, high permeability and retention of nanoparticles. The EPR effect promotes the selective distribution of macromolecular substances in tumor tissues, which can increase the efficacy and reduce the systemic side effects of drugs. To explore the role of particle size in determining biological characteristics and antitumor activity, Li et al. (Tang et al., 2014) compared nanoparticles 20, 50, and 200 nm in size according to radiolabeling, lung pathology, mathematical modeling and other research results and showed that the 50 nm MSNs performed best in terms of the size-dependent biodistribution, penetration and clearance of tumor tissue, and anticancer efficacy in various tumor models.
Active targeting is achieved through the use of specific targeting ligands, which can enhance specific uptake by cells and increase the intracellular drug concentration. Quan et al. (Quan et al., 2015) designed a drug delivery system called Lac-MSN, in which a 3-aminopropyltriethoxysilane-modified MSN was conjugated with the liver-targeting agent lactose and loaded with the water-insoluble anticancer drug docetaxel (DTX). The system mediated the targeted delivery of asialoglycoprotein receptor (ASGPR) and increased the concentration of the drug in the target organs, resulting in improved bioavailability. Sarkar et al (Sarkar et al., 2016) designed FA-modified quercetin-loaded mesoporous silica nanoparticles (MSNs-FA-Q) targeting breast cancer cells overexpressing folate receptors to enhance cell uptake and improve bioavailability. Lv et al (Lv et al., 2017) modified the folate MSN drug delivery system to achieve active targeting, thus increasing both the drug concentration in the target organ and the therapeutic efficacy.
MSNs allow high loading of drugs, and protects them inside the channeled pores until they reach target and release. The MSNs with optimal drug allow potential possess high loading of drugs, sustained and controlled release, and targeted delivery actions. An increasing number of targeted nanodrugs have been modified through diverse preparations to achieve targeted delivery for different needs.
Tumor Immunotherapy Based on Mesoporous Silica
Cancer immunotherapy can be achieved with cancer vaccines, (Nguyen et al., 2020), which are considered to be a promising tool to fight cancer (Figure 4) (Shen D. et al., 2014). Mesoporous silica materials are promising candidates to improve cancer immunotherapy based on their attractive properties that include high specific surface area, high biocompatibility, the easily modified surface groups, and self-adjuvanticity (Lee et al., 2020). Compared with nonporous silica nanoparticles, MSNs not only include self-adjuvanticity, but also could load Toll-like receptor (TLR) agonists, cytosine-phosphonothioate-guanine (CpG), ovalbumin, and immunomodulatory drug (gardiquimod) for mounting a highly potent and long-lasting antitumor immune response. (Nguyen et al., 2019; Nguyen et al., 2020; Seth et al., 2020). Adjuvants (Wang et al., 2012; Liu et al., 2013; Mody et al., 2013) can improve the efficacy of a vaccine by increasing the immunogenicity of the antigen, thus inducing a stronger immune response and promoting the immune memory of the antigen. Liu et al (Liu et al., 2013) designed different structures of silica nanoparticles (SNs) loaded with ovalbumin (OVA) to study the potential for application in protein vaccines. The results showed an effect of the SN structure and size and the medium on protein loading. When mice were vaccinated with SN-OVA preparations, the SNs could upregulate the humoral immune response. Tu et al (Tu et al., 2017) successfully developed lipid-encapsulated MSNPs (LB-MSN-OVA) loaded with OVA as an antigen, which were found to be suitable for the intradermal delivery of encapsulated protein antigens. Modifying nano-microneedles can improve compliance with vaccination, and loading nanoparticles with an antigen can increase and alter the immune response to the antigen. Composite nanomaterials based on mesoporous silica are equally effective in immune delivery systems. Nguyen TL et al (Nguyen et al., 2020) designed an injectable dual-scale mesoporous silica vaccine consisting of coupled mesoporous silica microrods (MSRs) and MSNPs. Compared with the same dose of the MSN vaccine, the MSR-MSN vaccine promoted the production of a large number of cytotoxic antigen-specific T cells against cancer. Compared with the MSR vaccine, the MSR-MSN vaccine showed enhanced antitumor efficacy. The enhanced efficacy of the dual-scale nanoparticle cancer vaccine is due to the improvement in the uptake of MSNs by dendritic cells (DCs) and the migration of the MSNs to lymph nodes over time.
[image: Figure 4]FIGURE 4 | Transmission electron microscopic images of MSNs. The scalebars in TEM images is 100 nm. Reproduced with permission from ref (Shen et al., 2014); copyright 2014 American Chemical Society.
Assisted Imaging Technology Based on Mesoporous Silica
The use of mesoporous silica in auxiliary imaging technology has made good progress (Caltagirone et al., 2015) and can be divided into three categories: 1) fluorescent agents for fluorescence imaging; (Rashidi et al., 2017); 2. loaded contrast agents for magnetic resonance imaging (MRI); (Cao et al., 2015); and 3) radiolabeled MSNs for positron emission tomography (PET) imaging (Ni et al., 2018).
The MSN that is used in fluorescence imaging is optically transparent due to its nanoscale particle size (Koenderink et al., 2001) and will not interfere with the emission of fluorescent agents. At present, imaging agents based on mesoporous silica mainly include quantum dots (QDs), (Li et al., 2019), organic dyes (Rashidi et al., 2016; Rashidi et al., 2017; Fulaz et al., 2019) or rare-earth elements (Chu et al., 2019). Li et al (Li et al., 2019) designed Ag2Se QD-modified MSNPs. Ag2Se QDs have near-infrared fluorescence, excellent biocompatibility and good dispersibility. Relying on the remarkable photothermal conversion rate (approximately 27.8%) of Ag2Se QDs and the anticancer drug DOX to achieve the effect of combined treatment, responsive multifunctional composite nanomaterials that release drugs at specific sites can achieve effective and accurate cancer treatment. Duan et al (Duan et al., 2017) designed a multifunctional imaging-guided MSN-based therapeutic platform for combined fluorescence/photoacoustic (PA)/computed tomography (CT) imaging and gene/chemical/photothermal therapy. The X-ray opacity and PA properties of AuNRs were used for CT and PA imaging; the fluorescent QDs further improved the imaging sensitivity; and DOX and therapeutic pDNA were used to achieve collaborative imaging-guided cancer treatment.
MRI (Taylor et al., 2008; Cao et al., 2015) is an effective biomedical tool that has the ability to acquire anatomical and metabolic/functional information with high spatiotemporal resolution nondestructively, and MSN-based MRI contrast agents exhibit strong relaxation, high sensitivity and a highly active core payload (Pálmai et al., 2017) due to their flexibility and large surface area. MSNs modified by targeting ligands can effectively identify abnormal tissues for diagnostic purposes. The accumulation of MSN-based MR contrast agent at the target site helps to improve imaging sensitivity. Marcell et al. (Pálmai et al., 2017) designed a silica-based MRI contrast agent with a shortened longitudinal (T1) relaxation time due to the presence of Mn2+. The functionalized MSNs showed significant contrast enhancement on MRI both in vivo and in vitro. Similarly, Li et al. (Li et al., 2018) designed a mesoporous silica-based T1-T2 dual-core contrast agent loaded with Fe3O4 and BSA-Gd2O3 nanoparticles. It has been verified that T1-T2 dual-mode MRI avoids the false-positive signals observed in single-mode imaging and provides more accurate and complementary information.
PET imaging (Ni et al., 2018) of radiolabeled SiNPs is used for analysis of the distribution of drugs in organs/tissues, pharmacokinetic determination and tumor targeting monitoring and has the advantages of high sensitivity, noninvasiveness and quantitation. The U.S. FDA approved the use of 124 I-labeled ultrasmall SiNPs (C dots) for PET imaging in patients with metastatic melanoma as an investigational new drug (IND), which is a significant milestone for the development of useful mesoporous silica products. At present, MSNPs labeled with different radioactive elements (64Cu, 89Zr, 18F, 68Ga, 124I, etc.) have been developed for cancer treatment.
Clinically, the new technology of combined PET/MRI imaging (Forte et al., 2019) has demonstrated high sensitivity and good accuracy and has value in the early detection and diagnosis of many diseases (especially tumors and the most common heart and brain diseases). In the future, imaging technology will continue to move toward integration and development, which will increase the requirements for imaging agents based on mesoporous silica.
Other Medical Applications
MSNs have great potential for applications in other biomedical fields due to their excellent properties. MSNs loaded with antibiotics and bone cement for functional application in orthopedic surgery have excellent mechanical properties and sustainable drug delivery efficiency (Shen et al., 2011; Letchmanan et al., 2017). A large number of studies have shown that such materials can efficiently and continuously release antibiotics, thereby reducing the risk of postoperative joint infections. Recently, Hiroshi Ikeda et al (Ikeda et al., 2019) designed a mesoporous silica-based organic-inorganic composite material with a nanoscale double-mesh structure to achieve the mechanical properties of human enamel, and the material demonstrated hardness compatible with that of human enamel. Furthermore, Li et al (Li et al., 2015) developed a removable denture base or orthodontic appliance loaded antibiotics to achieve a continuous sterilization effect.
BIOCOMPATIBILITY AND BIODISTRIBUTION
The safety of MSNs is very important. We summarized the metabolic process of mesoporous silica in the body, which is of great significance for its biosafety and biocompatibility, according to a large amount of literature (Figure 5); (Fischer et al., 2006; He et al., 2011; Fu et al., 2013)
[image: Figure 5]FIGURE 5 | Schematic diagram of nanoparticle metabolism. MSNs in the blood are eliminated mainly through the kidneys (urine) or liver (bile to feces) after encountering the mononuclear phagocyte system (MPS). Because of the filtration effect of the glomerulus and because the physiological pore size of the glomerulus is approximately 5.5 nm, MSNs smaller than 5.5 nm are excreted mainly in the urine through the kidney; MSNs larger than 5.5 nm transition from the peripheral circulation to the liver, and the nanomaterials that escape through the liver return to the systemic circulation through the central vein and are finally returned to the liver (or another MPS organ). This process is repeated until the nanomaterial is removed from the blood. The liver degrades the MSNs into various types of silicic acid, which are excreted in the urine through the hepatic vein to the kidney, usually within 4 weeks. The undegraded MSNs enter the common bile duct, are excreted to the duodenum through the sphincter of Oddi, and finally pass through the entire gastrointestinal tract to be cleared in the feces.
Drugs based on liposome nanocarriers have been used in clinical treatment; (Bozzuto and Molinari, 2015; Rudokas et al., 2016); current clinical data show that these carriers are sufficiently safe, possibly due to the biocompatibility of phospholipids (Allen and Cullis, 2013; Palazzolo et al., 2018). Similarly, polylactic acid-glycolic acid copolymer is a biodegradable functional organic polymer that can be used as a polymeric nanocarrier (Kamaly et al., 2012; Palazzolo et al., 2018) with good biocompatibility, no toxicity, good encapsulation and easy formation. Due to its performance, this material has been approved by the FDA and officially included in the United States Pharmacopeia as a pharmaceutical excipient. Although these nanocarriers have demonstrated satisfactory biocompatibility, they still have some shortcomings, such as problems related to stability, controlled drug release, and biological barriers. However, MSNs show good performance in these aspects. In this section, we focus on the progress in research on MSN biodistribution and biocompatibility.
Influence of MSN Shape, Size and Surface Modification
The biosafety of MSNs is related to their surface modification. Studies have shown that the cytotoxicity of MSNs is mainly related to their surface silanol groups, which may nonspecifically bind to certain proteins on the cell membrane and cause cell lysis and necrosis (Slowing et al., 2009; Lin and Haynes, 2010; Shinto et al., 2019; Tsamesidis et al., 2020). The surface properties of MSNs have an impact on their biodistribution and biocompatibility. Researchers have found that using polyethylene glycol (PEG) for functional modification to change the surface characteristics of MSNs can reduce the capture of MSNs by the liver, spleen, and lungs, thereby prolonging their circulation time (He et al., 2011). Breznan et al (Breznan et al., 2018) designed a series of MSNs of different sizes (25, 70, 100, 170 and 600 nm) and with different surface features (pristine, C3-COOH moieties and C11-COOH moieties) to study their cytotoxicity and inflammatory potential. In vitro and in vivo experiments showed that the toxicity of mesoporous silica was lower than that of nonporous nanoparticles and that changing the surface charge of MSNs can further reduce their cytotoxicity. Further analysis showed that particle size, zeta potential and surface modification were important factors affecting MSN cytotoxicity. Yu et al.'s (Yu et al., 2011) cytotoxicity and hemolysis test results for MSNs also support this conclusion. Roggers et al.(Roggers et al., 2014) found that lipid bilayer-coated MSNs showed significantly better blood compatibility than phosphatidylcholine-coated and uncoated MSNs. Through electron microscopy, ultraviolet-visible spectroscopy and flow cytometry analysis, it was observed that these inorganic/organic composite nanomaterials could contact red blood cells without damaging the cells even at relatively high concentrations. This finding also reflects that changing the surface properties of MSNs through different surface modification strategies can improve their biocompatibility. Liu et al. (Liu et al., 2011) showed that in a mouse model, the lethal dose of 110 nm MSNs was higher than 1,000 mg/kg. Repeated dose toxicity studies showed that no deaths occurred within 14 days of the intravenous administration of repeated MSN doses of 20, 40 and 80 mg/kg. These results also indicated that the toxicity of MSNs is lower when administered via a single-dose intravenous injection than when administered repeatedly. These data show good biocompatibility.
To explore the effects of particle size, dose and cell type on MSN biodistribution and toxicity, Kim et al.(Kim et al., 2015) synthesized MSNs with particle sizes of 20, 60, 100, and 200 nm and cultured them with A549 human alveolar cancer cells and HepG2 lung cancer cells. In addition, in NIH/3T3 mouse embryonic fibroblasts, MSNs of a uniform particle size, to eliminate the experimental uncertainty caused by mixed particle size, were used to explore the effect of particle size on cytotoxicity. By analyzing cell viability, membrane destruction, oxidative stress, and cell uptake, this research showed that MSN cytotoxicity was closely related to particle size, cell type and MSN dose.
The biodistribution and biological toxicity of MSNPs are closely related to their physical and chemical properties. While surface modifications have the greatest influence, different surface modifications have different degrees of influence. The size of the nanoparticle, the surface charge, surface modification, geometric shape and biodistribution are closely related to the biodistribution and biological toxicity. This suggests that when designing nanoparticles, the size and surface modifications should be selected according to the drug delivery strategy and treatment requirements.
Biodistribution of MSNs
To obtain the best therapeutic effect, nanoparticles should accumulate in diseased tissue as much as possible while having no adverse effects on normal tissue. Upon completing the task of drug delivery, nanoparticles should be cleared from the body and nontarget sites and not persist in the organism.(Pérez-Herrero and Fernández-Medarde, 2015). Although smaller nanoparticles exhibit stronger tissue penetration, they cannot distinguish between healthy and diseased tissues.(Heldin et al., 2004).
At present, there are six main methods for administering nanoparticles: intravenous injection; subcutaneous injection; intratumoral injection; pulmonary inhalation; oral administration; and transdermal administration. Intravenous injection can achieve the rapid delivery and distribution of nanoparticles in the circulatory system, but it can also cause them to be cleared by the kidneys, liver or reticuloendothelial system (RES). The advantage of intravenous injection, subcutaneous injection and intratumoral administration is that these methods can overcome the “first-pass effect” of the liver; after subcutaneous injection, according to the size of the nanoparticles, large nanoparticles (tens of nanometers) enter the lymphatic circulation, and small nanoparticles (a few nanometers) enter the blood circulation through the capillaries. It has been shown that larger materials can last longer at the injection site, and intertumoral injection has been the most common method used in animal experiments; (Brigger et al., 2002; Heldin et al., 2004); this method can achieve more precise targeting and overcome the limitations of systemic administration. Pulmonary inhalation (Gehr et al., 1978; Patton and Byron, 2007) is a feasible method for treating lung diseases or for systemic delivery to treat other diseases because the lungs (alveoli and airways) have a large internal surface area and high endothelial permeability. Nanomaterials that reach the alveolar exchange area are cleared by alveolar macrophages (phagocytes that may leave or remain in the lungs) or DCs and then transported to the draining lymph nodes of the lungs. The oral administration of nanomedicine (Desai et al., 2012) is relatively convenient and has high patient compliance. However, in enzymatic degradation in acidic environments, the intestinal tissue barrier and the “first-pass effect” of the liver (Zhang YN. et al., 2016) all lead to poor oral bioavailability.(Yun et al., 2013). Additionally, healthy human skin is an effective barrier to nanoparticles.(Lodén et al., 2011). Systemic treatment though transdermal delivery is therefore unlikely, but the use of this route for the treatment of local diseases (such as psoriasis) is still promising.(Boakye et al., 2017).
The physical and chemical properties of nanomaterials affect not only the biological distribution but also the biodegradation rate of the nanomaterials in the body. The biodistribution of nanomaterials is related to many factors, including the size, surface properties and dissolution rate of the nanomaterials, as well as tissue- or organ-dependent factors, such as tissue permeability and barrier properties. After intravenous, oral and subcutaneous delivery, nanomaterials can be found in the liver, spleen, kidneys, bone marrow, central nervous system, and local and systemic lymph nodes, (Alexis et al., 2008; Huang et al., 2011; Khlebtsov and Dykman, 2011; Meng et al., 2011), but the liver is the target organ because the liver contains many vascular endothelial cells and Kupffer cells (KCs) and is the main organ for removing macromolecules and microorganisms in the circulation. More than 99% of the particles will be removed by cells in the liver and other organs of the RES. Unexpectedly, when nanomaterials enter and pass through the liver, their speed is reduced by 1,000 times, which increases the possibility of nanomaterials interacting with and subsequently being absorbed and eliminated by a variety of liver cells. These cells are mainly KCs, liver B cells and sinusoidal endothelial cells.(Ray, 2016). He et al. studied the effects of PEGylation and particle size on the biodistribution of MSNs in vivo. Nanoparticles 80–390 nm in size were injected into the tail vein of mice and rats. The biodistribution of the nanoparticles was tracked using fluorescein isothiocyanate (FITC), and the results showed higher concentrations of particles in the spleen, liver, and lungs and lower concentrations of particles in the kidneys and heart. The size of nanoparticles also showed a negative correlation with the circulation time. MSNs 80 nm in size showed the longest cycle time, and PEGylation could significantly extend the cycle time. Larger nanoparticles showed faster degradation, which may have been caused by the RES.(He et al., 2011). Xie et al.'s study on the size of MSNs also supports the above conclusion.(Xie et al., 2010). By changing the pore size, geometry and surface characteristics to study the biological distribution, Yu et al. found that the tissue distribution depends on the pore size and surface charge of the particles and that the surface charge and pore size are more important than geometric properties.(Yu et al., 2012).
The biodistribution of MSNPs is closely related to their physical and chemical properties. The size of the nanoparticle greatly affects its biodistribution, and the surface charge, surface modification, geometric shape and biodistribution are closely related to the biodistribution. While surface modifications have the greatest influence, different surface modifications have different degrees of influence. This suggests that when designing nanoparticles, the size and surface modifications should be selected according to the drug delivery strategy and treatment requirements.
Biological Toxicity of MSNs
Now, we understand the metabolism of MSNs, the factors that affect their metabolism, and their distribution in the body. However, understanding these facets is not sufficient. To realize the clinical transformation of MSNs, only investigating the acute toxicity and subacute toxicity of nanoparticles cannot fully reflect their biological toxicity (Hosseinpour et al., 2020; Mohammapdour and Ghandehari, 2022). It is necessary to understand the toxicity of nanoparticles to various types of cells in vivo. At present, scientists have paid attention to the immunotoxicity and cytotoxicity of nanoparticles. However, research on MSN that can cross the blood-brain barrier is still insufficient, because it may damage nerve cells. And the research on the influence of MSNs on DNA is far from enough. In future experiments, more evidence is needed to clarify the biological toxicity of MSN, particularly the following four aspects: immunotoxicity, cytotoxicity, (Manke et al., 2013), neurotoxicity, (Xue et al., 2012), and genetic toxicity.(Donaldson et al., 2010).
Immunotoxicity: The body’s first line of defense includes monocytes and macrophages. Nanoparticles entering the human body interact with immune cells and can cause the production of proinflammatory factors, in turn leading to cell apoptosis, which is considered to be the mechanism of nanoparticle-induced immunotoxicity.(Lee et al., 2011). When the therapeutic doses of nanoparticles are given to patients, what will happen to their immune system? How long does it take for the MSNs to degrade and be cleared from MPS? Weather MPS is saturated or not? And what may happen when MPS is saturated? How does this influence the function of the immune system and the normal functions of saturated macrophages? We can’t ignore these problems.(Shahbazi et al., 2013).
Cytotoxicity: MSNs can induce oxidative stress and mediate apoptosis in a size- and dose-dependent manner through the mitochondrial pathway. ROS-mediated toxicity is considered to be an important mechanism of nanoparticle toxicity.(Fu et al., 2014).
Neurotoxicity: Very small nanoparticles can be transported across the blood-brain barrier and damage nerve cells. Studies have shown that direct contact with neuroblastoma cells induces adverse reactions, including markers of Alzheimer’s disease.(Yang et al., 2014).
Genotoxicity: MSNs can directly interact with DNA, consuming antioxidants, oxidizing DNA, disrupting the cell cycle and causing abnormal gene expression. These are considered to be the potential mechanisms of nanoparticle-induced genotoxicity.(Donaldson et al., 2010; Tarantini et al., 2015).
Currently, it is believed that the main mechanism of biological MSN toxicity is the induction of oxidative stress, which causes toxicity to cells, including immune and nerve cells, as well as DNA. Of course, the toxicity of MSNs is strongly related to the dose, particle size, shape, and surface properties of the MSNs. This is also a research direction that will continue to be explored in the future. For the development of effective mesoporous silica-based clinical drugs, it is necessary to study the potential mechanisms of toxicity.
CONCLUSION AND OUTLOOK
This review provides a detailed introduction to the applications of MSNs in the field of medicine and how they can improve the bioavailability of drugs, reduce antitumor drug resistance, and facilitate targeted therapy and bioimaging, among others. MSNs have achieved remarkable results in animal experiments. The US FDA has also approved the first silica material, C dots, for clinical research. Porous silica holds great promise. Scientists have conducted much research to develop MSNs and apply them as drug delivery systems or in therapeutic strategies. The biodistribution and long-term fate of these MSNs are critical to the applicability and efficacy of drugs, and gaining an understanding of these outcomes is essential to promote the clinical application of mesoporous silica.
In the development of drug delivery strategies, scientists continue to make advances in synthesis methods, surface modifications, and targeting strategies. Composite materials and multifunctional materials that can achieve active targeting and bioimaging while delivering drugs are constantly emerging. In oncology, better therapeutic effects can be achieved through the combination loading of pharmaceuticals and genetic vectors, with the potential to result in a full response. Now, not only reactive oxygen and acid-base responses but also precision delivery under external conditions can be achieved via controlled release in response to photonic, ultrasonic, or magnetic stimuli. In future research, the development of multifunctional responsive materials through different targeting and response strategies and in combination with various imaging technologies will lead to the efficient treatment of target tissues with reduced side effects.
Currently, research on the biodistribution and biosafety of mesoporous silica is very important for its application as a nanocarrier. Studying the biological toxicity of MSNs, particularly their immunotoxicity, cytotoxicity, neurotoxicity and genotoxicity, is important for achieving the clinical application of MSNs.
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Cancer has posed a major threat to human life and health with a rapidly increasing number of patients. The complexity and refractory of tumors have brought great challenges to tumor treatment. In recent years, nanomaterials and nanotechnology have attracted more attention and greatly improved the efficiency of tumor therapies and significantly prolonged the survival period, whether for traditional tumor treatment methods such as radiotherapy, or emerging methods, such as phototherapy and immunotherapy, sonodynamic therapy, chemodynamic therapy and RNA interference therapeutics. Various monotherapies have obtained positive results, while combination therapies are further proposed to prevent incomplete eradication and recurrence of tumors, strengthen tumor killing efficacy with minimal side effects. In view of the complementary promotion effects between different therapies, it is vital to utilize nanomaterials as the link between monotherapies to achieve synergistic performance. Further development of nanomaterials with efficient tumor-killing effect and better biosafety is more in line with the needs of clinical treatment. In a word, the development of nanomaterials provides a promising way for tumor treatment, and here we will review the emerging nanomaterials towards radiotherapy, phototherapy and immunotherapy, and summarized the developed nanocarriers applied for the tumor combination therapies in the past 5 years, besides, the advances of some other novel therapies such as sonodynamic therapy, chemodynamic therapy, and RNA interference therapeutics have also been mentioned.
Keywords: nanomaterial, radiotherapy, phototherapy, immunotherapy, combination therapies
INTRODUCTION
Cancer has severely threatened human life worldwide, and malignant tumors are still a serious problem that needs to be solved urgently (Siegel et al., 2020). Traditional tumor treatment methods mainly include surgery, chemotherapy and radiotherapy, while some limitations are also manifested, such as the damage to surrounding tissues, poor effect on hypoxic tumors, possible wound complications, and inconvenience of treatment (Kaur and Asea, 2012; Sundaram et al., 2020). Research on development of tumor therapies is aimed to better eradicate tumors while minimizing side effects.
The application of nanomaterials has further optimized traditional tumor therapies and provided more options for emerging tumor therapies such as phototherapy, immunotherapy, sonodynamic therapy, chemodynamic therapy and RNA interference (RNAi) therapeutics (Song et al., 2017; Hou et al., 2018). The unique properties of nanomaterials made them applicative for tumor diagnose and treatment (He et al., 2015). The nano-scale size facilitates the penetration cross biological barriers, increases the drug delivery efficiency and controls the release behavior, thus achieving better therapeutic effects (Sun et al., 2014). In addition, appropriate nanomaterials can be effectively targeted to the tumor site and reduce systemic toxicity; Modified nanomaterials have been widely applied for both traditional and novel tumor therapies due to the specific physicochemical properties and targeting ability (Sun et al., 2014; Aikins et al., 2020). Nanocarriers have also been constructed to overcome hypoxia of the tumor microenvironment to obtain more efficient tumor killing effects (Abbasi et al., 2016; Meng et al., 2018). Nevertheless, although monotherapy strategies such as radiotherapy and phototherapy are proven effective methods for tumor treatment, there may be a potential risk of tumor recurrence or the refractory of deep-seated tumors. Based on this, tumor combination therapy has been proposed to eradicate tumors synergistically and effectively in a complementary manner, minimizing systemic toxicity and side effects as much as possible. Studies have demonstrated that radiotherapy can break through the limitation of insufficient tissue penetration of phototherapy. In turn, photothermal therapy can promote oxygen perfusion to relieve the hypoxic environment of tumors, which is beneficial to the efficiency of oxygen-dependent therapies such as radiotherapy, photodynamic therapy and sonodynamic therapy. In addition, a large amount of evidence has shown that the therapies can induce the release of tumor-associated antigens locally to activate the immune response, therefore, combination therapies with immunotherapy are a smart approach to achieve synergistic tumor treatment effects (Hou et al., 2018; Chen et al., 2019; Galon and Bruni, 2019). On this basis, recent research has also focused on the development of nanomaterials for the construction of carriers for combination therapy.
The review is aim to outline the recent advances in nanomaterial-mediated radiotherapy, phototherapy, and immunotherapy, and some other therapies (sonodynamic therapy, chemodynamic therapy, and RNAi therapeutics). Besides, we will present innovate strategies for combined tumor treatment based on nanomaterials in the past 5 years.
APPLICATION OF NANOMATERIALS IN RADIOTHERAPY
Radiotherapy utilizes high-dose radiation to induce DNA destruction and generate free radicals to kill tumor cells, including internal and external radiotherapy, usually in conjunction with chemotherapy or surgery (Sundaram et al., 2020; Zeng et al., 2021). However, traditional radiotherapy causes irreversible damage to surrounding normal tissues due to the large amount of radiation. Besides, the hypoxic environment limits oxygen-dependent DNA damage, which in turn leads to tumor resistance to radiation (Jarosz-Biej et al., 2019). Hypoxia also protects dormant cancer stem cells, allowing them to retain the potential for proliferation and differentiation, thus leading to a potential risk of recurrence (Wang et al., 2019a). Therefore, it is necessary to improve the sensitivity of tumor cells to irradiation, overcome the hypoxic environment at the tumor site and increase oxidative stress, strengthen the killing effect on tumor cells and alleviate its side effects on normal tissues (Figure 1).
[image: Figure 1]FIGURE 1 | Illustration of nanomaterials used in radiotherapy. The commonly used nanomaterials in radiotherapy mainly include high-Z materials-based nanoparticles and oxygen-producing nanoparticles, which can effectively enhance the accumulation at the tumor site, improve the sensitivity of radiotherapy, overcome the hypoxic environment of tumors and enhance the radiotherapy efficiency.
High-Z materials such as gold (Dong et al., 2020), silver (Liu Z. et al., 2018), platinum (Li et al., 2019) and gadolinium (Du and Sun, 2020) have been widely reported to be used as radiosensitizers and accelerate the generation of reactive oxygen species (ROS) through photoelectric effect, Auger electronics and Compton effect (Sundaram et al., 2020). Lan et al. developed a metal-organic frameworks (MOF) hierarchically composed of Hf-based secondary building units and Ir-based bridging ligands, encapsulated (P2W18O62)6– (W18) polyoxometalates through electrostatic adsorption to further enhance the sensitivity of radiotherapy (Lan et al., 2019). The hierarchical structure facilitated the generation of hydroxyl radical (•OH), singlet oxygen (1O2) and superoxide (O2−), which is an excellent radio-enhancer for the treatment of MC38 and CT26 tumor bearing mice (Lan et al., 2019).
Among high-Z materials, gold-based nanoparticles (AuNPs) have received extensive attention due to the good biocompatibility and surface modifiability. Studies have further enhanced its superiority in radiotherapy sensitization by changing the size, structure or surface properties (Yang et al., 2014; Dong et al., 2020). Dong et al. prepared gold sub-nanoparticles encapsulating cell cycle regulator α-difluoromethylornithine, and modified them with arginine-glycine-aspartic acid (RGD) penetrating peptide to promote its penetration of the blood-brain barrier. The results showed enhanced sensitivity to radiation and significant therapeutic effects in low-dose radiation (Dong et al., 2021). AuNPs can also be modified to improve targeting ability. A conjugated complex composed of AuNPs and a plectin-1 targeting peptide showed more aggregation at the tumor site, and induced tumor cell apoptosis with better biosafety (Dong et al., 2020).
Hypoxia of the tumor microenvironment hinders radiation therapy sensitivity and the formation of ROS. Hypoxia-inducible factor 1 (HIF-1) is stably expressed under hypoxic conditions, which has been shown to participate in the proliferation and metastasis of tumor cells by regulating its downstream signaling molecules (Meng et al., 2018; Sundaram et al., 2020). Based on this, studies utilized nanocarriers combined with tumor oxygenation agents such as catalase and MnO2 to decompose the over-expressed H2O2 into oxygen, thereby alleviating the tumor hypoxia and enhancing the sensitivity of radiotherapy (Abbasi et al., 2016; Song et al., 2016). Meng et al. encapsulated the HIF-1 inhibitor acriflavine into MnO2 nanoparticles to generate oxygen in tumor tissues and improve the effect of radiotherapy. On the other hand, acriflavine inhibited the expression of HIF-1 and down-regulated its downstream signaling molecules such as vascular endothelial growth factor and glucose transporter, showing an 84.70% tumor inhibition rate in abscopal tumors (Meng et al., 2018).
NANOMATERIALS USED IN PHOTOTHERMAL THERAPY AND PHOTODYNAMIC THERAPY
Photothermal therapy and photodynamic therapy are currently the most common phototherapy for tumor treatment. Photothermal therapy is to gather materials with high light-to-heat conversion efficiency in the tumor tissue and heat it to ablate cancer cells under the irradiation of external light source (Hou et al., 2018). And photodynamic therapy utilizes a specific wavelength of light to irradiate a photosensitizer at the tumor site and generate ROS to kill tumor cells. Compared with traditional tumor therapy, both photothermal and photodynamic therapy can be applied accurately and effectively with less side effects and greatly reduce the patient’s pain in a noninvasive way (Figure 2) (Li et al., 2020).
[image: Figure 2]FIGURE 2 | Illustration of nanomaterials used in photothermal therapy and photodynamic therapy. Photodynamic therapy stimulates photosensitizers to produce ROS in an oxygen-dependent manner. UCNPs are applied to enhance the tissue permeability of light by converting NIR into UV or visible light, and nano heterostructures have been proposed for the simultaneous generation of ROS and O2 through electron-hole separation under normoxia or hypoxia condition. Photothermal therapy uses NIR to excite nanomaterials with good light-to-heat conversion capabilities for tumor ablation, which can effectively accelerate the blood circulation and increase the oxygen concentration of tumor tissue, which in turn facilitates the performance of photodynamic therapy.
Photothermal agents are materials with good light-to-heat conversion capabilities, mainly including noble metals (gold (Wang et al., 2013), silver (Park et al., 2020), platinum (Ma et al., 2020), etc.), two-dimensional materials (graphene (Chen et al., 2016), black phosphorus (BP) (Geng et al., 2019), transition metal-based materials (Xie et al., 2019), etc.), and some organic small molecule photothermal agents (porphyrin, phthalocyanine, cyanine, etc.) (Lv et al., 2020). The current research aims to develop materials with excellent biocompatibility in addition to photothermal performance. Most metal-free 2D materials such as graphene oxide and BP have great biocompatibility and biodegradability, and have attracted more attention as candidate materials for photothermal therapy in recent years (Liu S. et al, 2020). Graphene has been a hotspot of scientific research since its discovery. Recently, graphene derivatives have been favored due to its better drug loading efficiency and photothermal conversion capacity (Chen et al., 2016). It is proved that folic acid coupled chitosan functionalized graphene oxide (FA-CS-GO) can completely destroy cancer cells under near-infrared (NIR) light irradiation in vitro, and showed excellent anti-tumor effect in vivo with no recurrence in 20 days (Jun et al., 2020). Besides, BP has been considered as a promising photothermal material, but its rapid degradation in the physiological environment limits its application. Based on this, Geng et al. assembled NIR-II responsive carbon dots on BP nanosheets to construct a hybrid photothermal agent, which improved the stability of BP and showed synergistic photothermal effect, attained higher light-to-heat conversion efficiency in the NIR-I and NIR-II window (77.3 and 61.4%, respectively), and the deep tumors were eradicated under the 1,064 nm laser (Geng et al., 2019). Shao et al. prepared a core-shell structured nanospheres with black phosphorous quantum dots (BPQDs) encapsulated in poly (lactic-co-glycolic acid) (PLGA), and the nanospheres achieved a better passive targeting effect, retained good photothermal performance with excellent stability (Shao et al., 2016).
As for photodynamic therapy, there have been many studies on nanocarriers loaded photosensitizers such as photofrin (Kano et al., 2013), 5-aminolevulinic acid (Zhang et al., 2015) and chlorine e6 (Ce6) (Yang et al., 2019) to improve delivery efficiency and enhance tumor killing effects, but the hypoxia microenvironment greatly limits the therapeutic efficiency. In addition to the strategies of delivering MnO2 and catalase to increase the production of oxygen, studies have indicated that nano-heterostructure can promote electron-hole separation and the accumulation of ROS, which is considered an effective material for photodynamic therapy (Cheng et al., 2020). Zhang et al. designed a bismuth sulfide (Bi2S3)-bismuth (Bi) Z-type heterostructure with a good electron-hole separation ability, simultaneously generated ROS and O2 under NIR irradiation, improved photodynamic therapy efficiency with excellent biocompatibility and biodegradability (Cheng et al., 2020). Qiu et al. also prepared bismuth/bismuth oxide (Bi/BiOx) lateral nano-heterostructures based on the regioselective oxidation strategy. Under 660 nm laser irradiation, 1O2 can be effectively generated under normal oxygen conditions, and cytotoxic ⋅OH and H2 can be generated under hypoxic conditions, showing synergetic photodynamic performance on tumor elimination (Qiu et al., 2021).
Furthermore, studies used up-conversion nanomaterials (UCNPs) to emit visible light under NIR excitation and stimulate photosensitizers to effectively produce ROS, overcome the limitation of weak tissue penetration of visible light, and improve the efficacy of photodynamic therapy (Liang et al., 2020a; Liu et al., 2020b). Liu et al. constructed a Nd3+ ion-doped UCNPs surface-modified porphyrin-like metal-organic framework and functionalized it to target the mitochondria to achieve enhanced photodynamic therapy under the trigger of NIR irradiation (Liu et al., 2020c). Liang et al. developed UCNPs modified with oleic acid-polyamide dendrimers to form hydrophobic and hydrophilic pockets on the surface of nanoparticles through click reaction, loaded with photosensitizer Ce6 and catalase, which can effectively overcome tumor hypoxia and improve photodynamic therapy efficiency, indicating significant anti-tumor effect through synergistic mitochondrial targeting modification (Liang et al., 2020b).
In addition, photodynamic and photothermal therapy are usually applied in combination due to their synergistic tumor killing effect (Figure 2). Photothermal therapy generates heat locally can not only ablate tumor cells, but also accelerate blood circulation and accumulate oxygen in the tumor’s hypoxic microenvironment to provide suitable conditions for photodynamic therapy (Yang et al., 2021). Guan et al. prepared covalent organic framework nanoparticles with a particle size of ∼140 nm that co-loaded the photosensitizer porphyrin and the photothermal agent naphthalocyanine. The temperature increase led by the photothermal effect significantly enhanced the sensitivity of photodynamic therapy by destroying lysosomes and mitochondria (Guan et al., 2019). Yang et al. synthesized TiO2@RP nanorods with red phosphorus (RP) as the shell and TiO2 as the core. After being irradiated with 808 nm NIR light for 5 min, the nanorods can reach 39.3–44.1°C and induce the production of 1O2, effectively killing cancer cells in deep tissues of renal cell carcinoma (Yang et al., 2021).
NANOMATERIAL-MEDIATED IMMUNOTHERAPY
Immunotherapy is based on the regulation of the immune system, activating a long-term immune response against malignant tumor cells, thereby eradicating tumors and inhibiting tumor metastasis (Riley et al., 2019). Tumor associate antigens derived from necrotic or apoptotic tumor cells can be taken up and processed by antigen-presenting cells, presented to T cells in lymph nodes, inducing the activation of immature T cells to effector T cells. T cell-mediated cellular immune response is the key to tumor immunity (Song et al., 2017).
Tumor vaccines can effectively trigger potent immune responses for tumor prevention and treatment specifically. Nanomaterials are applied to co-deliver antigens and adjuvants (Zhu et al., 2018), increase the uptake of antigen-presenting cells, improve the ability of cross presentation, or directly target lymph nodes to induce strong effective immune response (Li H. et al, 2017; Zhong et al., 2019a). Zhu et al. co-encapsulated B16 melanoma-derived tyrosinase-related protein 2 (Trp2) peptides and toll-like receptor agonists (CpG oligonucleotides and monophosphoryl lipid A) in a mesoporous silica vector, which improved the efficiency of antigen delivery to dendritic cells, effectively activated T cell-specific immune responses and prolonged the survival period of tumor-bearing mice significantly (Zhu et al., 2018). Li et al. prepared micelles composed of polycaprolactone-polyethyleneimine and polycaprolactone-polyethylene glycol, and co-loaded Trp2 and the adjuvant CpG oligodeoxynucleotide, which showed higher activity of cytotoxic T lymphocytes (CTLs) and stronger anti-tumor ability in B16F10 melanoma mice compared with the mixture of free Trp2 and CpG (Li M. et al, 2017).
The antigen captured by dendritic cells are presented to the major histocompatibility complex class I (MHCI) or major histocompatibility complex class II (MHCII) molecules extracellularly (Song et al., 2017). For tumor immunotherapy, it is vital that exogenous antigens escape from lysosomes and activate CD8+T cells through the MHCI pathway through cross presentation (Du et al., 2020). Suitable nanomaterials are applied according to the unique acidic environment of the lysosome to promote the escape of antigen from the lysosome and enhance cross presentation (Li H. et al, 2017; Du et al., 2020). The most commonly used methods are cationic polymer modifications such as polyethylenimine (Li M. et al, 2017), 1,2-dioleoyl-3-trimethylammonium-propane (Zhang et al., 2019) and dimethyl dioctadecylammonium bromide (Xia et al., 2018), inducing the proton sponge effect to cause the destruction of the endosomal membrane, thereby increasing the endosomal escape of the antigen (Du et al., 2020). Recent studies have shown that pH-sensitive materials can also promote cross presentation by inducing endosomal membrane fusion and transferring antigens through the cytosol (Zhong et al., 2019b; Du et al., 2020). MOFs have attracted attention due to their excellent drug-carrying capacity and pH-sensitive properties. Zhong et al. used zeolite imidazole skeleton (ZIF-8), a pH-sensitive degradable MOF, co-loaded antigen and CpG for subcutaneous injection, which decomposed in the lysosome to release the antigen into the cytoplasm and enhanced cross presentation, remarkably inhibiting EG7-OVA tumor growth (Zhong et al., 2019a). In another study, the MOF composed of guanine monophosphate and lanthanide ions can be actively internalized by antigen presenting cells, release the antigen and promote its escape from the lysosome, significantly improving the CTL response (Duan et al., 2017).
Although tumor vaccines have shown excellent anti-tumor effects, the immunosuppressive microenvironment presents a major challenge for tumor immunotherapy, and immune checkpoint inhibitors have been considered as a promising strategy in recent years (Song et al., 2017). Blocking the immune checkpoints facilitates the recognition of T cells and initiates an effective anti-tumor immune response, thus preventing tumor immune escape and improving the efficiency of anti-tumor immunotherapy (Song et al., 2017; Chen et al., 2018). The most studied inhibitory receptors are cytotoxic T lymphocyte-associated protein 4 (CTLA-4) and programmed death 1 (PD-1). CTLA-4 is expressed on activated T cells and interacts with costimulatory molecules on antigen presenting cells to impede T cell activation (Ruan et al., 2019). And PD-1 is up-regulated on activated T cells, interacts with the corresponding ligand PD-L1 on tumor cells to inhibit the function of T cells. Anti-CTLA-4 monoclonal antibody ipilimumab and anti-PD-1/PD-L1 antibodies such as pembrolizumab and avelumab have been approved by the United States Food and Drug Administration (FDA) for clinical cancer treatment (Chen et al., 2018; Ruan et al., 2019). Studies have shown that combining tumor vaccines with immune checkpoint inhibitors can effectively combat tumors and prevent the recurrence (Kuai et al., 2017; Kim et al., 2020). Kim et al. used biocompatible phospholipid nanoparticles to co-encapsulate tumor antigens and CpG adjuvants, which showed strong anti-tumor effects in the prevention and treatment of EG7 tumor models, but the vaccine induced T-cell exhaustion by increasing PD-L1 expression, leading to tumor recurrence. Combining anti-PD-1 therapy with nano-vaccine suppressed tumor recurrence and showed a synergistic anti-tumor effect (Kim et al., 2020).
DEVELOPED NANOMATERIALS TOWARDS THE TUMOR COMBINATION THERAPIES
Nanomaterials have exhibited great potential in tumor treatment and obtained remarkable results in both traditional and emerging therapies. However, there are still some limitations in monotherapy such as the inability to completely eliminate the tumor or the potential risk of tumor recurrence. The application of nanomaterials in combination therapy is emphasized to achieve synergistic effects for tumor treatment (Figure 3).
[image: Figure 3]FIGURE 3 | Schematic diagram of tumor combination therapies. Radiotherapy can break through the limitation of insufficient tissue penetration of phototherapy. In turn, photothermal therapy can improve vascular permeability and increase O2 concentration, which facilitates the performance of radiotherapy. Radiotherapy/phototherapy can induce immunogenic cell death (ICD), release tumor-associated antigens locally and increase T cell infiltration, and the combination with immunotherapy can effectively inhibit tumor metastasis and recurrence.
Radiotherapy Combined With Phototherapy
NIR light used in photothermal therapy has a limited penetration depth and fails to eradicate tumor cells in the deep tissue. Relatively, radiotherapy has a stronger penetrating ability, which can effectively break through the restriction while also improving the photothermal conversion capability (Zheng et al., 2021). At the same time, photothermal therapy can improve oxygen perfusion and relieve hypoxic environment, thus amplifying the effect of radiotherapy (Luo et al., 2020). Research has shown that nanomaterials based on high-Z element can simultaneously promote photothermal therapy and radiotherapy. Zheng designed a W18O49 nanosphere which showed excellent radiation sensitization and photothermal performance, promoted the production of 1O2 and ⋅OH, increased radiation-induced DNA damage and significantly inhibited tumor cell proliferation and metastasis (Zheng et al., 2021). In addition, the combined application with nano-heterostructure is conducive to the production of ROS. Cai et al. prepared a copper sulfide nano-heterostructure modified by platinum gold nanoparticles with enhanced light-to-heat conversion capacity, leading to efficient glutathione clearance and formation of ROS with the co-excitation of NIR and X-ray. The nano-heterostructure can effectively remove tumors and inhibit tumor recurrence, exerting the synergistic anti-tumor effect of radiotherapy and photothermal therapy (Cai et al., 2021). Similarly, Huang et al. developed a dumbbell-shaped heterostructure based on copper selenide-gold nanoparticles for enhanced radiophotothermal therapy. The heterostructure possesses excellent photothermal conversion efficiency due to enhanced localized surface plasmon resonance and also has better X-ray attenuation based on the synergy of multiple elements, indicating a remarkable tumor cell elimination effect (Huang et al., 2019).
The combination of radiotherapy and photodynamic therapy can also solve the limitation of tissue penetration to eliminate deep-seated tumors. Studies have demonstrated that the strategy of combining high-Z materials and photosensitizers has achieved remarkable results. Sun et al. successfully synthesized polymer nanodots based on gadolinium ions and the clinically used photosensitizer Rose Bengal through solvothermal reaction. The nanodots induced the generation efficiency of 1O2 increased by 1.9 times compared with Rose Bengal, significantly inhibiting tumor growth with a tumor suppression rate of 98.8% without systemic toxicity or long-term side effects (Sun et al., 2020). Another promising approach is to combine scintillator materials and photosensitizers to activate radiotherapy and photodynamic therapy under the same ionizing radiation. Scintillators are developed to absorb X-rays and convert them into photons to activate photosensitizers to generate ROS, providing a new strategy for treatment of deep tumors (Zhong et al., 2019b). Ahmad et al. prepared a scintillating nanoparticle CeF3:Gd3+, Tb3+coated with mesoporous silica and loaded Bengal Rose for X-ray-induced photodynamic therapy. Low-dose X-ray irradiation confirmed a better tumor regression effect of synergistic therapies relative to radiotherapy alone by down-regulating the amino acids involved in protein and DNA synthesis (Ahmad et al., 2019). Shi et al. prepared mesoporous zinc gallium germanate long afterglow nanoparticles (Zn3Ga2GeO8:Cr3+, Yb3+, Er3+), which can penetrate muscle tissue to achieve effective afterglow imaging in mice. Under X-ray irradiation, the nanoparticles emitted NIR long afterglow thus activating the photosensitizer to kill cancer cells and effectively inhibiting the growth of liver tumors in situ (Shi et al., 2020). Zhong et al. prepared a rod-like structure of NaCeF4: Gd, Tb nano scintillation crystals to enhance the local radiation intensity, which was also activated as an X-ray responsive photosensitizer to generate a large amount of O2− and ⋅OH (Zhong et al., 2019b).
In addition, it is demonstrated that the combination of photothermal and X-ray-induced photodynamic therapy has a better therapeutic effect, as photothermal therapy is believed to enhance the permeability of nanoparticles in tumors and increase oxygen accumulation, which is conducive to improving the efficacy of oxygen-dependent treatments such as photodynamic therapy and radiotherapy (Guo et al., 2017; Luo et al., 2020). Based on this, Luo et al. conjugated europium complex scintillators and mesoporous silica coated gold nanorods, loaded with photosensitizer hematoporphyrin to applied for the synergistic treatment of radiotherapy/photodynamic/photothermal therapy. The nanoparticle has strong NIR absorption and X-ray conversion efficiency, showed excellent photothermal effect and radiosensitization ability, and realized the effective treatment for deep tumor with minimal side effects upon low-dose laser and X-rays (Luo et al., 2020). Guo et al. constructed bovine serum albumin (BSA)-encapsulated BiOI@Bi2S3 semiconductor heterojunction nanoparticles, in which bismuth and iodine were used as radiotherapy sensitizers due to the strong X-ray attenuation ability, and the electron-hole pairs and heterojunction structure in semiconductors can promote the generation of ROS through the photodynamic therapy process. Besides, bismuth sulfide was used as a photothermal agent to kill hypoxic cells insensitive to radiotherapy, improved the hypoxic environment of tumors and achieved a synergistic tumor-inhibiting effect superior to monotherapy (Guo et al., 2017).
Radiotherapy/Phototherapy Combined With Immunotherapy
Currently, immunotherapy has received a lot of attention and showed a gratifying rapid development. However, the therapeutic effect is unsatisfactory in the treatment of “cold tumors” (Bonaventura et al., 2019). “Hot tumors” and “cold tumors” refer to tumors with or without lymphocytes infiltration and inflammation respectively. Cold tumors greatly limit the effectiveness of tumor immunotherapy, especially the application of immune checkpoint inhibitors (Galon and Bruni, 2019). In recent years, it has been discovered that tumor therapies such as radiotherapy, chemotherapy or phototherapy can stimulate the immune system by inducing immunogenic cell death to release tumor-related antigens and damage-related molecular patterns, recruit lymphocytes and enhance T cell infiltration by destroying tumor microenvironment and turn cold tumors into hot tumors, which facilitates the induction of stronger T cell immune responses to attack tumors cells and inhibit tumor metastasis and recurrence (Bonaventura et al., 2019; Galon and Bruni, 2019). Therefore, the combination of multiple tumor therapies is considered a promising strategy to achieve synergistic anti-tumor effects and nanomaterial-based strategies have been proven to achieve remarkable therapeutic outcomes (Table 1).
TABLE 1 | List of nanomaterials in tumor combination therapy based on immunotherapy.
[image: Table 1]Studies have shown that combining radiotherapy enhancement methods with immune adjuvants or immune checkpoint inhibitors can obtain ideal anti-tumor effects (Ni et al., 2019; Patel et al., 2019). Chen et al. prepared a PLGA nanoparticle (PLGA-R837@Cat) that co-loaded catalase and Toll-like receptor-7 agonist (R837), which can effectively decompose H2O2 and increase the oxygen in the tumor to enhance efficacy of radiotherapy. Radiotherapy based on PLGA-R837@Cat induced the immunogenic death of tumor cells and triggered a stronger tumor immune response with the assistance of R837. Furthermore, the results proved that the combination therapy with anti-CTLA-4 antibody can effectively inhibit the growth of distant tumors (Chen et al., 2019). Huang et al. synthesized the triangular star tellurium nanomaterials and modified RGD polypeptide to target the tumor, which increased the accumulation of ROS and the efficacy of radiotherapy. Combined treatment with anti-PD-1 enhanced the infiltration of cytotoxic T lymphocytes in tumor tissues, promoted the polarization of protumorigenic M2 phenotype macrophages to tumoricidal M1 phenotype macrophages, and the proportion of M2 phenotype macrophages decreased from 24.46 to 4.66%, effectively inhibiting the growth of distal tumors (Huang et al., 2020).
Phototherapy combined with immunotherapy is also considered to be a promising strategy (Chen et al., 2021; Feng et al., 2021). The application of nanomaterials with high light-to-heat conversion efficiency in combination with immune adjuvants or immune checkpoint inhibitors has shown excellent tumor treatment effects (Ming et al., 2020; Fang et al., 2021). Ming et al. utilized the photothermal material Pd nanosheets to deliver CpG ODNs, which effectively inhibited tumors under NIR irradiation. The levels of TNF-α and IL-6 were significantly increased, and a strong CTL response was induced, which greatly improved the survival rate of tumor-bearing mice (Ming et al., 2020). Fang et al. designed a two-dimensional material FePSe3 wrapped in colon CT26 membrane, loaded with anti-PD-1 polypeptides, which showed significant accumulation at the tumor site, promoted the maturation of dendritic cells and the activation of T cells, remarkably prolonged the survival period of mice under the irradiation of infrared laser (Fang et al., 2021).
As for photodynamic therapy combined immunotherapy, Meng et al. prepared a light-triggered in situ gelation system for tumor treatment: modified catalase with photosensitizer Ce6 and mixed with polymeric matrix polyethylene glycol diacrylate, and R837 was added as an immune adjuvant. After injection into the tumor, it was irradiated with 660 nm light to form an in-situ hydrogel for multiple rounds of photodynamic therapy. In combination with CTLA-4 inhibitors, it further inhibited the growth of distant tumors, and also provided effective long-term immune memory protection to avoid tumor recurrence (Meng et al., 2019). Wang et al. designed pH-sensitive nanoparticles through the reaction of dextran and hyaluronidase, which can rapidly degrade hyaluronic acid in the extracellular matrix by releasing hyaluronidase in the acidic microenvironment of the tumor, thereby alleviating the hypoxic environment. It was proved that the nanoparticles can improve the efficacy of subsequent photodynamic therapy of Ce6@liposome and further enhance the infiltration of CTLs in tumor tissues after combining with anti-PD-L1, showing a significantly stronger anti-tumor effect and effectively inhibiting the growth of distant tumors. (Wang et al., 2019b). Shao et al. prepared a core-shell nanostructure formed by porphyrinic MOFs and UCNPs. Besides, a hypoxia-activated prodrug tilapazamin was loaded to achieve an excellent synergistic therapeutic effect on CT26 tumor-bearing mice (Shao et al., 2020).
Given that photothermal and photodynamic therapy have a great synergistic effect, its further combination with immunotherapy has also obtained ideal results. Yan et al. prepared NaGdF4: Yb/Er upconversion layer-coated polydopamine (PDA) nanoparticles, and modified the photosensitizer Ce6 to maximize the synergistic effect of phototherapy under 980 nm laser irradiation. Higher concentrations of cytokines such as IL-6 and TNF-α and lower level of IL-10 were induced, which proved the activation of a stronger immune response and the reduction of M2 suppressive macrophages, respectively. When combined with anti-PD-1 treatment, the survival rate of mice reached up to 77.8%, significantly higher than the group without PD-1 blockade antibody. Besides, the activation of CTLs and T memory cells can inhibit tumor metastasis and recurrence effectively (Yan et al., 2019). Jin et al. constructed a corn-like Au/Ag nanorod irradiated with a 1,064 nm laser to induce ICD of tumor cells. Combined with anti-CTLA-4 treatment can induce a strong immune memory effect, which was an effective method to reverse the immunosuppressive cold tumor microenvironment and prevent the tumor from recurring (Jin et al., 2021).
OTHER TUMOR THERAPIES BASED ON NANOMATERIALS
Sonodynamic Therapy
Sonodynamic therapy uses ultrasound to focus acoustic energy on tumor tissue, activating sonosensitizers to generate ROS and trigger anti-tumor effects. Various nanocarriers have been constructed to deliver small molecule sonosensitizers such as porphyrin, hematoporphyrin monomethyl ether, and rose bengal to enhance the accumulation at tumor sites (Liang et al., 2020a). Besides, inorganic sonosensitizers are favored due to the better physicochemical properties. TiO2 is a traditional sonosensitizer and its modification has always been the focus of research (Çeşmeli and Biray Avci, 2019). The combination of modified TiO2 and noble metals can effectively prevent the recombination of electrons and holes generated by ultrasound excitation. ROS generation efficiency of Au-TiO2 nanosheets is significantly higher than that of TiO2 itself (Cao et al., 2019). In addition, the combination of BP and Au was also found to improve the efficiency of sonodynamic therapy, inhibiting tumor growth with less side effects (Ouyang et al., 2018).
Ultrasound poses stronger penetration ability through biological tissues to achieve better therapeutic effect on deep tumors, which can effectively overcome the limitation of insufficient tissue penetration of phototherapy. Besides, some sonosensitizers or nanomaterials can be activated by ultrasound and laser at the same time, so as to achieve synergistic therapeutic effect, which is a novel therapeutic strategy to provide a promising solution for the treatment of deep-seated tumors (Liang et al., 2020b). Liang et al. synthesized a complex composed of CuS and Pt, and the hollow cavity of CuS could be loaded with the sonosensitizer tetra (4-aminophenyl) porphyrin. Furthermore, the deposition of Pt enhanced the photothermal performance and catalyzed the generation of O2 from H2O2 to accumulate sufficient ROS and induce tumor cell apoptosis. Besides, the heat generated by the laser can accelerate the catalytic activity of Pt and increase the oxygen level, which can further promote sonodynamic therapy efficacy and achieve synergistic tumor killing effect (Liang et al., 2019). In addition, sonodynamic therapy can also induce the release of damage-related molecular pattern molecules and trigger anti-tumor immune responses. Yue et al. prepared a liposome containing sonosensitizer hematoporphyrin monomethyl ether and immune adjuvant R837, which elicited strong anti-tumor immune responses, and the combination with anti-PD-L1 checkpoint blocker induced a potent memory immune response (Yue et al., 2019).
Chemodynamic Therapy
Chemodynamic therapy is to activate the Fenton/Fenton-like reaction in the tumor microenvironment to generate ROS and kill tumor cells. Chemodynamic therapy can also generate O2 at tumor sites without tissue depth limitations (Xin et al., 2021). Nanomaterials with high catalytic efficiency and excellent biocompatibility have been applied in chemodynamic therapy, including iron-based nanomaterials, other metal-based nanomaterials such as manganese (Ding et al., 2020) and molybdenum (Dhas et al., 2021), and some organic nanomaterials such as MOF (Zhang S. et al, 2020). Copper-based nanomaterials have received extensive attention in recent years due to the low cost and easy availability (Ai et al., 2021). Cu-MOF nanoparticles can be rapidly degraded after exposure to the tumor microenvironment, release Cu2+ to deplete glutathione and generate highly cytotoxic ⋅OH to enhance the chemodynamic therapy effect (Zhang K. et al, 2020). Similarly, Ma et al. designed a Zn2+/Cu2+ co-doped MOF loaded with cisplatin and achieved excellent tumor inhibitory effect (Ma et al., 2021). The combination of chemodynamic therapy and other therapies has been found to obtain a synergistic effect, and the generated ROS and O2 can effectively overcome tumor hypoxia and enhance the efficacy of radiotherapy and photodynamic therapy (Liu S. et al, 2020). In addition, chemodynamic therapy combined with photothermal therapy has great potential to improve the therapeutic performance: the temperature increase induced by photothermal therapy promotes the production of ROS, which in turn enhances tumor cell sensitization, thus achieving a stronger anti-tumor effect (Zhang S. et al, 2020). Studies have also shown that further combination of checkpoint blockade therapy can successfully inhibit distant tumor growth and cancer metastasis (Hu et al., 2020).
Nano-Based Delivery of RNA Interference Therapeutics
RNA interference (RNAi) is an important gene expression regulation method, which is a gene silencing process induced by endogenous or artificially transfected small interfering double-stranded RNA (Xin et al., 2017). A major challenge for RNAi therapeutics is the construction of efficient vectors, and various cationic polymer nanoparticles and lipid-based carriers have been applied for RNAi delivery (Xin et al., 2017). More effective delivery systems are needed to specifically target tumors according to the tumor microenvironment. Gold nanoclusters are favored due to the unique ultra-small size, which can increase the aggregation of nerve growth factor small interfering RNA (NGF siRNA) at tumor sites, and effectively interfere with the NGF gene to inhibit tumor development (Lei et al., 2017). Xu et al. synthesized a pH-responsive siRNA nanoparticle, which was modified with polyethylene glycol to attain long-circulating effect, and could rapidly release siRNA in the tumor microenvironment, thereby leading to effective gene silencing and significantly inhibiting the growth of prostate cancer (Xu et al., 2017). In addition, the development of multifunctional nanocarriers and combination therapies can achieve better therapeutic effects. Liu et al. synthesized a siRNA-loaded amorphous iron oxide nanoparticle, which can inhibit the up-regulation of monocarboxylic acid transporter in tumor cells to induce cellular acidosis, and catalyze H2O2 to generate ROS through Fenton-like reaction, thereby killing tumor cells and inhibiting tumor growth (Liu Y. et al, 2018).
CONCLUSION AND PROSPECT
Here we reviewed the progress of nanomaterials used in radiotherapy, phototherapy, immunotherapy and some other therapies such as sonodynamic therapy, chemodynamic therapy and RNAi therapeutics in the past 5 years, listed some creative designs of nanocarriers and summarized the major development direction of tumor combination therapies. The application of nanomaterials has been a promising strategy in both traditional and emerging therapies, and a variety of suitable nanomaterial-based carriers with specific properties have been gradually developed to effectively accumulate at the tumor site and overcome the adverse tumor microenvironment, which have shown great potential for improving the efficiency of tumor treatment. Recent studies have been focused on the development of the combination of multiple therapies in order to maximize the therapeutic effect. The combination of radiotherapy and phototherapy can effectively combat deep-seated tumors with minimal side effects, and the oxygen perfusion lead by photothermal therapy is conducive to oxygen-dependent therapies such as radiotherapy and photodynamic therapy. In addition, various therapies have been proved to activate the immune response to a certain extent in the process of tumor treatment. Therefore, combining immunotherapy can synergistically strengthen the therapeutic outcome and dramatically prevent tumor metastasis and recurrence.
Despite satisfactory progress in the development and application of nanomaterials, some challenges remain to be addressed. The clinical translation of nanomaterials is the most critical issue for tumor treatment, so the materials should possess excellent biocompatibility and biodegradability, and FDA-approved materials ought to be prioritized for consideration. Similarly, the scale-up process from the laboratory to the clinic usually requires optimization or changes of the preparation method, so the efforts should be made to establish nanocarriers that facilitate the scale-up production while ensuring the effectiveness of tumor treatment. Besides, the toxicity and safety of nanomaterials are still pressing issues, and research should give more consideration to the long-term and potential toxicity of nanomaterials. In addition, it is of great importance to develop nanomaterials with specific physicochemical properties to meet the needs of different tumor therapies. Currently combination therapy is favored due to its synergistic anti-tumor efficacy, accordingly, nanomaterials with multiple functional properties are gradually developed to simplify the design of the carriers and achieve better therapeutic effect. It is vital to explore multifunctional nanomaterials to trigger multiple therapeutic effects in further research. The complexity of the tumor microenvironment presents a great challenge for the design of nanocarriers. With the continuous deepening of current research, the relationship between tumor therapies and its further mechanism has gradually become clear. According to the actual tumor conditions, suitable carriers can be designed to reverse unfavorable microenvironment to enhance the therapeutic outcome through monotherapies or combination therapies. The development of nanomaterials with suitable properties and biosafety to achieve remarkable therapeutic effect is the vital topic for tumor treatment in the future.
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Radiotherapy (RT), as one of the main methods of clinical tumor treatment, has been applied to the treatment of most solid tumors. However, the effect of RT is compromised by the radiation resistance of tumor hypoxic environment and non-specific damage caused by high-dose radiation. Bismuth chalcogenides (Bi2X3, X = S, Se) based nanodrugs have attracted widespread attention as highly efficient radiosensitizers due to their high photoelectric effect and excellent biocompatibility. More importantly, specially designed nanocomposites can effectively alleviate the radiation resistance of tumor tissues. Here, for the first time, we systematically summarize the latest progresses of Bi2X3 nanodrugs to enhance RT by alleviating the hypoxic tumor microenvironment. These emerging Bi2X3 nanodrugs mainly include three aspects, which are Bi2X3 nanocomposites with high-efficient O2 supply, non-O2-dependent Bi2X3 nanocomposites RT enhancers, and Bi2X3 nanocomposites-based photothermal-enhanced radiosensitizers. These Bi2X3 nanodrugs can effectively overcome the RT resistance of tumor hypoxic microenvironment, and have extremely high therapeutic effects and clinical application prospects. Finally, we put forward the challenges and prospects of Bi2X3 nanomaterials in the field of RT.
Keywords: bismuth chalcogenides, nanomaterials, cancer radiotherapy, radiosensitizers, tumor hypoxia microenvironment
INTRODUCTION
Radiotherapy (RT) has many advantages for cancer treatment compared with surgery or chemotherapy, like non-invasive, excellent targeting, and low cost (Begg et al., 2011). Currently, half of new cancers are treated with RT (Bentzen, 2006). RT adopts ionizing radiation (usually X-ray) to irradiate the tumor site through direct and indirect action to induce cancer cell death. Ionizing radiation can directly destroy DNA or protein by breaking the bonds in these molecules. More importantly, high-energy ionizing radiation can easily ionize and split H2O to produce many reactive oxygen species (ROS) in tumor tissues (Eq. 1) (Le Caër, 2011). These ROS further cause the death of cancer cells by damaging DNA and proteins (Wu et al., 2019; Yao et al., 2021a). This indirect effect is the main tumor-killing effect of RT because the water content is the highest (generally 65%) in tumor tissues. However, there are two bottlenecks which greatly limit the effectiveness of RT. Firstly, a larger dose of X-rays is usually required to kill tumor cells because cancer tissues absorb X-rays very weakly, which also cause damage to normal tissues, especially the immune system (De Martino et al., 2021). Secondly, the hypoxic tumor microenvironment (TME) greatly reduces the effect of RT. O2 is a very important RT sensitizer and is easy to accept a free electron to form superoxide radicals (O2−·), which is then further converted into other highly oxidative active ROS (e.g. hydrogen peroxide and hydroxyl radicals) (Zhao et al., 2022; Zhu et al., 2022). Compared with normal cells, cancer cells are 3-times more resistant to RT-induced killing in a tumor hypoxia environment (Evans et al., 1997).
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Drugs containing high atomic number elements can be very effective in enhancing RT because they have a much higher X-ray absorption capacity than human tissues. Currently, many kinds of elements with high atomic number have been researched for radiosensitization, such as Au, Ta, W, Yb, Hf, and Bi (Tang et al., 2019; Xie et al., 2019; Zang et al., 2019; Peng et al., 2020; Liu et al., 2021; Xue et al., 2021). For example, NBTXR3 based on HfO2 has been approved by the FDA to enter Phase Ⅲ clinical studies, and demonstrated excellent RT effect for advanced soft-tissue sarcoma (Bonvalot et al., 2019). However, most of the high-Z elements are heavy metal elements with high toxicity, and their application in the field of biomedicine has been greatly restricted.
Bismuth, as an element with high atomic number (Z = 83), has surprising biocompatibility and been active in the biomedical field for hundreds of years. A variety of bismuth-based compounds have been widely used to treat diseases such as gastrohelcoma and bacterial infections (Peterson et al., 1996; Nomiya et al., 2004). Bismuth chalcogenides (Bi2X3, X = S, Se) based nanodrugs have been favored in tumor RT due to their many unique characteristics: 1) low toxicity and high biological safety in vivo; 2) low cost and easy synthesis; 3) strong X-ray absorption (The X-ray attenuation coefficient of Bi element is 5.74 > Au = 5.16 > Pt = 4.99 > Ta = 4.3 cm2 g−1 at 100 keV). After Bi2X3-based nanodrugs specifically enrich in the tumor area by passively or actively targeting effect, the tumor can be effectively killed at a lower X-ray dose, and the damage to other normal tissues can also be greatly reduced (Zhang et al., 2014; Song et al., 2017; Alejo-Martinez et al., 2019). Nevertheless, the RT effect of these nanodrugs is still greatly reduced by the hypoxic tumor microenvironment. Currently, many emerging Bi2X3 nanodrugs are developed to further improve the efficiency of RT, and have demonstrated very impressive tumor-killing effects. Here, a systematic review is provided to summarize the breakthrough progresses of Bi2X3 nanodrugs for overcoming the limitations of the tumor hypoxia microenvironment in the field of RT. Currently, three strategies have been developed to improve the RT efficiency of Bi2X3 nanodrugs (Figure 1; Table 1). Firstly, elaborately designed Bi2X3-based nanocomposites increase the supply of O2 to relieve the hypoxic state of the TME; the second strategy is non-O2 dependent RT: Bi2X3-based nanocomposites with distinctive heterojunction structure to promote the production of non-O2 dependent radicals; the third is photothermal-enhanced RT: local high temperature of the tumor site can not only relieve the hypoxic tumor microenvironment, but also increase the yield and speed of ROS production in RT. Finally, we discussed the challenges and prospects of bismuth chalcogenides nanocomposites in the field of cancer RT.
[image: Figure 1]FIGURE 1 | Overview of radiosensitization strategies based on Bi2X3 nanodrugs, which mainly including three aspects, the first is high efficient O2-supplied Bi2X3-based nanodrugs: such as perfluorocarbon-loaded hollow Bi2Se3 nanoparticles (PEG-Bi2Se3@PFC@O2 NPs), bismuth sulfide−albumin composite nanospheres followed by catalase conjugation (BSNSs-CAT), bovine serum albumin-coated Bi2S3 and MnO2 nanocomposites (BSA-Bi2S3-MnO2), bovine serum albumin-coated Bi2Se3 and MnO2 nanocomposites (Bi2Se3-MnO2@BSA); the second is Non-O2 dependent Bi2X3-based nanodrugs: such as Schottky-type heterostructure of Au-Bi2S3 (Au-Bi2S3 HNSCs), co-drug (MTX and CUR) loaded Bi2S3@BSA-Au semiconductor-metal heterojunction nanoparticles (Bi2S3@BSA-Au-BSA-MTX-CUR), folic acid (FA) functionalized and BSA-modified Bi2S3-Au heterodimers (Bi2S3-Au-BSA-FA); the third is photothermal-enhanced Bi2X3-based nanodrugs, such as PEGylated 2D MoS2/Bi2S3 composite nanosheets (MoS2/Bi2S3-PEG NSs), BSA-stabilized Bi2S3 Nanoparticles (Bi2S3 NPs@BSA), poly(vinylpyrollidone)-and selenocysteine-modified Bi2Se3 nanoparticles (PVP-Bi2Se3@Sec NPs), HA-functionalized gambogic acid (GA) loaded Bi2Se3 hollow nanocube (HNC-s-s-HA/GA) and MnSe@Bi2Se3 core–shell nanoparticles (MnSe@Bi2Se3 NPs).
TABLE 1 | The overview of emerging Bi2X3-based nanodrugs for RT.
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Many well-designed Bi2X3-based nanocomposites have shown great potential in improving tumor hypoxia and RT efficiency. Bi2X3-based nanocomposites with ideal structure and morphology can be prepared through specific synthesis strategies due to their unique and flexible physical and chemical properties, such as hollow structure (Song et al., 2016; Zhang et al., 2020), mesoporous structure (Sun et al., 2019; Yang et al., 2021), core-shell structure (Li et al., 2017; Li et al., 2018). For example, Song et al. (2016) prepared PEGylated hollow Bi2Se3 nanoparticles (PEG-Bi2Se3 NPs) through cation exchange reaction based on the Kirkendall effect. Perfluorocarbon, a highly efficient oxygen loading solvent, was then filled into the hollow structure of PEG-Bi2Se3 NPs (PEG-Bi2Se3@PFC@O2). The oxygen carrying capacity of PEG-Bi2Se3@PFC@O2 was significantly higher than that of the hollow PEG-Bi2Se3 NPs, up to 96.9 ± 9.4 μmol/g of PEG-Bi2Se3. Moreover, the O2 retention time exceeded 1 h, and the gradual release of O2 effectively improved the hypoxic microenvironment in the tumor site. At the same X-ray dose, the anti-tumor effect of PEG-Bi2Se3@PFC@O2 was significantly better than that of PEG-Bi2Se3 and RT group. Another effective strategy to improve tumor hypoxia is to convert the high concentration H2O2 into O2 in the tumor microenvironment (Zhang et al., 2018; Zhang et al., 2019; Yuzhu Yao et al., 2021). For example, Zhang et al. (2018) developed a Bi2S3-albumin composite nanospheres combined with catalase (abbreviated as BSNSs-CAT) for cancer treatment. CAT at BSNSs-CAT efficiently catalyzed the conversion of H2O2 into O2 after BSNSs-CAT accumulated in tumor tissues through enhanced penetration and retention effect (EPR effect). The percentage of O2 saturation concentration treated with BSNSs-CAT increased significantly from 52.5% to about 59.2% in the tumor site. BSNSs-CAT + RT had the best tumor growth inhibition effect thanks to the strong reflective absorption of Bi and the improvement of the hypoxic microenvironment, followed by BSNSs + RT, then RT group. However, CAT, as a natural enzyme, is easily degraded and inactivated by proteases in vivo. Some catalase-mimick nanozymes can catalyze H2O2 to produce H2O and O2 (Dai et al., 2021). Very recently, Yuzhu Yao et al. (2021) developed a nanocomposite of Bi2Se3, MnO2 and bovine serum albumin (Bi2Se3-MnO2@BSA) for RT. MnO2 showed high-efficiency catalase-like properties and excellent stability in vivo. Moreover, the CAT activity of Bi2Se3-MnO2@BSA was 2.46 times higher than that of MnO2@BSA, because the Mn atoms of Bi2Se3-MnO2@BSA was in an electron-rich state and easier to provide electrons for H2O2. The Bi2Se3-MnO2@BSA + RT group showed a stronger tumor-killing effect compared to the MnO2@BSA + RT group and the RT group in the in vivo treatments.
Non-O2 Dependent Radiotherapy
Non-O2 dependent RT has great advantages in RT, because it can directly avoid the RT resistance from the hypoxic microenvironment. As we all know, Bi chalcogenide compounds, as a narrow band gap semiconductor, can theoretically be excited by X-rays to generate free electrons and holes in the conduction band (CB) and valence band (VB), respectively (Meng et al., 2016; Waiskopf et al., 2016). These electron-hole pairs further react with H2O or H2O2 to generate highly cytotoxic hydroxyl radicals (·OH) to induce cancer cells apoptosis by intense oxidative damages. However, the generation of ·OH is significantly suppressed in Bi chalcogenide nanomaterials due to the rapid recombination of electron-hole pairs (Zhang et al., 2012). The heterojunction structure of Bi2X3 nanocomposites can separate electrons and holes to greatly reduce the recombination of electron and hole pairs (Wang et al., 2019; Abhari et al., 2020; Nosrati et al., 2022). For example, Wang et al. (2019) designed Au-Bi2S3 nanocomposites with Schottky-type heterostructures (Au-Bi2S3 HNSCs) for non-O2 dependent RT. Au-Bi2S3 HNSCs were prepared by in-situ growth of gold nanocrystals on Bi2S3 nanorods. The Schottky barrier was a low interface voltage region on the metal-semiconductor boundary. Semiconductor Bi2S3 generated low-energy electron-hole pairs under X-ray irradiation in Au-Bi2S3 HNSCs, and then electrons and holes were effectively separated because the electrons were easily transferred to gold via Schottky barrier. The current response of Au-Bi2S3 HNSCs was 1.5-times higher than pure Bi2S3 and the ·OH production was 1.6-times than that of Au and Bi2S3 mixture under X-ray irradiation. More importantly, the RT effect of Au-Bi2S3 HNSCs was significantly better than that of the pure Bi2S3 group or the Au and Bi2S3 mixture group both in the in vitro and in vivo experiments. In addition, Bi2S3-Au Schottky-type heterostructures can be adopted as a multifunctional drug delivery platform to combine chemotherapy and RT. This combination therapy has shown great potential in improving the efficiency of RT and minimizing the systemic toxicity of chemotherapeutic drugs (Nadar et al., 2021). Very recently, Nosrati et al. (2022) developed a methotrexate and curcumin co-loaded BSA-encapsulated Bi2S3-Au nanocomposite (Bi2S3@BSA-Au-BSA-MTX-CUR) for the combined treatment of chemotherapy and RT. In Bi2S3@BSA-Au-BSA-MTX-CUR, Bi2S3@BSA-Au heterojunctions enhance the generation of ·OH to increase the RT efficiency, while MTX efficiently promoted cellular uptake and interfere the biosynthesis of DNA of cancer cells. Interestingly, the combined treatment of chemotherapy and RT achieved a significant anti-cancer effect in vivo only under a single dose Bi2S3@BSA-Au-BSA-MTX-CUR injection and one-time X-ray irradiation, and the tumors was completely eradicated after 20 days of treatment.
Photothermal-Enhanced Radiotherapy
In recent years, photothermal therapy (PTT), as a specific emerging cancer therapy, has been extensively researched in the field of tumor treatment (Liu et al., 2019; Danewalia and Singh, 2021). Many transition metal nanomaterials have been researched for PTT, such as MoS2-based nanomaterials (Jianling Wang et al., 2021), CoS2 nanomaterials (Wang et al., 2020a), copper-based nanomaterials (Ai et al., 2021; Wang et al., 2021b; Li et al., 2021), titanium-based nanomaterials (Wang et al., 2020b; Wang et al., 2021c), covalent organic frameworks (COFs) (Yao et al., 2021b), etc. Compared with above PTT agents, Bi2X3-based nanomaterials have been proven to be a kind of more excellent photosensitizers due to the strong near-infrared absorption performance and high photothermal conversion efficiency of Bi2X3 (Xie et al., 2016; Cheng et al., 2018). Local high temperature can directly increase the oxygen content of the tumor microenvironment by increasing blood flow in the tumor. Moreover, high temperature induced by PTT can facilitate the generation of O2-dependent ROS for RT by inhibiting the expression of hypoxia-inducible factor (HIF-1α) to increase oxygen concentration in tumor site. In addition, photothermal effects also interfere with DNA repair by reducing the expression of DNA repair related proteins (DNA repair enzymes, PARP, Rad 51), and downregulating angiogenic factors to inhibit tumor metastasis (Oei et al., 2015; Cheng et al., 2017). Therefore, the combination of photothermal therapy and RT is an effective radiosensitization strategy. For example, Wang et al. (2016) prepared ultra-small BSA-coated Bi2S3 nanodots (BSA-Bi2S3 NPs) for photothermal-enhanced RT. BSA-Bi2S3 NPs had the excellent X-ray and photothermal response properties (the photothermal conversion efficiency was as high as 51%). Moreover, The BSA-Bi2S3 NPs with ultra-small size (about only 6 nm) were more conducive to being taken up by tumor cells. Compared with the RT sensitization group (Bi2S3+X-ray) or the PTT group (Bi2S3+NIR), the 4T1-tumor bearing mice treated with radio-photothermal combination therapy group (Bi2S3+X-ray + NIR) achieved complete tumor eradication, and the survival rate of mice reached 100% over 40 days after treatment. In addition, it is also extremely important to protect adjacent normal tissues from radiation damage during RT. Recently, Du et al. (2017) reported a Bi2Se3 nanoparticles modified with polyvinylpyrrolidone and selenocysteine (PVP-Bi2Se3@Sec NPs) for photothermal-enhanced RT. The photothermal effect of Bi2Se3 NPs effectively improved tumor hypoxia microenvironment to enhance the radiosensitivity of cancer cells. Moreover, the PVP-Bi2Se3@Sec NPs were degraded in vivo, and part of the Se released from the NPs to enhance the body’s immune function. Compared with RT, the PVP-Bi2Se3@Sec NPs group effectively protected the immune system, and the key cytokines level (like interleukin 6 and 2) were restored in the blood.
The efficiency of RT can be further increased by improving the photothermal conversion efficiency of the Bi2X3-based nanocomposites. Fox example, Fei Gao et al. (2020) developed heterogeneous Bi2S3-MoS2 nanoparticles (BMNPs) for photothermal enhanced RT. BMNPs had a higher photothermal conversion efficiency than Bi2S3 nanoparticles (BNPs) (35.8 vs 28.1%). The BMNPs reduced the quasi-threshold X-ray dose from 1.39 to 0.92 Gy, and the sensitivity enhancement ratio increased by 17.9%. The effect of NIR + RT + BMNP group was much better than that of RT group and RT + BMNPs group in the treatment of triple-negative breast cancer. The survival rate of mice in the NIR + RT + BMNP group was as high as 100% at 28 days after treatment, while the RT group and RT + BMNPs group had only 0 and 20%, respectively. When the temperature of the tumor area rises, the tumor cells resisting heating-caused damage by up-regulating the expression of heat shock proteins (HSPs) (Ge Gao et al., 2020). Therefore, the photothermal enhanced RT can be further increased by inhibiting the activity of HSPs. Moreover, avoiding thermal damage and inflammation of adjacent normal tissues caused by hyperthermia also needs to be considered. Recently, Song et al. reported a hyaluronic acid (HA) modification and gambogic acid (GA) loaded hollow Bi2Se3 nanotube (HNC-ss-HA/GA) for low-temperature radio-photothermal combination therapy. HA ligands promoted the accumulation of HNC-ss-HA/GA in tumors due to its specifical affinity with CD44 receptor in cancer cells. Glutathione, one of the most important antioxidants in cells, is known to be overexpressed in cancer cells (Ding et al., 2021). Interestingly, the disulfide bond between HNC and HA can be rapidly cleaved by glutathione to release GA. GA, as an effective inhibitor of HSPs, which could enhance the heat sensitivity of cancer cells (Su et al., 2021), thereby improve the efficacy of photothermal-enhanced RT. The combined therapy group (HNC-s-s-HA/GA + NIR + X-ray) demonstrated the strongest suppress tumor growth effect in vivo compared to other monotherapy groups (HNC-s-s-HA/GA + NIR and HNC-s-s-HA/GA + X-ray).
SUMMARY AND OUTLOOK
In summary, this review summarizes the latest research progress of Bi2X3-based nanodrugs for RT. Bi2X3-based nanodrugs have great clinical application prospects in the field of RT because of their super-high RT effect and biocompatibility. Nevertheless, there are still many challenges to overcome in achieving clinical translation of these treatment strategies. Firstly, the excellent RT effects of these Bi2X3-based nanodrugs are all achieved in mice models. However, the huge species difference between human and mice makes these nanodrugs face a big bottleneck for clinical translation. For example, mice tumor models generally take about 15 days, while human cancers often take months or even years. Therefore, the tumor microenvironment of human may be very different from that of mice models, which may lead to unsatisfactory clinical effects of Bi2X3-based nanodrugs. Therefore, from the perspective of clinical application, it is necessary to verify the radiosensitizing effect of Bi2X3-based nanodrugs in humanized animal models, such as the monkey models. Secondly, metabolic pathway of Bi2X3-based nanodrugs needs further study in vivo. As we all know, as a heavy metal element, excessive Bi may cause some side effects such as renal toxicity, brain toxicity and neurological decline, which can be attributed to the tendency of Bi to bind to sulfhydryl groups in many important enzymes in the human body, resulting in the denaturation of enzymes and destroys its functionality. At present, most of the metabolism and toxicity of Bi2X3-based nanodrugs have only been done for about a month, and the longer-term toxicity and metabolic mechanisms still need to be further explored. Therefore, exploring biodegradable and clearable Bi2X3-based nanodrugs is of great significance for thier clinical translation (Wang et al., 2021a). Fortunately, there is rare Bi element in the human body itself. Therefore, the distribution, metabolism, and excretion process of Bi2X3-based nanodrugs can be easily tracked by the content and valence of Bi in vivo. Thirdly, the large-scale and controllable preparation of Bi2X3-based nanodrugs need to be further optimized. In commercial preparation, it is necessary to maintain precise control of the size, morphology, charge, and composition of nanomaterials to ensure uniformity and strict quality control. Therefore, exploring a simpler, faster, more precise and controllable synthesis process is vital for the clinical translation and commercial production of Bi2X3-based nanodrugs in the field of RT. Nevertheless, Bi2X3-based nanodrugs still have great clinical application prospects of RT. As mentioned earlier, NBTXR3 based on HfO2 have shown excellent effects in clinical phase III. In theory, Bi2X3-based nanodrugs have stronger biocompatibility and radiosensitization effect than HfO2 nanoparticles. We believe that Bi2X3-based nanodrugs will achieve true clinical RT treatment with the joint efforts of scientists from multiple disciplines such as chemistry, medicine, and biology in the near future.
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Chemotherapy resistance represents a formidable obstacle in advanced or metastatic colorectal cancer (CRC) patients. It is reported that ATPase copper transporting alpha (ATP7A) plays an important role in chemotherapy resistance in CRC. Here, we identified ATP7A as a potentially key gene of OXA resistance in CRC. The patients with higher expression of ATP7A tended to have platinum drug resistance. While the lower expression of ATP7A by siRNA knockdown resulted in enhancement of OXA sensitivity and increased OXA-induced apoptosis. Further, we demonstrated a novel and safe strategy to increase CRC chemosensitivity by delivering siRNA into tumor cells via a novel nanoparticle, DAN. In summary, our study provided a novel nanocarrier-based delivery of ATP7A to interfere in a key gene of chemo-resistance in CRC, which may be a novel therapeutic strategy to overcome chemotherapy resistance in CRC.
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Introduction

Although the rapid development of cancer therapeutic methods, colorectal cancer (CRC) is still the third most common cancer in the world (1). The early-stage CRC patients may benefit from radical surgical resection with a higher disease-free survival (DFS) rate of nearly 90% (2, 3). However, the advanced or metastatic CRC patients might not have the chance to accept the radical surgical resection (3, 4). As a result, chemotherapy, targeted therapy, or immunotherapy might be a better preferable therapeutic method for those patients.

Oxaliplatin (OXA), a Pt-based chemotherapy drug, combined with 5-fluorouracil (5-Fu) or capecitabine was introduced for first-line chemotherapy methods for advanced CRC patients (5, 6). The FOLFOX protocol (OXA combined with 5-Fu) or CapeOx protocol (OXA combined with capecitabine) were significantly improved the clinical prognoisis (7–9). However, the overall survival (OS) or DFS for advanced CRC patients remained low. One of the most important reasons for poor prognosis might be the resistance against Pt-based chemotherapy (10). New studies are raising more and more questions nowadays about the mechanism based on chemotherapy resistance. Researches found that the primary mechanisms of platinum resistance included drug accumulation, the ability of DNA or RNA repair efficiency, and self-detoxification of cells (11). Of those, reduction in drug accumulation is one of the most generally acknowledged mechanisms of acquired OXA resistance (12).

ATPase copper efflux transporter A (ATP7A) is a member of intracellular copper transporters, ubiquitously expressed and transports copper out of the cell to maintain cellular copper homeostasis (13, 14). Additionally, ATP7A is also found to be one of the key regulators of intracellular platinum levels by delivering platinum to the extracellular space, reducing intracellular drug accumulation, thus compromising therapeutic efficacy (15–17). Furthermore, it has been reported that ATP7A is related to the resistance of platinum-based chemotherapy in various kinds of cancers, such as CRC and breast cancer (14, 18). Therefore, the development of the strategy to specifically knockdown ATP7A is considered to be a feasible treatment for colorectal cancer.

Gene interference, a relatively novel technique for switching off individual genes by delivering small interfering RNA (siRNA), has become an anti-tumor therapy with broad application prospects (19). The siRNA aimed to knockdown a targeted gene by delivering a specific sequence into a cell (20). Owing to the instability, poor blood circulation, and low uptake efficiency of free siRNA, the key to gene interference is how to transport therapeutic genes and drugs safely and efficiently to the tumor site (21, 22). Therefore, it is significant to find an effective delivery to transfer siRNA into cancer cells for anti-tumor treatment (23). (1,2-Dioleoyl-3-trimethylammonium-propane) DOTAP-assisted nanoparticles (DANs) could overcome the challenge of siRNA delivery, which helps effectively deliver siRNA, mRNA, or plasmid into cancer cells (24–26).

In the current research, we encapsulated siRNA using DANs and confirmed that DAN-siATP7A could be effectively downregulated the target gene in vitro and in vivo. As expected, after systemic injection of DAN-siATP7A into the model mice of CRC, the antitumor efficacy of OXA has been significantly enhanced with the size and weight of the tumor decreasing dramatically. Meanwhile, in terms of the weight curve, blood index, and organ index of the mice, combination therapy is relatively safe with few or minimal undesired systematic toxic effects. These results verified our hypothesis that nanocarrier-mediated interference of ATP7A could overcome oxaliplatin resistance in CRC. The combination use of nanoparticles and OXA represents a potential alternative therapy method against advanced cancer.



Materials and Methods


Patients and Tissues Specimens

The tumor tissue specimens of CRC patients obtained from palliative or radical surgical resection were randomly chosen between 2015 to 2016 from Guangdong Provincial People’s Hospital (Guangdong Academy of Medical Sciences). The inclusion criteria were: 1) All the patients were underwent palliative or radical surgical resection, and was pathologically diagnosed as adenocarcinoma. 2) All the included patients were received standardized OXA-based chemotherapy protocol. The exclusion criteria were: 1) pathologically diagnosed as gastrointestinal stromal tumors or squamous carcinoma.

Tumor stages were defined according to the 8th edition of the TNM staging system. To evaluate the therapeutic effect of OXA-based chemotherapy, we analyzed the results of radiology or pathology examination and referred to the following criteria: partial response (PR), complete response (CR), stable disease (SD), and progressive disease (PD). In our study, the OXA-response was defined as PR or CR, and the SD, PD were considered as OXA-resistance. All specimens were obtained with written informed consent and the study was approved by the Institutional Review Board of Guangdong Provincial People’s Hospital under the grant number: GDREC2019504H(R2).



Immunohistochemistry and Hematoxylin-Eosin Staining

To further evaluate the potential association of ATP7A with OXA-resistance in CRC, immunohistochemistry (IHC) analysis was performed in our research as previously described (27). In brief, the primary antibody against ATP7A was purchased from BBI LIFE Science Corporation, (D161470, BBI, China). Two qualified pathologists independently analyzed the IHC results of the ATP7A protein expression based on the percentage of positive cells and staining intensity of the cytoplasm and nucleus. The score of percentage in positive cells was defined as 0 (<10%), 1 (10–25%), 2 (25-50%), and 3 (>50%), and the score of staining intensity were defined as 0 (negative staining), 1 (weakly staining), 2 (moderately staining), and 3 (strongly staining). The sum of the two scores was regarded as the final IHC score. High expression of ATP7A was defined as an IHC score from 4 to 6, while 0 to 3was regarded as low expression. We also performed Hematoxylin-Eosin (HE) staining in tumor tissues and viscus tissues from nude mice following the instruction of the manufactory (Biosharp, China).



Cell Culture and Transfection

We obtained human CRC cell lines, HCT116 and LOVO, from the iCell Bioscience (iCell, Shanghai, China). These cells were cultured in RPMI-1640 medium (BL303A, Biosharp, China) containing 10% fetal bovine serum (FBS, BL201A, Biosharp, China) supplemented with 1X penicillin-streptomycin solution (BL505A, Biosharp, China) at 37°C in a humidified incubator containing 5% CO2.

The siATP7A and cy5-labeled siNC were synthesized in Suzhou Gene Pharma and transfected into HCT116 and LOVO cells at a final concentration of 50 nM to knockdown ATP7A messenger RNA. The Lipofectamine 3000 (Invitrogen, USA) was utilized in the transfection procedure. Meanwhile, western- blotting and qPCR were utilized to evaluate the transfection efficacy following the manufacturer’s protocol. The target of siATP7A sequence is as follows: 5’- UAUCCUAUGGUUAAACCUCUG-3’, The scrambled (NC) siRNA sequence is 5’-UUCUCCGAACGUGUCACGU-3’.



Bioinformatic Analysis

The expression and Kaplan-Meier survival analysis of ATP7A in CRC patient cohorts were performed in Gene Expression Profiling Interactive Analysis (GEPIA, http://gepia.cancer-pku.cn/index.html) database (28).



Western-Blot

The Western Blot was performed as previously described (27). In brief, total protein of cells was extracted with RIPA buffer (Beyotime, China) supplemented with protease inhibitor, phenylmethylsulfonyl fluoride (PMSF, Beyotime, China) at 4°C, 14000 rpm for 20 min. BCA assay (Fudebio, China) was used for protein quantification. The protein was isolated by electrophoresis using 10% SDS-polyacrylamide gel (PAGE) and then transferred to the PVDF membrane (Immobilon P, Millipore, USA). 5% fat-free milk (Beyotime, China) in Tris-buffered saline with Tween-20 (TBST) was used to block nonspecific binding sites at room temperature for 1h. Then, the membranes were immunoblotted with primary antibody overnight at 4°C: anti-ATP7A (1:1000, D161470, Sangon Biotech, China) and anti-GAPDH antibody (1:1000, AP0066, Bioworld Technology, USA). After being washed with TBST 3 times, blots were incubated with secondary peroxidase-conjugated antibodies, the goat anti-rabbit secondary antibody (1:5000, BS13278, Bioworld Technology, USA) for 1 h at room temperature. The membranes were performed with an enhanced chemiluminescence system and scanned by the Syngene Imaging System (Frederick, USA).s



Quantitative Real-Time Polymerase Chain Reaction

Total RNA of CRC cells was extracted with TRIzol RNA Isolation Reagents (ThermoFisher Scientific, USA) as previously described. The 500ng of extracted RNA was reverse-transcribed into complementary DNA (cDNA) using the First-strand cDNA Synthesis Kit (K1072, Apexbio, USA) following the manufacturer’s protocol. qPCR was performed on the LightCycler 480 (Roche, Swiss) instrument by using 2X SYBR Green PCR Mix (K1070, Apexbio, USA). ΔΔCT was calculated to analyze the results of qPCR and data from each experiment were normalized to the expression of a control gene (GAPDH). The following primers were used:

ATP7A, forward 5′-TGACCCTAAACTACAGACTCCAA-3′ and reverse: 5′-CGCCGTAACAGTCAGAAACAA-3′; GAPDH, forward 5′-TCAACGGATTTGGTCGTATTGGGCG-3′ and reverse 5′-CTCGCTCCTGGAAGATGGTGATGGG-3′.



Cell Viability Assay

For detection of OXA cytotoxicity (A8648, Apexbio), the CRC cells were seeded at a density of 3,000 per well into 96-well plates and cultured in a complete medium containing different concentrations of OXA for 48 h. Then, the Cell Counting Kit-8 (CCK-8) detection Kit (K1018, Apexbio, USA) was used to assess the inhibitory concentration of OXA. After continuing incubation for 4 h, the absorbance in 450 nm was detected via a microplate reader (BIO-Tek SYNERGY H1, USA). For detection of cell viability, 1,000 cells were seeded into each well of the 96-well plate with OXA of the 50% inhibitory concentration (IC50). CCK-8 solution was added to the wells at the time point of 0, 24, 48, and 72 h. The absorbance of stained cells was measured at 450 nm after continuing incubation for 4 h.



Apoptosis Detection

Cell Apoptosis Detection Kit (E-CK-A217, Elabscience, China) was utilized in apoptosis detection assays. The cultured cells were digested by trypsin, resuspended in 500 μL of binding buffer, and stained with Annexin V-FITC and propidium iodide (PI) for 15 min in dark. All samples were detected by a flow cytometer (BD FACS Verse, BD bioscience, USA) and the results were analyzed using the FlowJo 10.6 software (BD bioscience, USA).



Wound-Healing Assay

Cells in each group were seeded into a 6-well plate at a density of 2 ×106 per well to confluence After being cultured in pure RPMI-1640 medium without FBS, two straight wounds were made by a 200ul pipette tip (ThermoFisher Scientific, USA) in each well. At the time point of 0h, 24h, and 48 h, the migration status was photographed at the same location of wells using a light microscope (Olympus BX63, Japan) The result was analyzed by the ImageJ software.



Colony Formation Assay

Cells in each group were seeded into 6-well plates at a density of 1000 per well and continuously cultured for 2 weeks. The RPMI-1640 complete culture medium was replaced every 3 days. At the end of the experiment, 0.1% crystal violet (PH1322, Phygene Scientific, China) was used to stain the colonies. The number of colonies was counted by ImageJ software (29, 30).



Migration Assay

For migration assay, 8 μm-pore transwell chambers (Corning Costar, USA) were used without Matrigel. Each well of 24-well plates was filled with the RPMI-1640 complete culture medium containing 10% FBS. Then, approximately 1 × 105 cells in 500ul FBS-free medium were pipette into the upper chamber slowly. The incubation time is 48 h for HCT116 and LOVO. After being washed by PBS 3 times, cells on the upper surface of the chamber were removed lightly using a cotton swab. Then, the cells migrated to the lower surface of the chamber were fixed using 4% paraformaldehyde (PFA). At the end of the experiment, cells were stained with 0.1% crystal violet solution and counted and analyzed by ImageJ software.



Construction of Nanoparticles

Nanoparticles (DANs) encapsulating siRNA were prepared through a double emulsion solvent evaporation technique as previously described (24, 31). The PEG5k-b-PLGA11k (molar ratio: LA/GA=75/25) was purchased from Kelanbio (Guangzhou, China) and 1,2-Dioleoyl-3-trimethylammonium-propane (DOTAP) was purchased from Topscience (Shanghai, China) (24). Firstly, 25 μL DNase/RNase-free water containing 5 OD siRNA and 500 μL chloroform containing DOTAP (1 mg) and PEG5K-b-PLGA11K (25 mg) were emulsified for 1 min at 80W in an ice bath by sonication using Sonics Materials™ ultrasonic Processor VCX130-220V (Sonics & Materials, Inc, Newtown, USA). Then, 5 mL DNase/RNase-free water was added to the primary emulsion and further emulsified for 1 min. Finally, the organic solvent was removed with a rotary evaporator RV10 auto control (IKA, Germany). The diameter of DANsiATP7A was monitored at 25°C with Malvern Zetasizer Nano ZSE (Worcestershire, UK).



Cellular Uptake of DANsiRNA In Vitro

Cy5-siNC was encapsulated into DAN (DANCy5-siNC) to investigate cellular uptake of DAN by confocal laser scanning microscopy (CLSM). Cells were seeded into an observation dish for 24h and then incubated with DANCy5-siNC or free Cy5-siNC for 8 h. After the cell nucleus stained with DAPI (Beyotime, China), samples were photographed by Carl Zeiss LSM880 confocal microscope.



Establishment Mice CRC Model

The nude mice (6-8 weeks old) were randomly allocated to control and experimental groups, and the mice were all bred in specific pathogen-free (SPF) conditions. Mice were injected subcutaneously with 5×106 HCT116 cells. The tumor volume was calculated using the formula: Tumor Volume (mm3) = (longest diameter) * (shortest diameter)^2 * 0.5. When the size of the tumor reaches 150mm3, and the mice were randomly divided into 4 groups (PBS, free OXA, DAN-siATP7A, and combination use of DAN-siATP7A and OXA). After treatments, the tumors, organs, and blood from mice were dissected for further analysis. The animal experiment was proved by the Institutional Review Board of Guangdong Provincial People’s Hospital under the grant number: GDREC2019506A.



TUNEL Staining for Apoptosis

Terminal deoxynucleotidyl transferase-mediated nick end labeling (TUNEL) assay is applied to determine the apoptotic cells. The CRC samples of mice were fixed in 4% PFA for 24 h, subsequently embedded in paraffin, and sliced (4–5 μm). The TUNEL staining was performed using the DAB (SA-HRP) TUNEL Cell Apoptosis Detection Kit (Servicebio, Wuhan, China) following the manufacturer’s protocol. Streptavidin labeled with horse-Radish peroxidase (HRP) (SA-HRP) was then detected the biotin-labeled DNA terminal. Finally, HRP substrate mixture (DAB) was added for color reaction, so that the apoptotic cell nucleus was dyed brown and yellow, which can be detected by the ordinary light microscope. The rate of apoptosis was displayed as the ratio of TUNEL positive nuclei to hematoxylin-stained nuclei.



In-Vivo Toxicity Analysis

To further evaluate the in vivo toxicity of DAN nanoparticles, the crucial organs of the mice, such as the heart, liver, spleen, lung, kidney, and brain, were dissected for HE staining. Two experienced pathologists were invited to analyze the potential toxicity of the nanoparticles through the slides. Blood samples of mice have been collected to analyze the concentration of alanine aminotransferase (ALT), aspartate aminotransferase (AST), glutamyl transferase (GGT), blood urea nitrogen (BUN), Creatinine (Cr), and uric acid (UC) according to the manufacture’s instructions (Nanjing Jiancheng, China).



Statistical Analysis

Statistical analysis was performed using Prism 9.0 (GraphPad, La Jolla, CA, USA) and Stata 15.0 (Stata Corp, USA). Data are presented as mean ± standard deviation (SD). The difference between the two groups was analyzed by the Student’s t-test or unpaired t-test. Comparison of three or more groups were using the one-way ANOVA analysis. The experiments had been performed in triplicate. A p<0.05 was considered as statistical significance.




Results


Implications of ATP7A Expression and Clinical Characteristic

In our cohort, a total of 41 advanced CRC cases were included and received standard eight-cycle OXA-based chemotherapy (FOLFOX or CapeOx protocol). 20 CRC patients benefit from the chemotherapy, while 21 patients suffered from chemotherapy resistance. The analysis of IHC staining implied that the chemotherapy resistance CRC patients had a higher expression of ATP7A protein than the chemotherapy response patients (Figures 1A, B, P<0.001). Our analysis also implied that the metastatic CRC patients (TNM Stage IV) had a higher expression of ATP7A in tumor tissue than locally advanced CRC patients (TNM Stage III, P<0.01). However, there was no statistical significance in survival (OS and DFS) between the higher and lower expression of ATP7A CRC patients (Supplementary Figure 1). The correlation between ATP7A expression and clinicopathologic features of CRC patients could be found in Supplemental Table 1.




Figure 1 | Implications of ATP7A expression and clinical characteristics. (A) Expression of ATP7A in OXA resistance and OXA responder of CRC patients. (B) IHC staining scores of chemotherapy resistance patients and chemotherapy responders. **P < 0.01 and ***P < 0.001 when compared to the control group.



Based on the GEPIA database, the bioinformatic analysis of ATP7A implied that there was no statistical significance between ATP7A high-expressed and low-expressed CRC patients in OS (Supplemental Figure 2A). However, the higher expression of ATP7A CRC may have a worse prognosis in DFS (Supplemental Figure 2B, HR=1.5, P=0.048). There was no ATP7A expression difference between the adjacent normal tissue and tumor tissue (Supplemental Figure 2C), and the bioinformatic analysis displayed that the ATP7A expression was not related to the TNM stage (Supplemental Figure 2D).



ATP7A Inhibition Reverse OXA Resistance In Vitro

To investigate the biological role of ATP7A in CRC, we knocked down ATP7A using siRNA. HCT116 and LOVO cell lines were transfected with siATP7A. The western blot and qPCR results revealed that in siATP7A-transfected HCT116 and LOVO cells, ATP7A was downregulated obviously (Figure 2A, P<0.001). To further research the effects of ATP7A in CRC cell chemosensitivity, ATP7A-knockdown CRC cells were treated with various concentrations of OXA for 48h, and the cytotoxic effects of OXA were measured using the CCK-8 assay (Figure 2B). When ATP7A was knocked down, the IC50 value of OXA in siATP7A-transfected HCT116 (IC50 = 1.604 μg/ml, 95% CI = 1.419 to 1.807 μg/ml) was substantially lower than that in siNC-transfected HCT116 (IC50 = 8.407 μg/ml, 95% CI = 6.883 to 10.24 μg/ml). Similarly, the IC50 value of OXA for siATP7A-transfected LOVO (IC50 = 1.713μg/ml, 95% CI = 1.389 to 2.071 μg/ml) was significantly lower than that of siNC-transfected LOVO (IC50 = 5.439μg/ml, 95% CI =4.653 to 6.340μg/ml, Figure 2C, P<0.001). Furthermore, the CCK-8 assay proved that the cell viability of ATP7A downregulation cells was reduced compared to the negative control (Figure 2D, P<0.001). The results indicated that ATP7A downregulation noticeably increased and resensitized the chemosensitivity of CRC cells to OXA.




Figure 2 | ATP7A inhibition reverse OXA resistance in vitro. (A) ATP7A protein and ATP7A mRNA expression were inhibited by the siATP7A in HCT116 and LOVO cell lines. (B) OXA sensitivity in HCT116 and LOVO cell lines treated with siATP7A was determined using the CCK-8 test after treatment with various concentrations of OXA for 48 h. (C) The IC50 of OXA for siNC and siRNA transfected HCT116 or LOVO cells. (D) Together with OXA, decreased expression of ATP7A significantly suppressed cancer cell lines proliferation. **P < 0.01 and ***P < 0.001 when compared to the control group.





Knockdown of ATP7A Expression May Inhibit Cancer Tumorigenesis In Vitro

The results of colony-forming assay showed that ATP7A knockdown significantly decreased the colony formation ability with OXA treatment (Figure 3A, P<0.001). As for the apoptosis detection by FACS, the results suggested that the combination of ATP7A knockdown and OXA treatment largely inhibited the cell growth and improved the ratio of late apoptosis (Figure 3B P<0.001). To assess the effect of ATP7A on CRC cell motility, we performed wound-healing assays and transwell assays. Both HCT116 and LOVO treated with siATP7A knockdown plus OXA show the decreased ability of migration compared with the control (Figures 3C, D, P<0.001).




Figure 3 | Knockdown of ATP7A expression may inhibit cancer tumorigenesis in vitro. (A) Colony formation assays in HCT116 and LOVO cells. (B) A flow cytometer was performed to assess the apoptosis rate of HCT116 and LOVO cells. (C) Wound healing assay of HCT116 and LOVO cells. (D) Transwell assay was performed to evaluate the invasion of HCT116 and LOVO cells. *P < 0.05; **P < 0.01 and ***P < 0.001 when compared to the control group.





Construction of DAN Nanoparticle

To deliver siATP7A effectively in vitro and in vivo, the copolymer PEG5K-b-PLGA11K and a cationic lipid (DOTAP) were chosen to encapsulate siATP7A via a double-emulsion method. The components used for DAN-siATP7A preparation are shown in Figure 4A. In addition, the diameter of DAN-siATP7A was 101.4 ± 13.84 nm (Figure 4B) and the zeta potential was 21.77 ± 3.26mV (Figure 4C). To evaluate the stability of DAN-siATP7A, we incubated it in PRIM-1640 with 10% FBS for 48 h and the size of DAN-siATP7A changed very slightly (Figure 4D), which implied that DAN-siATP7A was relatively stable in blood circulation. Meanwhile, we further investigate the DAN-siATP7A in the following in vitro and in vivo studies. After being transferred by DAN-siATP7A, the ATP7A protein expression and mRNA expression in CRC cells showed the same significant inhibition (Figures 4E, F, P<0.001). Further, we investigate the cellular uptake of DAN-siRNA. As shown in Figure 4G, confocal images indicated that Cy-5 labeled siRNA can be delivered into the CRC cells successfully by DAN over time. In vivo study, we evaluated the transfection efficiency in the colorectal cancer model of nude mice (Figure 4H). Then, the result of IHC showed that the DAN-siATP7A group displayed a significant reduction of ATP7A protein expression compared to the free siATP7A group (Figure 4I, P<0.001), indicating that DAN-siATP7A could be delivered into the CRC tissue and played a significant role in knocking down.




Figure 4 | Construction of DAN nanoparticle. (A) The schematic illustration of the nanoparticle DAN-siATP7A construction. The size (B) and zeta potential (C) distribution of DAN-siATP7A. (D) The size measurement of DANsiATP7A in the RPMI-1640 supplemented with 10% FBS. The protein expression (E) and mRNA expression (F) of ATP7A after being transfected with DAN-siATP7A in HCT116 and LOVO cell lines. (G) The in Virto cellular uptake of Cy5-labeled DAN-siNC and free Cy5-labeled siNC in vitro. The confocal image was captured 8 hours and 24hours after the transfection of HCT116 and LOVO cell lines. (H) The scheme of medication on tumor-bearing mice. (I) The IHC analysis of ATP7A and the PCR analysis of ATP7A mRNA in tumor tissue implied effective knockdown of ATP7A via DAN-siATP7A nanoparticles. ***P < 0.001 and ns, not significance, when compared to the control group.





siRNA-Loaded Nanoparticle Reverses Chemoresistance In Vivo

A xenografted HCT116 model of human CRC in nude mice was established to investigate the therapeutic effect of different groups in vivo (Figure 5A). Figures 5B, C showed tumor images and weight curves. The tumor size treated in the combination group (OXA+DAN-siATP7A) was smaller compared with others: free OXA, free DAN-siATP7A, and control group. We also recorded the tumor volume changes at different time points to evaluate the therapeutic efficacy. As Figure 5D shown, the tumor volumes of mice after treatment in combination therapy were also much smaller (P < 0.001), indicating the increased combinational therapeutic efficacy and the reversal effect of DAN-siATP7A on OXA resistance in vivo. Furthermore, the quantitative analysis of TUNEL staining was applied to analyze the tumor apoptosis in vivo (Figure 5F and Supplemental Figure 3). The highest apoptosis rate was observed in the combination of DAN-siATP7A and OXA treatment groups. Similarly, H&E staining (Figure 5F) shows the same trend, indicating the reversal role of DAN-siATP7A on OXA resistance in vivo during the antitumor process.




Figure 5 | siRNA-loaded nanoparticle reverses chemoresistance in HCT116-bearing mice. (A) The scheme of medication on tumor-bearing mice. (B) The image of the tumor was dissected from the nude mice at the end of the in vivo study. Tumor weight (C), tumor volume (D) and mice weight (E) after the treatment. (F) The HE staining and TUNEL analysis of the tumor tissue of the nude mice. ***P < 0.001 when compared to the control group.





In Vivo Toxicity Analysis

We also evaluated the systematic toxicity of OXA and DAN-siATP7A by monitoring the body weights of nude mice for 42 days. The body weight of the control, free OXA, and free DAN-siATP7A groups displayed increasing over time due to the increased tumor growth of the three groups. However, the body weights of the OXA and DAN-siATP7A groups did not seem to significantly change (Figure 5E), suggesting that the combination treatment do not have obvious toxicity to the mice. In addition, the main organs of mice were dissected, H&E stained, and observed by optical microscopy (Figures 6A, B). The organ index was calculated by the following formula: Organ Index(%) = [(the weight of the organ)/(the weight of the mice)] *100. As displayed in Figure 6A, there was no difference was found in each group of organ index. We also evaluate the potential hepatic and renal impairment from the blood sample of the nude mice, including the index of ALT, AST, GGT, BUN, Cr, and UC (Figure 6C). Our results indicated that no obvious adverse effects to the major organs of mice were observed after the mice were treated with the combination treatment of OXA and DAN-siATP7A.




Figure 6 | In vivo toxicity analysis. (A) The image of organs including heart, liver, spleen, lung, kidney, and brain from the nude mice at the end of the in vivo study and the organ index (organ index = the weight of the organ/the weight of the mice) of the nude mice. Data were expressed as means ± SD. Group A stands for PBS; Group B stands for OXA; Group C stands for DAN-siATP7A and Group D stands for DAN-ATP7A + OXA. (B) The HE staining of organs. (C) The blood test of ALT, AST, BUN, Cr, UC of the nude mice, and no toxicity were found in our in vivo experiment.






Discussion

Oxaliplatin-based chemotherapy is currently the first-line clinical treatment for advanced CRC patients. However, chemotherapy failure or resistance was the major cause of recurrence and poor prognosis in CRC patients. It is of great importance to identify the therapy targets and develop novel therapeutic strategies to overcome chemotherapy resistance to improve the survival of the patients.

Previous reports demonstrated that the mechanisms of OXA resistance include uptake and metabolic abnormalities, changes in the tumor microenvironment. Herein, enhanced drug efflux and decreased drug concentration both contributed to chemotherapy resistance, in which ATP-binding cassette (ABC) transporters were the most prominent (32–34). Previous researches found out that the up-regulated ATP7A was correlated to the platinum drug resistance in colon cancer, esophageal squamous cell cancer, gastric carcinoma, and ovarian cancer (14). In the research of esophageal squamous cell cancer, researchers found out that the ATP7A knockdown by siRNA partially reversed resistance, and may provide novel strategies to overcome platinum drug resistance (35).

Hence, in our study, we identified ATP7A as a potentially key gene of OXA resistance in CRC. In our cohorts, the patients with higher expression ATP7A tended to have platinum drug resistance. The lower expression of ATP7A by siRNA knockdown resulted in enhancement of OXA sensitivity and increased OXA-induced apoptosis. We also demonstrated a novel strategy to increase CRC chemosensitivity by delivering siRNAs into tumor cells by developing a novel nano-particles, DAN. The nanoparticles exhibit an ideal anti-tumor effect combined with the OXA in vivo. DAN nanoparticles were based on the FDA-approved material, PEG-PLGA (24). As a result, it displayed less in vivo toxicity in the mouse xenograft. In brief, we identified a key gene in CRC chemoresistance via clinical samples and in vitro experiments, and develop novel and effective nanoparticles to overcome the platinum drug resistance in colon cancer.

In the survival analysis, there was not enough evidence revealing that the lower-expression of ATP7A CRC patients benefit from a better clinical prognosis in our cohort (Supplementary Figure 1). To find out its cause, the results may be concluded from the limited samples from our cohorts (41 patients) and advanced CRC patients enrolled in our study may have poor prognosis than the early-stage CRC patients. Despite no prognosis difference in OS analysis, the bioinformatic analysis revealed that the lower ATP7A expressed CRC patients may have a better clinical prognosis in DFS (Supplementary Figure 2B, P<0.05). Due to the conflicted conclusion of survival analysis, we implied that the ATP7A may not act as a prognostic indicator for CRC patients.

We provided the pieces of clinical evidence that the ATP7A was upregulated in OXA-resistant CRC patients compared to those patients who respond to chemotherapy (Figure 1). The previous researches found out the higher expression of ATP7A was correlated with the chemotherapy resistance. Samimi G et al. demonstrated that after being transfected with an ATP7A-expression construct, the human ovarian carcinoma cells also conferred resistance to DDP, CBDCA, and OXA (36). As a result, we hypothesis that higher ATP7A expression may be correlated to the OXA-based chemoresistance in CRC patients. The lower ATP7A expression CRC patients may benefit from the chemotherapy. However, due to the limited sample size of our study, it could not be concluded that the ATP7A may be a key regulator of CRC chemoresistance, and all the results of clinical analysis has no clinical implications currently. A multi-center with larger cohorts study should be conducted further to support the conclusion.

In our study, the present results indicated that knockdown of ATP7A by siRNA enhanced OXA sensitivity and reversed chemoresistance both in vitro and in vivo. In vitro, increased chemosensitivity and apoptosis, and decreased cell proliferation were evident in CRC cells following siRNA-mediated knockdown of ATP7A, suggesting that ATP7A is one of the important biomarkers for OXA resistance in CRC. Further, we found that the combination of OXA and siATP7A could inhibit the migration of CRC cells (Figures 3C, D).

Moreover, the analysis of IHC staining implied that the chemotherapy resistance CRC patients had a higher expression of ATP7A protein than the chemotherapy response patients and the metastatic CRC patients (TNM Stage IV) had a higher expression of ATP7A in tumor tissue than locally advanced CRC patients (Figure 1B). Our findings provide evidence that decreased drug efflux by knockdown ATP7A in CRC cells could lead up to higher tissue distribution and intracellular drug accumulation to form destructive DNA-platinum adducts which ultimately destroy cancer cells. These results all suggested that ATP7A played a vital role in the modulation of Pt-resistance.

Since when genetic interference was discovered in 1998, siRNA has been recognized as a powerful genetic interference tool to specifically silence the target genes to tackle cancer angiogenesis, invasion, and metastasis (23). Oxaliplatin therapy might have unrealized clinical benefits due to a lack of an appropriate carrier delivering siATP7A. Unfortunately, it is a great challenge for delivery of siRNA to tumors in vivo in consideration of the barrier of the blood circulation and poor cellular uptake (20, 21). In the present study, our strategy may provide a solution to this challenge. We explore a novel nanocarrier-based delivery of ATP7A as a therapeutic strategy for nanoparticles-mediated chemotherapy sensitization, which was based on the PEG-PLGA and DOTAP (24). Specifically, we encapsulated siRNA targeting ATP7A using DANs and confirmed that DAN-siATP7A could be effectively enriched in tumor tissue and downregulate the target gene (Figure 4). The therapeutic efficacy of different forms in vivo was verified by the enhanced cell apoptosis rate and the enhanced tumor inhibition efficacy (Figure 5). In addition, the combination therapy is relatively safe as confirmed by the detection of various organs and blood indexes (Figure 6). Let it be added here that the composition of DANs, PEG-PLGA, is a pharmaceutically approved drug for clinical by Food and Drug Administration (FDA). Yet the biosecurity and anti-tumor effect of DAN-siATP7A in OXA-resistance patients is by far less well understood. Most of these data are derived from in vitro drug-exposed tumor cells and in nude mice, which have not yet entered the clinical stage and need further verifications.

In conclusion, our findings demonstrate that ATP7A may act as a therapeutic target for CRC patients. The delivery of siATP7A via nanoparticles increases the sensitivity of CRC cells to oxaliplatin, thereby providing a new treatment strategy for CRC. However, due to the limitations in our study, such as limited cohorts from single-center retrospective study, the conclusions of clinical analysis may only implied the higher expression of ATP7A may correlated with chemo-resistance in CRC patients. All the results from clinical analysis currently have no clinical implications and needed to be further validated.
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A Corrigendum on: 


Effective Delivery of siRNA-Loaded Nanoparticles for Overcoming Oxaliplatin Resistance in Colorectal Cancer
 By Zhou Y, Zhang Q, Wang M, Huang C and Yao X (2022). Front. Oncol. 12:827891. doi: 10.3389/fonc.2022.827891


In the original article, there was a mistake in Figure 3 as published. While preparing the figures, the labels of the bar charts in Figure 3 were misspelled. The corrected Figure 3 appears below.




Figure 3 | Knockdown of ATP7A expression may inhibit cancer tumorigenesis in vitro (A) Colony formation assays in HCT116 and LOVO cells. (B) A flow cytometer was performed to assess the apoptosis rate of HCT116 and LOVO cells. (C) Wound healing assay of HCT116 and LOVO cells. (D) Transwell assay was performed to evaluate the invasion of HCT116 and LOVO cells. **P < 0.01 and ***P < 0.001 when compared to the control group.



In the published article, there was also an error in affiliation 3. Instead of “Department of Gastrointestinal Surgery, Department of General Surgery, Guangdong Provincial People’s Hospital, Guangdong Academy of Medical Sciences, School of Medicine, South China University of Technology, Guangzhou, China”, it should be “Department of Gastrointestinal Surgery, Department of General Surgery, Guangdong Provincial People’s Hospital, Guangdong Academy of Medical Sciences, Guangzhou, China”.
 
There was a further error as an affiliation was omitted for authors Minjia Wang, Chengzhi Huang and Xueqing Yao. These authors should also have affiliation 5 – “School of Medicine, South China University of Technology, Guangzhou, China”.

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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The repairment of critical-sized bone defects is a serious problem that stimulates the development of new biomaterials. In this study, nanohydroxyapatite (nHA)-doped porous polyetheretherketone (pPEEK) were successfully fabricated by the thermally induced phase separation method and hydrothermal treatment. Structural analysis was performed by X-ray diffraction. The water contact angles and scanning electron microscopy were measured to assess physical properties of surfaces. The mechanical strength of the composites is also determined. Microcomputed tomography is used to characterize the nHA content of the composites. The in vitro bioactivity of the composites with or without nHA was investigated by using murine pre-osteoblasts MC3T3-E1, and the results of cytotoxicity and cell proliferation assays revealed that the cytocompatibility of all specimens was good. Adherence assays were employed to examine the adhesion and morphology of cells on different materials. However, nHA-doped composites induced cell attachment and cell spreading more significantly. Osteogenic differentiation was investigated using alkaline phosphatase activity and alizarin red staining, and these in vitro results demonstrated that composites containing nHA particles enhanced osteoblast differentiation. Its effectiveness for promoting osteogenesis was also confirmed in an in vivo animal experiment using a tibial defective rat model. After 8 weeks of implantation, compared to the pure PEEK and pPEEK without nHA groups, the nHA-pPEEK group showed better osteogenic activity. The results indicate that the nHA-pPEEK composites are possibly a well-designed bone substitute for critical-sized bone defects by promoting bone regeneration and osteointegration successfully.
Keywords: nanohydroxyapatite, polyetheretherketone, differentiation, animal model, osteointegration
1 INTRODUCTION
Bone defects, which are caused by trauma, tumor surgery, and inflammation, affect the quality of life of patients seriously and remain a major clinical challenge (Huang et al., 2019; Xie et al., 2020). Autologous bone grafts are considered the gold standard as bone implants due to their ideal osteo-inductive properties, preventing the histocompatibility problem. However, the associated risk of donor site disease and limited supplementation are disadvantages of the treatment (Beigi et al., 2019; Kohli et al., 2021). Metals (e.g., titanium alloys) are widely used as prostheses because of the high mechanical strength and excellent frictional resistance (Yan et al., 2018). Some disadvantages, however, have been pointed out for metal implants: image distortion in postoperative observations, stress shielding effect on the bone around the implant, and the need of additional surgery for removal (Hughes et al., 2018; Ko et al., 2021).
In recent years, there has been rising interest to develop the new medical devices based on polyetheretherketone (PEEK) because of its good biocompatibility and mechanical properties that can match the cortical bone tissue (Vaezi et al., 2016; Feng et al., 2019). Unlike metal implants, which create artifacts in radiography, computed tomography (CT), and magnetic resonance imaging (MRI), PEEK does not generate such artifacts (Fukuda et al., 2018; Sunarso et al., 2020). However, PEEK is not a material with bioactivity, which possesses poor osseointegration, owing to its bioinert nature (Dai et al., 2019). Therefore, the development of new modification techniques to enhance the bioactivity of PEEK is an important requirement.
Several strategies have been studied to improve the bioinert nature of PEEK with bioactive materials (Wan et al., 2020), and synthetic hydroxyapatite (HA), which is most similar to mature bone, has been widely applied as a bone substitute for the requirement of bone defects in orthopedic surgery (Pujari-Palmer et al., 2017; Zakrzewski et al., 2020). To enhance the osteointegration of PEEK-based implants, several techniques have already been developed for various orthopedic uses: 1) the incorporation of HA into the PEEK matrix, 2) coating PEEK implants with HA, and 3) adding porosity into PEEK implants (Zhong et al., 2019). Due to the natural structure of native bone tissues, pores in implants play a key role in bone regeneration (Lin et al., 2019) because biocompatible porous implants that mimic the natural bone structure have given the most hopeful results due to their promoting effect on cell proliferation and neovascularization (Paraš et al., 2020). Among these methods, the use of HA combined with the porosity has been considered a desirable technology for improving the osteointegration of PEEK-based devices (Torstrick et al., 2018). Some investigators have reported that the incorporation of bioactive molecules and porosity to PEEK are effective approaches to improve the osteointegration of PEEK-based implants (Chubrik et al., 2020; Conrad and Roeder, 2020; Swaminathan et al., 2020; Huang et al., 2021; Venkatraman et al., 2021).
In summary, two major methods have been performed to improve the biological activity of porous PEEK (po-PEEK) materials with the synthetic HA. One approach is to fabricate PEEK-based composites by incorporating bioactive molecules into PEEK substrates, but this may influence the mechanical strength. Another strategy is to activate the surface of PEEK with HA coating. However, PEEK surface coatings may lead to insufficient cohesion and delamination, resulting in tissue inflammation (Han et al., 2019).
The objective in this study is to prepare a new kind of porous composite based on porogens in a PEEK matrix by using a novel experimental technique. Subsequently, HA is generated in situ inside the porosity of Po-PEEK biomaterial via hydrothermal synthesis, aiming to develop a bioactive composite with good biological performances for bone regeneration and reconstruction. A schematic diagram of the experimental protocol is illustrated in Scheme 1.
[image: Scheme 1]SCHEME 1 | Design of the experiment. (A) Schematic diagram of synthesis process, including the Po-PEEK with thermally induced phase separation and nHA with hydrothermal methods. (B) Implantation procedure of rat tibial defect model and cellular responses around the host bones after the operation.
2 MATERIALS AND METHODS
2.1 Preparation of Porous PEEK
2.1.1 Fabrication
Briefly, diphenyl sulfone was added into a 1 L round-bottom flask and heated to 140°C until completely dissolved. PEEK powder (melt flow rate = 13, offered by Jilin University Special Plastic Engineering Research Center) was added and slowly warmed to 350°C. Then, the solution was stirred until the powder was dissolved completely. Finally, sodium chloride was added, and the solution continued to be stirred until it was homogeneous. The product was poured into the mold and cooled to room temperature. Subsequently, the resulted polymer was further purified by Soxhlet extractions for 3 days with acetone and distilled water to remove diphenyl sulfone and excess inorganic salts. Throughout the manuscript, two types of Po-PEEK with different solid contents were synthesized, and different degrees of compression were processed to improve the mechanical properties. Materials were divided into four groups: PK50-20% (50% solid content and 20% compression), PK50-10% (50% solid content and 10% compression), PK50 (50% solid content), and PK40 (40% solid content). The solid content was calculated as shown below:
[image: image]
Where MPEEK and Mdiphenyl sulfone represented the mass of PEEK powder and diphenyl sulfone in the reaction system, respectively.
2.1.2 SEM Observation
The material was broken up with liquid nitrogen, and the cross-sections were sputtered with gold for 60 s. The samples were then observed and photographed with a scanning electron microscope (SEM, Hitachi S4800; Japan).
2.1.3 Density and Porosity
The density of materials was tested by a density/specific gravity meter DA-510 (Kyoto Electronics Manufacturing, Kyoto, Japan) at room temperature and the porosity was calculated based on the formula as follows:
[image: image]
where P denoted the porosity of fabricated material, and ρ indicated the density of the material in its natural state, and ρ0 represented the absolute solid density of this material.
2.1.4 Mechanical Strength
The materials were cut into 1 cm cubes for tests of mechanical properties, with an Instron universal tester 5,966 (Instron, Norwood, MA, United States).
2.2 Fabrication of Nanohydroxyapatite-Doped Porous PEEK
2.2.1 Synthesis Process
The nanohydroxyapatite (nHA) was synthesized in the laboratory via a hydrothermal treatment method. Specifically, di-ammonium hydrogen phosphate (AR grade) was dissolved in 10 ml of Millipore water, and Po-PEEK with 50% solid content was immersed in it under vacuum to make the solution infiltrate the pores of the samples. Afterwards, the materials were frozen at −20°C and lyophilized. Calcium nitrate and pluronic F127 were dissolved in 10 ml of Millipore water and stirred until complete homogenization. Pluronic F127 was selected as a soft template to obtain the porous structure (Gong J. et al., 2020). The lyophilized samples were immersed in the solution of calcium nitrate under vacuum to make theoluteion infiltrate the pores again, and the precipitation was carried out by adding di-ammonium hydrogen phosphate dropwise to the calcium nitrate solution under constant stirring, followed by being transferred into reaction kettles at 120°C for about 12 h. Following the termination of the experiment, all samples were washed with distilled water to remove remaining salts and Pluronic F127, keeping the samples dried at 60°C in the vacuum oven.
2.2.2 SEM Observation
The operation was performed essentially as described previously.
2.2.3 Water Contact Angle Test
The water contact angle of the sample surface was analyzed by the contact angle-measuring instrument (DSA25, Kruss, Germany). The test materials were then cut into samples of 20 mm length, 10 mm width, and an average thickness of 2 mm. The droplets were laid onto the sample surfaces, and the images were captured using the camera. The contact angle was measured by recording the contact angle values.
2.2.4 X-Ray Diffraction Analysis (XRD)
The synthesized nHA powders on an XRD grid were exposed to the measurements, and the structures of which were characterized by using an X-ray diffract meter (XRD-6000; Shimadzu, Tokyo, Japan) in the 2θ range from 10° to 80° at a scanning rate of 10°/min.
2.2.5 Experiment Sizes of Samples
The experiments were conducted using two different sizes of materials. For in vivo experiments, the samples were 1 mm thick and 10 mm in diameter. In vivo samples were T-shaped columns, with 3 mm diameter at the bottom and 4 mm diameter at the top. Both sections measured 2 mm in length for a total length of 4 mm. The top section had a 0.75 mm diameter transverse hole for pull-out testing. Figure 1A shows a schematic of this appearance.
[image: Figure 1]FIGURE 1 | Characterization. (A) 3D schematic of the implant material (B,C) SEM images of porous materials with different magnification. (D) Density and porosity of all groups with different solid content and compressive degrees. (E) Mechanical strength of all groups with different solid content and compressive degrees. (F) Micro-CT image of the material in the PK50-20% group. (G) SEM picture of synthetic nHA. (H) XRD diffractogram for samples of synthetic nHA. (I) The water contact angle analysis of the different samples.
2.3 In Vitro Assays
2.3.1 Cytotoxicity Assay
In vitro cytotoxicity was measured by MTT assays with MC3T3-E1 osteoblasts, which were purchased from the American Type Culture Collection (Manassas, VA, United States). The cells were grown in DMEM with 10% fetal bovine serum (FBS) and 1% penicillin–streptomycin (all Sigma-Aldrich, MO, United States). The cells were incubated at 37°C and 5% CO2. The experiment was conducted with extracts of all groups. Cells were seeded into 96-well cell culture plates at a density of 104 cells/well and routinely incubated. After 24 h, the medium was removed and replaced with the prepared extracts, and culture was continued for another 24 h. Cell viability was tested using the MTT assay kit (Solarbio, Beijing, China) according to the manufacturer’s instructions. To display the cell viability more intuitively, the live/dead staining was carried out with Calcein-AM/PI Double Stain Kit (Solarbio, Beijing, China). Live cells were stained in green by Calcein-AM, whereas dead cells were stained red by PI. The staining results were captured under an inversion fluorescence microscope (BX51WI; Olympus, Tokyo, Japan).
2.3.2 Cell Proliferation Activity
Cells were seeded into different materials with a density of 2 × 103 /well. Cell proliferation was performed according to the CCK8 kit (CCK8, Dojindo, Japan) manufacturer’s protocol on 1, 3, and 5 days.
2.3.3 Cell Adhesion Evaluation
For each group, 4 × 104 cells were seeded onto the different samples, cultured for 24 h. The cell morphology was observed with SEM. In detail, the cells were rinsed with phosphate- buffered saline (PBS) and then fixed with 2.5% glutaraldehyde for 2 h. After the removal of the fixative, samples were rinsed with PBS again. Subsequently, dehydration was carried out with the gradient-ethanol method, with critical point drying in CO2 and gold coating. The cell morphology was visualized via SEM and photographed. To further validate the impact of the materials on cell morphology and cytoskeleton organization, the fluorescence staining of actin cytoskeleton was performed. In brief, cells were fixed with 4% paraformaldehyde (PFA) for 15–20 min, and then fixed cells were stained with FITC-phalloidin and DAPI (all Sigma-Aldrich, MO, United States) for cytoskeleton and cellular nuclei staining, respectively. Images were captured and recorded with the confocal laser scanning microscope (Fluo View FV-1000; Olympus, Tokyo, Japan).
2.3.4 Cell Seeding Efficiency
To investigate the adhesive ability of cells on the materials over short time periods, the percent attachment was calculated after 4 h co-culturing time. MC3T3-E1 cells were seeded onto the materials at a density of 105 cells/sample and incubated for 4 h. The medium was removed, and the cells were rinsed with PBS collected into the centrifuge tubes. Then, the residual cells on the materials were digested with trypsin (Solarbio, Beijing, China) and suspended in a suitable volume of culture medium, followed by counting with a cell-counting plate. The cell seeding efficiency was calculated as follows:
[image: image]
where η indicates the seeding efficiency, X the number of the residual cells, and X0 the initial number of cells seeded onto the samples.
2.4 Osteogenic Differentiation in vitro
MC3T3-E1 cells, which are pre-osteoblast derived from mouse calvaria, are used as model cells, being capable of differentiating to mature mineralizing osteoblasts. In this study, once the cells reached confluence, the culture medium was switched to osteogenesis inductive medium, composed of culture medium supplemented with 10 mM β-glycerophosphate, 10 nM dexamethasone, 50 μg/ml ascorbic acid (all Sigma-Aldrich, MO, United States).
2.4.1 Alkaline Phosphatase Activity
MC3T3-E1 cells were seeded onto the different sample surfaces at a density of 2 × 104 cells/well. The analysis of ALP activity and ALP staining was performed after osteogenically induction for 7 and 14 days. ALP was stained using an ALP staining kit (Beyotime, Shanghai, China) according to the manufacturers’ instructions. The intracellular ALP activity was also evaluated quantitatively. According to the manufacturers’ protocols, the BCA kit (Beyotime, Shanghai, China) was used to determine the total protein content and ALP activity was investigated by an ALP activity kit (Jiancheng, Nanjing, China).
2.4.2 Alizarin Red s Staining
Detection of mineral deposition was performed using alizarin red staining and semi-quantification method. Cells were seeded onto the sample surfaces at a density of 2 × 104 cells/well and cultured for 21 days with osteogenic medium. For ARS staining, cells were fixed in 4% paraformaldehyde and stained with 1% ARS (Solarbio, Beijing, China) for about 30 min. Images of the stained materials were taken by using a scanner (Perfection V600I; Epson, United States). To quantify calcium deposition, materials with cells were in treatment with 10% (v/v) cetylpyridinium chloride monohydrate (Aladdin, Shanghai, China) aqueous solution to extract the ARS dye, quantified at an OD of 562 nm (Gong L. et al., 2020).
2.5 Osteogenic Assay in vivo
2.5.1 Rat Tibial Defect Model
Osteointegration of surfaces was evaluated by using the implant-plug model, creating the defective area in the proximal tibia of the rat. All surgical processes were approved by the Institutional Animal Care and Use Committee of Jilin University (IACUC No. 20210507-02). A total of 15 male Sprague–Dawley rats (n = 5) were in use (Weitong Lihua, Beijing, China). Animals were 12 weeks old and their mean body weight was 397 g. Animals were pre-anesthetized with isoflurane, and subsequently, an intraperitoneal injection of a urethane/acepromazine maleate mix was carried out to anesthetize the animal. Both hind limbs were prepared, and a 1 cm incision was made, with muscle released and the medial collateral ligament transected. The bone surfaces were exposed, and a 2.5 mm puncher (Integra Miltex, Plainsboro, NJ, United States) was used to generate holes in the bone tissues. Each implant was pressed into the hole, and it was made sure that the lip of the implant was flushed on the cortex. The incisions were sutured in a routine manner. Each animal was implanted one material in each leg, and experimental groups were randomized between animals and legs. All animals were euthanized after 8 weeks by carbon dioxide asphyxiation. Animal samples were fixed in PFA until further testing.
2.5.2 Small Animal Microcomputed Tomography (μCT)
All samples were scanned with μCT prior to biomechanical testing and histologic examination. All the samples were examined using a μCT system (Bruker, Kontich, Belgium) to evaluate the amount of new-formed bones. Three-dimensional (3D) images of μCT were performed using the CTVox software, and bone regeneration was expressed as the bone volume/tissue volume (BV/TV) ratio and trabecular number (Tb. N) using Dataviewer and CTAn (all Brucker, Kontich, Belgium).
2.5.3 Pull-Out Test
A biomechanical pull-out test was carried out to assess the osteointegration for each implant surface. All pullout tests were conducted using a universal testing machine (Instron 5500R, MA, United States). Each tibia was secured with a custom fixture, and the implant was linked to a 100 N load cell by passing a piano wire through the prepared hole. Pre-loaded samples (1.0 N) were placed to a constant tensile displacement rate of 0.1 mm/s. The tensile force is the maximum load reached before implant dislodgement or failure.
2.5.4 Surface Patterns of Implants
Surface changes of implants were analyzed using SEM-EDX (energy-dispersive X-ray) system. SEM was used to observe and compare the implant surface morphology before and after implantation. Elemental analysis was performed using an EDX spectrometer for carbon, oxygen, calcium, and phosphorus, which represented osteogenesis-related elemental types.
2.5.5 Histological and Immunohistochemical Analysis
After pull-out testing, the samples collected for histological analysis were fixed in 4% formalin and decalcified with 10% EDTA for 16 weeks until fully decalcified. After decalcification, all the specimens were paraffin-embedded and sectioned at 4 μm thickness and subjected to staining for histological evaluation. Histological analyses were conducted using hematoxylin and eosin (HE) staining and Masson’s trichrome (MTC) staining. Immunohistochemical staining for the bone morphogenetic protein-2 (BMP-2) and osteocalcin (OCN) of tissue sections was performed using a standard, indirect three-step immunoperoxidase technique.
2.6 Data Analysis
Statistical significance was determined by the independent-sample t-test for the comparison of two groups and one-way ANOVA for comparison of three or more groups. p < 0.05 was taken to indicate statistical significance, *p < 0.05 and **p < 0.01.
3 RESULTS
3.1 Material Characterization
Po-PEEK materials obtained from the thermally induced phase separation technology are characterized by SEM, and the findings are reported in Figures 1B,C with two different magnifications, showing a network of well-connected pores with different dimensions. Figure 1D shows the differences and trends in the densities and porosity of different groups, indicating that the decline of densities is greater in the PK40 group (40% solid content), and that of PK50 (50% solid content) is rebounded somewhat. However, the densities of PK50 are increased with increasing degrees of compression, where PK50-10% or PK50-20% means that Po-PEEK with 50% solid content is compressed by 10% or 20%. The porosities as expected, show an opposite trend with the densities in the same groups. The mechanical strength tests of different groups are displayed in Figure 1E, and these results are consistent with the density results in the trend of change. Taken together, the PK50-20% group is the best outcome for density, porosity, and strength as the bone substitute materials. Therefore, PK50-20% was chosen for the subsequent experiments (pPEEK). For samples doped with nHA particles, a CT analysis of the composites (nHA-pPEEK) is presented in Figure 1F. As can be seen, HA nanoparticles embedded in pPEEK were clearly visible, showing the high-density shadows. The SEM image of nHA crystals is presented in Figure 1G, indicating that the synthetic nHA particles occur in the form of crystal clusters and the mean length of a single crystal is about 300 nm with a needle shape. The XRD result shows HA typical diffraction peaks and confirms the nucleation of HA in all samples (Figure 1H). Appropriate hydrophilic surfaces will be more conducive to initial cell attachment (Chen Y. et al., 2017). The hydrophilic–hydrophobic property of the different materials was characterized by water static contact angles (Figure 1I). The contact angle analysis shows 99° on the material surface of the control group while showing 50° and 21° on the material surfaces of the pPEEK and nHA-pPEEK groups. It is generally believed that contact angles greater than 90° indicate hydrophobic properties, while smaller than 45° denotes clearly hydrophilic ones (Peters, 2017). Thus, as far as hydrophilic properties, statistically significant difference is observed among the control groups (PEEK and pPEEK) and experimental groups (nHA-pPEEK) (p < 0.01). Interestingly, the hydrophilic ability of pPEEK is better than PEEK (p < 0.05), which means that the porous structure may also improve the hydrophobicity of the original biomaterial.
3.2 Cellular Compatibility
The conditions of the cultures contacted with extracts from the materials (indirect methods) are assessed using image analysis and quantitative analysis. Results are presented in Figures 2A,B), and all groups do not show any toxicity, thus showing that the synthetic materials are cell compatible completely. To investigate possible influences of the material surface on the proliferation of the cells, CCK8 assessment is taken, and the results are shown in Figure 2C. The cell proliferation in each group increases based on the culturing time, and all groups show higher values than the frontier group (p < 0.01). On day 5, pPEEK and nHA-pPEEK groups show higher values than the PEEK control group (p < 0.05), which means that a porous structure may promote the ability of cell proliferation, but nHA does not show apparent superior performance. Cell seeding efficiency is a cell adherence assay to evaluate the effect of materials on cell adhesion. From the results (Figure 2D), nHA-pPEEK can stimulate the adhesion of MC3T3-E1 cells compared with other groups (p < 0.05). The morphology of MC3T3-E1 cells adhered on the surfaces of materials is observed under SEM (Figure 2E), revealing that nHA-pPEEK can promote the expansion of cells apparently from the difference in cellular area. Cell morphology and spreading are closely related to cytoskeletal structure, so cell fluorescent staining is performed. Results are displayed in Figure 2F, where nuclear staining is blue and cytoskeletal staining is green. Compared to PEEK and pPEEK groups, there are a greater number of cells and larger amounts of cytoskeleton fibers of each cell in the nHA-pPEEK group. The cytoskeleton is the key component that regulates cell migration and differentiation, and some studies believe that osteogenic gene activation is mediated by cytoskeletal change (Wei et al., 2020).
[image: Figure 2]FIGURE 2 | Biocompatibility of prepared materials. (A) Live/dead cell staining for evaluation of different extracts from all groups. (B) Cell cytotoxicity quantitative measurement by the MTT assay. (C) Analysis of cell proliferation on different surfaces of all groups. (D) Seeding efficiency for MC3T3-E1 cells on the different materials. (E) Cell morphology in SEM of MC3T3-E1 osteoblast cells after co-culture with different samples. (F) Fluorescent staining of cells with FITC-phalloidin (actin cytoskeleton, green) and DAPI (nucleus, blue).
3.3 In Vitro Osteogenic Differentiation Assays
We have analyzed the osteogenic potential of the synthetic materials in vitro. ALP activity is a marker of early-stage osteogenesis (Chen E. E. M. et al., 2017). The samples show different degrees of ALP staining (Figure 3A), where the results in day 14 are greater than day 7 overall. At each specific time point, the nHA-pPEEK group shows deepest staining, indicating that ALP activity is highest, followed in decreasing order by the pPEEK and PEEK groups. To investigate whether the differences among the groups are highly significant, ALP activity quantitative assessment is performed (Figure 3B). In agreement with staining results, there are statistically important differences in ALP activity between the nHA-PEEK and other groups (p < 0.01). Notably, the ALP activity in the pPEEK group on day 14 is higher than PEEK groups (p < 0.05), which means that pPEEK has a certain degree of osteoinductive abilities. Mineralization is considered an in vitro endpoint of osteogenic differentiation (Lin et al., 2017). Thus, ARS staining is performed on day 21 and results are presented in Figure 3C. The red color is deeper and deeper in order of PEEK, pPEEK, and nHA-pPEEK, indicating that the content of calcium is more and more. The result of quantification of ARS is consistent with the result of ARS staining (Figure 3D), where the nHA-pPEEK group has a higher content of calcium than other groups (p < 0.01), and pPEEK is also slightly elevated compared to PEEK (p < 0.05).
[image: Figure 3]FIGURE 3 | Osteogenic differentiation of MC3T3-E1 cells. (A) ALP staining assays of cells on the different materials after 7 and 14 days co-culture time. (B) ALP activity in cell lysates collected from cells co-cultured with different materials. (C) ARS staining of cells on the different materials. (D) Quantification of ARS staining in (C).
3.4 In Vivo Bone Integration
To demonstrate implant functionality, the osseointegration of implants placed around rat tibias is analyzed. Eight weeks after the implantation, materials with surrounding tissues are harvested for analysis. The μCT scanning-reconstructed images for different groups are shown in Figure 4A. From the results, bone density and the amount of new bone volume in nHA-pPEEK are apparently higher than the PEEK and pPEEK groups, which indicates that the osteoinductivity and osteoconductivity of nHA-pPEEK composites are greater than others. Results of bone parameters, including BV/TV (Figure 4B) and Tb. N (Figure 4C), are consistent with reconstructed images, showing that nHA-pPEEK has the best performance in osteogenesis (p < 0.05). The biomechanical pull-out test is utilized to evaluate the quality of osseointegration of the implants, and the results (Figures 4D,E) show that there are significant differences observed among materials (p < 0.01), which illustrates that nHA-pPEEK has the ability to enhance the osteogenic capacity of biomaterials. After pull-out, SEM is employed to characterize the morphology of the surfaces on the implants. Results show that new bone tissues deposit on the surface of the materials in each group and intensity differs among the groups (Figure 4G). Quantification indicates statistical significance (Figure 4F, p < 0.01), further confirming the osteogenic capacity of the nHA-pPEEK implants. According to the results of HE and Masson staining (Figures 5A,B) 8 weeks after bone graft in the tibiae of rats, the osteogenic area can be clearly seen in the nHA-pPEEK group, which shows cell aggregation at the osteogenic front of the newly formed bone and where the area presents collagen fiber bundles of high content. Figures 5C,D shows that the osteogenic differentiation of cells was observed by positive immunohistochemical staining for BMP-2 and OCN and the results confirm that the nHA-pPEEK materials can effectively promote stem cells to differentiate to the bone cells compared to other groups.
[image: Figure 4]FIGURE 4 | In vivo analysis on osseointegration. (A) Three-dimensional images obtained from μCT reconstruction. Overall pattern of tibia (upper); new bone in the defect part (lower). (B) BV/TV, and (C) Tb. N of the defective aera calculated using accessory software. (D) Pull-out strength of the implanted materials in all groups, having different effects on osseointegration. (E) The maximum values of pull-out load taken for quantitative analysis. (F) Quantitative analyses of phosphorus and calcium. (G) The surface composition of each sample analysis by SEM-EDX system, including SEM images and distribution maps of the elements of carbon, oxygen, phosphorus, and calcium.
[image: Figure 5]FIGURE 5 | Histological analysis. (A) Representative displays of hematoxylin–eosin (HE) staining of tibia tissue sections, revealing that nHA-pPEEK composites markedly promoted new bone formation (black arrows). (B) Results of MTC staining for the collagenous fiber distinguished as blue (black arrows), showing that the experimental group had a large number of blue collagen fibrils and fibrous tissue. (C) Results of BMP-2 protein immunolocalization via immunohistochemistry staining to make a successful differential diagnosis (black arrows). (D) OCN immunolocalization via immunohistochemistry staining to make a successful differential diagnosis (black arrows).
4 DISCUSSION
HA-based biomaterials are widely used as bone substitute material because its osteoinductive activity is generally recognized, because biosafety is a prerequisite for bone- substitute in vivo applications (Tang et al., 2017). To date, there are many ways in which HA participates in the PEEK materials, as described before, but with a variety of weaknesses consistently present. In this paper, a new technique based on thermally induced phase separation method and hydrothermal synthesis technology is used for producing bioactive nHA-pPEEK composites. The technique is also an efficient method for fabricating Po-PEEK with changeable porosity. The nHA-pPEEK biocomposites produced exhibit good biocompatibility and cell attachment, while the incorporation of nHA into PEEK does not result in the reduction of mechanical strength because the HA particles are attached on the surface rather than embedded in PEEK substrate. SEM and XRD results confirm the formation of crystalline nHA on the porous pPEEK materials after the hydrothermal method. Upon the addition of nHA biomolecules, nHA-pPEEK composites’ hydrophilic properties are improved compared with other groups. The surface hydrophilicity will promote the attachment of many different cells, and cell spreading, proliferation, and differentiation have also been related to it in addition to initial cellular attachment (Pan et al., 2015; Pajoumshariati et al., 2018).
In the biomedical field, cell viability is often used to determine the biocompatibility of biomaterials. According to ISO 10993-5, cell viability results can be interpreted as following: >80% no cytotoxicity, 80%–60% weak cytotoxicity, 60%–40% moderate cytotoxicity, and <40% strong cytotoxicity (Ciorita et al., 2020). The results show that all fabricated materials are compatible with MC3T3-E1 cells with no cytotoxicity. Cell proliferation is another of the cell activities required for tissue regeneration (Del Castillo-Santaella et al., 2019). The cell proliferation rate of cells cultured on the material surfaces changes at different time points, and the results in the pPEEK and nHA-pPEEK groups are superior to that in the control group on day 5, which means that porous structure can promote cell proliferation and nHA particles have no proliferation-promoting effect significantly despite the higher levels of cell viability (p > 0.05). This is probably because the porous structures allow for the optimal interaction of the materials with the cells, oxygen and other nutrients are delivered to nourish the attached and embedded cells (Tong et al., 2016). The material properties can influence cellular reaction when cells attach the surfaces, and material–cell interactions are further evaluated by cell adhesion tests (Cui et al., 2017). Cell seeding efficiency on the surfaces of synthetic materials in a short period of time correlates with almost surface property changes, and nHA particles occupy a preponderant place in the cell attachment. Next, the morphologies of cell spreading within 3D matrix are obtained using SEM after co-culturing with different groups for 24 h. The results show that cells have a more homogenous spreading distribution in the nHA-pPEEK group, which is possibly associated with cell differentiations. Hence, the better performance of nHA-modified samples in improving cell differentiation is probably associated to the functions and bioactivity of nHA (Jiang et al., 2020). Cell spreading is often accompanied by changes in the structure and composition of the cytoskeleton (Ma et al., 2016), and the beneficial outcome of cytoskeleton staining further confirms the effect of nHA and porous structure on MC3T3-E1 cells. The cell-spreading area and the cell numbers can be helpful data for cell evaluation on materials.
During early stages of cell differentiation, osteoblasts synthesize ALP and other related markers, which ultimately leads to the extracellular matrix calcification, where the degree of osteoblastic differentiation is evaluated by the expression of the aforementioned osteoblast markers (Zhang et al., 2017). The expression of ALP is monitored using ALP staining and ALP activity assay. Results show that a significantly greater ALP activity is observed in the nHA-pPEEK group compared with other groups at any point in time. Interestingly, cells in the pPEEK group have a higher level than the PEEK groups in the ALP activity quantification experiment, which is possibly related to the morphology of porous structure (Feng et al., 2020). The degree of the extracellular matrix mineralization is determined using ARS staining and the semi-quantification of cultured osteoblasts to detect bone nodules. Results indicate that the number of calcium nodules is increased obviously in the nHA-pPEEK group, and a mild increase is observed in the pPEEK group, which is consistent with the ALP quantification results above. In the osteogenic experiments, nHA-pPEEK composites show better osteogenic ability with enhanced ALP activity and more calcium deposition. Lastly, the current results are obtained from in vitro experiments and need to be validated in vivo.
In this study, the effect of synthesized composite materials on osteointegration is investigated in a well-established rat tibial bone defect model. At the end of the eighth week, rats are sacrificed, and tibias are detected by μCT, and the data reveal that the amount of new bone formation on the surfaces of the nHA-pPEEK group is significantly higher than other groups, showing a high amount of newly formed bone in the defect areas. A quantitative analysis involving BV/TV and Tb. N further tests this idea. The osteointegration of the newly formed bone is examined by the pull-out test, and the results are expressed as the maximum pull-out force, which is consistently higher for the nHA-pPEEK than for the pPEEK, and pure PEEK groups. This could be partially explained by biomimetic mineralization (Zhao et al., 2020). Porous nHA-pPEEK composites mimic the structure of natural bones in the sense that nHA acts as the bone salt and pPEEK the porous structure to cancellous bone. The biomechanical strength of bone–implant integration is measured by the pull-out test, and the surfaces of the extracted materials are examined by SEM-EDX for the analysis of new bone formation. The present experimental results show that the pull-out force is the maximum in the nHA-pPEEK group, hindered by the newly formed coupled bone. SEM images show that the nHA-pPEEK composites appear to have a rough surface morphology. The measurements of calcium and phosphorus on the surfaces performed with EDX identify these elements in all treatment groups, but the nHA-pPEEK group has the greatest amount compared to others and based on the results of the quantitative analysis. The HE histological staining is used to demonstrate different tissue structures, and the newly formed bulk bone tissues are displayed, where the collagenous regions contain a lacuna structure that is surrounded with osteoid. The results of Masson staining are expected, which show that the nHA-pPEEK group has the most blue staining area of collagen fibrils. BMP-2 and OCN are the respective mid-later stage markers in the osteogenic differentiation process of stem cells (Shuang et al., 2016; Shalumon et al., 2018; Dashtimoghadam et al., 2020), and so the evaluation is necessary to assess. There is significantly greater positive OCN or BMP-2 staining in the nHA-pPEEK group compared with other two groups, which illustrates the successful osteogenic differentiation of MC3T3 cells, further proving the excellent osteoinductive performance of the nHA-pPEEK composites. The in vivo experiment further indicates that nHA-pPEEK induces more new bone formation and tighter bone bonding.
5 CONCLUSION
In this study, an nHA-pPEEK was developed and its potential to successfully promote bone integration in vivo was demonstrated. The nHA-pPEEK composites were fabricated by thermally induced phase separation method and hydrothermal reaction technology. In the in vitro experiments, the composites displayed good osteogenesis and biocompatibility. After 8 weeks of implantation, significantly higher new bone formation within the defective area as well as at the implant–bone interface was achieved in the nHA-pPEEK group compared to that of the PEEK and pPEEK groups. The results showed that the nHA-pPEEK biomaterials can be a promising bone substitute for the treatment of bone defects.
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Nowadays, non-small cell lung cancer (NSCLC) is threatening the health of all mankind. Although many progresses on treatment of lung cancer have been achieved in the past few decades, the current treatment methods are still traditional surgery, radiotherapy, and chemotherapy, which had poor selectivity and side effects. Lower-toxicity and more efficient treatments are in sore need. In this paper, a smart nanodelivery platform based on photothermal therapy, chemotherapy, and immunotherapy was constructed. The nanoparticles are composed of novel photothermal agents, Mn-modified phthalocyanine derivative (MnIIIPC), docetaxel (DTX), and an effective targeting molecule, hyaluronic acid. The nanoplatform could release Mn2+ from MnIIIPC@DTX@PLGA@Mn2+@HA(MDPMH) and probably activate tumor immunity through cGAS-STING and chemotherapy, respectively. Furthermore, DTX could be released in the process for removal of tumor cells. The “one-for-all” nanomaterial may shed some light on treating NSCLC in multiple methods.
Keywords: non-small cell lung cancer, targeted therapy, immunotherapy, hotothermal therapy, cGAS-STING
INTRODUCTION
Nowadays, lung cancer is still one of the most fatal tumors worldwide and the main cause of cancer-related mortality (Lim, 2016). Lung cancer is classified into small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC) according to the different histological performance, in which NSCLC comprises about 85% of total cases (Jonna and Subramaniam, 2019; Lee and Cheah, 2019). The mainstay of treatments for NSCLC is still the conventional therapies, including chemotherapy, surgery, radiotherapy, and synergistic therapy. The physical damage caused by surgical treatment, dose dependence, low selectivity, and side effects of chemotherapy and radiotherapy often bring great suffering to the patient (Camidge et al., 2019; Duma et al., 2019). Therefore, it is urgent to develop a new strategy which is effective against NSCLC but low side effects to normal tissues.
Photothermal therapy (PTT), utilizing photothermal agents [e.g., noble metal nanoparticles (Liu et al., 2020; Zheng et al., 2020), transition metal sulfides (Ai et al., 2021; Dhas et al., 2021), black phosphorus (Jana et al., 2020), phthalocyanines (PCs) (Taratula et al., 2015; Jin et al., 2019; Li et al., 2019)], could efficiently absorb light and convert photon energy into heat and cause the thermal ablation of adjacent tumor cells (Camidge et al., 2019). However, some drawbacks, particularly poor thermal stability and low biocompatibility, had severely limited its wide application in biomedicine. Recently, metal phthalocyanines (MPCs) have caught the attention of researchers with strong NIR region absorption, high stability coefficient, and low phototoxicity. For example, Song et al. (2018) designed a smart theranostic nanoplatform based on a hyaluronic acid-doped polypyrrole-coated bismuth selenide loading with a zinc phthalocyanine nanodish for multimodal imaging-guided combined phototherapy, showing an excellent combined therapeutic effect. Moreover,the combination of PTT and immunotherapy could improve the scavenging capacity of tumor was testified (Li et al., 2017). For example, a photothermal agent IR820 and a programmed death-ligand 1 antibody were loaded into a lipid gel depot, which increased the recruitment of tumor-infiltrating lymphocytes and booted T-cell activity against tumors (Chen et al., 20198).
Further, it was reported that Mn2+ could be endocytosed by macrophages, dendritic cells, and lymphocytes and activates the innate immune response, which indicated that Mn2+ is a potential immunotherapy strategy (Huang et al., 2019). Hyaluronic acid (HA), composed of repeated units of β-4 linked D-glucuronic acid and β-3 linked N-acetyl-D-glucosamine, has been widely served in antitumor therapies because of its glorious biocompatibility and biodegradable character (Lv et al., 2020). Moreover, HA is the ligand for CD44 receptors, which are overexpressed in multiple tumors (Mattheolabakis et al., 2015; Salwowska et al., 2016).
Based on the current scientific studies, docetaxel (DTX) is one of the well-known and practically effective chemical anticancer agents for the inhibition of NSCLC both as a single agent and in combination treatments (Gao et al., 2019). Several effective drug delivery systems were designed to deliver DTX into tumor cells with high selectivity and efficacy while minimizing negative effects (Jing et al., 2018; Deng et al., 2020). Nanotechnology is a significant method which can be utilized to achieve cancer targeting and efficient treatment while avoiding unnecessary side effects (Rafiei and Haddadi, 2017).
In this study, an intelligent nanoplatform combining PTT, chemotherapy, and immunotherapy was designed (Figure 1). Firstly, a novel sonosensitizer, an Mn-modified phthalocyanine derivative (MnIIIPC), and an HA amphiphilic molecule (HA-HDA) were synthesized, respectively. Secondly, the DTX-loaded nanoparticles (MnIIIPC@DTX@PLGA@Mn2+@HA, MDPMH) were prepared by mixing DTX, MnIIIPC, HA-HDA, Mn2+, and PLGA under ultrasound. The physical and chemical properties and cytotoxicity to NSCLC cells of MDPMH were investigated subsequently. MDPMH nanoparticles could handily be internalized by cancer cells due to overexpressed CD44-mediated endocytosis. MnIIIPC induced much heat in tumor cells under the irradiation of an 808-nm near-infrared laser; Mn2+ deposited on the surface of nanocarriers could activate tumor immunity through cGAS-STING. What is more, DTX released from the carrier could inhibit the proliferation of tumor cells with the biodegradation of HA and nanocarriers. This strategy may shed some light on treating NSCLC in multiple methods.
[image: Figure 1]FIGURE 1 | Schematic illustration of combinational therapy of PTT, chemotherapy, and immunotherapy (MDPMH) via a combined all-in-one and all-in-control strategy.
EXPERIMENTAL SECTION
Materials
1,4,8,11,15,18,22,25-Octabutoxy-29H,31H-phthalocyanine [(BuO)8PCH2], 1,3-diphenylisobenzofuran (DPBF), and polylactic-co-glycolic acid (PLGA, 50:50) were purchased from Sigma-Aldrich (Shanghai, China). N-Hydroxysuccinimide (NHS), N-(3-dimethylaminopropyl)-N′-ethyl carbodiimide hydrochloride (EDC·HCl), and DTX were obtained from Sangon Biotech (Shanghai) Co., Ltd. HA (10 kDa) was bought from Rhawn Science and Technology (Shanghai, China) Co., Ltd. Manganese chloride (MnCl2), 1-hexadecanamine (HDA), and hyaluronidase (HAase) were bought from Shanghai Yuanye Bio-Technology Co., Ltd. Dimethyl sulfoxide (DMSO), dimethylformamide (DMF), dichloromethane (DCM), ethanol, and chloroform were derived from Solarbio (Beijing, China). All reagents were of analytical grade and had no additional purification.
Cell Lines
A549 cells were cultured in RPMI 1640 media supplemented with 10% fetal bovine serum and 1% penicillin–streptomycin solution under a 5% CO2 atmosphere at 37°C.
The Synthesis of Mn(III) (BuO)8PCH2 (MnIIIPC)
(BuO)8PCH2 (109.3 mg, 1.0 mmol, 1.0 eq) and MnCl2 (0.5 mg, 4.0 mmol, 4.0 eq) were dropped into 4 ml DMF under nitrogen atmosphere for 10 min. The above mixture was maintained at 180°C for 3 min. When the reaction system was cooled to room temperature spontaneously, it was dropped into 30 ml water with stirring. The mixture was centrifuged at 12,000 rpm for 5 min and washed with water for two times. The crude product was purified by silica gel column chromatography (eluted with chloroform/ethanol 100:3) to yield a pale yellow solid (80%), which was designated as MnIIIPC. MnIIIPC needs to be kept out of light at 4°C. 1H NMR (CDCl3) δ: 7.61 (s, 1 H), 4.85 (s, 2 H), 2.22 (t, 2 H), 1.66 (q, 2 H), 1.07-1.09 (t, 3 H).
The Synthesis of HA-HDA
This chemical reaction is designed according to previous literature (Kaczmarek et al., 2018; Wang et al., 2020a). HA (300 mg) was dissolved in pure water (20 ml); afterward, 20 ml DMSO was added to it and the solution was stirred for 10 min. EDC⋅HCl (30.6 mg dissolved in DMSO) and NHS (18.4 mg dissolved in pure water) were added into the above solution of HA and stirred for 1 h at room temperature. Then HDA (19.3 mg dissolved in DMSO with the help of ultrasound) was dropped into the reaction dropwise. The reaction was processed for 24 h at room temperature and dialysis (MW cutoff 3.5 kDa) against water for 2 days. HA-HDA sponge was fabricated by freeze-drying.
Preparation of the Nanoparticles
MnIIIPC (1.0 mg), DTX (1.0 mg), and PLGA (30.0 mg) were dissolved in DCM. Then, under ultrasound conditions, the mixture above was added into the HA-HDA solution (2 mg/ml, 2 ml); the mixture was treated under the ultrasonic probe for 3 min (50%, 3 s on/3 s off). Then, the as-synthesized HA-HDA (0.5 mg/ml, 5 ml) was dropwise added into the beaker and stirred for 4 h at room temperature. The product was used to wash several times to remove the organic solvent and collected by centrifugation (12,000 rpm, 5 min). Ultimately, the nanoparticles were freeze-dried and stored in the dark at 4°C. Homogeneously, MnIIIPC@PLGA@HA and DTX@PLGA@HA were prepared by altering the amount of MnIIIPC and DTX (1.5 mg), respectively.
15 mg MDPH and MnCl2 (0.1 mol/l, 8 ml) aqueous solution were stirred at room temperature for 25 h. Then, the sample was collected by washing and centrifuging with distilled water for 3 times to obtain MDPMH. Finally, it was redissolved in 5% lactose solution, freeze-dried, and stored at −20°C.
The Characterization of the Nanoparticles
Transmission electron microscopy (TEM) images were acquired using the Hitachi H-7650 electron microscope. Dynamic light scattering (DLS) was performed on a Malvern Zetasizer Pro (Mastersizer 3000) to determine the hydrodynamic size and zeta potential. The optical properties of nanoparticles were recorded by ultraviolet-visible spectroscopy (UV-Vis, UV-2600) from 200 to 900 nm. The extinction coefficient of MDPMH was investigated with different concentrations (0.05 × 10−4, 0.1 × 10−4, 0.2 × 10−4, 0.4 × 10−4, and 0.8 × 10−4 mol l−1).
Drug Loading and Release Behaviors
For the determination of drug loading content (DLC) and drug loading efficiency (DLE), MnIIIPC@PLGA@HA, DTX@PLGA@HA and MDPMH were dissolved in DMSO at a certain concentrations, respectively. MnIIIPC was detected by high-performance liquid chromatography (HPLC, Sepiatec SEPBOX 2D-2000), while DTX was examined by UV-Vis. DLC and DLE were calculated according to the following formula:
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In order to investigate the drug release behavior, 1 mg MDPMH was dissolved in 1 ml phosphate-buffered saline (PBS) and transferred into a dialysis bag (MW cutoff 3.5 kDa). Then, the dialysis bag was subsequently placed in a centrifuge tube containing 30 ml PBS with different conditions, pH = 7.4, pH = 7.4 + HAase (1,000 units/ml) and pH = 5.5 + HAase (1,000 units/ml), and shaken in a water bath thermostat oscillator (SHZ-C, Shanghai) with the speed of 100 rpm at 37°C. At each specified point, 3 ml dialysate was fetched and replenished with an equal volume of fresh medium. Then, the release rates of DTX and Mn2+ were measured by HPLC and inductively coupled plasma-optical emission spectrometry (ICP-OES, PerkinElmer Optima 5,300 DV), respectively.
The Photothermal Properties of MDPMH
The photothermal properties of MDPMH were studied in this section. In detail, MDPMH was dispersed in PBS solution for different concentrations (500, 1,000 and 2,000 μg/ml), which was placed in a 3-ml centrifuge tube under an 808-nm laser (2 W/cm2) for 10 min, respectively. The temperature was recorded by a thermocouple thermometer (TASI-605) at every minute. Similarly, the properties of MDPMH were tested under different powers of the laser (1 and 2 W/cm2). In addition, the thermal cycling stability of MDPMH was repeated four times. During the experiment, PBS was set as blank control. The distance between the laser source and the liquid surface was maintained at 25 mm during the irradiation.
Stability Test
To test the stability of the drug-loaded nanoparticles, 10 μM MDPMH was dispersed in the mixture solution of DMSO and H2O (volume ratio = 1:10, pH = 7.4). The size and absorption properties were measured and recorded by DLS and UV-Vis every day, respectively.
CCK-8 Assay
A549 cells were seeded in a 96-well plate at a density of 5 × 103 cells per well overnight in an incubator (37°C, 5% CO2). Then, cells were co-incubated with DTX@PLGA@HA, PLGA@HA, MDPMH, MnIIIPC@PLGA@HA, MnIIIPC@PLGA@HA + Laser, and MDPMH + Laser at different concentrations (500, 1,000 and 2,000 μg/ml), respectively. In addition, the PBS and laser groups were used as control groups. The photothermal group was irradiated by near-infrared laser (808 nm, 2 W/cm2) for 4 min each well, and each group was cultured for another 4 h. Then, the solution was discarded and washed with PBS. A 100-μl solution containing 10% CCK-8 was added and incubated for 2 h. The microplate reader (Bio-Rad, Hercules, CA, USA) was used to measure and record the absorbance (OD value) at the 450-nm wavelength. The survival rate was acquired by the following formula:
Survival rate (%) = (experimental hole OD value-blank hole OD value)/(control group OD value-blank hole OD value) × 100%
Cell Apoptosis
Annexin V-FITC/PI staining assay was performed to measure the A549 cell apoptosis after different treatments. The A549 cells were seeded in the 24-well plate at the density of 2 × 105 cells per well and incubated for 12 h. The cells were treated with different treatments (PBS, Laser, PLGA@HA, DTX@PLGA@HA, MnIIIPC@PLGA@HA, MnIIIPC@PLGA@HA + Laser, MDPMH, and MDPMH + Laser) for 24 h. The cells were collected and washed twice by PBS. The apoptosis rate was determined by Annexin V-FITC/PI Kit and flow cytometric assay.
Calcein AM/PI Dual Staining
The cytotoxicity of MDPMH nanoparticles in vitro was further investigated by calcein AM/propidium iodide (PI) dual-staining methods. Briefly, A549 cells (5,000 cells per well) were incubated in a 96-well plate for 24 h. Then, each group with the same concentration (2,000 μg/ml) conducted the following steps as CCK-8. Subsequently, the above cells were dyed by Calcine AM (2 μM) and PI (4.5 μM) at 37°C for 15 min. Finally, fluorescence images were taken under a laser scanning confocal microscopy (TCS-SP8, Leica, Germany).
Western Blot Analysis
A549 cells were inoculated 2 × 105 cells per well in a 6-well plate and cultured overnight (37°C, 5% CO2). Then, PBS (control group), MnCl2 (50 μM), MDPMH, and MDPMH + Laser were added to each group in sequence. Only the MDPMH + Laser group was irradiated by a near-infrared laser (808 nm, 2 W/cm2) for 4 min, and each group was cultured for 12 h. Then, cells were harvested and treated according to the manufacturer’s instructions. The protein concentrations were detected by the BCA kit. Protein samples were separated on SDS-PAGE gels and transferred to polyvinylidene difluoride membranes. The membranes were blocked with 5% BSA and incubated with anti-beta actin (1:1,000, ab8226), anti-cGAS antibody (1:1,000, ab224144), anti-Bax antibody (1:1,000, ab32503), and anti-Bcl-2 antibody (1:1,000, ab32124), respectively. Then the relevant horseradish peroxidase-conjugated secondary antibodies were inculcated. Ultimately, proteins were detected using the chemiluminescent detection reagents. Besides, the expression of cGAS with different concentrations of MnCl2 was also evaluated.
Statistical Analysis
Results were expressed as mean ± SD. Data were analyzed by t-test with the scientific statistic software GraphPad Prism 7.00.
RESULTS
The Preparation and Characterization of the Nanoparticles
Generally, the synthesis route of the MDPMH nanoparticles was described as follows (Figure 2). Firstly, the novel photothermal agent MnIIIPC was synthesized by (BuO)8PCH2 and MnCl2. HA and HDA were coupled by the catalysis of the EDC·HCl and NHS. Secondly, MDPH was acquired by the mixture of HA-HDA, MnIIIPC, DTX, and PLGA. Finally, the “one-for-all” nanoplatform—MDPMH—was obtained by the electrostatic absorption between MDPH and Mn2+. The spectra of 1H NMR and mass spectrometry are shown in Supplementary Figure S1A,B, respectively. The 1H NMR spectrum exhibited in Supplementary Figure S1C demonstrated the successful synthesis of PLGA@HA modified by HDA.
[image: Figure 2]FIGURE 2 | The synthetic route of MDPMH.
MDPMH nanoparticles were measured by TEM with a diameter of about 210 nm (Figure 3A). The size of the nanoparticles was further evaluated using DLS, which was mainly distributed around 230 nm (Figure 3B). The reason for the difference was possibly owing to the physical state of samples. Then, the zeta potential of each nanoparticle (PLGA, DTX@PLGA@HA, MnIIIPC@PLGA@HA, and MDPMH) was determined by -6.18, -18.4, -13.0, and 0.143 mV, respectively (Figure 3C). According to the previous reports, the negatively charged or slightly positively charged nanoparticles had better blood circulation stability (Poon et al., 2011). Furthermore, slightly positively charged nanoparticles are beneficial to improving the uptake efficiency of tumor cells. The UV-Vis absorbance spectra of the several samples were measured from 200 to 900 nm and are shown in Figure 3D. There were no obvious peaks in PLGA@HA. Particularly, the absorbance at 282 and 832 nm was detected, indicating the absorption of the B band and Q band from the π electron transition on the benzene ring in the structure of phthalocyanine (Berríos et al., 2007; Göksel, 2016). The UV-vis absorbance spectra demonstrated the successful synthesis of MDPMH. The extinction coefficient of MDPMH was studied by detecting the absorbance at 832 nm with the different concentrations of the sample (Supplementary Figure S2), which were 1.025×104 l mol−1·cm−1. Additionally, the DLS and UV-Vis results demonstrated the good stability of MDPMH (Figures 3E,F).
[image: Figure 3]FIGURE 3 | (A) TEM image MDPMH, scale bar = 0.2 μm. (B) The size distribution of MDPMH. (C) Zeta potential of PLGA@HA, DTX@PLGA@HA, MnIIIPC@PLGA@HA, and MDPMH. (D) The UV-vis spectra of DTX, MnIIIPC, PLGA@HA, and MDPMH from 200 to 1,000 nm. (E) The size change of the MDPMH dispersed in the mixture solution of DMSO and H2O. (F) The absorption spectrum of MDPMH nanoparticle under different pH conditions (5.0, 6.5, 7.4) in 6 days.
Drug Loading and Release Behaviors
The DLC and drug loading efficiency (DLE) of different nanoparticles were detected and are shown in Table.1. The standard curve of DTX is shown in the supporting information. The DLC of MnIIIPC in MnIIIPC@PLGA@HA was 11.58%, while MnIIIPC in MDPMH was 3.15%, which might be attributed to the higher total mass of nanoparticles; The DLC of DTX in DTX@PLGA@HA was 28.07%, while the DTX in MDPMH was 37.46%, indicating the stronger absorption effect of DTX. The DLE of MnIIIPC in MnIIIPC@PLGA@HA and DTX in DTX@PLGA@HA was 78.00% and 87.00%, respectively. Additionally, the DLE of MnIIIPC and DTX reached 54% and 64%, respectively. The DLC of DTX presented an increasing trend after several drug-loading procedures, which was beneficial to the preparation of the nanoparticles. These results demonstrated that the MDPMH nanocarrier system had a higher loading capacity of MnIIIPC and DTX.
TABLE 1 | The drug loading content (DLC) and drug loading efficiency (DLE) in different nanoparticles.
[image: Table 1]To evaluate the release performance of the MDPMH nanoplatform, the in vitro release of Mn2+ and DTX was investigated within 48 h (Figure 4A). As shown in Figures 4A,B, the concentration of Mn2+ and the release rate of DTX were not obvious while the Mn2+ concentration of pH = 5.5 + HAase exhibited the highest, which mainly owed to the degradation of HA on the surface of MDPMH under the stimulation of HAase, and the weakly acidic conditions further promoted the release of Mn2+ from MDPMH. Similarly, the release rate of DTX in Figure 4B also followed the regularity. The above experiments showed that MDPMH had good enzyme response release performance.
[image: Figure 4]FIGURE 4 | Mass of cumulative Mn2+ (A) and mass percentage of DTX (B) released from MDPMH in buffer solutions (pH = 7.4, pH = 5.5 + HAase and pH = 7.4 + HAase) at 37°C.
The photothermal properties of the MDPMH NPs were evaluated under 808-nm near-infrared laser irradiation (Figure 5). Phosphate buffer solution (PBS) containing the various concentrations of MDPMH Nanoparticles (500, 1,000 and 2,000 μg/ml) was irradiated with an 808-nm (2 W/cm2) laser for 15 min, and the temperature was monitored. As shown in Figure 5A, the solution temperature increased with the increasing concentration of MDPMH, indicating a concentration-dependent photothermal effect. Then, the effects of laser Figure 5B power were examined (Figure 5B). The temperature of MDPMH solution could reach 53.5°C while the laser power was 2 W. Intriguingly, MDPMH nanoparticles could still reach 51.6°C after 808-nm laser irradiation for 4 cycles (Figure 5C). The results manifested that MDPMH has good photothermal conversion efficiency and photothermal stability.
[image: Figure 5]FIGURE 5 | Photothermal curves of the MDPMH at the various conditions with an 808-nm laser, PBS as the control group. (A) The photothermal effect of concentrations (500, 1,000 and 2,000 μg/ml) at the power energy of 1 W/cm2. (B) The effect of laser power (1 W/cm2, 2 W/cm2). (C) The temperature variations of MDPMH at 2,000 μg/ml under 808-nm laser irradiation for 4 cycles.
Cell Viability and Cytotoxicity Performance in vitro
The cell viability of MDPMH in vitro was investigated by CCK-8 assay. Different groups [PBS (Control), Laser, PLGA@HA, MnIIIPC@PLGA@HA, MnIIIPC@PLGA@HA + laser, DTX@PLGA@HA, MDPMH, and MDPMH + laser] and concentrations (500, 1,000, 2,000 μg/ml) were studied on the growth of the A549 cells (Figure 6A). Compared with the control group, the cell activity of the Laser group did not change significantly. With the increase in the concentration, the cell activity of the PLGA@HA group did not decrease significantly, indicating that the nanocarrier is not the cause of A549 cytotoxicity. Under an 808-nm laser, MDPMH exhibited the lowest viability (around 5%) when the concentration was up to 2,000 μg/ml. The group of PLGA@HA showed little damage to the A549 cells. Although there was some injury to A549 cells from the groups of MnIIIPC@PLGA@HA nanoparticles with laser and DTX@PLGA@HA, the cell survival rate was significantly lower than MDPMH with 808-nm irradiation. These results demonstrated that the obtained nanosystem could effectively inhibit the proliferation of tumor cells with the help of irradiation. Moreover, the antitumor effects from the apoptosis assays of various treatment groups were evaluated. As shown in Figure 6B, the PBS, PLGA@HA, DTX@PLGA@HA, MnIIIPC@PLGA@HA, and MDPMH groups barely affected the apoptosis of A549 cells, while MnIIIPC@PLGA@HA with light irradiation (808 nm, 2 W/cm2) and MDPMH could promote the apoptosis of tumor cells, whose apoptosis ratio was ∼20% and ∼40%, respectively. As expected, the apoptosis ratio of cells treated by MDPMH under laser irradiation was higher than that of other groups, which could probably be attributed to the effect of PTT. Previous studies had confirmed that PTT could further enhance the permeability of the tumor cell membrane and thus improve the internalization of nanoparticles (Liu et al., 2019; Huang et al., 2021).
[image: Figure 6]FIGURE 6 | (A) The cytocompatibility assessment of different nanoparticles on A549 by CCK-8 assay. (B) Flow cytometric analysis on the apoptosis levels of A549 cell incubation with Control, PLGA@HA, DTX@PLGA@HA, MnIIIPC@PLGA@HA, MDPMH, MnIIIPC@PLGA@HA + Laser, and MDPMH + Laser, *p < 0.05, **p < 0.01.
To further confirm the cytotoxicity of MDPMH nanoparticle in vitro, different nanoparticles were investigated by Calcein-AM/PI staining, respectively (Figure 7). Significantly, the strong green fluorescence appeared in the Control, Laser, and PLGA@HA groups, which showed good biocompatibility of nanocarriers and lasers. Compared with the DTX@PLGA@HA and MnIIIPC@PLGA@HA groups, the green fluorescence intensity weakened in the MDPMH group. Intriguingly, the MDPMH + Laser group has the strongest red fluorescence and the weakest green fluorescence, indicating the lowest cell viability with the irradiation of laser. Those results demonstrated that MDPMH might have synergistic antitumor effects of photothermal, chemotherapy, and immunotherapy.
[image: Figure 7]FIGURE 7 | A549 cells stained with calcein-AM under different conditions; live imaging was observed by a fluorescence microscope. Scale bars = 50 µm.
Western Blot
To verify whether the release of Mn2+ could activate tumor immunity, the protein expression changes of cGAS, Bax, and Bcl-2 were detected with β-actin as internal reference protein. The corresponding results are shown in Figure 8. From Figure 8A, the expression of Bcl-2 was reduced after medication, while the expression of Bax was higher, which represents the increased apoptosis corresponding with the references (Hassan et al., 2014; Zhang et al., 2019). The corresponding gray values are shown in Figures 8B–D, which demonstrated the quantitative changes in relative protein expression. Additionally, the cGAS band in the MnCl2 and control groups was shallow. It might be that the short retention time and low concentration of Mn2+ and the cGAS-STING pathway cannot be effectively activated. Supplementary Figure S4 further clarified the relationship between the concentration of Mn2+ and the expression of cGAS. The group of MDPMH and MDPMH + Laser exhibited more deeply, which could probably be attributed to the Mn2+ released from MDPMH which could trigger the tumor immune response in the tumor by activating the cGAS-STING pathway (Hopfner and Hornung, 2020; Hou et al., 2020; Wang et al., 2020b). The proteins Bax and Bcl-2 are associated with cell apoptosis. Preclinical studies have shown that tumor PTT is associated with host-specific antitumor immune response (Zhang et al., 2020). After tumor hyperthermia, the immune function of the host body changes, and the antitumor immune response of the body is activated (Xu and Liang, 2020).
[image: Figure 8]FIGURE 8 | (A) Western blot analysis on the expression of cGAS, Bax, and Bcl-2 in A549 cells after incubation with Control, MnCl2, MDPMH, and MDPMH + Laser; β-actin was selected as internal reference protein. The relative expression of different proteins, cGAS (B), Bax (C), and Bcl-2 (D). *p < 0.05, **p < 0.01, ***p < 0.001.
DISCUSSION
In this paper, a nanoplatform composed of HA, MnIIIPC, DTX, etc., was prepared for the NSCLC through PTT, chemotherapy, and immune therapy combination. The UV-visible spectra demonstrated the successful preparation of the nanoparticles (Rajawat and Malik, 2020). The MDPMH nanoparticles were obtained by easy methods such as self-assembly and coagulation, with uniform size distribution, spherical shape, and good stability. Under the 808-nm laser irradiation, MDPMH showed the optimal ability to clear the tumor cells by increasing the expression of apoptosis-related proteins and reducing the expression of proteins that inhibit apoptosis because of the loading of DTX and MnIIIPC. Besides, once Mn2+ could be released from MDPMH, it would activate the immune function of host body changes and the systemic antitumor immune response of the host, which could help remove tumor cells. However, the nanodelivery platform still needs to be improved. An example is the DLC. All in a word, the above mechanisms promise a localized drug-delivery platform for enhancing the therapeutic efficacy of PTT, chemotherapy, and immune therapy combination.
CONCLUSION
In summary, a smart nanodelivery platform was designed which combined multimodal therapy. The synthesized MDPMH with slightly positive electrical properties and surface-modified HA was beneficial to the uptake of NSCLC cells. Under 808-nm laser irradiation, the nanoplatform exhibited good PTT effect and photothermal stability. Importantly, MDPMH could effectively inhibit the growth of A549 cells, which was mainly ascribed to the coordinated effects of DTX, MnIIIPC, and Mn2+ in the nanocarrier system. The combined strategy may exploit great therapeutic effects and development potential.
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Pulmonary fibrosis is a chronic, progressive and irreversible heterogeneous disease of pulmonary interstitial tissue. Its incidence is increasing year by year in the world, and it will be further increased due to the pandemic of COVID-19. However, at present, there is no safe and effective treatment for this disease, so it is very meaningful to find drugs with high efficiency and less adverse reactions. The natural astragalus polysaccharide has the pharmacological effect of anti-pulmonary fibrosis with little toxic and side effects. At present, the mechanism of anti-pulmonary fibrosis of astragalus polysaccharide is not clear. Based on the network pharmacology and molecular docking method, this study analyzes the mechanism of Astragalus polysaccharides in treating pulmonary fibrosis, which provides a theoretical basis for its further clinical application. The active components of Astragalus polysaccharides were screened out by Swisstarget database, and the related targets of pulmonary fibrosis were screened out by GeneCards database. Protein-protein interaction network analysis and molecular docking were carried out to verify the docking affinity of active ingredients. At present, through screening, we have obtained 92 potential targets of Astragalus polysaccharides for treating pulmonary fibrosis, including 11 core targets. Astragalus polysaccharides has the characteristics of multi-targets and multi-pathways, and its mechanism of action may be through regulating the expression of VCAM1, RELA, CDK2, JUN, CDK1, HSP90AA1, NOS2, SOD1, CASP3, AHSA1, PTGER3 and other genes during the development of pulmonary fibrosis.
Keywords: Astragalus polysaccharides, pulmonary fibrosis, network pharmacology, molecular docking, mechanism
INTRODUCTION
Pulmonary fibrosis is caused by many causes, and it is a chronic, progressive and irreversible heterogeneous disease of pulmonary interstitial tissue (Raghu et al., 2011). Including pulmonary fibrosis caused by secondary factors and idiopathic pulmonary fibrosis. The pathological features of pulmonary fibrosis are mainly the proliferation of lung fibroblasts and excessive deposition of extracellular matrix, which leads to the destruction of lung tissue structure and eventually leads to chronic respiratory failure (Datta et al., 2011; King et al., 2011). There are many factors leading to pulmonary fibrosis, mainly including smoking and environmental exposure, genetic factors, virus infection and complications (Renzoni et al., 2014; Zaman and Lee, 2018). The data show that the incidence of pulmonary fibrosis is increasing year by year in the world and is similar to that of liver cancer, gastric cancer and cervical cancer (Hutchinson et al., 2015). At present, with the global spread of Coronavirus Disease 2019 (COVID-19), there may be more patients with pulmonary fibrosis. COVID-19 can cause severe lung injury and may lead to pulmonary fibrosis. Previous data of coronavirus infection (SARS-CoV or MERS-CoV) and new data of COVID-19 pandemic indicate that severe fibrosis may occur after SARS-CoV-2 infection (George et al., 2020). Early diagnosis of pulmonary fibrosis is difficult and incurable, and the prognosis is very poor. The median survival time after diagnosis is 2–3 years, The 5-year survival rate is less than 30% (Vancheri and du Bois, 2013; Wuyts et al., 2020). At present, the main treatments for pulmonary fibrosis are drug therapy and lung transplantation. Lung transplantation is the most effective treatment at present, but it is limited by the supply of donor organs, economic situation and patients’ situation (Kistler et al., 2014). As for drug therapy, so far only Pirfenidone and Nidanib have been approved by FDA for the treatment of pulmonary fibrosis worldwide (Mora et al., 2017; Lederer and Martinez, 2018). These two anti-fibrosis drugs can improve patients’ lung function, but they still can’t cure pulmonary fibrosis and have obvious side effects, such as diarrhea and drug-induced liver injury, anorexia, vomiting and photosensitive rash, etc. (Richeldi et al., 2014; King et al., 2014). At present, the pathogenesis of pulmonary fibrosis is not clear, but the incidence of pulmonary fibrosis is on the rise, especially with the pandemic of COVID-19, the incidence of pulmonary fibrosis secondary to COVID-19 will further increase, and seriously affect the health of patients. Although many treatments have been used to treat pulmonary fibrosis, there is still no safe and effective treatment. Therefore, it is of great significance to find drugs with high efficiency and less adverse reactions to improve the quality of life and survival rate of patients with pulmonary fibrosis. A large number of clinical and experimental studies show that traditional Chinese medicine can obviously improve many pathological links of pulmonary fibrosis, and the toxicity of traditional Chinese medicine is relatively small, which can improve the quality of life of patients and reduce the mortality rate, and has a good application prospect (Zhao et al., 2017). Among them, Astragalus membranaceus plays an important role in treating fibrosis (Ma et al., 2020). Astragalus membranaceus has been used in Chinese medicine for nearly 2000 years and is one of the most popular Chinese medicines in the world (Shahrajabian et al., 2019). As one of the traditional Chinese medicines commonly used in clinic, Astragalus membranaceus can improve and treat various diseases, and has many pharmacological effects, such as antioxidation (Shahzad et al., 2016), immunomodulation (Block and Mead, 2003), antifibrosis (Zhou et al., 2016), antitumor (Zhou et al., 2018) and analgesia (Di Cesare Mannelli et al., 2017). The main bioactive components in Astragalus membranaceus include polysaccharides, saponins, flavonoids and alkaloids (Shahrajabian et al., 2019). Among them, Astragalus polysaccharide is the most abundant component in Astragalus membranaceus, which has a variety of pharmacological activities (Zheng et al., 2020). The main components of Astragalus polysaccharides include dextran, heteropolysaccharide, acidic polysaccharide, and neutral polysaccharide. The monosaccharide components of Astragalus polysaccharide include glucose, glucuronic acid, arabinose, rhamnose, fructose, mannose, galactose, galacturonic acid, fucose, etc (Wang et al., 2019). Studies have shown that Astragalus polysaccharide has anti-fibrosis pharmacological activity, and the main active ingredient of Astragalus membranaceus in anti-pulmonary fibrosis may be Astragalus polysaccharide. However, due to the complex components of Astragalus polysaccharide, the research on the anti-pulmonary fibrosis mechanism of Astragalus polysaccharide is relatively lacking at present, and the anti-pulmonary fibrosis mechanism of Astragalus polysaccharide is still unclear (Li et al., 2011).
Network pharmacology is a new discipline of multi-target drug molecular design by network construction and selecting specific signal Nodes. Emphasis is placed on the multi-channel regulation of signal pathway, improving the therapeutic effect of drugs and reducing the toxic and side effects, thus opening up new ways for drug development and utilization and saving the research and development cost of drugs (Zhang et al., 2019). Molecular docking is a computer simulation of the recognition process between two or more molecules, which involves spatial matching and energy matching between molecules. Molecular docking methods are widely used in drug design, screening and other fields (Morris and Lim-Wilby, 2008). Based on network pharmacology and molecular docking technology, this study preliminarily explored the mechanism of Astragalus polysaccharides in anti-pulmonary fibrosis, provided possible therapeutic drugs for the treatment of pulmonary fibrosis, and laid a theoretical foundation for the clinical application of Astragalus polysaccharides in anti-pulmonary fibrosis.
METHODS
Screening of Key Active Components and Targets in Astragalus Polysaccharides
HERB (http://herb.ac.cn/) is a platform for pharmacology of Chinese herbal medicines. The database mainly includes the chemical substances, targets and drug target networks of Chinese herbal medicines (Ru et al., 2014). We searched the HERB database for related chemical components with “Astragalus membranaceus” as the key word, and finally screened the components of Astragalus membranaceus polysaccharides from the above-mentioned searched compounds by combining with references. Pubchem database (https://pubchem.ncbi.nlm.nih.gov/) is a biological activity database of small organic molecules supported by the National Institutes of Health and maintained by the National Biotechnology Information Center (Li et al., 2010). We get the SMILES numbers of the compound components through Pubchem database. SwissTargetPrediction database (www.swisstargetprediction.ch/) is a database for target prediction of more than 3,000 kinds of protein and more than 370,000 kinds of known active substances of different species (Zoete et al., 2016). We import the SMILES of the obtained compounds into Swiss Target Prediction database to predict the target of Astragalus polysaccharide.
Screening of Disease Targets
Enter the keyword “Pulmonary fibrosis” in the human gene database GeneCards (//www.genecards.org), and collect the disease targets related to pulmonary fibrosis (Safran et al., 2002). Then, with the help of jvenn (http://www.bioinformatics.com.cn/static/others/jvenn/example.html), the active ingredient targets of Astragalus polysaccharides screened out are intersected with the targets related to pulmonary fibrosis, and finally, the potential targets of Astragalus polysaccharides for treating pulmonary fibrosis are determined.
Network Construction
Through the software Cytoscape (v3.7.1), the screened active ingredients and the potential targets are visualized by constructing the network between the active ingredients and the potential targets (Lopes et al., 2010). And further construct the target topology network by using BisoGenet. STRING database is a database for searching protein-protein interactions, which contains a large number of PPI data verified by experiments and predicted by bioinformatics methods. In order to analyze the interaction between the potential target genes and proteins of Astragalus polysaccharide in anti-pulmonary fibrosis, a PPI(protein-protein interaction) network was built by STRING database (https://cn.string-db.org/), which was set as Homo sapiens and high confidence of 0.700, and the key targets were screened by visualization and network topology heterogeneity analysis in Cytoscape software.
KEGG and GO Enrichment Analysis
In order to describe and annotate the functions of target genes and explore the signal pathways of their functions, we input the selected core targets into the DAVID database (//www.genecards.org) (Huang et al., 2009). The species is limited to human, and the enrichment analysis of GO and KEGG is carried out with p < 0.05 as the screening condition. The enrichment analysis of GO includes the enrichment analysis of biological process, BP), cellular component, CC) and molecular function (MF). Through enrichment analysis, the biological processes and potential signal pathways involved in the treatment of pulmonary fibrosis by Astragalus polysaccharides were screened out. In addition, the pathway enrichment analysis of core targets is carried out by ClueGO.
Molecular Docking
Generally, we judge the binding degree of ligand and receptor by the level of energy. When the conformation of compound molecule and receptor is stable, the lower the energy, the greater the possibility of action. We use molecular docking technology to study the binding ability of the selected target protein to active compounds. We obtained the 3D structure of the target protein obtained by the above screening through PDB database. With the active ingredient of Astragalus polysaccharide as the ligand, the processed ligand was molecularly docked with the target protein in Autodock Vina 1.1.2 software (Trott and Olson, 2010). Finally, the docking results are visualized by PyMOL 2.3.4 software.
RESULT
Screening of Key Active Components and Targets in Astragalus Polysaccharides
We searched the HERB database for the keyword “huang qi” to obtain the active ingredient chemistry of Astragalus membranaceus. Finally, we determined the ingredients of Astragalus membranaceus polysaccharide from these ingredients screened from Astragalus membranaceus. We obtained 10 kinds of polysaccharide ingredients, namely D-Galacturonic acid, Alpha-L-Rhamnose, D-ascorbicacid, Vitamin C, L-Rhamnose, DL-Glucuronic acid, L-(-)-Fucose, DL-Xylose, glucose, arabinose. Search the HERB database for related targets of Astragalus polysaccharides, and predict the targets of some polysaccharide components through Swiss Target Prediction database, and finally get 142 targets of Astragalus polysaccharides (Figure 1).
[image: Figure 1]FIGURE 1 | (A) Venn maps of components and disease targets have 92 common targets. (B) Components-Target network of astragalus polysaccharide. The green circle indicated the component, and the square was the action target of polysaccharide component, and the pink square was the potential treatment target of pulmonary fibrosis.
Screening of Disease Targets
With “pulmonary fibrosis” as the key word, 5,783 genes were preliminarily screened out from Genecards database, and the potential targets of Astragalus polysaccharides for treating pulmonary fibrosis were obtained by intersecting the selected targets with disease targets by using jvenn (http://www.bioinformatics.com.cn/static/others/jvenn/example.html). As shown in Figure 1A, 142 related targets of Astragalus polysaccharides were screened, among which there were 92 potential targets for treating pulmonary fibrosis. We introduced ten compounds and corresponding targets in Astragalus polysaccharide into Cytoscape to construct a polysaccharide component-target network. As shown in Figure 1B, it can be seen from the network diagram that compounds act on multiple targets, and some targets also correspond to multiple compounds. Among them, the sub-network degree value of Vitamin C and related targets is high, and most targets are potential targets for treating pulmonary fibrosis, suggesting that Vitamin C may play an important role in the treatment of pulmonary fibrosis by Astragalus polysaccharides.
KEGG and GO Enrichment Analysis
DAVID database was used for GO and KEGG enrichment analysis of Astragalus polysaccharide in treating pulmonary fibrosis. The results of KEGG pathway enrichment analysis are shown in Figure 2A, mainly including Pathways in cancer, Malaria, TNF signaling pathway, NF-kappa B signaling pathway, Rheumatoid arthritis, Non-alcoholic fatty liver disease (NAFLD), Leishmaniasis, Pertussis, Inflammatory bowel disease (IBD), PPAR signaling pathway, Tuberculosis, Chagas disease (American trypanosomiasis), Amoebiasis, Herpes simplex infection, Hepatitis B, Amyotrophic lateral sclerosis (ALS), Small cell lung cancer, NOD-like receptor signaling pathway, MAPK signaling pathway etc.
[image: Figure 2]FIGURE 2 | Enrichment analysis of KEGG and GO. (A) Pathway enrichment analysis. (B) GO enrichment analysis.
GO enrichment analysis results show that it mainly involves response to hypoxia, response to drug, response to ethanol, aging, positive regulation of cell division, response to antibiotic, inflammatory response, negative regulation of apoptotic process, positive regulation of ERK1 and ERK2 cascade, positive regulation of NF-kappaB transcription factor activity, extracellular space, extracellular exosome, cell surface, extracellular matrix, extracellular region, protein homodimerization activity, enzyme binding, cytokine activity, glycogen phosphorylase activity, heme binding etc. (Figure 2B).
Network Construction and Screening of Core Targets
The protein interaction network of potential targets of Astragalus polysaccharide in treating pulmonary fibrosis was obtained by using the BisoGenet plug-in in Cytoscape. As shown in Figure 3, there are 4,411 node in network a and 159,341 target interaction relationships. In order to screen out the core targets of the network more accurately, network b was extracted with the median values of the three evaluation indexes of Betweenness, Degree and Closeness as the boundaries, and there were 1770 nodes and 80,027 kinds of target interactions in network b. We continued to extract the targets of the top 500 indexes in network b to build interactive network c, which had 226 nodes and 6,281 kinds of target interactions. In the core network c, we found 11 direct targets, VCAM1, RELA, CDK2, JUN, CDK1, HSP90AA1, NOS2, SOD1, CASP3, AHSA1, PTGER3, which had the greatest correlation with Astragalus polysaccharides in treating pulmonary fibrosis. Therefore, we regard these 11 targets as the potential core targets of Astragalus polysaccharides in treating pulmonary fibrosis.
[image: Figure 3]FIGURE 3 | Interaction network of Astragalus polysaccharide targets (with magnified median figure and the top 500 points).
Construction and Enrichment Analysis of Core Target Network
We have further constructed PPI network for these 11 core targets, and found that JUN, CASP3 and HSP90AA1 have higher degrees in the network, suggesting that they may play a key role in the treatment (Figure 4A). In addition, we also screened out three components of Astragalus polysaccharides that act on the 11 core targets (D-ascorbicacid, Vitamin C, Glucose) (Figure 4B). And ClueGO was used to construct pathways enrichment network for the core targets, and the pathways enrichment includes Schwann cell differentiation, p53 signaling pathway, response to antibiotic, Pertussis, Small cell lung cancer, IL-17 signaling pathway, Epithelial cell signaling in Helicobacter pylori infection, response to nicotine, AGE-RAGE signaling pathway in diabetic complications. Among them, four types were obtained by clustering (Figures 4C,D).
[image: Figure 4]FIGURE 4 | Interaction network of core targets and pathway enrichment analysis. (A) Interaction network of core targets. (B) Core target component network (C,D) Core targets pathway enrichment network.
Molecular Docking
Up to now, only pirfenidone and Nidanib have been approved by FDA to treat pulmonary fibrosis in the world, and these two drugs have a good clinical effect on pulmonary fibrosis. According to previous reports, pirfenidone can inhibit targets such as IL6 and TNFα, and through the previous component target network construction, we found the polysaccharide component (Vitamin C) that acts on these two targets, so we follow up with the docking scores of pirfenidone with IL6 and TNFα as reference values. The results show that the affinity scores of Vitamin C, an active compound in Astragalus polysaccharides, with these two targets are similar to those of pirfenidone, indicating that the key active substances in Astragalus polysaccharides may play an anti-pulmonary fibrosis role, and the molecular docking is shown in Figure 5. In addition, we have docked two core targets, CDK1 and CDK2, and docked the Glucose and Vitamin C acting on these two targets into the active pockets of small molecule inhibitors of CDK1 and CDK2, respectively. CDK1 and CDK2 belong to cyclin-dependent protein kinases, which are important factors in cell cycle regulation. It has been reported that lung fibrosis can be controlled to some extent by inhibiting CDKs. It was found that the affinity was similar to the docking scores of IL6 and TNFα, indicating that these key active components may play a key role in the treatment of pulmonary fibrosis (Figure 6).
[image: Figure 5]FIGURE 5 | (A) Docking display of pirfenidone and Vitamin C with IL6 respectively. Gray compound represents pirfenidone, and blue compounds represent Vitamin C. (B) Docking display of pirfenidone and Vitamin C with TNFα respectively. Gray compound represents pirfenidone, and blue compounds represent Vitamin C.
[image: Figure 6]FIGURE 6 | (A) Docking display of CDK1 and glucose. (B) Docking display of CDK2 and Vitamin C.
DISCUSSION
For a long time, the treatment of pulmonary fibrosis has been a difficult problem in the world. Except for lung transplantation, there is still a lack of very effective treatment drugs and methods (Kistler et al., 2014). At present, the western medicines used clinically to treat pulmonary fibrosis, such as pirfenidone and Nidanib, can only slow down the decline rate of pulmonary function in patients with mild to moderate pulmonary fibrosis, but the adverse reactions are obvious and expensive. The clinical mortality rate of pulmonary fibrosis is not lower than that of tumor, and the incidence rate is increasing year by year. Due to the pandemic of COVID-19, the incidence rate will further increase (Hutchinson et al., 2015; George et al., 2020). However, there is no ideal therapeutic drug at present, and the pathogenesis is not completely clear and complicated. Therefore, it is very meaningful to find more effective therapeutic targets and drug research and development. In recent years, with the deepening of research on pulmonary fibrosis, the exploration of treating pulmonary fibrosis with traditional Chinese medicine has gradually increased, and great progress has been made in treating pulmonary fibrosis with traditional Chinese medicine, which has attracted much attention because of its multi-channels, multi-targets, few side effects and remarkable curative effect (Ji et al., 2020; Yu et al., 2020). Astragalus polysaccharide is an important active substance in Astragalus membranaceus. Studies have shown that Astragalus polysaccharide has anti-fibrosis pharmacological activities (Li et al., 2011). However, the components of Astragalus polysaccharides are complex, and at present, there is a lack of research on the mechanism of Astragalus polysaccharides against pulmonary fibrosis, and the mechanism of Astragalus polysaccharides against pulmonary fibrosis is still unclear. In this study, the core pharmacodynamic substances and targets were preliminarily determined by network pharmacology, and the core targets were enriched by GO and KEGG pathways. Finally, the molecular docking study of these core active components and core targets was carried out by AutoDock Vina to verify the analysis results of network pharmacology. Ten kinds of active ingredients in Astragalus polysaccharides were screened out, among which Ascorbicacid, Glucose and D-Ascorbicacid are the core targets in the network, suggesting that these active ingredients play an important role in the treatment of pulmonary fibrosis by Astragalus polysaccharides. By analyzing the target interaction network VCAM1,RELA,CDK2,JUN,CDK1,HSP90AA1,NOS2, SOD1,CASP3,AHSA1, PTGER3 are at the core of the network, which can be regarded as the key targets of Astragalus polysaccharides in treating pulmonary fibrosis.
Marcia Rodrigues et al.’ s research shows that Asorbicacid can treat pulmonary fibrosis caused by paraquat poisoning, and the results of animal experiments show that Asorbic acid mainly treats pulmonary fibrosis by reducing the number of macrophages, neutrophils and lymphocytes in fibrotic mice, reducing the levels of IL-6, TGF-β and IL-17 and increasing the activity of antioxidant enzymes in lung homogenate (Rodrigues da Silva et al., 2018). It was suggested that glucose metabolism may be beneficial to prevent myofibroblast differentiation in idiopathic pulmonary fibrosis (Azuelos, 2020). VCAM1 is upregulated in idiopathic pulmonary fibrosis, which can induce TGF-β1, and its main mechanism is to inhibit the proliferation of fibroblasts by reducing G2/M and S phases of cell cycle (Agassandian et al., 2015). Previous studies have shown that the phosphorylation of RELA on Ser536 will affect hepatic myofibroblasts. For pulmonary fibrosis, current studies have shown that the phosphorylation of RELA on Ser536 may be the core regulator of pulmonary fibroblasts (Moles et al., 2013). JNK is a member of mitogen-related protein kinase family. Studies have shown that JNK plays an important role in pulmonary fibrosis, in which JNK1 promotes collagen deposition and leads to further development of pulmonary fibrosis (Alcorn et al., 2009).
Through GO enrichment analysis of the key targets of effective components of Astragalus membranaceus, it is confirmed that Astragalus membranaceus has certain influence on many biological processes, such as response to hypoxia, aging, positive regulation of cell division, response to antibiotic, inflammatory response, negative regulation of apoptotic process, etc. Pathways related to pulmonary fibrosis in KEGG pathway mainly include Pathways in cancer, Malaria, TNF signaling pathway, Non-alcoholic fatty liver disease (NAFLD), Rheumatoid arthritis, NF- kappa B signaling pathway, Pertussis, Tuberculosis, Herpes simplex infection, Hepatitis B, Small cell lung cancer etc.
The results of molecular docking show that the binding properties of the main active components of Astragalus polysaccharides to the key targets selected from the research results are similar to those of the control drug pirfenidone, which indicates that the key active components of Astragalus polysaccharides can stably bind to receptors and play an anti-pulmonary fibrosis role. The molecular docking prediction results provide further evidence for the active components of Astragalus polysaccharide to act on specific targets to treat pulmonary fibrosis.
In this study, a “compound-target” network was established by the method of network pharmacology, and the relationship between pulmonary fibrosis, active components of Astragalus polysaccharides and their targets was studied as a whole. The key compounds and core targets of Astragalus polysaccharides for treating lung cancer and their action pathways were screened, and the multi-component, multi-target and multi-pathway action mechanism of anti-lung cancer was preliminarily discussed, which provided important theoretical clues and basis for further in-depth study on the medicinal material basis and action mechanism of Astragalus polysaccharides for treating pulmonary fibrosis. In this paper, the mechanism of action of Astragalus polysaccharide is discussed based on its chemical components and targets, but it cannot fully reflect the influence of metabolites of Astragalus polysaccharide on the mechanism of action. Therefore, the results of this study still have some limitations, and it is necessary to further verify the results of pharmacological prediction analysis based on network.
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Melanoma is a malignant tumor arising in melanocytes from the basal layer of the epidermis and is the fifth most commonly diagnosed cancer in the United States. Melanoma is aggressive and easily metastasizes, and the survival rate is low. Nanotechnology-based diagnosis and treatment of melanoma have attracted increasing attention. Importantly, nano drug delivery systems have the advantages of increasing drug solubility, enhancing drug stability, prolonging half-life, optimizing bioavailability, targeting tumors, and minimizing side effects; thus, these systems can facilitate tumor cytotoxicity to achieve effective treatment of melanoma. In this review, we discuss current nanosystems used in the diagnosis and treatment of melanoma, including lipid systems, inorganic nanoparticles, polymeric systems, and natural nanosystems. The excellent characteristics of novel and effective drug delivery systems provide a basis for the broad applications of these systems in the diagnosis and treatment of melanoma, particularly metastatic melanoma.
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Introduction


Epidemiology of Melanoma

Melanoma is a type of malignant tumor derived from melanocytes in the basal layer of the epidermis. In the past few decades, the incidence of melanoma has increased rapidly in the developed countries, including the United States, Australia, and Spain, with higher incidence rates in fair-skinned individuals and older men (1). According to the latest SEER data, there were an estimated 106,000 new cases of melanoma in the United States in 2021, accounting for 5.6% of all cancer diagnoses, excluding non-melanoma skin cancer, which has become the fifth most commonly diagnosed cancer in the United States (2). The incidence of melanoma in Australia peaked around 2005, and continued decreases are expected owing to improvements in public health campaigns and the use of sunscreen (3).

In terms of prognosis, melanoma accounts for more than 80% of skin cancer-related deaths, despite representing a low percentage of total skin cancer cases (2). In the United States, with improvements in prevention, screening, diagnosis, and treatment (particularly targeted therapies and immunotherapies) in recent years, the 5-year overall survival rate of patients with melanoma has increased to more than 93%. Although the 5-year survival rate of patients with stage I–II disease is 99.4%, those of patients with stage III and IV disease are 68.0% and 29.8%, respectively (2).



Subtypes of Melanoma

Melanoma can be divided into many clinical subtypes according to pathological type and molecular marker expression. Based on pathological type, melanoma can be divided into four common subtypes, as follows: superficial diffusion type, nodular type, malignant melanoma freckles melanoma, and acral freckle-like melanoma. Rarely, melanoma may also present as epithelioid type, which shows characteristics of fiber proliferation, as well as malignant pigmented nevus, balloon sample cells, spindle cells, and giant pigmented nevus malignant melanoma. The superficial diffuse type is most common in Caucasians, and acral freckle-like melanoma is most common in individuals of Asian and African descent (2).

Many studies have evaluated the relationships between molecular biological characteristics, clinical histological characteristics, and gene variations in melanoma in recent years, and the results have shown that specific types of melanoma are related to specific gene variations; therefore, scholars have proposed a new classification method based on molecular biological characteristics, which is more conducive to the application of clinical diagnosis and treatment (4–6). The new classification method can be divided into four basic types: extremum, mucous, chronic sun damage (CSD), and non-CSD (including unknown primary lesions). Notably, 28% of patients with sun damage-related melanoma harbor KIT gene mutations, whereas 10% harbor BRAF mutations and 5% harbor NRAS mutations. KIT gene mutations are more common in patients with acral and mucosal types, followed by BRAF mutations. The majority of non-CSD types, including trunk melanoma, exhibit BRAF gene V600E mutations (60%) or NRAS mutations (20%).



Diagnosis of Melanoma

Similar to other diseases, typical clinical manifestations, physical examinations, imaging, and laboratory examinations (e.g., lactate dehydrogenase measurement) are commonly used for the diagnosis of melanoma (7, 8). The gold standard for melanoma diagnosis is pathological examination including immunohistochemical detection, which is of great value for evaluating melanoma stage, treatment, and prognosis (6). Immunohistochemistry is mainly used to assist in the identification of melanoma in pathological examination; for example, S-100, HMB-45, and vimentin are sensitive indicators for the specific diagnosis of melanoma (9, 10).



Treatment of Melanoma

Current treatment methods for melanoma mainly include surgical treatment, adjuvant therapy, radiotherapy, photodynamic therapy, systemic therapy, and transfer to mucosal melanoma treatment (6, 11) (Figure 1). Common surgical treatments are biopsy, enlarged resection, sentinel lymph node biopsy, lymph node dissection, and in-transit metastasis (for patients with stage III disease) (6). Adjuvant therapy for melanoma is mainly based on the clinical stage and risk grade of patients (12). At present, although there is a broad consensus on appropriate adjuvant therapy for low-, medium-, and high-risk patients, there is still controversy regarding adjuvant therapy for very high-risk patients. Specific types of melanoma should be treated differently and individually. For example, adjuvant therapy with interferon treatment is important for high-risk patients. Radiotherapy for melanoma can be divided into adjuvant radiotherapy and palliative radiotherapy. Moreover, in patients with advanced melanoma, which is associated with a poor prognosis and a lack of effective treatments, systemic treatment based on internal medicine is typically applied. In recent years, breakthroughs in individualized targeted therapies and immunotherapies have led to improved outcomes in patients with advanced melanoma (13–16).




Figure 1 | Therapeutic strategies for melanoma.



Because most targeted drugs are not widely used in the clinical setting in some countries, chemotherapy drugs, such as dacarbazine, temozolomide, paclitaxel, and carboplatin, are essential (17–22). Combined treatments have also been developed for mucosal melanomas originating from the mucous membranes of the head and neck, digestive tract, and genitourinary tract.




Nanotechnology

Great progress has been made in the field of nanotechnology in recent decades, particularly with regard to the application of nanotechnology in medicine (23, 24). Nano-agents provide novel strategies for the treatment of many diseases owing to their unique characteristics of improving drug delivery. In the treatment of cancer, for example, conventional chemotherapy drugs do not specifically target the tumor and can also affect the body’s normal cells, resulting in various complications and seriously affecting patient’s quality of life. By contrast, nanotechnology can be used to achieve targeted drug delivery, improve pharmacokinetics and bioavailability, and overcome these barriers (25–28). Several different types of nano-agents have been used in clinical studies, including drug delivery, vaccine development, immunotherapy, and imaging diagnosis. However, the full potential of nanotechnology in clinical disease applications is far from being realized (29–31).

The most important approach involving nanomaterials is nanocarrier drug delivery systems (DDSs), which can transport active molecules, such as drugs, to the corresponding target in the body using nanoparticles as carriers. Compared with free drugs, DDSs are more specific and can greatly improve the therapeutic effect of drugs, while reducing potential side effects (32). The application of nano-DDSs in cancer treatment mainly involves using nanotechnology and materials to deliver drugs to tumor cells by passive or active targeting, thereby improving the therapeutic effects of drugs. Passive targeting typically involves the enhanced permeability and retention effect, whereas active targeting applies specific recognition and targeting of tumor-associated antigens by coupling monoclonal antibodies and peptides on the outer surface of DDSs (33–35).


Nanotechnology and Melanoma

Melanoma is aggressive and easily metastatic; therefore, survival rates are low. The clinical treatment of melanoma includes a variety of treatment methods, such as drugs, surgery, radiotherapy. To improve the efficacy of drugs, various new multitarget drugs are often used in combination in the clinical setting. Nanotechnology-based DDSs, such as nanoliposomes, can play key roles in the clinical treatment of advanced melanoma because nanomaterials can target drug delivery at the cellular level by overcoming biological barriers in the body (32, 36, 37).

Nanomaterials have been used as DDSs for several types of cancer, and nanotechnology-based diagnosis and treatment of melanoma have also been proposed and investigated. First, as described above, because of the size and surface characteristics of nanomaterials, targeted drugs wrapped or loaded with nanomaterials easily cross the biological barrier and can be delivered specifically to melanoma cells, where they can exert their cytotoxic effects. Second, nanomaterials can reduce the side effects of off-target tissue toxicity and improve the efficacy of drugs. In addition, nanosystems may prevent the biodegradation of loaded drugs by the body, reduce drug removal, and prolong the half-life of the drug, allowing for dose reductions (38).

Various nanosystems, including lipid systems, inorganic nanoparticles, polymeric systems, and natural nanosystems, have been used for the diagnosis and treatment of melanoma (37, 39). For example, liposomes, solid lipid nanoparticles, and nanoemulsions have been developed as lipid nanosystems, whereas silica nanoparticles, gold nanoparticles, copper nanoparticles, and nanotubes have been used as common inorganic nanoparticle systems. Polymerization systems include polymeric micelles, nanospheres, polymeric nanoparticles, hydrogels, and dendritic macromolecules, and exosomes are a type of natural nanosystem (36).


Liposome Systems

Among various nanoparticle platforms, lipid systems deliver excellent performance in terms of physical stability, controlled release, and biocompatibility. Moreover, such lipid systems are usually biodegradable, show low side effects, and have relatively high physical stability. Therefore, lipid systems, including liposomes, solid lipid nanoparticles, and nanoemulsions, have been extensively studied and applied to clinical diseases.

Liposomes have been used as a type of double nano DDS in cancer treatment owing to their good pharmacokinetic characteristics. Furthermore, liposomes can significantly increase the circulation half-life of drugs and have been shown to enhance the efficacy of drugs in melanoma, particularly for drugs targeting the cell cycle, such as paclitaxel (40, 41). Bedikian et al. reported that the sheath package corpuscle (composed of sphingomyelin/cholesterol) of vincristine liposomes increased circulating half-life, accumulated at the tumor site, and increased therapeutic efficacy, enabling improved outcomes without altering drug dosage (40). Additionally, Matsumoto et al. also showed that cationic liposomes containing the human interferon B (HuIFNb) gene (IAB-1) showed higher antitumor activity than the treatment of melanoma with HuIFNb protein (42).

In addition, liposomes may have applications in the development of vaccines to treat and prevent melanoma. Gargett et al. studied a multicomponent dendritic cell-targeted vaccine, Lipovaxin-MM, which is administered intravenously for the treatment of metastatic melanoma (43). During the 12-week study period, Lipovaxin-MM was confirmed to be well tolerated without obvious immunogenicity and clinical toxicity, and the preliminary results suggested that Lipovaxin-MM may have applications as an immunotherapy in melanoma. Cancer vaccines, which have been studied extensively in basic and clinical trials, are characterized by the use of subunit antigens, which have relatively simple chemical compositions, manufacturing processes, and storage requirements; however, the tumor microenvironment is complex, particularly in advanced tumor models, and additional strategies may be required to achieve curative responses (44–46).



Inorganic Nanoparticles

Inorganic nanoparticles, including silica nanoparticles, gold nanoparticles, copper nanoparticles, and nanotubes, have good biocompatibility and enable simultaneous imaging and drug delivery (47, 48). However, these nanoparticles may not permit specific targeting to the affected region and generally need to be coupled with other targeting ligands. As an example, titanium dioxide is a weak dark compatible nanocrystal material with photocatalytic activity. The photoactivity of neat TiO2 is limited to the ultraviolet region, which limits its application in photodynamic therapy. Kozinska et al. applied functionalized fullerenes and surface-modified TiO2 as a photosensitizer for melanoma treatment and demonstrated that novel inorganic nanoparticles can achieve photodynamic killing of melanoma cells; this novel inorganic TiO2 nanoparticle complex was shown to have a longer retention time in vivo and to be nontoxic and stable under conditions without light irradiation (47). Ferreira et al. also evaluated a mouse melanoma model in which europium (III)-yttrium vanadate nanoparticles were functionalized with 3‐chloropropyl-trimethoxysilane with folic acid; compared with cisplatin alone, cisplatin nanoparticles modified with or without folic acid exhibited strong antitumor effects (49). Sapino et al. also constructed an inorganic nanoparticle system composed of aminopropyl-functionalized mesoporous silica nanoparticles (NH2-MSNs) as a topical carrier system for quercetin delivery and studied the effects of the topical carrier system on the proliferation of JR8 human melanoma cells; these NH2-MSNs were found to have strong antiproliferative effects in melanoma cells (50).

In addition, through advances in coordination chemistry, the abundant silanol groups (−Si−O−) on the surface of silica or in mesoporous channels have been directly used for radiolabeling of nonchelating compounds and easily modified with appropriate chelating compounds for chelate-based labeling. SiO2-based nano-inorganic material systems, including dense silica (dSiO2), mesoporous silica (MSN), biodegradable MSN (bMSN), and hollow MSN nanoparticles, have also been used in positron emission tomography imaging systems for patients with metastatic melanoma, providing a highly sensitive, noninvasive, and quantitative readout of organ/tissue distribution, pharmacokinetics, and tumor targeting efficiency. Thus, SiO2-based inorganic nanomaterials may have promising applications in the diagnosis of melanoma (51).



Polymeric Systems

Polymeric systems include polymeric micelles and nanospheres, polymeric nanoparticles, hydrogels, and dendrimers. Zou et al. provided a unique and secure platform for theranostic aggregates to construct a co-self-assembly of poly(ethylene glycol)-b-poly(dithiolane trimethylene carbonate-co-iodinated trimethylene carbonate) (PEG-P[DTC-IC]) and cRGD-PEG-P(DTC-IC) block copolymers as intelligent polymer antioxidants. Compared with that of iodinated nanosystems, the synthesis process of these polymeric nanosystems is simpler and overcomes the limitations of high viscosity and few applications. Similar to liposome systems, polymeric nanosystems can not only significantly enhance the computed tomography imaging of tumors but also mediate effective targeted chemotherapy for melanoma (52). Wang et al. constructed a cRGD-targeted polymeric oncolytic peptide LTX-315 and CpG adjuvant to combine with an anti-programmed cell death-1 (PD-1) antibody system; this approach provided strong, long-term immunotherapy for mouse malignant B16F10 melanoma and established a novel class of durable immunotherapy for hard-to-target and metastatic tumors, including melanoma (53). Although polymeric systems are diverse and have excellent nanodrug delivery properties, like other nanoplatforms, some polymeric nanoparticle systems exhibit poor physical stability and high toxicity, which limits their translation to the clinical setting.



Natural Nanosystems

Exosomes are nanovesicles containing various biomolecules. Exosomes are produced by cells through exocytosis and are taken up by target cells. They are involved in physiological and pathological processes and can transmit biological signals between local and distant cells. Therefore, exosomes can be modified as drug carriers for therapeutic intervention in diseases.

Exosomes can be used as natural nano DDSs owing to their unique characteristics (54–57). Exosomes are cellular vesicles composed of double membranes and have diameters ranging from 30 to 150 nm. Additionally, these vesicles can carry various biomolecules, including proteins, lipids, and nucleic acids, can pass through cell membranes and the blood–brain barrier, and can target specific cells (58–60). Circulating exosomes can be detected in blood samples, providing a promising diagnostic strategy for melanoma. In addition, exosomes have been evaluated as vehicles for delivery of therapeutic vaccines in melanoma (61). Monitoring exosomal programmed death ligand-1 (PD-L1) levels may enable prediction of the response to immunotherapy (60, 61). Upregulation of PD-L1 enhances interactions with the PD-1 receptor on T cells and triggers an immune checkpoint reaction, thereby allowing escape of immune monitoring (62, 63). However, in metastatic melanoma, melanoma cells typically express PD-L1, and the addition of interferon-γ stimulation increases exosomal PD-L1 levels; this results in the inhibition of CD8 T-cell function and promotes tumor growth, which explains the resistance to PD-1 and treatment failure observed in many patients. Accordingly, tumor PD-L1 has been used as a predictive biomarker of clinical response (64).





Conclusions

Current therapy for melanoma has reached a limit of clinical responses. Nanotechnology has enabled the development of smaller, safer, and more accurate DDSs, and an increasing number of melanoma drugs are being packaged into nanocapsules as novel treatment systems. Some conventional melanoma drugs have low solubility in water buffer systems, poor bioavailability, rapid metabolism, and low stability, limiting their clinical potential and therapeutic use. Compared with traditional treatment methods, nano-encapsulation of drugs into the body can result in increased solubility, enhanced drug stability, improved epithelial permeability and bioavailability, longer half-life, increased tumor targeting, and minimal side effects. Thus, nano DDSs are expected to improve the therapeutic efficacy of the delivered drugs in patients with melanoma.

Future development challenges mainly focus on further understanding of the mechanisms that make nanosystems more effective than traditional drug formulations for melanoma. Overall, nano DDSs show good histocompatibility, enhanced drug targeting, low toxicity, and many other excellent characteristics, conferring broad applications in the diagnosis and treatment of melanoma, particularly metastatic melanoma.
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The complexity of the tumor microenvironment presents significant challenges to cancer therapy, while providing opportunities for targeted drug delivery. Using characteristic signals of the tumor microenvironment, various stimuli-responsive drug delivery systems can be constructed for targeted drug delivery to tumor sites. Among these, the pH is frequently utilized, owing to the pH of the tumor microenvironment being lower than that of blood and healthy tissues. pH-responsive polymer carriers can improve the efficiency of drug delivery in vivo, allow targeted drug delivery, and reduce adverse drug reactions, enabling multifunctional and personalized treatment. pH-responsive polymers have gained increasing interest due to their advantageous properties and potential for applicability in tumor therapy. In this review, recent advances in, and common applications of, pH-responsive polymer nanomaterials for drug delivery in cancer therapy are summarized, with a focus on the different types of pH-responsive polymers. Moreover, the challenges and future applications in this field are prospected.
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1 Introduction

Cancer is a major cause of morbidity and mortality, greatly impacts quality of life, and is a serious threat to human health; the number of diagnosed patients has increased gradually in recent years (1–4). For example, recently, there were 18 million new cancer cases and 9.5 million cancer deaths worldwide in 2018 (1). Many scientists worldwide are committed to researching the diagnosis and treatment of cancerous tumors (5–10). Although this research has achieved some results, to some extent, the complex tumor microenvironment remains a barrier to novel tumor therapy programs. Chemotherapeutic therapy, referred to as chemotherapy, is still one of the main methods of tumor treatment (11–13). Some chemical drugs, such as oxaliplatin, doxorubicin (DOX), and paclitaxel (PTX), are applied to kill tumor cells and shrink or destroy the tumor (14–18). Because drug delivery is generally given systemically, the body itself will also be affected and damaged to some extent, causing side effects, complications, and even death in some serious cases (19–22). Therefore, the development of target-specific or stimuli-sensitive drugs that can identify tumor cells, to achieve the purpose of tumor treatment with no or very little impact on normal tissue cells, is the current focus of research.

During tumor growth, cell proliferation and angiogenesis are uncontrolled and dysfunctional, resulting in a complex tumor microenvironment, comprising severe hypoxia, a slightly acidic pH, and excessive ROS (22–24). Owning to the severely hypoxic microenvironment, a large number of acid metabolites are produced through glycolysis in tumor cells, leading to a weakly acidic microenvironment (pH < 6.5) around tumor tissues, which is lower than the pH value of blood and healthy tissues (pH 7.4) (25–27). In addition, after endocytosis, the rapid acidification due to proton influx decreases the pH values of intracellular and suborganelle structures (pH 5.0–6.0) and lysosomes (pH 4.0–5.0) (28, 29).

This complex tumor microenvironment can be exploited by researchers to obtain specific responses; for example, pH-responsive stimuli were found to respond to the difference in pH between normal and tumor tissues (30, 31). pH-responsive stimulation is a powerful tool that can be used to regulate the properties of materials (32). Researchers have designed pH-responsive polymer nanomaterials (10–100 nm) (33) that can be engineered to suit the need of the therapy and target area. These materials are relatively stable in the blood and normal tissue but are unstable in the tumor area (acidic pH), leading to rapid changes in the degree of ionization in pH-responsive groups, causing material changes that release the anti-tumor drugs, achieving the goal of targeted tumor therapy (34, 35). Researchers have performed sustainable research on these pH-responsive polymer nanomaterials (36, 37). This review will focus on pH-responsive polymer nanomaterials in tumor therapy and comprises a brief introduction to anti-tumor drug loading methods, a clarification of the mechanism and application of pH-responsive polymer nanomaterials in tumor therapy, an outlook addressing the great recent challenges faced, and suggestions for applications and future research directions.



2 Anti-Tumor Drug Loading Methods for pH-Responsive Polymer Nanomaterials

Theoretically, pH-responsive polymer nanomaterials can carry anti-tumor drugs, which are transported into the tumor tissue and are then released to produce therapeutic effects on tumors. pH-responsive nanomaterials are classified into organic nanomaterials (liposomes, polymer micelles, polymer capsules, nano-gels, dendrimers, etc.), inorganic nanomaterials [carbon nanoparticles (NPs), silica NPs, gold NPs, etc.], and composite nanomaterials [metal–organic frameworks (MOFs) and metal-phenolic networks, etc.] (Table 1). They exhibit many different structures: linear (homopolymer, biblock copolymers, multiblock copolymers, and organic/inorganic hybrid polymers), non-linear branched (branched or hyperbranched polymers), and grid. Linear homopolymers and amphiphilic and amphiphilic block copolymers the most common types, and mainly form micelles, vesicles, dendritic macromolecules, and nanogels. Owing to the different properties of different drug molecules, it is necessary to select the appropriate nanomaterial according to the properties of the particular drug; drugs and nanomaterials can be combined in different ways. The anti-tumor drug loading methods for pH-responsive polymer nanomaterials can be classified into three categories: physical encapsulation, intermolecular force, and chemical bonding, via the connection between the pH-responsive polymer nanomaterial and anti-tumor drug (Figure 1).


Table 1 | Classification of nanomaterials.






Figure 1 | Schematic diagram of pH-responsive polymer nanomaterials loaded with anti-tumor drugs and entering the tumor environment.




2.1 Physical Encapsulation

Physical encapsulation is the earliest and most effective drug loading method for nanomaterials. It can be used in organic, inorganic, and composite nanomaterials; the most common nanomaterials discussed for its use in the literature are liposomes, polymer micelles, polymer capsules, mesoporous silica NPs, MOFs, and metal–polyphenol nano-networks.

Liposomes were the earliest kinds of nano-drug. They mainly consisted of a bilayer of phospholipid molecules, which could be used to encapsulate the anti-tumor drugs in a hydrophobic phospholipid bilayer or a central hydrophilic cavity; their drug piggybacking was achieved through the physical encapsulation route. Hong et al. (38) designed lipid–polymer hybrid NPs with poly(lactic-co-glycolic acid) as the hydrophobic core to encapsulate afatinib and/or miR-139 encapsulated in an amphiphilic shell of polyethylene glycol (PEG) liposomes, and further modified the shell layer with ligand arginine and pH-sensitive cell-penetrating peptide histidine to enhance the targeting and penetration of these multifunctional NPs in the acidic microenvironment of colorectal cancer cells. Similar to iposomes, physical encapsulation is the main method of drug loading polymer capsules; the polymeric capsules encapsulate hydrophobic drug molecules within the capsule wall and hydrophilic drug molecules in the cavity (39). Zhong et al. (40) synthesized a pH-responsive block polymer, which comprised methoxy PEG (mPEG) and poly(asparagyl diisopropylethylenediamine-co-phenylalanine), self-assembled into nano-microcapsules as a drug carrier, and encapsulated the hydrophilic hypoxia-activated prodrug tirapamine and hydrophobic photosensitizer dihydroporphyrin [chlorin e6 (Ce6)] to treat breast cancer effectively. Polymeric micelles are the most common carriers of high-molecular-weight polymers. They are thermodynamically stable colloidal solutions formed by the self-assembly of amphiphilic block copolymers in water, and their “core-shell” structure can encapsulate hydrophobic drugs in hydrophobic cores. Xu et al. (41) encapsulated the reactive oxygen species (ROS) generator vitamin K3 with pH/ROS dual-sensitive polymer prodrug PEG-b-P[(LL-g-TK-PTX)-(LL-g-DMA)] micellar NPs to prepare polymeric prodrug-based drug delivery systems (DDSs) with pH-induced surface charge inversion and ROS amplification for ROS-triggered self-accelerated drug release. Mesoporous silica NPs (MSNs) contain a large number of pore structures, which can significantly increase the drug loading capacity and can be blocked by blocking agents, such as surface films or pH-sensitive ZnO quantum dots (QDs), to prevent the drug from leaking at non-targeted positions during transportation in vivo. The inorganic material on the walls of MSNs can prevent mechanical, thermal, and biological degradation of the encapsulated drugs to provide safe and effective drug delivery (42). Yan et al. (43) developed a biodegradable pH-responsive hollow MSN for the co-delivery of pheophorbide a and DOX. The NP possessed controllable particle size and a large inner hollow core, giving it excellent encapsulation capacities. MOFs are crystalline materials consisting of organic bridging ligands linked to metal ions (clusters) employing coordination bonds to form an infinitely extended network-like structure, which can physically embed drugs. He et al. (44) loaded cisplatin precursor drugs into UiO nanoscale MOFs with hexagonal-plate morphologies by encapsulation and loaded multiple drug resistance gene-silencing siRNAs by the surface ligand to enhance the therapeutic efficacy against drug-resistant ovarian cancer cells. Liposomes and nanocapsules can carry drugs only by physical encapsulation, unlike other carriers, which can carry drugs through physical encapsulation, using intermolecular forces, or via chemical bonding.



2.2 Intermolecular Forces

The use of intermolecular forces is also a common non-chemical bonding method of attaching drugs to carriers. Such forces include electrostatic attraction, hydrogen bonding, π–π interaction, van der Waals forces, and hydrophobic interactions. For water-soluble polymers, drugs can be loaded onto nanomaterials by intermolecular interaction to increase their circulation time and limit their toxicity to normal tissues (45–48). Polymer micelles, nanogels, carbon NPs, and dendritic macromolecules can be combined with drugs via one or more intermolecular forces. Polymeric micelles are capable of carrying drug molecules in their cores using hydrophobic forces and hydrogen bonding forces. Wu et al. (49) wrapped hydrophobic DOX in the core of core/shell PEGylated poly(glycerol sebacate) (PEGS)/hydroxyapatite hybrid nanomicelles using hydrogen bonding and fabricated spherical NPs with a high drug loading capacity and pH-sensitive response release by optimizing the coordination of PEG nanomicelles with the hydroxyapatite mineralization-responsive release of spherical NPs. In addition, multi-intermolecular forces can stabilize the bond between carriers and drugs. Zhao et al. fabricated co-loaded NPs using supramolecular assembly, which consisted of a block copolymer of mPEG and polycarbonates, DOX, and Ce6. DOX and Ce6 were mainly dispersed in the hydrophobic core. The hydrophobic polycarbonate chain segments and cationic polycarbonate chain segments generated strong intermolecular interactions between the polymer and cargo, including hydrophobic interactions, hydrogen bonding interactions, and electrostatic interactions. The strong interactions between Ce6 and DOX, including electrostatic interactions, π–π stacking interactions, and hydrophobic interactions, favored the formation of NPs (50). Nanogels with an internal cross-linked structure often adsorb drug molecules through hydrophobic interactions and can use their swelling and anti-swelling characteristics to achieve the stimulus-responsive release of drug molecules. Howaili et al. (51) synthesized a plasmonic nanogel loaded with curcumin (AuNP@Ng/Cur) as a stimuli-responsive nanocarrier, using an incubation method at temperatures above the lower critical solution temperature to promote hydrophobic interactions between the Cur and nanogel to achieve loading. Dendrimers are well-defined spherical structures of multi-branched polymers, characterized by central cores, branches of repetitive units, and an outer layer of multivalent functional groups. Their hydrophobic core can encapsulate uncharged non-polar small molecular drugs, and their functional groups can electrostatically interact with charged polar molecules or chemically bind with immunotherapeutic agents such as therapeutic antibodies. Shi et al. (52) developed a unique polymeric hybrid NP nanoplatform for multi-stage siRNA delivery, which was formed by electrostatic interactions between the copolymer mPEG–poly(l-histidine)-poly(sulfadimethoxine), the dendrimer poly-l-lysine, and PLK1siRNA to efficiently deliver siRNA.



2.3 Chemical Bonding

Researchers often combine drugs with carriers through chemical bonds, such as coordination bonds and acid-unstable bonds, and common nanomaterials, including composite nanomaterials (MOFs), organic nanomaterials (dendrimers), and inorganic nanomaterials (quantum dot nanomaterials).

MOFs are composite nanomaterials with intramolecular pores formed by the self-assembly of organic ligands and metal ions or clusters through coordination bonds (53). Shen et al. (54) prepared a core-shell nanocomposite composed of zeolite imidazole skeleton-90 (ZIF-90) coated with spermine-modified acetal dextran (SAD), in which hydrophilic DOX was covalently bonded to the ZIF-90 skeleton and the hydrophobic photosensitizer IR780 was loaded into the SAD shell, thus allowing combined photodynamic therapy and chemotherapy. Duan et al. (55) fabricated a novel pH-responsive MOF antigen-delivery system to solve the problems in the delivery strategy for tumor-associated antigens (TAAs). Through the one-pot synthesis process, TAAs were loaded into MOFs, which were released into the tumor site and disintegrated due to hydrolysis caused by the slightly acidic tumor environment, thus enhancing the anti-tumor effect. In dendrimer polymers, such as PAMAM, functional groups can be chemically linked with immunotherapeutic agents. Xia et al. (56) linked DOX to the terminal amino group of PAMAM through a pH-sensitive hydrazone bond [PEG-PAMAM-DOX (PPD) conjugate] and designed a PAMAM-based NP (LMWH/PPD/CpG) loaded with DOX and immunoadjuvant cytosine–phosphate–guanine oligonucleotides (CpGODNs) for the combined chemotherapy and immunotherapy of metastatic melanoma. QDs in inorganic nanocarriers can also combine drugs with carriers through special coordination. Cai et al. (57) synthesized the first acid-decomposable, luminescent aminated ZnO QDs as nanocarriers with ultra-small size, modified with dicarboxyl-terminated PEG and hyaluronic acid (HA), and finally, constructed a ZnO QD-based pH-responsive drug delivery platform, in which DOX molecules were successfully loaded to PEG-functionalized ZnO QDs via the formation of a metal–DOX complex and covalent interactions. After the ZnO QDs are taken up by cancer cells, the metal–drug complexes dissociate in the acidic environment of the endosomes or lysosomes, releasing Zn2+ and DOX, achieving synergistic therapy.

In terms of drug loading rate and accurate controlled drug release, the performance of physical encapsulation is poorer than that of the other two drug-loading methods, which can not only reduce the non-specific release of drugs during circulation, but can also increase drug loading by adjusting the ratio of reactants and have obvious advantages in clinical production and application. These benefits may be related to the molecular weight, surface and internal structures of the material, whether the surface is charged, and whether the surface is hydrophobic. Owing to the advantages and disadvantages of these three different loading methods and the complexity of the tumor microenvironment, researchers have constructed nanomaterials with a diverse combination of different drug-loading methods and achieved satisfactory results in drug delivery and tumor treatment. Two pH-sensitive conjugates, pluronic P123-mono–hydrazone bond-P123-single-hydrazone–docetaxel and pluronic P123-double–hydrazone bond–docetaxel, prepared by Su et al. (58) were used as carrier materials to encapsulate docetaxel physically. These polymer micelles, which were prepared using chemical combination and physical encapsulation, can increase the drug loading capacity and drug release control compared to those created by chemical combination or physical encapsulation.




3 Mechanism of pH-Responsive Polymer Nanomaterials in Tumor Therapy

pH-responsive polymer nanomaterials carrying anti-tumor drugs can change their structures or properties with the pH reduction in the tumor microenvironment, thus providing accurate targeted tumor therapy. The common pH-sensitive structures mainly include chemical bonds, which are relatively stable in a neutral or alkaline environment but unstable in an acidic environment and are hydrolyzed or broken; polymers that can change their charge properties according to the change in pH (59); and other special pH-responsive polymers. Since these special pH-responsive structures will change their structures or properties according to changes in pH in the environment, the structure of nano-drug carriers containing these structures will also change (rearrangement, expansion, or degradation) (60). The aim of this is to release the loaded therapeutic drugs, remove the protective layer, cause disintegration close to targeted molecules in areas of pH change, and overall, achieve improved drug delivery efficiency and therapeutic effects (61; 62).


3.1 pH-Sensitive Chemical Bonds

Previously, we have discussed the drug loading methods for nanomaterials. Although the special spatial structure of some nanomaterials allows for the physical loading of drug molecules, combining the drugs and polymer carrier through chemical bonds can better control the distribution and release of drugs, can make the nano-drug system more stable in vivo, and only specifically degrade and release drugs in the tumor tissue environment (63–66). At present, we already know that many chemical bonds are unstable and easy to break in a strongly acidic or strongly alkaline environment. We can utilize these unstable chemical bonds in an acidic environment and introduce them into nano-drug carriers to construct a pH-responsive polymer DDS that can specifically release drugs in the slightly acidic tumor microenvironment. The common pH-sensitive bonds mainly include hydrazone/acyl hydrazone, imine, acetal/ketal, oxime, amide, ester/orthoester, β-thiopropionatent, and borate ester (59, 60, 67–69). The general structures of these bonds and the corresponding hydrolyzed products are summarized in Figure 2.




Figure 2 | PH-responsive linkages and the corresponding hydrolyzed products.




3.1.1 Hydrazone/Acyl Hydrazone Bonds

Hydrazone/acyl hydrazone bonds are formed by the condensation reaction of hydrazine groups (-NH-NH2) or hydrazide groups (-CONH-NH2) with ketones or aldehydes. This reaction is relatively stable at pH 7.4, and thus, the hydrolysis rate is very slow but will be accelerated at lower pH levels (70). Based on this, hydrazone/acyl hydrazone bonds are widely used in drug delivery (71).

In the early 1990s, Greenfield et al. (72) and Kaneko et al. (73) had studied various hydrazone bonds formed by the condensation of the ketone groups of DOX with hydrazide groups. The sensitivity of the hydrazone bond to the acidic environment has since been deeply and extensively studied, and it has been applied to various structures, including linear (73), star-shaped (74), and cross-linked (75) molecules. Recently, Long et al. (76) reported a novel strategy to endow cellulose nanocrystals (CNCs) with pH responsiveness and drug loading through the formation of hydrazone bonds between PEG-modified CNCs and the aldehyde group of DOX. DOX was loaded on PEG-modified CNCs and could be specifically released from pH-responsive drug polymer carriers at the tumor site. The results of anti-tumor experiments both in vivo and in vitro showed that the drug carrier had obvious cytotoxicity and a good anticancer effect.

The most common method of introducing hydrazone bonds into nano-drug carriers is the condensation of hydrazide groups in various polymers with ketones or aldehyde group drugs. Therefore, the existence of ketone or aldehyde functional groups in drug molecules is the main challenge hindering the application of hydrazone bonds (77). Although many researchers have synthesized drug derivatives to obtain ketones or aldehyde groups, such as PTX synthesized by Alani et al. (78), cisplatin synthesized by Aryal et al. (79), and Cur derivatives synthesized by Li et al. (80) and Wang et al. (81) in clinical application, the product development and regulatory approval of these drug derivatives are difficult in practice (77). At the same time, the cationic polymer residues that may be formed after the hydrazone bond breaks in an acidic environment will produce cytotoxicity to a certain extent (82). These limitations in the application of nano-polymers containing hydrazone bonds to tumor therapy require improvement through further research.



3.1.2 Imine Bonds

The structural formula of imine bonds is -C=N-, which is widely known as a pH-sensitive dynamic covalent bond. Its carbon–nitrogen double bond structure is obtained by the condensation reaction of aldehydes or ketones with primary amines, i.e., the “Schiff base reaction”. Therefore, the Schiff base structure mainly refers to a class of compounds containing C=N groups. Although it has been proven that the structure can exist stably in an alkaline or neutral environment and accelerate the hydrolysis/breaking rate in an acidic environment (83, 84), some researchers agree that imide bonds are not stable enough under physiological conditions (i.e., pH 7.4 and 37°C) (85, 86). Thus, it has been suggested that increasing the stability by conjugating with the π–π bond to form benzoic–imide bonds could be a solution to this (87).

The synthesis of benzoic–imide bonds involves amines and benzaldehydes, which exist naturally in many raw materials and are easy to obtain and synthesize. They are very suitable for constructing pH-responsive polymer nanomaterials and have been widely used in anti-tumor DDSs. For example, Liao et al. (88) prepared pH-responsive benzoic-imide polymer nanogels as carriers of indocyanine green (ICG) by crosslinking poly(ethylenimine)-g-mPEG (PEI-g-mPEG) copolymers with hydrophobic terephthalaldehyde molecules in an aqueous solution with pH 7.4. The nanogel loaded with ICG not only significantly improved the photostability of ICG in phosphate buffer, but also clearly slowed down the leakage of ICG at pH 7.8, and when the pH was decreased from 7.8 to 6.4, the benzoic–imide bonds in the nanogel broke and released ICG, showing targeted release.



3.1.3 Acetal/Ketal Bonds

The structural formula of acetals/ketals allows for two alkoxy groups to connect on the same carbon; the difference between them is that ketals have one more central carbon substituent than acetals. Under acidic conditions, one of the oxygen atoms is protonated, thus activating the adjacent carbon atoms and leading to the hydrolytic fracture of bonds. Previous studies have shown that polymers containing acetals/ketals can be degraded into soluble monomers in the acidic pH of a tumor microenvironment (89, 90).

Acetal/ketal bonds are also widely used in pH-responsive polymer nano-DDSs (NDDSs). Zhao et al. (91) polymerized cinnamaldehyde (CA) directly with glucose through acid-unstable acetal bonds and encapsulated 10-hydroxy camptothecin (HCPT), and then, synthesized a novel type of pH-responsive DDS comprising HCPT–CA-loaded NPs (PCH). In an acidic environment, both HCPT and CA could be rapidly released by PCH. The results of anti-tumor experiments both in vivo and in vitro showed that PCH could not only effectively prolong the drug circulation, increasing the drug accumulation in the tumor site and promoting the intake of drugs, but also induced the death of cancer cells by producing intracellular ROS, showing excellent therapeutic performance and improved biosafety.



3.1.4 Oxime Bonds

The structural formula of oxime bonds is -C=N-O-. These bonds are reversible dynamic covalent chemical bonds, similar to imine bonds. The common method for preparing oxime bonds is a condensation of aldehydes or ketones with hydroxylamine groups, which can be hydrolyzed into aldehydes, ketones, and hydroxylamines under acidic conditions (92, 93). Studies have shown that oxime bonds are reversible, have dynamic pH sensitivity, and can form a new type of pH-responsive polymer (94). Jin et al. (94) successfully synthesized a pH-responsive triblock copolymer (PEG-OPCL-PEG) by ligating aminooxy terminals of OPCL with aldehyde-terminated PEG (PEG-CHO), which consisted of hydrophilic PEG and hydrophobic oxime-tethered polycaprolactone (OPCL). DOX was selected as an anti-tumor model drug, which was encapsulated in PEG-OPCL-PEG and self-assembled into micelles in an aqueous solution. The drug release studies showed that the release rate of DOX in micelles at pH 5.0 was significantly faster than that at pH 7.4, which indicated that the oxime bond DDS had the characteristic of pH response. The results of anti-tumor experiments both in vitro and in vivo also showed that DOX-loaded PEG-OPCL-PEG micelles had a high anti-cancer effect.



3.1.5 Amide Bonds

Amides are an important part of pharmaceutical chemistry, and more than 25% of drugs in the database of pharmaceutical chemistry contain amide bonds (95). The structural formula of amide bonds is (-C=O-N-). The synthesis method involves initial preparation using active carboxylic acid derivatives, such as acyl chloride, anhydride, ester, and azide, followed by development into an acylated preparation using substrates such as alcohols, aldehydes, and alkynes, catalyzed by new catalysts and amines (96, 97). Because some amide bonds with special side chains are hydrolyzed and broken under weakly acidic conditions (98, 99), such as maleic acid (MA) (60), cis-aconitine acid (100), and dimethyl maleic anhydride (DMMA) (101), amide bonds are also widely used in pH-responsive polymer NDDSs. Luo et al. (102) linked stearic acid (SA) to the main chain of carboxymethyl chitosan (CMC) through amide bonds, which then self-assembled into an amphiphilic stearic acid-O-carboxymethyl chitosan conjugate (SA-CMC), and then loaded the anti-tumor drug PTX onto the conjugate to form PTX-SA-CMC NPs. In the acidic environment of the tumor, the NPs disintegrated rapidly and released drugs specifically, owing to the pH sensitivity or acid instability of amide bonds. Both in vivo and in vitro experimental results showed that compared to those in the free PTX group, the drug uptake rate of tumor cells and killing effect in the PTX-SA-CMC NP group were significantly enhanced, which not only reduced the systemic toxicity but also achieved a noticeable anti-tumor effect.



3.1.6 Ester Bonds

The structure of the ester bonds or orthoester bonds is similar, in which one carbon atom is connected with two or three oxygen atoms. They are also pH-sensitive and degrade faster than acetals, ketals, or hydrazone bonds in an acidic environment (103, 104). At present, ester bonds or orthoester bonds have been widely studied and applied in pH-responsive polymers. Thambi et al. (105) prepared pH-sensitive amphiphilic block copolymers with orthoester bonds using hydrophilic PEG and hydrophobic poly(γ-benzyl-L-glutamate) (PBLG) as carriers and loaded DOX into them. In vitro release studies showed that DOX was released slowly from the carrier in the physiological buffer with pH 7.4, whereas the release rate of DOX increased significantly at pH 5.0. In vitro cytotoxicity tests showed that the toxicity of these DOX-loaded nanocarriers to SCC7 cancer cells was higher than that of DOX carriers without orthoester bonds. These results indicated that this pH-responsive copolymer NDDS with orthoester bonds has great potential in tumor therapy.



3.1.7 β-Thiopropionate Bonds

Owing to the inductive effect of the S atom in the β-thiopropionate bond, the hydrolysis of the bond is driven by the positive charge on the carbonyl carbon of the ester. Compared with other pH-resbeponsive chemical bonds, such as hydrazone, imide, and acetal/ketal bonds, which are very sensitive to pH changes, and thus, have a high hydrolysis rate in an acidic environment, β-thiopropionate bonds can be hydrolyzed at a relatively slow rate in a moderately acidic environment (for example, pH 5.5) (106–108).

β-thiopropionate bonds can be synthesized by simple Michael addition reaction of mercaptan methacrylate (106, 107). Samanta et al. (69) copolymerized 2-hydroxyethyl methacrylate and a coumarin-based methacrylate monomer containing a β-thiopropionate moiety via reversible addition–fragmentation chain transfer (RAFT) polymerization. The copolymer self-assembled to form vesicular nanoaggregates at physiological pH conditions, and then, photochemical crosslinking was performed via coumarin (2π + 2π) cycloaddition reaction to further stabilize the vesicles. In the acidic environment of tumor cells, the slow hydrolysis of β-thiopropionic acid led to the disintegration of the polymers, resulting in the sustainable release of the loaded drugs. The results of the in vivo and in vitro anti-tumor experiments showed that compared with free DOX, the 50% inhibiting concentration (IC50) of DOX-loaded nanomaterials toward the MG63 cancer cell line decreased significantly, showing excellent anti-tumor effect and good biosafety.



3.1.8 Borate Ester Bonds

Borate ester bonds, formed by the condensation of phenylboronic acid and its derivatives with cis-diol or compounds containing catechol groups, are also reversible dynamic covalent bonds. At acidic pH levels, borate ester bonds can be reversibly hydrolyzed and broken, which gives them broad application prospects in tumor DDSs (109–111). Fang et al. (112) prepared a mitochondrial-targeted polymer, 3,4-dihydroxyphenyl propionic acid-chitosan oligosaccharide-dithiodipropionic acid-berberine (DHPA-CDB), which was used to load Cur and self-assemble into cationic nano-micelles (DHPA-CDB/CUR). Negatively charged oligomeric hyaluronic acid-3-carboxyphenylboric acid (OHA-PBA) was added to the prepared DHPA-CDB/CUR as the ligand of sialic acid and CD44, to shield the positive charge and prolong the circulation time in vivo. The OHA-PBA@DHPA-CDB/CUR covalent polymer was formed by OHA-PBA and DHPA-CDB/CUR through pH-sensitive borate ester bonds between PBA and DHPA. The low pH in tumor tissue promoted the degradation of borate ester bonds and the exposure of cationic micelles, which led to the reversal of the polymer surface charge, thus promoting internalization and mitochondrial localization. All experimental results showed that OHA-PBA@DHPA-CDB/CUR had mitochondrial targeting and tumor environmental charge-reversal capabilities, as well as great potential in targeted drug delivery.




3.2 pH-Responsive Charge Conversion

It is well known that nano-drug carriers reach the target position mainly through blood circulation in the human body. If there is a positive charge on the surface of the drug carrier when it encounters the many negatively charged proteins in human plasma, they will attract each other strongly; this makes it very easy for the carriers to be swallowed and cleared by phagocytes in the human body (113, 114), resulting in reduced drug delivery efficiency. The drug uptake efficiency will be reduced due to electrostatic repulsion when a drug carrier with a neutral or electronegative surface encounters the electronegative cell membrane (115, 116), whereas electropositive nano-drug carriers can better target endothelial cells, have higher vascular permeability (117), and are more likely to be swallowed by tumor cells (118–120). However, the liver can act as a charge-selective filtration barrier, which can cause the accumulation of electronegative nano-drug carriers in the liver with consequential potential side-effects. Thus, the long-cycle ability of neutral polymers or amphoteric ionic polymers is a better option (121).

In addition to attaching pH-sensitive acid-unstable bonds to the polymer backbone or side chains, there is another way to make the nano-drug carriers pH-responsive: introduce a chemical group into the nanomaterial that can lead to a change in surface charge properties (protonation or deprotonation) with the change in environmental pH. Such groups include amino, phosphoric acid, and carboxyl groups. These groups have different chemical structures and pKa values, can accept or provide protons, and undergo changes in physical or chemical properties related to pH, such as swelling or solubility, resulting in drug release (59, 60, 122). A nano-drug carrier has been designed, which has neutral or amphoteric ionic when it circulates in the human body, as this allows an improved circulation time for the nano-drug carrier in the body. When the nano-drug carrier reaches the tumor site, the surface charge of the nano-drug carrier is converted to positive, owing to the decreased pH in the tumor microenvironment, which promotes the uptake of tumor cells, thus greatly improving drug delivery efficiency (116, 123). For example, Fang et al. (124) coupled berberine (Ber) and vitamin B6 with oligomeric hyaluronic acid (OHA), creating self-assembled spherical NPs in an aqueous solution to prepare pH-responsive mitochondria-targeting NPs (B6-OHASS-Ber). In the acidic microenvironment of the tumor tissue, the pyridine group of B6 was protonated, and the surface of the carrier changed from negatively to positively charged, which promoted the internalization of NPs. After lysosome escape, it actively targeted mitochondria and released the drugs. The in vivo anticancer activity experiment results showed that B6-OHA-SS-Ber/Cur had an obvious inhibitory effect on tumor growth. As shown in Figure 3, the micelles were modified by B6 to give the NPs the ability to convert charges, Ber was induced to focus on mitochondria preferentially by drugs and carriers, and OHA was used to target CD44 receptors (125, 126).




Figure 3 | (A) Schematic structure of B6-OHA-SS-Ber self-assembly into micelles; (B) the micelles entered into tumor cells and concentrated on mitochondria by active targeting and released the drug to tumor cells (124).



In addition, there also exists a pH-responsive polymer that changes the hydrophilicity or solubility of nano-drug carriers after protonation with a decrease in pH, resulting in the change in carrier structure and drug release (127). For example, some polymers synthesized from acidic monomers, such as poly(methacrylic acid) (128, 129), poly(aspartic acid) (PAsp) (130), and sulfonamide-based polymers (131), change from hydrophilic to hydrophobic when the pH is decreased. Kang and Bae (132) studied oligomeric sulfonamides (OSASs), which could effectively release polymers or transport nucleic acids. Owing to the different pKa values of different sulfonamide groups, OSASs change from hydrophilic to hydrophobic with a decrease in the surrounding pH and show different proton buffering capacities. Kang and Bae (132) combined an OSAS with DNA and then complexed it with poly(L-lysine) (PLL) to form an OSA polymer. The experimental results showed that there was no significant difference in DNA uptake between the OSA polymer and PLL/DNA control group; however, the OSA polymer induced a more extensive distribution of DNA in cells and significantly enhanced the transfection rate of DNA.



3.3 Synergistic Action of pH Stimulus and Other Stimuli

We have previously discussed the two main mechanisms of action of pH-responsive polymers, namely, unstable chemical bonds with pH sensitivity and groups or polymers with charge transfer or water solubility changes. However, these pH-responsive polymers should remain stable when the physiological pH is 7.4, and it is challenging to ensure sufficient drug release rate or cell uptake rate with a decrease of 1 pH unit (60). At present, many preclinical studies are being conducted at two pH values (7.4 and 5.0). Nevertheless, if there is only a small difference between the targeted position of the nano-drug carriers and the physiological pH, the drug release time of polymers that solely depend on the pH-responsive mechanism, especially the nano-drug carriers that rely on covalent bond cleavage, will be very slow (60). Hence, compared to single stimulus-responsive nano-polymers, dual or multiple stimuli-responsive polymer NDDSs have higher physiological or biological system correlations, can better adapt to the interaction in the real biological system (133), and greatly improve the stability of drug delivery and the sensitivity of controlled release, giving excellent anti-tumor effects and broader application prospects (134).

Compared with normal tissues, tumor tissues show significantly different physiological characteristics, such as differences in pH, redox enzyme levels, ROS levels, owing to their uncontrolled growth and abnormal gene expression. We can select or combine the corresponding stimulus-response factors for tumor-targeted therapy according to specific changes in the tumor microenvironment. In addition, some polymers will change their morphological structure, physical, or chemical properties when exposed to external stimuli (temperature, light, magnetic field, and ultrasound), which can be combined with pH stimulation response for tumor treatment to improve the therapeutic effect (135–139).

To reduce the problem of non-specific drug release in oral DDSs, Song et al. (140) studied the effect of pH response combined with enzyme response (double stimuli) on precisely targeted drug delivery. They anchored polyacrylic acid (PAA) and chitosan (CS) onto Gd3+-doped mesoporous hydroxyapatite NPs (Gd-MHAPNPs) to realize programmed drug release and magnetic resonance imaging at tumor sites. Among them, the grafted PAA acted as a pH-responsive switch to control the release of drugs into the colon. In addition, CS was functionally modified into enzyme-sensitive parts and could be degraded by β-glucosidase in the colon. Chemotherapeutic drugs (5-fluorouracil) and targeted therapy drugs (gefitinib) were encapsulated in Gd-MHAP NPs for synergistic therapy (Figure 4). The experimental results showed that CS and PAA protected drug-loaded NPs from various physiological conditions in the gastrointestinal tract, in order for the drug to reach the colon tumor site, prevent premature drug release, and control drug release via the dual stimulus-response mechanism (pH and enzyme), which increased the drug load at the colon tumor site and improved the therapeutic effect.




Figure 4 | Schematic illustration of the preparation of Gd-MHAPNPs and the mechanism of drug release in different physiological environments in the GIT (140).



Owing to the high reducibility in the tumor environment, such as the increased glutathione (GSH) content, Kim et al. (141) designed pH- and GSH-responsive fluorescent polymer dots (L-PDs) containing PTX. The core part of the L-PD nano-hybrid system used disulfide bonds as the redox response site, which could not only maintain the stability of the internal structure but could also avoid the leakage of PTX during the cycle. The nano-hybrid system showed fluorescence quenching behavior, with less than 2% of the PTX being released under physiological pH conditions. However, in the tumor microenvironment, fluorescence was restored under the acidic pH, and the PTX release was about 100%, which significantly improved the effectiveness of killing tumor cells. In addition, the experimental results showed that there were differences in the release of PTX under different GSH concentrations, and the explosive release of PTX was detected under a high GSH concentration.

In addition, because of the high levels of reactive oxygen species (ROS) and low pH levels in the tumor microenvironment, Jäger et al. (142) designed functionalized “AND gate” multi-responsive (MR) block amphiphilic copolymers with dual stimulus-response to ROS and pH for cancer drug delivery therapy. The hydrophobic part of the polymer contained masked pH reaction side chains, which were exclusively exposed in response to the high ROS in the tumor microenvironment. These researchers synthesized two kinds of pH-responsive polymers from MR-ethyl and MR-isopropyl and then prepared DOX-loaded nano-drug carriers (multi-responsive nanoparticles, MRPs) and control-free DOX carriers using microfluidic self-assembly technology. The experimental results showed that compared to the control-free DOX carriers, the drug release rate of the MRP group was significantly faster under the influence of the dual ROS and pH response.

In addition to taking the different biochemical indexes of tumor tissue as stimulus-response factors, some polymer components undergo volume phase transition when the external environment, such as temperature, changes, thereby triggering the selective release of drugs. For example, Wang et al. (143) synthesized the temperature and pH double stimuli-responsive NPs consisting of deoxycholic acid and hydroxybutyl-decorated chitosan (DAHBCNPs) and designed a series of DAHBCs with different lower critical solution temperatures (LCSTs, all below 37°C) to load Cur for the oral treatment of colorectal cancer. Owing to the mutual offset of the size change between the polymer expansion after pH response and the polymer contraction after temperature response, the DAHBC NPs were relatively stable under simulated gastric conditions (pH 1.2, 37°C). However, in simulated intestines (pH 7.0–7.4, 37°C), DAHBC NPs promoted the continuous release of Cur into the intestinal tract on account of the single effect of polymer contraction after temperature response. Compared with free Cur, DAHBC NPs at 27°C (DAHBC27) were better absorbed by Caco-2 cells through transcellular and paracellular transport pathways, and the intestinal absorption efficiency of Cur was greatly improved by paracellular transport pathways. In addition, Chen et al. (144) Feng et al. (145), and Lin et al. (146) reported on multifunctional nano-drug carriers with dual pH and temperature-stimuli responses (photothermal therapy). For example, Chen et al. (144) prepared a multifunctional NDDS with pH and temperature response based on an ordered mesoporous silica-sandwiched black phosphorus nanosheet (BP@MS) with vertical pore coating. The special structure of the drug carrier not only enhanced the dispersity of the BP nanosheet and improved the drug loading efficiency (DOX), but also facilitated post-modification, such as the PEGlyation and conjugation of the ligand targeting TKD peptide. The results of in vivo and in vitro anti-tumor experiments showed that the DOX-loaded BP@MS system (BSPTD) manifested heat-stimulative, pH-responsive, and sustained release behaviors. Moreover, the BSPTD could also significantly inhibit the lung metastasis of tumors, owing to the secondary administration promoted by photothermal degradation.

In addition to dual stimuli, the combined application of multiple stimuli in tumor therapy has been widely studied. Don et al. (147) synthesized a poly(AA-b-NIPAAm) copolymer (PAA-b-PNIPAAm) via reversible addition–fragmentation chain transfer polymerization, consisting of PAA and poly(N-isopropylacrylamide) (PNIPAAm), which self-assembled to form nanogels with cationic protein (protamine). Chemical characterization showed that the nanogel exhibited a change in protamine conformation, PAA-b-PNIPAAm disaggregation, and protein enzymatic hydrolysis when stimulated by temperature, pH, and enzyme activity level changes. Changing the pH from 7.4 to 5.0-6.5 increased the mean particle size and converted the surface charge from negative to positive. After cold shock treatment, DOX was rapidly released in the cells. Furthermore, the nanogel could also carry a rose bengal photosensitizer and cause significant damage to cancer cells under irradiation.



3.4 Other Mechanisms

In addition to the two basic principles introduced above, another pH response mechanism has been gradually discovered and studied, the principle of which is that bicarbonate reacts with an acid to produce CO2 and H2O. Therefore, polymer nanomaterials containing bicarbonate structures may also release drugs specifically in an acidic environment, in what is known as a gas-generating pH-sensitive nano-system (59). Kim et al. (148) encapsulated poly(lactide-co-glycolide) (PLGA) NPs with sodium bicarbonate, which could be decomposed to produce CO2 under acidic conditions, and imidazoquinoline-based synthetic toll-like receptor 7/8 agonist (TLR7/8, also known as “522”). The addition of sodium bicarbonate not only significantly increased the loading dose of 522, but also decomposed and released CO2 through pH response after the NPs were internalized by tumor cells and phagocytized by lysosomes, resulting in the release of 522 into tumor cells. Finally, the experimental results also showed that the new pH-sensitive NPs had a better anti-tumor effect than traditional PLGA NPs.




4 Application of pH-Responsive Polymer Nanomaterials in Tumor Therapy

At present, there are many effective treatment approaches for tumors, from surgical resection, chemotherapy, and radiotherapy to landmark molecular targeted therapy, immunotherapy, gene therapy, photodynamic therapy, photothermal therapy, and chemodynamic therapy, all of which have made great progress and development throughout the years. As is well known, the traditional administration of chemotherapy leads to the poor targeting of drugs to tumors, low drug utilization, and many other challenges. Therefore, scholars have proposed DDSs in which chemotherapeutic drugs are loaded and transported on carriers (149). To improve the efficiency of DDSs, it became a hot spot (150, 151) in tumor therapy research to design nano-drug carriers that can respond to the abnormal biochemical indicators in the tumor microenvironment (152) to release drugs directly into the tumor site. With the development of nanomaterials, nano-systems can enhance the permeability and retention of drugs in solid tumors (59) by introducing different stimulus-responsive structures into DDSs (153), among which pH-responsive polymers have been widely used in stimulus-responsive NDDSs (59, 100). The common applications of pH-responsive polymer nanomaterials in tumor therapy are summarized in Figure 5.




Figure 5 | Application of pH-responsive polymer nanomaterials in tumor monotherapy (left) and application of pH-responsive polymer nanomaterials in tumor synergistic treatment (right).




4.1 Application of pH-Responsive Polymer Nanomaterials in Tumor Monotherapy


4.1.1 Application of pH-Responsive Polymer Nanomaterials in Combination with Chemotherapy

Single drug therapy will produce serious drug resistance in tumor treatment, but combinations of different drugs have been proven to be very effective in overcoming multidrug resistance (154, 155). Moreover, the combination of two or more drugs can generally reduce the drug dose and toxicity (156). Thus, constructing a multifunctional pH-responsive NDDS provides an effective strategy for chemotherapy. Wang et al. (157) synthesized multifunctional NPs (FTDCAG NPs), using a pH-responsive prodrug (PEG2K-NH-N-DOX), a GSH-responsive prodrug (PEG2K-S-S-CPT), folate-receptor targeting polymers (FA-PEG2K-L8, FA-PEG2K-TOS), and T1-enhanced magnetic resonance imaging contrast agents (Gd-DTPA-N16-16) used to encapsulate combrestatin A4 (CA4). These FTDCAG NPs contained three drugs, namely, CA4, DOX, and CPT. At pH 6.5, the drug release rate of CA4 increased by 63.4%. After release, CA4 destroyed angiogenesis in the tumor microenvironment and promoted the uptake of the remaining FTDCG NPs by tumor cells. After entering tumor cells, the FTDCG NPs disintegrated, owing to the increase in intracellular GSH concentration and the decrease in pH levels in the endosomes or lysosomes, releasing CPT and DOX. The results showed that FTDCAG NPs had a significant anti-tumor effect, and controlled drug release in time and space, which could maximize the effect and accuracy of cancer chemotherapy.



4.1.2 Application of pH-Responsive Polymer Nanomaterials in Combination with Radiotherapy

Radiotherapy is the most effective method to treat malignant brain tumors, but it is a challenge to ensure minimum damage to the surrounding normal tissue, while providing the best therapeutic dose to the tumor tissue (158). Therefore, one of the basic treatments for glioblastoma is radiotherapy combined with radiosensitizers. Shirvalilou et al. (159) used 5-iodo-2-deoxyuridine (IUdR) as a radiosensitizer for glioblastoma and magnetic graphene oxide NPs coated with PLGA polymer as drug carriers for IUdR (MNPs). The results of in vivo and in vitro experiments showed that MNPs not only prolonged the circulation time in vivo but also targeted glioma through an external magnetic field after intravenous injection. Moreover, the experiment results illustrated a higher IUdR release rate at pH 5.6 than at pH 7.4, where 82% and 56% of the IUdR was released within 24<n,bsp/>h respectively. The drug release rate was significantly increased when the NPs reached the tumor site due to the degradation of PLGA polymers as a result of charge transfer under acidic pH conditions, revealing the controlled drug release abilities of the MNPs in the acidic environment of the tumor. Under high voltage X-ray irradiation, compared with the control group, IUdR/MNPs showed a stronger radiation sensitization effect and increased apoptosis induced by radiation, which improved the therapeutic effect.



4.1.3 Application of pH-Responsive Polymer Nanomaterials in Combination with Immunotherapy

Compared with chemotherapy, immunotherapy has more advantages in terms of avoiding toxicity and side effects, inhibiting tumor metastasis, and preventing tumor recurrence; it is recognized as the next generation of tumor therapy (160, 161). The complement system plays an important role in promoting antigen-specific immune responses (162). Polymers carrying nucleophilic groups, such as hydroxyl or amino groups, can activate the complement system, resulting in the maturation of dendritic cells and induction of enhanced immune responses (163–165). Li et al. (166) prepared a multifunctional pH-responsive micelle vaccine platform (COOH-NPs) based on a carboxyl-modified deblock copolymer of poly(2-ethyl-2-oxazoline)–poly(D, L-lactide) (COOH-PEOz-PLA). After injection, the vaccine showed good targeting, and the tertiary amine groups in the PEOz backbone became protonated under acidic conditions, imparting the micelle payloads with endosomal escape via the “proton sponge” effect (167, 168). Compared with the control group, the nano-vaccine exhibited good laminin targeting, antigen presentation ability of cytotoxic T lymphocyte immune response, and complement activation to promote dendritic cell maturation, which significantly inhibited tumor growth and prolonged survival time.



4.1.4 Application of pH-Responsive Polymer Nanomaterials in Combination with Gene Therapy

Traditional gene therapy generally adopts the method of enhancing host anticancer immunity, antagonizing antioncogenes, expressing suicide genes, or gene modification combined with high-dose chemotherapy. While achieving certain curative effects, it also has some disadvantages, such as low gene vector introduction efficiency and poor accuracy and controllability of foreign gene expression in vivo. With the development of genomics and genetic engineering research, recent new technologies, such as targeted gene-viro-therapy (169), RNAi technology (170), and microRNA (171), provide new bases or evidence for the accurate treatment of cancer. In gene therapy, hyperbranched PEI-25k and its derivatives have been widely developed and applied, owing to its high density of positive charges, which can bind closely to DNA and promote its escape from endosomes (172, 173). Chen et al. (174) synthesized a novel pH-responsive polymer shielding system (PAMT) via click reaction between poly(γ-allyl-L-glutamate) and thioglycolic acid or 2-(Boc-amino) ethanethiol. PAMT was electrostatically attached to the surface of the positively charged PEI/pDNA complex to form a ternary complex. When the pH in the external environment decreased from 7.4 to 6.8, the PAMT released gene therapy drugs through rapid charge conversion. The in vivo anti-tumor experiment showed that the transfection efficiency of the PAMT/PEI/shVEGF group was higher and the inhibitory effect on tumor growth was more obvious, compared to the control group.



4.1.5 Application of pH-Responsive Polymer Nanomaterials in Combination with Photodynamic Therapy

In recent years, photodynamic therapy (PDT) has been widely used in tumor therapy. Earlier, Kelly et al. (175) successfully used hematoporphyrin derivatives as photosensitizers in the treatment of bladder cancer, creating a precedent for the application of PDT on tumors. The traditional DDSs relying on photosensitizers have limited application for the PDT of tumors, owing to their poor pharmacokinetics (176, 177) and long-term biological safety issues (176–178). For example, MoS2 DDSs, the biotoxicity of which is caused by quantum size effects and surface effects, may have adverse effects on the human reproductive system (178). Previous studies have shown that nanomaterial drug carriers have a higher uptake rate of tumor cells and fewer side effects (177), and the specific response of drugs to the tumor can be further enhanced by designing stimulus-responsive nano-drug carriers.

To overcome the shortcomings of the non-specific tumor therapy associated with PDT, Li et al. (179) and He et al. (180) applied nanomaterials with stimulus-response to PDT, which made the therapeutic drugs release specifically at the tumor site, reducing the non-specific phototoxicity of PDT and improving the anti-tumor effect. Ma et al. (181) combined chidamide as a histone deacetylase inhibitor (HADCi) with pH-responsive block polymer folate PEG-b-poly(aspartic acid) (PEG-b-PAsp)-grafted folate (FA-PEG-b-PAsp) to obtain block polymer folate PEG-b-poly(asparaginyl-chidamide) [FA-PEG-b-PAsp-chidamide (FPPC)]. Then the model photosensitizer pyropheophorbide a (Pha) was coated with FPPC and polymer micelles (Pha@FPPC) were formed in PBS. After the uptake of Pha@FPPC by tumor cells through FA-receptor-mediated endocytosis, PAsp changed from hydrophilic to hydrophobic in the lysosome due to the decrease in pH, which led to the directional release of Pha molecules. The results showed that Pha@FPPC had low dark cytotoxicity in vitro and a good therapeutic index, owing to its high dark cytotoxicity:photocytotoxicity ratio. Furthermore, compared with free Pha, Pha@FPPC not only significantly inhibited the growth of the implanted tumor and prolonged the survival time of melanoma-bearing mice, but also remarkably prevented the pulmonary metastasis of mice melanoma through folate-mediated and selective accumulation.



4.1.6 Application of pH-responsive Polymer Nanomaterials in Combination with Photothermal Therapy

Similar to PDT, photothermal therapy (PTT) has become an effective method to treat cancer with high specificity, good anti-tumor effects, controlled drug release, and few side effects (154, 182, 183). As an NIR-absorbing organic photosensitizer, ICG is an amphiphilic tricarbocyanine dye that has been approved by the United States Food and Drug Administration for medical diagnosis and imaging. Although ICG has great potential in PTT applications, it also has many defects (184, 185). To overcome these shortcomings, pH-responsive polymer micelles or NPs have been used to design tumor-targeting ICG delivery methods. Ting et al. (186) co-assembled hybrid polymer NPs (PbCTPNs) comprising hydrophobic PLGA segments, ICG molecules, amphiphilic tocopherol PEG succinate (TPGS), and pH-responsive mPEG-benzoic imine-1-octadecylamine (mPEG-b-C18) segments. PbCTPNs maintained sufficient stability under physiological pH conditions, effectively inhibiting the self-aggregation and leakage of ICG. However, when the pH decreased to 5.5, the unstable imine bond in mPEG-b-C18 was hydrolyzed, which accelerated the release of ICG molecules in combination with near-infrared radiation, significantly killing MCF-7 cells and improving the anticancer efficacy of ICG-mediated PTT.




4.2 Application of pH-Responsive Polymer Nanomaterials in Tumor Synergistic Treatment

Previously, we discussed the application of pH-responsive polymers in tumor monotherapy, such as PDT, PPT, immunotherapy, and gene therapy; although they are still in the early clinical stages, they have shown good efficacy and clinical results. However, studies and clinical experiences have shown that it is difficult for monotherapy to eliminate tumors and control their metastasis; some cell subsets in unevenly distributed tumor tissues are resistant to monotherapy (187, 188). For example, in chemotherapy, long-term use of the same anticancer drug will induce tumor multidrug resistance, resulting in a decline in efficacy (189). Thanks to the rapid development of nanotechnology, we can combine two or more therapies and design multifunctional nano-drug carriers for the targeted delivery of multiple drugs, which can not only improve the curative effects, but can also reduce the side effects caused by high doses of a single therapy and make up for the defects and deficiencies of various other treatments (190, 191).

Photothermal therapeutic agents are also excellent photosensitizers, and the combination of PDT and PTT may have a synergistic effect on phototherapy. Bejjanki et al. (192) studied the efficacy of PTT combined with PDT in treating tumors. They combined ICG, Fe3O4, and palmitoyl ascorbic acid (PA) with pH-responsive PEG-b-PAEMA-PDMA polymers to form nano-drug carriers. The carriers remained stable under physiological pH and the cycle time was prolonged, while drug loading was released via charge conversion and tumor cell uptake was promoted in the acidic tumor environment. The results of in vivo and in vitro tumor cell experiments showed that the nano-drug carrier showed a synergistic PDT/PTT effect, had a high apoptosis rate, and significantly inhibited tumor growth.

Compared with photodynamic therapy, chemodynamic therapy is a new treatment strategy (193). It can kill tumor cells by converting overexpressed hydrogen peroxide into highly toxic hydroxyl free radicals through Fenton and Fenton-like reactions. It has a high tumor selectivity (194, 195). Wang et al. (196) reported a pH and ROS dual-response nano-drug (PtkDOX-NM), which accumulates in the tumor site through the enhanced permeability and retention effect. In the acidic endosomal environment, the poly(2-[diisopropylamino] ethylmethacrylate) segment of the drug changes from hydrophobic to hydrophilic, resulting in β-lapachone (Lap) dissociation and rapid release. The Lap promoted the production of hydrogen peroxide, and a Fenton reaction occurred in the presence of iron ions, which significantly increased the ROS content in the tumor environment, thus promoting the effective cascade release of antineoplastic drugs in response to ROS and enhancing the curative effect through the combination of chemodynamic therapy and chemotherapy.

To verify the synergistic effect between chemotherapy and PDT therapy, Li et al. (197) combined anti-tumor drug GNA002-mediated chemotherapy with PDT therapy through an NDDS, which improved the efficacy of anticancer therapy. They used 5-(4-carboxyphenyl)-10,15,20-triphenylporphyrin as the photosensitizer and GNA002 as the hydrophobic core and cyclic RGD peptide (cRGD)-modified PEG (cRGD-PEG) connected to cell-penetrating peptide hexa-arginine (R6) through an unstable hydrazone bond as a hydrophilic shell to synthesize a nucleus-targeted pH cascade-responsive micelle nano-platform (Figure 6). The NPs were accumulated at the tumor site, and then actively internalized into tumor cells through the cRGD ligands. In cells, when the NPs were swallowed by lysosomes, the hydrazone bond was hydrolyzed and the shell fell off due to the change in pH. Then nucleus-targeted drug delivery mediated by R6 was treated with chemotherapy and PDT under laser irradiation.




Figure 6 | Schematic illustration of a pH cascade-responsive nucleus-targeted nanoplatform for synergistic chemo-photodynamic therapy (197).



In addition, Tang et al. (198) studied whether there was a synergistic effect between chemotherapy and PTT. They designed a biosensor with a MOF coated with multifunctional polydopamine (PDA) for the detection of miRNA-122 with Zn2+-triggered aggregation-induced enhancement (AIE) and synergistic chemotherapy/PTT. They used ZIF-8 NPs as DOX carriers and modified them with polydopamine to improve the pH response and biocompatibility of the nano-drug carriers. When the nano-drug carrier reached the tumor site, the acidic environment led to a change in the carrier structure and accelerated the release of Zn2+ and DOX. The experimental results not only showed that the nano-drug carrier accurately detected miRNA-122, but also verified the synergistic effect of chemotherapy and PTT on tumor therapy.

To solve the multidrug resistance of chemotherapeutic drugs, the combination of chemotherapy and other therapeutic methods for treating tumors has been widely studied and explored. For instance, Wang et al. (199) studied whether there was a synergy between chemotherapy and tumor immunotherapy. They employed a unique cationic switchable lipid as a pH-responsive drug carrier, which encapsulated the anti-tumor drug sorafenib and was loaded with anti-miRNA27a-loaded anti-GPC3 antibody to form targeted lipid NPs (G-S27LN), enabling targeted release the sorafenib and antibodies in the acidic environment of the tumor. Compared to the control group, the survival rate of tumor cells decreased significantly, and the proportion of apoptotic cells was remarkably higher than that in the control group, showing a synergistic therapeutic effect.




5 Conclusion and Outlook

pH-responsive polymer nanomaterials can stably carry anti-tumor drugs through the body and release them into tumors through acid-unstable bond fracture or charge conversion for certain targeted therapeutic effects. Compared with conventional tumor chemotherapy, treatment with pH-responsive polymer nanomaterials exhibits improved therapeutic efficiency with minimal invasiveness to the host organism, which highlights its great potential in clinical trials or preclinical studies. Despite the notable progress made in the field of pH-responsive polymer nanomaterials, there are many critical issues that remain to be solved for better clinical application. Therefore, the potential focuses and challenges of pH-responsive polymer nanomaterials have been discussed below.

(1) Few pH-responsive polymer nanomaterials are currently available for clinical use, owing to the enhanced permeability and retention effect, as well as other delivery difficulties (200–204). These polymer nanomaterials are delivered through five stages in tumor therapy: being injected intravenously into the bloodstream, accumulating specifically around the tumor tissue, entering into the solid tumor, cellular internalization, and “CAPIR”, i.e., “circulation, accumulation, penetration, internalization, drug release.” In the current research stage, it is impossible to consider these five stages, and it is still impossible to achieve the complete treatment of tumors (205–207). This must be the main focus of future research.

(2) Further research is needed to achieve the precise targeting of pH-responsive polymer nanomaterials, to realize an accurate combination of pH-response stimuli and other response stimuli, to optimize pH-responsive stimulation as a tumor therapy, as well as to realize the multifunctional platform function of pH-response stimulation for tumor treatment.

(3) There are some crucial issues associated with pH-responsive polymer nanomaterials, especially those containing synthetic drugs or their derivatives, including manufacturing technique problems, safe application problems, tumor treatment evaluation criteria accuracy problems, and institutional problems, which should be resolved as soon as possible to favor the successful clinical application of treatments after fundamental research is completed. More attention should be paid to establishing the entire standard treatment process, systematic evaluation, and long-term observation.

(4) Finally, the acute short-term toxicity and chronic long-term toxicity of pH-responsive polymer nanomaterials must be considered for the biological safety of clinical application in the future. These nanomaterials should be deeply studied to meet safety standards. At present, some suggested polymer nanomaterials are poisonous to the cells, causing side effects and other disease complications. For example, as mentioned earlier, the polymer nanomaterials containing hydrazone bonds may produce cationic polymer residues after hydrolysis in vivo, which are toxic to normal human tissues to some extent. Accordingly, new pH-responsive polymer nanomaterials, which are biodegradable and harmless to the body, should be developed to avoid such side effects. Sustainable materials, such as CO2 copolymers, should be further studied, with focus on ensuring that these materials undergo degradation through the Krebs cycle, metabolize into CO2 and water, and be excreted in a harmless manner via exhalation and through the action of kidneys.

In conclusion, pH-responsive polymer nanomaterials possess great potential for tumor therapy, and we believe that their beneficial effects will be recognized on a greater scale with the development of new technology and ongoing research.
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Tumor hypoxic microenvironment can reduce the therapeutic effects of chemotherapy, radiotherapy, photodynamic therapy, immunotherapy, etc. It is also a potential source of tumor recurrence and metastasis. A biomimetic nanosystem based on zeolitic imidazolate framework 8 (ZIF8), which had multifunctions of hypoxia relief, chemotherapy, and photothermal therapy, was established to improve tumor hypoxic microenvironment and overcome the corresponding therapeutic resistance. ZIF8 enveloped with DOX and CuS nanoparticles (DC@ZIF8) was synthesized by a sedimentation method. Red blood cell membrane and catalase (CAT) were coated onto DC@ZIF8 and biomimetic nanosystem (DC@ZIF8-MEMC) was formed. The designed DC@ZIF8-MEMC had a shape of polyhedron with an average particle size around 254 nm. The loading content of DOX, CAT, and CuS was 4.9%, 6.2%, and 2.5%, separately. The release of DOX from DC@ZIF8-MEMC was pH dependent and significantly faster at pH 5 due to the degradation of ZIF8. DC@ZIF8-MEMC exhibited outstanding photothermal conversion properties and excellent antitumor effect in vitro and in vivo. Moreover, the hypoxia relief by CAT was proved to have good sensitization effect on chemo-photothermal combined therapy. DC@ZIF8-MEMC is a prospective nanosystem, which can realize great chemo-photothermal synergistic antitumor effect under the sensitization of CAT. The biomimetic multifunctional nanoplatform provides a potential strategy of chemo-photothermal synergistic antitumor effect under the sensitization of CAT.
Keywords: biomimetic, ZIF8, photothermal therapy, chemotherapy, hypoxia relief
INTRODUCTION
Cancer has become one of the major diseases threatening human health and life (Li D. et al., 2021). The conventional clinical methods, such as chemotherapy (CT), surgery, radiation therapy, have made remarkable achievement in the treatment of cancer. However, therapeutic outcomes are unsatisfactory, and patient compliance is poor, resulting from far-reaching side effects (Li et al., 2019). Researchers have devoted to develop new approaches, such as photothermal therapy (PTT), photodynamic therapy (PDT), chemodynamic therapy (CDT), immunotherapy, gene therapy, and molecular targeted therapy.
As one of the rising “green” cancer treatment methods, PTT based on photothermal agents converts energy from near infrared (NIR) light into heat, leading to overheating of the surrounding environment and inducing cancer cell death (Chen et al., 2019; Jiang et al., 2019). Photothermal agents, such as gold nanorods (He et al., 2021), carbon nanorods (Zhao et al., 2021), palladium nanorods (Tang et al., 2014), semiconducting polymer nanoparticles (Zhen et al., 2018), NIR dyes (Yue et al., 2013; Zhao et al., 2014), polydopamine (PDA) (Ding et al., 2016), and copper sulfide (CuS) (Jang et al., 2018; Shi et al., 2018; Li J. et al., 2021) have been reported as having good photothermal effect. However, PTT may lead to uneven heat distribution and subsequent sublethal thermal dose in the treatment area (Jiang et al., 2019; Zhang L. et al., 2019). Moreover, utilizing PTT alone to treat tumor is suboptimal and unreliable. Generally, co-delivery of chemotherapeutic drug and photothermal agent simultaneously exerts two benefits to improve antitumor efficacy. As is well known, a combination therapy of CT and PTT based on nanomaterials exhibits significant advantages over monotherapy for anticancer treatment and usually generates synergistic therapeutic efficacies with minimal side effects (Liu et al., 2011; Li et al., 2018; Li et al., 2019).
CT based on nanocarrier to deliver a chemical drug is effective. As a new kind of porous material, ZIF8 is built from zinc ions and 2-methylimidazolate, which are components of physiological systems (Zhuang et al., 2014). It possesses unique merits including significantly high microporosity, excellent structural regularity, adjustable surface functionality, and intrinsic pH-induced biodegradability (Sun et al., 2012; Liu H et al., 2021). In addition, it is prone to decompose under acidic conditions (pH 5.0–6.0), which is helpful to the pH-controlled delivery and release of the loaded payloads (Park et al., 2006; Lian et al., 2017; Gao et al., 2019). A theranostic nanoplatform based on ZIF8 encapsulated Pd nanosheets and DOX (DOX/Pd@ZIF8@PDA) showed photoacoustic (PA) imaging-guided synergetic photo-chemo cancer therapy (Zhu et al., 2019). A drug delivery nanoplatform based on ZIFs (PDA-PCM@ZIF8/DOX) exhibited drug release as high as 78% under the dual stimulus of NIR and acid environment (Wu et al., 2018).
Moreover, hypoxia is a unique feature of tumor microenvironment due to rapid cell proliferation and abnormal vascular structure (Vaupel and Mayer, 2016; Graham and Unger, 2018). Numerous studies have demonstrated that tumoral hypoxia can activate the overexpression of P-glycoproteins (P-gp), which markedly reduced the effect of CT (Samanta et al., 2014.). Hypoxia also induces tumor gene mutations and subsequent proteomic changes, ultimately impeding the clinical therapeutic effect of cancer therapy (Jing et al., 2019). Additionally, cancerous cells produced excessive amounts of hydrogen peroxide (H2O2) in tumor regions, resulting in oxide stress (Szatrowski and Nathan, 1991; Song et al., 2016). Using H2O2-responsive enzyme is an intriguing strategy to overcome tumor hypoxia (Szatrowski and Nathan, 1991; Chen et al., 2014; Zhang et al., 2017; Zou et al., 2018; Yin et al., 2020). CAT, an enzyme, is capable of catalyzing H2O2 to oxygen (O2) efficiently, leading to tumor hypoxia relief (Liu et al., 2019; Yin et al., 2020).
Herein, we developed ZIF8 NPs to load CuS NPs and DOX·HCl, then camouflaged with bionic surface material, red cell membrane (MEM) combined with CAT, to construct a biomimetic nanosystem with multifunctions of chemotherapy, hyperthermia treatment, and hypoxia relief (Figure 1).
[image: Figure 1]FIGURE 1 | Schematic illustration for the formation of DC@ZIF8-MEMC nanoplatform.
MATERIALS
Reagents
Copper (II) chloride dihydrate (CuCl2·2H2O, analytical grade), sodium citrate dihydrate (Na3C6H5O7·2H2O, analytical grade), sodium sulfide nonahydrate (Na2S·9H2O, analytical grade), and polyvinylpyrrolidone K30 (PVP K30, analytical grade) were obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Zinc acetate dihydrate [Zn (CH3CO2) · 2H2O, 98%], 2-methylimidazole (98%), catalase (CAT) were purchased from Aladdin Chemistry Co., Ltd. (Shanghai, China). Tris (4,7-diphenyl-1,10-phenanthroline)-ruthenium (II) dichloride [Ru (dpp)3Cl2, 98%] was obtained from Rhawn Reagent Co., Ltd. (Shanghai, China). Doxorubicin hydrochloride (DOX·HCl, 98%) was supplied from Aladdin Chemistry Co., Ltd. (Shanghai, China). BCA Protein Assay Kit, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazoliumbromide (MTT, 98%) and hoechst 33258 were obtained from Beyotime Biotechnology Co., Ltd. (Shanghai, China). Cell Viability/Cytotoxicity Detec (Calcein AM/PI) was obtained from Yuanye Bio-Technology Co., Ltd (Shanghai, China).
Cells
Mouse breast cancer cells (4T1) and leukemia cells in mouse macrophage (RAW264.7) were obtained from the Chinese Academy of Sciences (Shanghai, China). The 4T1 cells were incubated with DMEM/f12 medium containing 10% FBS, 1% streptomycin (50 U·mL−1), and penicillin (50 U·mL−1) in a 5% CO2 atmosphere at 37°C. The RAW264.7 cells were cultured in DMEM medium supplemented with 10% FBS, 1% streptomycin (50 U·mL−1), and penicillin (50 U·mL−1) in a 5% CO2 atmosphere at 37°C.
Animals
BALB/c female mice (20 ± 2 g) were purchased from the Laboratory Animal Center of Xuzhou Medical University (Xuzhou, China), and maintained in a sterile environment, and allowed free access to food and water, and all experiment procedures were approved by the Experimental Animal Ethics Committee of Xuzhou Medical University and carried out by the guidelines of the National Act on the Use of Experimental Animals (People’s Republic of China).
METHODS
Preparation of DC@ZIF8-MEMC
Preparation of CuS NPs
CuCl2·2H2O (0.4 mM) and Na3C6H5O7·2H2O (0.27 mM) were dissolved in 180 ml of deionized water, and then 20 ml of Na2S·9H2O (0.4 mM) aqueous solution was added to the mixed solution. After stirring for 5 min at room temperature, the mixed solution was stirred for 15 min at 90°C, until dark green was obtained. The synthesized product was centrifuged and then washed with deionized water three times yielding CuS NPs.
Preparation of DC@ZIF8
2-Methylimidazole (460 mg) and PVP K30 (25 mg) were dissolved in 10 ml of CuS aqueous solution (2 mM), 1 ml of zinc acetate methanol solution (0.56 mM) was added and stirred for 10 min, centrifuged, dried under vacuum to obtain CuS NPs-loaded ZIF8 NPs (C@ZIF8). DOX·HCl (1 mg) was mixed with 12 mg C@ZIF8, dissolved in distilled water, and stirred for 10 min, centrifuged, and washed to collect DC@ZIF8.
Extraction of Red Blood Cell Membrane
Red blood cell (RBC) membranes were obtained according to a reported method with modification (Piao et al., 2014). Fresh whole blood from male ICR mice (20–22 g) was collected with heparinized tubes, followed by centrifugation for 10 min with 4,000 rpm at 4°C to remove the plasma and the leukocytes. The collected red blood cells (RBCs) were washed with 1× PBS, suspended with 0.25× PBS for 30 min at 4°C, and then centrifuged at 10,000 rpm for 10 min. The resulting light-pink pellet was purified with 1× PBS, which yielded RBC membrane (Piao et al., 2014).
Preparation of DC@ZIF8-MEMC
The above prepared DC@ZIF8 and CAT were dispersed in 10 ml of RBC membrane solution and then ultrasonicated with ice bath for 6 min. The precipitation of DC@ZIF8-MEMC was collected by washing and centrifugation, and placed at 4°C for later use. DC@ZIF8-MEM was prepared by the same method above except for the absence of CAT.
Characterization
Morphology, Size, and Zeta Potential
The particle size and zeta potential were determined by dynamic light scattering (DLS) method using a NicompTM 380 ZLS zeta potential/size analyzer (Particle Sizing Systems, Santa Banta, CA, USA) at 25°C. The morphologies of the NPs were observed using transmission electron microscopy (TEM) (FEI Tecnai G2 Spirit Twin, Holland).
Load Efficiency
The loading content (LC) was calculated using the following formula: LC = weight of loaded drug/weight of NPs*100%. DOX·HCl was quantitatively analyzed using fluorescence spectrum (excitation wavelength = 488 nm, emission wavelength = 560 nm). The quantification of CAT was determined by ultraviolet spectrophotometer based on ammonium molybdate colorimetric method. The NPs were digested by nitric acid, and Cu2+ content was detected by an inductively coupled plasma spectrometer (PQ9000, German), and then the LC of CuS was analyzed.
Spectra Analysis
Infrared spectra and ultraviolet (UV)-visible (UV-vis) spectra were obtained by using a Fourier transform infrared spectrometer (FTIR, BRUKER) and an Evolution 220 UV-Visible Spectrophotometer (Mapada Instruments, Shanghai), respectively.
Drug release in vitro
The release study was assessed by the dialysis method. The release media was PBS solutions with different pH values (5.0, 6.5, and 7.4). Briefly, 5 ml of DOX·HCl-loaded NPs was placed in a dialysis bag (MWCO 8,000–14,000) and dialyzed against 45 ml of buffer medium under mechanical shaking (100 rpm) at 37°C. At predesigned time, 5 ml of release medium was withdrawn and replenished with an equal volume of fresh medium. The released DOX·HCl was detected by Fluorescence spectrum.
pH Sensitivity
DC@ZIF8-MEMC was incubated with 10 mM PBS (pH 7.4 or pH 5.0) at 37°C for 8 h, and the morphology or size was detected.
Stability
DC@ZIF8-MEMC was suspended in PBS (pH 7.4, 10 mM) or 10% fetal bovine serum (FBS), and measurements were performed in triplicate at different intervals.
Photothermal Activity in vitro
The photothermal conversion capability of DC@ZIF8-MEMC was investigated. Various concentrations of DC@ZIF8-MEMC (0, 60, 125, 250 μg·mL−1) were dispersed in 1 ml of deionized water and irradiated by 808 nm NIR laser at 2 W·cm−2 for 5 min. The temperature of each sample was monitored by a FLIR imaging instrument.
DC@ZIF8-MEMC (250 μg·mL−1) was dispersed in 1 ml of deionized water and irradiated by 808 nm NIR laser at different power densities (0.5, 1.0, 1.5, 2 W·cm−2) for 5 min. The temperature of each sample was monitored by a FLIR imaging instrument.
To evaluate the photothermal stability of NPs, 1 ml of DC@ZIF8-MEMC was irradiated by 808 nm laser (2 W·cm−2) for four laser ON/OFF cycles. The photothermal conversion efficiency (η) of DC@ZIF8-MEMC was calculated as follows according to a previously reported method (Zhang X. et al., 2019):
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where h represents heat-transfer coefficient, S represents the irradiated area, Tmax represents the equilibrium temperature, Tsurr is ambient temperature of the surrounding, Qdis is the heat associated with the light absorbance of the solvent, I is the power density of the laser (2 W·cm−2), and A808 is the absorption value of the material at 808 nm (Zhang X. et al., 2019). Photothermal conversion of DC@ZIF8 was performed the same above.
O2 Generation in vitro
The fluorescence of O2-sensitive fluorescent probe Tris (4,7-diphenyl-1,10-phenanthroline) ruthenium (II) dichloride [Ru (DPP)3Cl2] will be quenched to a certain extent when O2 concentration is sufficient. H2O2 solution (10 mM), Ru (DPP)3Cl2 solution (1 mM), and DC@ZIF8-MEMC (125 μg·mL−1) were mixed and sealed. The emission spectra were scanned at a predetermined time (0, 10, 20, 30, 45, 60 min).
Additionally, the portable dissolved oxygen meter was used to measure the in situ O2 generation. Free CAT, DC@ZIF8-MEMC, DC@ZIF8-MEM, and PBS were mixed with H2O2 solution (10 mM), and the O2 production was dynamically detected by the portable dissolved oxygen meter (JPBJ-609L, INESA Scientific Instrument Co., Ltd., China) every 30 s for 600 s.
Catalase activity
Catalase activity was evaluated by the Goth method (Goth, 1991). Free CAT, DC@ZIF8-MEMC [(CAT) = 2.5 μg·mL−1] and DC@ZIF8-MEM were incubated with H2O2 solution (50 mM) at 37°C, then ammonium molybdate was added to terminate the reaction, and the absorbance was determined at 400 nm according to a standard curve of H2O2. CAT was reliable to degrade by the protease K under complicated physiological conditions (Phua et al., 2019). Free CAT and DC@ZIF8-MEMC was incubated with protease K (100 μg·mL−1) at 37°C, and then the absorbance was determined according to the method above.
Cell Experiments
Cellular Uptake
4T1 cells were seeded at a density of 2 × 104 cells/well in 48-well plates and treated with samples (DOX·HCl, DC@ZIF8, DC@ZIF8-MEMC) at an equivalent DOX·HCl concentration of 1 μg·mL−1, respectively. After incubation for 4 h, the cells were washed by PBS, and then the cell nuclei were stained with Hoechst 33258 for 10 min. Afterward, the cells were observed under an inverted fluorescence microscopy.
The cellular uptake was quantified using a microplate reader following the procedure (Win and Feng, 2005). 4T1 cells were seeded in 96-well plates at a density of 1 × 104 cells/well. After cell attachment, fresh media containing different formulations [(DOX·HCl) = 1 μg·mL−1] were added and incubated for 4 h. After washing with PBS, the cells were treated with 0.5% of TritonX-100 solution for 30 min. Fluorescence intensity of cell lysates (Ex = 480 nm, Em = 595 nm) was determined by a fluorescence microplate. Uptake efficiency (%) = Wsample/Wtotal *100%
Cytotoxicity in vitro
The in vitro cytotoxicity was evaluated by using MTT assay. 4T1 cells pre-seeded at a density of 1 × 104 cells/well in 96-well plates were incubated with different samples at gradient concentrations for 24 h. For NIR irradiation treatment, cells were irradiated by 808 nm for 3 min (2 W·cm−2) after 6 h of incubation and then incubated for further 18 h. Then 20 μl of MTT was added and incubated for another 4 h. Subsequently, all of the solutions were replaced with 150 µl dimethyl sulfoxide (DMSO). The absorbance was determined by using a microplate reader at 490 nm. The untreated cells in medium were regarded as control. The cell viabilities (%) were calculated according to the reported literature (Zou et al., 2018).
4T1 cells seeded at a density of 1 × 104 cells/well in 96-well plates and incubated at different samples with hypoxic incubator (1% O2) for 24 h. Then 10 µM H2O2 was added, and the cell viabilities were calculated the same as above.
Calcein AM/PI double staining kit was performed to evaluate live/dead cells (Liu et al., 2019). The 4T1 cells were seeded at a density of 1 × 104 cells/well in 96-well plates and cultured overnight. The media were replaced with DOX·HCl, DC@ZIF8-MEMC [(DOX·HCl)] = 3.5 μg·mL−1], and incubated for 24 h. For the laser group, the cells were irradiated by 808 nm NIR (2 W·cm−2) for 3 min after 8 h of incubation, and then continued for 16 h of incubation. Calcein-AM (2 μM) and PI (4.5 μM) were added and incubated for 30 min. The cells were washed with PBS and observed under an inverted fluorescence microscope.
Intracellular Location
4T1 cells were inoculated and incubated overnight at a density of 1 × 105 cells/dish in laser confocal Petri dishes. Fresh medium containing DC@ZIF8-MEMC [(DOX·HCl) = 1 μg·mL−1] was added and incubated for 0.5, 2, 6 h, respectively. The samples were washed with PBS and then stained with Lysotracker for 20 min and Heochst-33258 for 10 min. Intracellular location was observed by confocal laser microscopy (CLMS) and analyzed by ImageJ software (Zhu et al., 2018).
Immune Evasion
RAW 264.7 cells were selected as a macrophage model to demonstrate that the composite vector coated by blood cells can reduce the probability of being phagocytosed by macrophages. RAW 264.7 cells were seeded at density of 1 × 104 cells/well in 96-well plates and incubated overnight. Different samples (DOX·HCl, DC@ZIF8, and DC@ZIF8-MEMC, with DOX·HCl concentration 1 μg·mL−1) were added, and incubated for 4 h. The medium was discarded, and Heochst-33258 was used as a stain for 10 min. Cell uptake was observed by inverted fluorescence microscopy. The quantitative uptake was investigated similarly as described above.
Intracellular Oxygen Determination
4T1 cells were seeded at a density of 4 × 104 cells/well into 24-well plates, and 10 µM H2O2 was added for 2 h with a hypoxic incubator. Different samples were added and incubated for 4 h. Ru (DPP)3Cl2 (0.5 µM) was added for 1 h and observed by an inverted fluorescence microscopy.
Tumor Inhibition Effect in vivo
The animal model was built by subcutaneous injection with 100 µl of 4T1 cells (1 × 106 cells) in the right hind limb of female BALB/c mice. The tumor-bearing mice were randomly divided into seven groups (each group had five mice with similar tumor volume about 200 ± 20 mm3): 1) PBS group, 2) DOX·HCl group, 3) C@ZIF8-MEM group; 4) D@ZIF8-MEM group; 5) DC@ZIF8-MEM + NIR group; 6) DC@ZIF8-MEMC group; 7) DC@ZIF8-MEMC + NIR group. The mice were treated with PBS (group 1), NPs (groups 2 to 7, with a dosage of DOX·HCl 5 mg·kg−1) via tail vein injection at day 0, 3, 6, and 9 for an overall of four times. For the NIR groups, the mice were treated with NIR 808 nm irradiation (2 W·cm−2) at the tumor site for 5 min after 8 h post-injection. Tumor volume was calculated by the formula (a × b2)/2, where a and b are the long and short diameters of the tumor, respectively, which were measured every other day by a vernier caliper (Wu et al., 2018).
On day 14, the mice were sacrificed, and major organs, including the heart, liver, spleen, lungs, kidneys, and tumor were collected for pathological evaluation.
Photothermal Effect in vivo
The tumor-bearing mice were tail vein injected with PBS, DC@ZIF8, DC@ZIF8-MEM, and DC@ZIF8-MEMC. After an 8 h-injection, the mice were anesthetized with 40 μl of 10% chloral hydrate by intraperitoneal injection. The tumor site of the mice was irradiated by 808 nm of NIR (2 W·cm−2) for 5 min. Simultaneously, the photothermal imaging of the tumor site was recorded by the near-infrared imager. The temperature change in the tumor site with time was observed, and the temperature curve was plotted.
Hemolysis Assay
The hemocompatibility was evaluated by hemolysis assay (Yang et al., 2019). First, fresh blood extracted from rabbit heart was centrifuged at 3,000 rpm for 15 min and purified with normal saline (NS) to obtain erythrocytes. DC@ZIF8-MEMC with various concentrations were mixed with the 2% erythrocytes (v/v) and incubated for 3 h. Afterward, the mixtures were centrifuged at 3,500 rpm for 15 min, and the absorbance (A) of the sample supernatant at 540 nm was measured by UV-vis spectrophotometer. PBS (0.01 M, pH 7.4) and deionized water were regarded as the negative and positive controls, respectively. The hemolysis ratio (HR) was calculated as follows: HR (%) = (Asample − Anegative control)/(Apositive control − Anegative control) * 100%.
Statistical Analysis
The data were expressed as the mean ± standard deviation (SD). Statistical analysis was performed using a two-tailed Student’s t-test and analysis of variance (ANOVA) with the software SPSS 23.0. All analyses were shown compared with the control, and the significance of the difference was indicated as *p < 0.05, **p < 0.01, or ***p < 0.001.
RESULTS AND DISCUSSION
Synthesis and Characterization
CuS NPs appeared dark green (Supplementary Figure S1). Both DC@ZIF8 and DC@ZIF8-MEMC showed purplish red due to the loaded DOX·HCl (Supplementary Figure S1). CuS NPs were spherical, while DC@ZIF8 was polyhedral due to the frame of ZIF8 by TEM (Supplementary Figure S2). After coating with MEM-embedded CAT, DC@ZIF8-MEMC maintained a polyhedral structure by TEM (Figure 2A). The size of CuS NPs was only 7 nm, and C@ZIF8 increased to 230 nm due to the framework of ZIF8 (Figure 2B). After drug loading, the size of DC@ZIF8 was 232 nm, and the size of DC@ZIF8-MEMC increased to 254 nm for the coating of cell membrane (Figure 2B). Both C@ZIF8 and DC@ZIF8 were positive zeta potential (Figure 2C). However, the zeta potential of DC@ZIF8-MEMC reversed to be negative (−9.3 mV), demonstrating a successful membrane coating (Figure 2C). DOX·HCl was quantitatively analyzed by fluorescence spectrum (Supplementary Figure S3). The CAT was quantitatively analyzed by ultraviolet spectrophotometer (Supplementary Figure S4). The LC of DOX, CAT, and CuS was 4.9%, 6.2%, and 2.5%, separately. Moreover, DC@ZIF8-MEMC exhibit good colloidal stability in both PBS and 10% FBS, as indicated by the negligible increase in hydrodynamic diameter (Supplementary Figure S5).
[image: Figure 2]FIGURE 2 | Representative transmission electron microscopy (TEM) image of DC@ZIF8-MEMC (scale bar = 100 nm) (A). Size of preparations (B). Zeta potential of preparations (C). Ultraviolet (UV)-visible (UV-Vis) analysis (D). Fourier transform infrared (FTIR) analysis (E). DOX·HCl release profiles from DC@ZIF8-MEMC under PBS at pH values of 5.0, 6.5, and 7.4 (F). Size and TEM image (inserted) of DC@ZIF8-MEMC with PBS (pH 5.0) for 8 h; scale bar = 100 nm (G). Size and TEM image (inserted) of DC@ZIF8-MEMC with PBS (pH 7.4) for 8 h; scale bar = 100 nm (H).
UV-Vis analysis showed that DC@ZIF8-MEMC, DC@ZIF8, and CuS NPs all had a very wide absorption band in the near infrared region from 800 to 1,100 nm. Therefore, a near-infrared laser of 808 nm can be used as a heat source for photothermal effect. DC@ZIF8-MEMC had characteristic absorbance peaks from DOX (480 nm) and CAT (400 nm), confirming the successful loading of these two materials (Figure 2D).
By recording Fourier transform infrared (FTIR) spectra, the prepared DC@ZIF8-MEMC was further characterized. As depicted in Figure 2E, DC@ZIF8-MEMC exhibited a characteristic peak of 1,700 cm−1, which was the C=O stretching vibration of sodium citrate in CuS NPS, and a –CH stretching vibration peak at 2,800 cm−1, which was consistent with the characteristic peak of DOX·HCl. DC@ZIF8-MEMC had a characteristic peak of 3,500–3,700 cm−1, which was abundant –OH peaks on the surface of CAT and heterozygous membrane. The results of FTIR spectrum analysis and UV analysis were consistent, which showed that DC@ZIF8-MEMC was successfully constructed.
Drug release in vitro showed pH-dependent manners (Figure 2F). The cumulative release of DOX·HCl in pH 7.4, pH 6.5, and pH 5.0 media at 24 h was 3.1% 11.9%, and 44.7%, respectively. There was little drug release in pH 7.4, indicating that the developed NPs were stable under physiological conditions. Compared with pH 5.0 group, release from pH 5.0 + NIR group was higher, indicating that NIR accelerated the drug release. Interestingly, pH sensitivity of DC@ZIF8-MEMC was evident from Figures 2G, H. When DC@ZIF8-MEMC was in a neutral condition (pH 7.4 PBS), the morphology and size changed little for 8 h (Figure 2H). It degraded under acidic conditions (pH 5.0), and the size increased to 2,000 nm, 10-fold bigger than that of PBS (pH 7.4) (Figure 2G). Under acidic conditions, the release amount of the drug was significantly increased, which may be related to the degradation of the material at lower pH value (Wu et al., 2018). The imidazole groups from ZIF8 were protonated in an acidic environment, and the unstable coordination bonds between zinc ions and imidazole groups became unstable, leading to the disintegration of the skeleton and acceleration of the drug release.
Photothermal Properties
As shown in Figures 3A, B, the temperature rise followed a concentration-dependent manner. The temperature of the water increased by only 2.1°C. At concentrations of 60, 125, 250 μg·mL−1, DC@ZIF8-MEMC increased by 9.5°C, 17.7°C, and 28.4°C, respectively (Figures 3A, B). Furthermore, the temperature increased with power. The temperature increased by 17.4°C when the concentration was 125 μg·mL−1, and the power density of the 808 nm laser was 2.0 W·cm−2 (Figures 3C, D).
[image: Figure 3]FIGURE 3 | Photothermal images of DC@ZIF8-MEMC with various concentrations by FLIR (A). Temperature curves by changing concentration of DC@ZIF8-MEMC with 808 nm near infrared (NIR) at 2 W·cm−2 for 5 min (B). Photothermal images of DC@ZIF8-MEMC with various laser power densities by FLIR (C). Temperature curves of DC@ZIF8-MEMC by changing the laser power density (D). Temperature variations of DC@ZIF8-MEMC by repeating on/off (2 W cm−2) (E). Temperature fitting curve of DC@ZIF8-MEMC (F). The O2-generating behavior of DC@ZIF8-MEMC, DC@ZIF8-MEM, PBS, and free CAT solution in the presence of H2O2. Inset is the corresponding image of these four solutions (G). Fluorescence absorption curves of ruthenium (II) dichloride [Ru (DPP)3Cl2] incubation with DC@ZIF8-MEMC (H). The H2O2 consumption kinetics of free catalase (CAT), DC@ZIF8-MEMC, and DC@ZIF8-MEM at 37°C (I). The relative enzymatic activity of free CAT and DC@ZIF8-MEMC after treating with protease K for different incubation times (J).
Moreover, by measuring the rising/falling temperature, it was found that the photothermal conversion was stable. The photothermal conversion efficiency was calculated to be 51.5%, consistent with a report (Shi et al., 2018), indicating the excellent photothermal performance of DC@ZIF8-MEMC (Figures 3E, F). Intriguingly, the photothermal conversion efficiency of DC@ZIF8 was 54%, similar to that of DC@ZIF8-MEMC, which indicated that there was no influence of membrane coating on photothermal property (Supplementary Figure S6).
O2 Generation in vitro
The in situ O2 production was measured by using a portable dissolved oxygen meter. As seen from Figure 3G, the DC@ZIF8-MEM and PBS groups did not generate any O2, while the DC@ZIF8-MEMC and CAT groups generated time-dependent O2 production due to the activity of CAT. Bubbles were visible in the EP tubes of free CAT and DC@ZIF8-MEMC, while no bubbles were found with DC@ZIF8-MEM and PBS (Figure 3G). As an oxygen-sensitive dye, the fluorescence of Ru (DPP)3Cl2 was quenched when O2 was present in the solution. With the prolonging of reaction time, the fluorescence intensity of Ru (DPP)3Cl2 decreased gradually (Figure 3H). When the reaction time was 30 min, the fluorescence intensity of Ru (DPP)3Cl2 decreased to the lowest.
Catalytic Activity
CAT is an enzyme that catalyzes the decomposition of H2O2 to generate O2. At 2 h, 68% of H2O2 was consumed with 2.5 μg·mL−1 of free CAT, 64% for DC@ZIF8-MEMC with the same CAT concentration, indicating the same catalytic efficiency as that of free CAT (Figure 3I, Supplementary Figure S7). Comparatively, DC@ZIF8-MEM consumed barely H2O2. Thus, the catalytic activity of DC@ZIF8-MEMC indeed was derived from CAT. CAT is unstable under physiological conditions, due to enzymic digestion by protein K. At 12 h, the catalytic activity decreased to 34% for free CAT, while 62% was maintained for DC@ZIF8-MEMC (Figure 3J). DC@ZIF8-MEMC is capable of protecting CAT from degradation, which is useful for CAT delivery to maintain catalytic activity in vivo.
Cellular Uptake
To localize the cells, the cell nuclei were stained blue by Heochst-33258. The traffic of DOX·HCl inside the cells could be visualized by its intrinsic red fluorescence (Figure 4A). The fluorescence intensity of DC@ZIF8-MEMC was stronger than that of other treatment groups, presenting the improved cellular uptake through endocytosis (Figure 4A). The relative fluorescence intensities were quantified, which suggested a higher uptake efficiency of DC@ZIF8-MEMC, consistent with the result of qualitative analysis (Figure 4B, Supplementary Figure S8). It was attributed from MEM coating, which was helpful for accumulation at the tumor sites by passive targeting (Jiang et al., 2017; Ye et al., 2019).
[image: Figure 4]FIGURE 4 | Fluorescence images of mouse breast cancer cells (4T1) incubated with different samples for 4 h, scale bar = 100 µm (A). Cellular uptake efficiency of different samples to 4T1 cells by microplate reader (B). Cytotoxicity of 4T1 cells incubated with different samples at various concentrations for 24 h (C). Labeling of live and dead cells by calcein AM/propidium iodide (PI) for different samples; scale bar = 200 μm (D). Cytotoxicity of 4T1 cells incubated with different samples at various concentrations in hypoxia incubator for 24 h (E). *p < 0.05, **p < 0.01, ***p < 0.001.
Antitumor Activity in vitro
The in vitro tumor ablation was measured by MTT assays. The cell killing efficiency was dose dependent (Figure 4C). When concentration was at 5 μg·mL−1, the cell viability was 59%, 19% for free DOX·HCl, DC@ZIF8-MEMC, respectively. Under laser irradiation, the cell viability of groups treated with DC@ZIF8-MEMC decreased to 11%. DC@ZIF8-MEMC indicated that a combination of CT and PTT as well as CAT was better than monotherapy alone.
As seen in Figure 4E, both DC@ZIF8-MEMC and DC@ZIF8-MEM exhibited dose-dependent cytotoxicity. Under hypoxia condition (1% O2), compared with DC@ZIF8-MEM, the cell viability of DC@ZIF8-MEMC decreased significantly, demonstrating that the O2 produced by CAT could alleviate hypoxia-induced resistance to DOX (12 versus 51% at 0.5 μg·mL−1). These results could explain, to some extent, why the treatment effect of DC@ZIF8-MEMC was much better than DC@ZIF8-MEM in vivo experiment.
In addition, when the concentration of NPs was 120 μg·mL−1, the cell survival rate of C@ZIF8-MEM was 80.0%, and the cell survival rate decreased to 35.0% after NIR (Figure 7A). The results showed photo-responsive cytotoxicity of NPs.
To further evaluate the therapeutic outcome of the NPs, the treated cells were co-stained by calcein-AM and propidium iodide (PI) for live (green) and dead/late apoptotic cells (red), respectively (Liu et al., 2019). Both the control group and NIR group displayed strong green fluorescence (Figure 4D). However, compared with DOX·HCl and DC@ZIF8-MEMC groups, the red fluorescence was predominant for the DC@ZIF8-MEMC + NIR group, displaying a significant number of dead cells, which was in line with the results of cytotoxicity in vitro (Figure 4D).
Intracellular Location
As shown in Figure 5A, there were orange spots that emerged from the red and green channels, an evidence that red fluorescence of the majority of DC@ZIF8-MEMC was in colocalization with green fluorescence (endosomes/lysosomes) at 0.5 h. Over time, the amount of orange spots was weakened, and red color was evenly distributed throughout the cytoplasm, which showed minimal colocalization with the green fluorescence of the endo/lysosomes. The decreased colocalization signal of green and red fluorescence was visualized after 2 h due to the ongoing intracellular transport and rapid endosomal escape. Meaningfully, most of the overlapped signals disappeared after 6 h. The results presented that DC@ZIF8-MEMC entered the lysosome and then escaped into the cytoplasm after uptake into the cell. To semiquantitatively evaluate the capacity of endosomal escape for DC@ZIF8-MEMC, the index of colocalization and line scanning profiles of fluorescent intensity of the selected 4T1 cells were calculated by ImageJ software, as given in Figures 5B, C.
[image: Figure 5]FIGURE 5 | Intracellular distribution fluorescence imaging of DC@ZIF8-MEMC at different times by confocal laser microscopy (CLMS); scale bar = 50 μm (A). Line-scan profiles of DC@ZIF8-MEMC and Lysotracker after 0.5, 2, and 6 h incubation by ImageJ software. The level of the overlapped green line and red line is negatively correlated to endosomal escape of DC@ZIF8-MEMC (B). The index of colocalization of endocytosed DC@ZIF8-MEMC (red) and endosome (green) was calculated by ImageJ software (C). Cellular uptake of different samples incubated with RAW 264.7 cells for 24 h by fluorescent microscope; scale bar = 100 µm (D). Cellular uptake efficiency of different samples to RAW 264.7cells by microplate reader (E). Fluorescence images of 4T1 cells incubated with different samples and then stained with Ru (DPP)3Cl2; scale bar = 50 μm (F). *p < 0.05, **p < 0.01, ***p < 0.001.
These results jointly corroborated the efficient endosomal/lysosomal escape behaviors of DC@ZIF8-MEMC, which was attributed to the ZIF8 frame. Under the lysosome pH (pH 4.5–5.5), the ZIF8 moiety could release the 2-methylimidazole ligand, which initiated the “proton-sponge” effect due to the protonation of imidazole rings and resulted in the rupture of lysosome membrane. (Liu Z et al., 2021). The rapid lysosomal escape capability of DC@ZIF8-MEMC was beneficial to maintain the enzymatic activity of CAT and the therapeutic activity of DOX from lysosome to cytoplasm (Varkouhi et al., 2011).
Immune Evasion
Red fluorescence was strong for DOX·HCl group, while weak it was for DC@ZIF8-MEMC group (Figure 5D). As shown in Figure 5E, the uptake rate of DC@ZIF8-MEMC by RAW 264.7 cells were significantly lower than those of the other two groups, displaying that NPs camouflaged by blood cell membranes could avoid the phagocytosis of immune cells. As natural stealth coating, the cell membrane could alleviate immunogenicity and enhance biocompatibility (Graham and Unger, 2018).
Intracellular Oxygen Determination
Oxygen probe Ru(DPP)3Cl2 was applied for intracellular determination. The fluorescence of Ru(DPP)3Cl2 would be weakened in the presence of abundant O2. As from Figure 5F, compared with the control group, the red fluorescence of C@ZIF8-MEM was strong and predominant, while that of the C@ZIF8-MEMC group was weak and marginal. For C@ZIF8-MEM without embedded CAT, the fluorescence of Ru (DPP)3Cl2 barely changed. However, the fluorescence change was weak due to the O2 generation for the C@ZIF8-MEMC group. Moreover, the fluorescence tended to be weaker with the increase in CAT concentration of C@ZIF8-MEMC. The results verified that the intracellular O2 generation of C@ZIF8-MEMC originated from embedding the CAT.
Antitumor Effect in vivo
The experimentation for the therapeutic model is shown in Figure 6A. The antitumor effect was monitored by measuring the tumor size using a caliper every other day. With PBS or C@ZIF8-MEM treatment, the tumor grew rapidly over time (Figure 6D). Without irradiation, the DC@ZIF8-MEMC showed moderate tumor inhibition due to the CT of DOX·HCl and hypoxic improvement of CAT. Combined with irradiation, the tumor inhibition effect was significantly elevated (Figure 6D). The tumor weight was only 0.12 g for the DC@ZIF8-MEMC + NIR group, while the tumor weights were 1.19, 1.13, 0.57, and 0.57 g for DOX·HCl, DC@ZIF8-MEM, DC@ZIF8-MEM + NIR, and DC@ZIF8-MEMC, respectively (Figure 6E). It could be clearly seen from the photographs of the extracted tumor tissues after treatment that the tumors treated with DC@ZIF8-MEMC plus irradiation were ablated significantly (Figure 6F). Interestingly, compared with the DC@ZIF8-MEM + NIR, the DC@ZIF8-MEMC + NIR group exhibited higher tumor inhibition effect, which may be attributed to amelioration of CAT for tumor hypoxia (Figures 6D–F). The results were consistent with cytotoxicity in vitro. Upon irradiation, DC@ZIF8-MEMC displayed the most effectivity in tumor inhibition, superior to other groups, indicating the advantages of combined cancer therapy. Tumor slices had a large area of necrosis for the DC@ZIF8-MEMC + NIR group, consistent with the therapeutic effect (Figure 6G).
[image: Figure 6]FIGURE 6 | Experimentation for the therapeutic model (A). Photothermal images in vivo (B). Temperature curves with 808 nm NIR at 2 W·cm−2 for 5 min (C). Relative tumor volumes of mice with different treatments (D). Tumor weights of mice after different treatments (E). Representative digital photographs of excised tumor tissues of mice with different treatments (F). H&E-stained images of tumor tissues from mice after different treatments on the 14th day; scale bar = 20 µm (G). All the above data on mice in each group were averagely calculated (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001.
Photothermal Effect in vivo
After continuous irradiation of the tumor site with the 808 nm near-infrared laser (2 W·cm−2) for 5 min, the near-infrared imaging image of the tumor site is shown in Figure 6B. The infrared light intensity of the tumor site for the DC@ZIF8-MEMC group was significantly stronger than that of the other groups. Figure 6C shows the temperature rise curves of each group. The temperature of the DC@ZIF8-MEM group and the DC@ZIF8-MEMC group changed rapidly within 1 min. After 5 min, the temperature of the tumor site increased to 40.1°C, 46.6°C, 52°C, and 55.5°C for PBS, DC@ZIF8, DC@ZIF8-MEM, and DC@ZIF8-MEMC, respectively (Figure 6C). It presented that DC@ZIF8-MEMC played an effective photothermal effect.
Biocompatibility and Safety
The biocompatibility of the NPs was evaluated. The cell viability of C@ZIF8-MEM displayed more than 80%, exhibiting good biocompatibility (Figure 7A, Supplementary Figure S9). The positive control (deionized water) showed obvious hemolysis, with HR as high as 100%. There was no hemolysis found for DC@ZIF8-MEMC and PBS. HR of DC@ZIF8-MEMC was less than 2% at a concentration as high as 300 μg·mL−1 (Figure 7B). Therefore, DC@ZIF8-MEMC was highly biocompatible and could be directly administered by intravenous injection. There was no obvious decrease in body weight for all treatment groups except the DOX·HCl group (Figure 7C). Additionally, no significant histopathology changes were noticed for the main organs such as the heart, liver, spleen, lungs, and kidneys, suggesting invisible short-term toxicity during treatments (Figure 7D). These results demonstrated DC@ZIF8-MEMC as promising for biomedicine application with high bio-safety.
[image: Figure 7]FIGURE 7 | Cell viability of C@ZIF8-MEM to 4T1 cells with and without NIR (A). The hemolytic image (left) and hemolysis ratio of samples (right), PBS (a), 50 μg·mL−1 DC@ZIF8-MEMC (b), 100 μg·mL−1 DC@ZIF8-MEMC (c), 200 μg·mL−1 DC@ZIF8-MEMC (d), 300 μg·mL−1 DC@ZIF8-MEMC (e), deionized water (f) (B). Body weights of mice with different treatments (C). H&E analysis of major organs from mice after treatments; scale bar = 20 µm (D).
CONCLUSION
In summary, biomimic DC@ZIF8-MEMC was established and investigated. High DOX·HCl loading and self-generation of O2 which enhanced CT and PTT, were realized. Furthermore, the superior controlled drug release, photothermal efficiency, and excellent biocompatibility of DC@ZIF8-MEMC were retained for remarkable antitumor effect of chemo-thermo synergistic therapy. Our study sheds light on the great chemo-photothermal synergistic antitumor effect under the sensitization of CAT.
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Breast cancer (BC) remains the leading malignant tumor type among females worldwide. The patients with BC are still faced with undesirable metastasis, relapse rate, and drug resistance. Exosomes are defined as naturally occurring extracellular vesicles (EVs) with typical biomarkers that reflect the characteristics of the parent cells. Exosomes are crucial mediators involved in intercellular communication. By transferring multiple cargoes, represented by proteins, nucleic acids, lipids, metabolites, exosomes contribute to reshaping the recipient cell function and fate. Growing evidence has documented that exosomes originating from BC cells are important participants involved in BC progression and treatments. Nanoparticle-based technology is the cutting-edge field for renewing pharmaceuticals and has endowed deep improvements in precise BC treatment. Additionally, due to their perfect features of the low immune prototype, limited adverse effects, prolongated circulation, and easy modification, exosomes have received much attention as candidates in nano-medicine of BC. The nanoplatforms constructed by exosomes have safety, intelligence, biomimetic, and controlled released advantages for combating BC. Here, we emphasize the multiple exosomes from a variety of cell sources in constructing nanoplatforms for BC therapy, mainly including exosomes and their cargoes, genetically engineered exosomes, and exosome-based carriers. This field would shed light on the promising exosome-based delivery system in BC therapy.
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Introduction

Breast cancer (BC) remains the leading cause of cancer-caused death in females and its incidence is still rising worldwide (1). Despite the advancement of early diagnosis procedures and mature therapeutic strategies, such as mastectomy, chemotherapy, immunotherapy, and combined therapy, BC patients are still faced with vicious metastasis, relapse rate, and drug resistance (2). BC is a highly heterogeneous and complex entity. The BC tumor microenvironment (TME) consists of tumor cells and stromal cells, soluble cytokines, immune cells, which directly or indirectly impact tumor behaviors and thus establish tumor-favoring niches for supporting tumorous growth and colonization (3). It is still a difficult problem to figure out the detailed mechanism of tumor occurrence and development and improve the efficiency of tumor treatment strategies.

Exosomes are defined as naturally occurring extracellular vesicles (EVs) with approximately 30-150 nm in diameter (4). Exosomes are originated from endocytic multivesicular bodies (MVBs) followed by exosome formation and secretion into extracellular space. In respect of the typical biomarkers, exosomes are particularly rich in a series of conserved proteins that reflect the characteristics of the parent cells, including the tetraspanin transmembrane-4 family (CD9, CD63, and CD81), Hsp90, caveolins, clathrin, and transferrin receptors (5). Generally speaking, exosomes serve as a warehouse that stores a large amount of biologically active molecules, such as lipids, enzymes, mRNAs, metabolites, and various non-coding RNAs, represented by miRNAs, long noncoding RNAs (lncRNAs), and circular RNA (circRNAs) (6). By transferring these cargoes, exosomes play roles in dynamic intercellular communication between tumor cells and adjacent stromal compartments in cancer progression (7). It is well-documented that tumor-derived exosomal RNAs affect the function of recipient cells in the neighborhood and distant sites, leading to tumor growth, metastasis, detection, and drug resistance in BC (8). For example, Ohno et al. used exosomes to deliver let-7a miRNA, which was transferred and internalized to epidermal growth factor receptor (EGFR)-expressing in tumor tissues, exhibiting extraordinary tumor therapeutic effects (9). Santos et al. reported that miR-155 in exosomes isolated from cancer stem cells (CSCs) and resistant cells could be transferred to recipient cells (10). This implies that exosomes may modulate resistance and migration ability to recipient BC cells partially through exosomal transfer to sensitive tumor cells.

Nanoparticle-based technology has endowed deep improvements in precise BC treatment. In consideration of the excellent biosafety, low immunogenicity, carrier properties, and nanoscale penetration effect, exosomes have attracted considerable attention in drug delivery systems for cancer therapy (11). The reported applications of exosomes mainly vary from enhanced efficiency in cancer drug delivery, drug-carrying system, to immunogenicity of cancer vaccines (12). The nanoplatforms constructed by exosomes possess enhanced functionalities with safety, intelligence, biomimetic, and controlled released advantages for combating BC (13). Therefore, this review aims to decipher the exosome potential serving as therapeutic carriers, hoping for offering an in-depth understanding of exosome-based based nanoplatforms for BC therapy.

To summarize the landscape of the potential applications, we have searched exosomes, breast cancer, and therapy on Pubmed over the last 10 years as keywords. These pieces of topically-relevant literature, involving molecular, cellular, and animal studies as well as clinical samples, are all included in this review.



Exosomes and Their Cargoes


Exosomes in BC Therapy

Mesenchymal stem cells (MSCs) have gained increasing interest in the field of regeneration and disease treatment due to their multilineage differentiation potential and powerful immunomodulatory and regenerative functions (14). MSC-derived exosomes are a new cell-free alternative to MSCs that has long been a major concern (15). MSC-derived exosomes offer unparalleled advantages in terms of safety, bioactivity, storage, and transport compared to previous MSC transplantation (16). Yu et al. posed that miR-342-3p was down-expressed in advanced BC patients and was of potential to suppress BC metastasis, cell survivability, and drug resistance (17). This result was partially caused by MSC-derived exosome miR-342-3p through binding ID4. The clinical samples with primary BC showed poor expression of miR-148b-3p. In both in vitro and in vitro validation, human umbilical cord mesenchymal stem cells (HUCMSCs) -derived exosomes carrying miR-148b-3p showed efficient inhibition of MDA-MB-231 cells (18). This suggested that miR-148b-3p-containing exosomes might represent an efficient and facile carrier for BC treatment. In addition, HUCMSC exosomes harboring miR-3182 could inhibit triple-negative breast cancer (TNBC) in invasion in vitro, demonstrating that miR-3182-containing exosomes may be a dependable therapeutic option in treating TNBC (19).

Natural killer (NK) cells are intrinsic lymphocytes that play a key role in tumor immune surveillance and are being actively investigated for adoptive cell therapies in cancer immunotherapy (20). NK cell-derived exosomes have a natural and excellent killing effect on tumor cells. The canine NK-exosomes were capable of significantly suppressing tumor size and reducing CD133 expression, representing a promising vehicle for the treatment in an experimental murine BC model (21). Zhu et al. separated the exosome mimetics (NK-EM) from NK cells by extruding NK cells into filters with gradually smaller pore sizes (22). NK-EM exhibited strong tumor-killing activity against tumors in mice such as glioblastoma and BC, compared to low or high doses of NK-Exo.



Exosome Pre-Condition in BC Therapy

Several studies have shown that the use of exosome derivatives or exosome pre-injection can reduce the accumulation of other exosomal carriers or nanodrug carriers in the liver and thus more effectively promote drug enrichment at the target site. Based on exosomes derived from metastatic 4T1 cells, exosome-like nanovesicles (ENVs) were developed (23). Pre-treatment with 4T1 ENVs reduced the evasion of Kupffer cell-mediated phagocytosis by DOTAP/DOPE liposomes, thereby promoting greater recruitments of DOTAP/DOPE carriers to tumor metastasis, reducing the IC50 of chemotherapeutic drug doxorubicin (DOX), and avoiding adverse side effects. Besides, the accumulation of subsequently injected grapefruit-derived nanovector (GNV) decreased in the lungs, but not the liver, was increased by prior intravenous injection of peripheral blood-derived exosomes in mice (24). Meanwhile, the efficiency of GNV-carrying DOX or paclitaxel (PTX) for the treatment of lung metastases was improved. Exosome-mediated inhibitory effects of GNV into hepatic macrophages were dependent on CD36 and IGFR1 receptor-mediated pathways. Thus, autologous exosome pre-treatment not only accumulated GNV signals in the primary tumor, but also improved the therapeutic efficacy against pulmonary metastases. Melzer et al. treated MSC with sublethal concentrations of PTX and found that the treated MSC exosomes had more potent tumor-specific and targeting properties compared with PTX of equivalent effect (25). In addition, the distribution of MSC PTX exosomes in major organs was reduced by approximately 50% and effectively reduced subcutaneous graft tumor volume by 60%.




Genetically Engineered Exosomes

Several features of MSCs may also be transmitted to exosomes, including weak immunogenicity with lack of MHC-II and co-stimulatory ligands, multi-organ homing ability mediated by the expression of specific surface molecules, and high biosafety characteristics (26). The available reports are controversial as to whether MSC-derived exosomes are tumor-promoting or tumor-suppressing in different tumor types. However, MSC-derived exosomes modified by gene editing can certainly overexpress a specific therapeutic RNA or protein to exert tumor-suppressive effects.

MSC exosomes expressing suicide or tumor-killing genes represent an emerging class of tumor-targeting drugs and vector models that act within tumor cells for the treatment of breast tumors (27). Exosomes from generationally modified MSCs can perform as an effective targeting delivery system to specifically target HER2+ cell lines, resulting in corresponding changes in tumor death (28). O’Brien et al. harnessed the tumor homing ability of MSCs to construct miR-379-enriched MSC-EVs, which could significantly inhibit BC tumor growth and promote necrosis, depending on the regulation of cyclooxygenase-2 (COX-2) expression (29). Vakhshiteh et al. established an ex-novo exosome nanocarrier, which was derived from miR-34a-overexpressed dental pulp mesenchymal stem cells (DPSCs), weakened the capability of migration and invasion in MDA-MB-231 cells (30). MSCs-Exo effectively transported LNA-antimiR-142-3p to breast CSC-like cells, thereby reducing miR-142-3p and miR-150 expression (31). Furthermore, inhibiting oncomiRs by transmitting LNA-antimiR-142-3p induced a dramatic lowering of clone formation and tumor initiation capability.

Genetically engineered T cells expressing chimeric antigen receptors (CARs) have become a force to be reckoned with in tumor immunotherapy (32). Exosomes derived from CAR-T cells could facilitate BC immunotherapy by providing higher efficacy and safety (33). Yang et al. successfully isolated exosomes from mesothelin (MSLN)-targeted CAR-T cells, which maintained most of the traits of their parental T cells, including surface expression of CARs and CD3 (34). In addition, CAR-carrying exosomes significantly suppressed the growth of MSLN-positive TNBC cells by secreting perforin and granzyme B, as well as efficiently inhibited the xenograft tumors without noticeable side effects. Conversion of M2 macrophages to the M1 phenotype employing miRNA-containing exosomes is a possible route to inhibit BC tumor invasion and metastasis (35). By using tumor-derived exosomes as carriers, miR-130 was transported to M2 macrophages, which in turn impaired the ability of tumor cells to proliferate, migrate and invade (36). Yue et al. reported that PGRN-/- TAMs restrained BC cell invasion and epithelial to mesenchymal transition (EMT) through releasing their exosomes (37). MiR-5100 upregulation of PGRN-/- TAMs-derived exosomes might modify CXCL12 expression, thereby dampening the CXCL12/CXCR4 axis and consequently resulting in BC malignant alteration. Shi et al. reported the genetically engineered cell-derived platform for developing targeted BC immunotherapy (38). They constructed a dual-targeting exosome platform for T-cell CD3 and BC-specific human epidermal growth factor receptor 2 (HER2) receptors, which was capable of targeted activation of CD8+ T cells and potent killing of HER2 tumor cells, demonstrating promising immunotherapeutic effects.

Adipose-derived stem cells (ADSCs) are considered to be an important tool for cell therapy and regeneration because of their abundant source, easy extraction, and ability to multidirectional differentiation (39). Exosomes are an important bearer form of the secretory profile of ADSCs. Exosomes are capable of delivering to recipient cells some nucleic acids, small molecules, and protein substances that are embedded in MSCs (40). Shojaei et al. successfully isolated ADSC-exosomes and found that miR-381 mimics were efficiently conveyed to MDA-MB-231 cells by ADSC-exosomes (41). Remarkably, ADSC-exosomes loaded with miR-381 inhibited the growth and metastasis ability of MDA-MB-231 cells and promoted apoptosis in vitro, showing the excellent RNA therapy potential of ADSC-exosomes. Sheykhhasan et al. constructed miR-145-overexpressing exosomes from ADSCs via lentivirus vector (42). These exosomes significantly inhibited tumor cell growth and metastasis by delivering miR-145.

In addition, the study of Li et al. generated the exosomes containing siMTA1 by using the electroporation method, which increased the gemcitabine-mediated inhibition of tumor growth in vivo by reversing the EMT effect and inhibiting the autophagic process (43). Limoni et al. transduced HEK293T cells with a lentiviral vector bearing LAMP2B-DARPin G3 chimeric gene for targeting HER2-specific tumors (44). Then, the exosomes generated from these cells were isolated and then loaded with TPD52-silencing siRNAs, which were subsequently delivered to SKBR3 cells for reducing tumor. Hu et al. constructed exosome-like nanovesicles (eNVs-FAP) from fibroblast activation protein-α (FAP) gene-engineered tumor cells (45). These nanovesicles facilitated dendritic cell (DC) mature, T cell, and FAP+CAFs infiltration, and depressed the ratio of immunosuppressive M2, myeloid-derived suppressor cells (MDSCs), and regulatory T cells (Tregs). Therefore, it implied that eNVs-FAP was a promising oncologic vaccine for targeting both the parenchyma and the stroma of BC tumors.



Exosome-Based Carrier Construction


Exosomes Serve as Targeted Coating Substances

The use of exosomes to carry conventional clinical chemotherapy drugs can effectively reduce the toxicity of the drugs and improve the enrichment effect of targeted sites (46). Exploiting the targeting capability of BC cell exosomes can empower the homing ability of the nanoplatforms to target homologous tumor cells. Therefore, exosomes of tumor cells or other functional cells can serve as targeted coating substances in nanoplatforms. For example, Chen et al. prepared the smart bionanodrug EXO-GO-CO-γ-PGA-MIT for delivering mitoxantrone (MIT) by exploiting the targeting properties of BC cell-originated exosomes (47). This nanodrug possesses slow-release, tumor aggregation, and enhanced pro-tumor apoptotic ability of MIT. Ghavami et al. established a radiolabeled exosome-based tracer [111In]In-oxine-T-exos, which was markedly internalized by HER2-positive cells for imaging HER2-expressing tumor (48).

Interestingly, a bioactivated exosome-based nanoplatform (EMPCs), was formulated by reactive oxygen species (ROS)-reactive thioether-linked paclitaxel-linoleic acid conjugates (PTX-S-LA), and cucurbitacin B (CuB) was co-loaded in polymeric micelles, with exosome-decorated membranes (49). EMPCs not only displayed enlarged prodrug function, increased blood circulation, the targeted capability of homozygous tumor cells, and improved tumor penetration, but also inhibited BC metastasis through circulating tumor cells (CTCs) elimination and FAK/MMP pathway modulation. Li et al. developed an engineered macrophage exosome to encapsulate poly(lactic-co-glycolic acid) nanoparticles and modified with c-Met-targeting peptide on the exosome surface for tumor targeting (50). This exosome nanocomplex (MEP-D), exhibited significant tumor targeting and tumor killing functions. Zhao et al. designed the CBSA/siS100A4@Exosome by conjugating cationic bovine serum albumin (CBSA) and siS100A4 followed with exosome membrane encapsulation (51). CBSA/siS100A4@Exosome possessed a higher binding affinity to the lung and superiorly exhibited metastasis-associated protein S100A4 expression, showing great inhibition potential in malignant BC growth and lung metastasis. ID@E-MSNs was a tumor cell-derived exosome-mimetic porous silica nanoparticles as an integrated drug delivery platform for carrying both indocyanine green (ICG) and DOX (52). In 4T1 tumor-bearing mice, the nanoparticles were able to enrich at the tumor site and promote ICG thermal effect-induced drug release and tumor ablation under 808 nm NIR irradiation, thus enabling combined chemotherapeutic BC treatment.



Exosomes Serve as Drug Delivery Carriers

The carrier properties of exosomes can be directly used to load chemotherapeutic drugs, photosensitizers or antitumor drugs. Exosomes are natural nanocarriers that can target the cancer-sensitizing agent indocyanine green (ICG) in a biosafe manner. FA-ExoICG was an engineered exosome that possessed tumor-targeting ligand folic acid (FA) and internally loaded ICG (53). Significant inhibition of MCF-7 tumor growth in mice was observed by a single intravenous injection of FA-ExoICG with followed ultrasound (US) irradiation, with a favorable biosafety profile. Tran et al. innovatively used a one-step strategy of loading amorphous nanomatrix formation into exosomes, such as encapsulation of aspirin into exosomes, which could effectively improve the efficiency of drug dissolution and homing targeting effect (54). This compound displayed toxic and killing effects on BC cells and colon cancer cells. Yu et al. developed a nano-carrier Erastin@FA-exo containing erastin-loaded exosomes labeled with FA (55). The results showed that Erastin@FA-exo targeted and inhibited the proliferation and migration of MDA-MB-231 cells and promoted the depletion of intracellular glutathione and activation of ROS to induce ferroptosis. Kalimuthu et al. synthesized personalized exosome mimics (EMs) loaded with PTX, termed PTX-MSC-Ems (56). The exosome carrier significantly inhibited the growth and tumor progression of MDA-MB-231 cells, and was regarded as a powerful drug delivery carrier for BC. Li et al. incorporated Dox in milk exosomes (mExo) and modified with specifically CD44-targeting hyaluronic acid (HA), named HA-mExo-Dox (57). This vector effectively targeted CD44-expressed BC cells and induced cell death in vitro. Gong et al. generated a biomimetic delivery system using A15-Exo to package cholesterol-modified miR-159 and chemotherapeutic agent DOX (58). In vivo, this delivery system effectively reduced the TCF-7 gene and exhibited potent anti-cancer effects without side effects. Thus, this study demonstrated the synergistic effect of exosomal transport carriers for the co-delivery of gene drugs and chemotherapeutic agents in TNBC treatment.

Immune cell-derived exosomes have parental cell properties and can be used to mimic immune cell targeting of cancer (59). By hybridizing sEV from mouse macrophages with synthetic liposomes, vesicles smaller than 200 nm in size can be designed to mimic the size of exosomes, denoting as hybrid exosomes (HE). The established HE maintained the good property of small EVs (sEVs) with higher colloidal stability, drug carrier feature, and durable release of DOX in response to pH, for killing 4T1 cells. Tian et al. established a well-characterized tool of exosome carrier by an αv integrin-specific iRGD peptide to mouse immature dendritic cells (imDCs) (60). These iRGD-expressing imDCs actively targeted BC tissues with high expression of integrin receptors, leading to significant tumor growth inhibition with limited systemic toxicity.




Discussion

Due to the heterogeneity and biological barriers of tumors, conventional drugs for combating tumors are often difficult to achieve the balance between optimal drug effectiveness and minimum side effect. The majority of anti-cancer agents in clinical practice are toxic to cause adverse damage to normal cells with poor bioavailability, and insufficient in vivo stability. Nanoparticle-based technologies provide exciting approaches to BC diagnosis and therapeutics. Novel dosage forms represented by nanoplatforms are a cutting-edge way to improve the delivery efficiency of therapeutic agents. In addition to uploading drugs, the active targeting capability of nanoplatforms is also a factor that cannot be ignored. In terms of diagnosis, it is also worth mentioning that the exosome-related detection still has certain advantages, with non-invasive, high sensitivity and disease specificity, long circulation and stability. Specifically, exosome isolation methods mainly include ultracentrifugation techniques, polymer precipitation, size-based isolation, immunoaffinity chromatography, other isolation techniques. Each method has its own advantages and disadvantages. A more suitable separation method should be selected for different targets. In terms of identification, transmission electron microscopy (TEM) observation and nanoparticle tracking analysis (NTA) are commonly used to identify single exosomes with a diameter of 30-150 nm. Western blot detection can verify specific markers (such as CD63/CD81/CD9/TSG101/Alix), which can also be detected indirectly by immunofluorescence and flow cytometry (FCM). In addition, exosomes are a promising cell-free therapy, and the currently applied protection technologies mainly include freezing, freeze-drying, and spray-drying. In general, the isolation, extraction, identification and preservation technologies of exosomes are relatively mature, but the transformation and efficiency of exosomes are still relatively insufficient.

Currently, tumor targeting of nanoplatforms is mainly achieved via enhanced permeability and retention (EPR) effect in tumor internals or receptor-ligand interplay via adhering to overexpressed antigens on the tumor cell surface. In developing precisely targeting approaches, exosomes have emerged as ideal drug carriers due to their unique carrier properties and biosafety. In this review, exosome-related nanoplatforms are used for BC treatment, mainly including three aspects, exosomes and their cargoes, genetically engineered exosomes, and exosome-based carrier construction. Specifically, some cell-derived exosomes, or key components of exosomes themselves inhibit tumor proliferation. The genetically editing methods enable researchers to accurately manipulate the overexpression or knockdown of specific genes, thus facilitating the production of anti-tumor exosomes (Table 1). Notably, MSCs might secret a considerable amount of functionalized exosomes and are common gene-editing cell tools for yielding expressive-specific exosomes. In nanocarrier construction, surface modification of exosomes can increase specific target recognition and enhance recruitment and abundance at tumor sites. Encapsulation of nanomaterials by exosomes can prolong metabolic cycling, reduce clearance levels, and avoid drug degradation or inactivation. Exosomes can also be used as delivery platforms for carrying chemotherapeutics or other therapeutic agents such as phototherapy and photothermal therapy. Therefore, exosomes are also efficient multimodal synergistic vehicles for BC therapy. In addition, not only for treating BC, exosome carriers are also novel transport means investigated other tumors, including glioma, liver cancer, gastric cancer, and so on.


Table 1 | The genetically engineered exosomes for combating BC.



Most studies suggest that tumor-associated exosomal components are a cancer-promoting factor. Reducing the release of tumor-associated or stromal cell exosomes also enhances the treatment efficacy. However, tumor-associated exosomal components can also act as important antigenic components to activate immune effects (61). At the same time, exosomes are capable to minimize the expression of drug resistance genes by delivering anti-miRNAs. Exosome-originated from MCF-7/ADR cells could promote active drug sequestration and induce drug resistance phenotypes by delivering resistance-related genes MDR-1 and P-glycoprotein (62). By reducing the resistant exosome formation and secretion, psoralen could reverse the development of drug resistance in BC cells. Also, there are some emerging novel exosome nanoplatform that have been developed for BC therapy. For instance, some novel T-cell-based vaccines are expected to perform the excellent tumor-killing function, by equipping polyclonal CD4+ T cells with antigen-specific exosomes (62). Exosomes derived from other cells, especially immune cells with tumor-killing effects, are also expected to be used as formulations for tumor therapy. In vitro studies have shown that tumor cells become more capable of activating T cells after DC-Exo uptake, thus potentially producing a more effective anti-tumor immune response, suggesting that DC-derived exosomes are also an effective exosome-related therapeutic tool (63). Or, combine with other treatment modes, exosomes as multifunctional carriers can be fully utilized. For example, heat stress increased the number of doxorubicin-containing exosomes in tumor cells and enhanced the antitumor effect of exosomes from doxorubicin-treated tumor cells (64). This suggests the potential for synergistic kill-expanding effects of combining chemotherapy and heat therapy for BC.

At present, although exosomes provide a variety of comprehensive and desirable properties for drug delivery, there are still many obstacles to be faced in this field. Firstly, there are many sources of cells currently used for exosome delivery, and it is hard to ensure the consistency and stability of the results of different research groups. The isolation and preparation of large amounts of engineered exosomes, including exosome purification, synthesis, stabilization, identification, and drug loading, remains a significant and complex step for BC tumor therapy. Secondly, when exosomes are coupled to nanoparticles or encapsulated with drugs, the metabolic kinetics of exosomes in vivo are worthy of further study. When circulating in the body, there may be a large number of liver retention or drug off-target phenomena, which will affect the efficiency of drug delivery. Finally, the current researches are preliminarily at the preclinical level, mostly at the level of cell and animal research. Due to the strict control of clinical trials and the complex nature of exosome components, exosome-based breast tumor therapy still has a long way to go. In order to finally achieve clinical application, it is necessary to carry out in-depth explorations on the preparation of exosome carriers, the real efficacy in the human body, and the control of side effects to determine the unification of the safety and effectiveness of exosome delivery.



Conclusion

The naturally occurring exosomes, exosomes released by engineered or modified cells, exosomes that upload other substances, or exosomes that act as targeted coating substances, are several common forms of exosome-associated nanoplatforms for effective therapeutic carriers. Therefore, the comprehensive understanding of exosome biogenesis and the progress of efficient exosome engineering techniques will promote the clinical application of exosome-related drug nanoplatforms for combating BC.
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Stem cell therapy is a thriving topic of interest among researchers and clinicians due to evidence of its effectiveness and promising therapeutic advantage in numerous disease conditions as presented by novel biomedical research. However, extensive clinical application of stem cells is limited by its storage and transportation. The emergence of cryopreservation technology has made it possible for living organs, tissues, cells and even living organisms to survive for a long time at deep low temperatures. During the cryopreservation process, stem cell preparations are subject to three major damages: osmotic damage, mechanical damage, and peroxidative damage. Therefore, Assessing the effectiveness and safety of stem cells following cryopreservation is fundamental to the quality control of stem cell preparations. This article presents the important biosafety and quality control parameters to be assessed during the manufacturing of clinical grade stem cell products, highlights the significance of preventing cryodamage. and provides a reference for protocols in the quality control of stem cell preparations.
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1 INTRODUCTION
Stem cells are widely studied in the field of biology, and their potential in regenerative medicine and therapy is receiving increasing attention (Krishnan et al., 2021). According to the National Institutes of Health Research Administration’s Clinical Research Registry (https://www.clinicaltrials.gov/), as of March 2021, a total of 1,216 mesenchymal stem cells (MSC) clinical research projects were registered worldwide, with 251 in China, accounting for 20.7% of the global total. Stem cells have been broadly classified as adult stem cells (ASCs) and Embryonic stem cells (ESCs) depending on their origin (Pilbauerová and Suchánek, 2018). Stem cell preparations are various types of products obtained by isolating and culturing stem cells from human tissues or healthy donor tissues. Stem cells can be obtained from a variety of tissues such as bone marrow (Tajima et al., 2015), adipose (Yang et al., 2010), umbilical cord (Katheria et al., 2020), umbilical blood (Gil-Kulik et al., 2020), skeletal muscle (Schüler et al., 2021), dental pulp, placenta, amniotic fluid and amniotic membrane (Zare et al., 2021). Stem cell therapy has evolved from basic laboratory research to progressive application in difficult clinical conditions (Chu et al., 2020). Stem cell therapy is the process of implanting human stem cells of autologous or allogeneic origin into the human body after in vitro manipulation for disease treatment. Such in vitro manipulation includes processes such as isolation, purification, expansion, modification of stem cells, establishment of stem cells (lines), induction of differentiation, freezing (cryopreservation) and recovery after freezing (Hao et al., 2020a). The cell preparation techniques and treatment protocols are diverse, complex and specific to each cell type. However, being a novel biotherapeutic product, all stem cell preparations are subject to similar developmental processes ranging from preparation, in vitro testing, in vivo animal testing, to clinical trials and clinical application via implantation into humans. At each stage of development, relevant studies and quality control used must be performed to ascertain cell quality, safety and biological effects.
Cryopreservation which is basically the storage of biological materials at very low temperatures so as to conserve their viability has become an integral technique in most experimental and clinical protocols including stem cell transplantation (Hao et al., 2020a). Reports obtained from assessing the benefits of cryopreservation in stem cell therapy reveals that the process preserves the quality of the cells from the point of collection, transportation to final implantation without the loss of vital anatomical and physiological properties. In the same vein, it allows ample time for the screening of donors and recipients for markers like human leukocyte antigen (HLA) which may interfere with optimal therapeutic outcome.
Also, multiple passages during culturing and aging of stem cells can lead to reduced cell differentiation potential and genetic alterations (Martin-Piedra et al., 2014), of which cryopreservation becomes the reliable technique to apply in preventing these deleterious effects. None the less, cells are susceptible to damage during freezing, and there are three main types of freezing damage: mechanical damage, osmotic damage, and oxidative damage (Pegg, 2015). Mechanical damage is the irreversible damage to cell membranes and organelles caused by the formation of ice crystals from extracellular and intracellular solutes in cells at low temperatures (Yang et al., 2017). When the extracellular fluid freezes, there is an increase in solute concentration, resulting in cell damage by osmotic dehydration. This event is termed osmotic damage (Finger and Bischof, 2018). On the other hand, oxidative damages are caused by reactive oxygen species (ROS) generated during cryopreservation (Evangelista-Vargas and Santiani, 2017). Ideally, avoiding these undesirable effects is the aim of majority of research studies on cryopreservation as these damages often lead to irreversible harm ranging from the loss of vital functions to even cell death (Calmels et al., 2003) (Figure 1). It is therefore extremely important to explore the cryopreservation of stem cells and its preparations for the establishment of medical cell or tissue banks and the development of clinical regenerative medicine. It is also urgent to develop new approaches for stem cell cryopreservation by analyzing the mechanism underlying cell cryoinjury and optimizing the existing deep cryogenic techniques and methods.
[image: Figure 1]FIGURE 1 | Cryopreservation induced stem cell damage. Parts of the figure are adapted from SMART–Servier Medical Art, Servier: https://smart.servier.com.
Notwithstanding the enormous efforts and advancements in cancer research, Cancer is persistently among the high mortality diseases where the therapeutic efficacy of conventional chemotherapeutics is limited by factors including toxic side effects and the reoccurrence of tumor. To this end, researchers are on deck seeking to discover better approaches in cancer treatment. One of such is stem-cell based therapy which capitalizes on the desirable features of various stem cells with possible modifications to enhance their anti-tumor potential (Han et al., 2018). In addition to being the active therapeutic agents, stem cells can serve as drug carriers in targeted delivery (Wang et al., 2018), be applied in immuno-modulation following radio (chemo) therapy (Abraham et al., 2022), replace damaged organs through tissue regeneration (Grayson et al., 2015), and provide suitable models for research to aid better understanding and development of novel cancer therapies (Jo H et al., 2021).
This paper summarizes the major cryodamages encountered during the cryopreservation of stem cells and approaches used to tackle them, discusses the factors responsible for cytotoxicity of stem cell preparations in clinical applications, their biosafety concerns and recent techniques used in quality evaluation. This article also provides reference for the quality testing protocols used in the quality control of stem cell preparations, and suggests directions to consider for future quality control and cryopreservation research.
2 CRYOPRESERVATION OF STEM CELLS
Cryoinjury is the irreversible damage that cells may suffer during freezing or thawing process (Ross-Rodriguez et al., 2010), and is mainly classified as osmotic damage, mechanical damage, and oxidative damage. In osmotic damage, the extracellular ice formed during slow freezing causes an osmotically driven removal of water from the intracellular space. The resulting hypertonicity is capable of causing cell death (Yousefian et al., 2018). Mechanical and structural cell damage occurs when the cells are cooled rapidly giving insufficient time for intracellular fluid to exit the cells. As a result, the cell experiences detrimental ice nucleation and recrystallization (Bakhach, 2009). Lastly, Oxidative damage is the injury inflicted by ROS produced during cryopreservation, often amounting to the oxidation of lipids, proteins and nucleic acids (Chen and Li, 2020; Liu et al., 2021a) (Figure 1).
Conventionally, the steps in stem cell cryopreservation are as follows: the stem cells of interest are harvested, carefully washed and resuspended in suitable media, then cryopreservation solution containing one or more cryoprotectants (CPAs) is then added (Wang et al., 2022). Till date, Dimethyl sulfoxide (DMSO) is the CPA of choice in stem cell cryopreservation commonly applied at a final concentration of 5–10% (v/v) (Yamatoya et al., 2022). The vial containing the cells and survival promoting additives is later frozen to −80°C using controlled rate freezers usually operated at optimal cooling rates of −1 to −3°C per minute. Finally, the frozen sample is placed in a liquid nitrogen tank mostly at −196°C for long-term preservation (Calmels et al., 2003). On demand, the stem cells are unfrozen by rapid thawing in a in a 37°C water bath and the CPA is removed before administration to patients. Adverse drug reaction monitoring following stem cell implantation procedures has documented some unwanted reactions including symptoms like abdominal cramps, diarrhea, nausea, flushing, and life-threatening events such as acute renal failure, respiratory depression and cardiac arrhythmias (Shu et al., 2014). Some of the observed adverse effects has been linked to toxicity caused by traces of DMSO retained in the infusion (Ataseven et al., 2017; Maral et al., 2018). Although the mechanisms underlying the adverse effects from infusing cryopreserved stem cell products are not completely unraveled, other contributing factors besides the toxicity of DMSO include cell aggregation and presence of apoptotic debris (Schlegel et al., 2009), volume of infused suspension and presence of unnucleated cells (Rohner et al., 2019), hypothermic condition of the cell suspension, and electrolyte imbalance (Calmels et al., 2003).
Predictably, decreasing the quantity of DMSO added during cryopreservation would diminish unwanted side effects. CPAs can be classified as permeable and non-permeable based on their ability or inability to cross the cellular membrane. Generally, permeable CPAs like DMSO are more toxic compared to non-permeable CPAs at equivalent concentrations (Raju et al., 2021). Several studies have shown that the inclusion of trehalose (Zhang et al., 2003), sucrose (Pan et al., 2017), polyampholytes (Matsumura et al., 2010) and antifreeze proteins (AFPs) (Shaliutina-Kolešová et al., 2019) during cryopreservation can greatly reduce the working concentration of DMSO, thereby reducing the cytotoxicity caused by DMSO. Another potent strategy is to develop alternatives to DMSO which should ideally prevent cryodamage and promote survival of the cryopreserved material and concomitantly be biocompatible. CPAs like trehalose and sucrose are suitable candidates as they were found to promote cryopreservation outcome in hematopoietic stem cells by maintaining the CD45+/34+ cell population and retaining cell clonogenicity and viability (Rodrigues et al., 2008).
3 KEY ASPECTS OF QUALITY CONTROL OF STEM CELL PREPARATION
Stem cell products should be generated in compliance with Good Manufacturing Practices (GMP). There are no uniform global guidelines for the production and clinical application of stem cell products. The United States Food and Drug Administration (USFDA), the European Medicines Agency (EMA), the Japanese Pharmaceuticals and Medical Devices Agency (PMDA), and other regulatory agencies currently provide GMPs to promote the safe use of therapies for patients. In addition, China has successively proposed general requirements for stem cells, which is applicable to stem cell research and production (Hao et al., 2020a; Hao et al., 2020b; Zhang et al., 2022). The following are the key aspects of quality control of stem cell preparation summarized in Table 1.
TABLE 1 | Routine quality evaluation techniques in stem cell quality control.
[image: Table 1]3.1 Analysis of Cell Characteristics
Some important methods used to characterize and identify stem cell types include short tandem repeat (STR) typing, morphological examinations, identification of markers, analysis of in vitro differentiation and teratoma formation (Zhang et al., 2022). As made known by science, there is yet a great number of undiscovered truths in stem cell research. For instance, new stem cell markers are being identified which could be beneficial in understanding and classifying stem cells. Also, the variations observed in expression of stem cell markers has been attributed to cell isolation and culturing techniques, cell age, culture medium composition, and stage of cell differentiation. Tapia et al. reports varied cell differentiation and expression of stemness markers in human induced pluripotent stem cells (hiPSCs) cells generated with different reprogramming methods (Tapia and Schöler, 2016). Also, the presence of certain growth factors and removal of oxygen from the growth media has induced alterations in stem cell markers (Hagmann et al., 2013).
3.2 Analysis of Biological Safety
3.2.1 Tumorigenicity
The tumorigenicity of stem cells is one of the main factors hindering their clinical use (Yasuda and Sato, 2015). Tumors can be generated through a number of pathways one of which is the malignancy of stem cells induced during proliferation and differentiation (Miyawaki et al., 2017). Additionally, teratomas can originate from undifferentiated stem cells, especially for human induced pluripotent stem cells (hiPSCs) (Yuan, 2015).
3.2.2 Sterility
The microbial contamination of stem cell products (Hartnett et al., 2021) including bacterial, fungal, mycoplasma and bacterial endotoxin contaminations is responsible for a significant number of adverse reaction cases (Golay et al., 2018). Therefore, microbiological testing prior to clinical application is pertinent for preventing unwanted effects. The recently developed and frequently applied BacT/Alert 3D automated culture system is one of the innovations to aid fast and efficient sterility testing; it requires short incubation period and does not differ significantly from pharmacopeial methods in terms of detection capacity (England et al., 2019). Rapid mycoplasma detection methods include nucleic acid amplification technology and mycoplasma metabolic enzyme activity detection (Zhang et al., 2022).
3.2.3 Pathogenic Factors
A combination of in vivo and in vitro methods should be used to test for human- and animal-derived specific pathogenic factors based on the characteristics of each stem cell preparation. If bovine serum has been used, testing for bovine-derived specific viruses shall be performed; if pig-derived materials such as trypsin are used, testing for at least pig-derived microviruses shall be performed (Zhang et al., 2022).
3.3 Analysis of Biological Activity
The biological effectiveness of various types of stem cells can be basically categorized based on their ability to induce differentiation, immunomodulatory ability and tissue regeneration (Li et al., 2021). Biological potency assay include: secretion of relevant bioactive substances (Matluobi et al., 2018) (e.g., recombinant proteins, glycoproteins or lipoproteins, growth factors, enzymes and cytokines), extracellular matrix/structures, cellular interactions (e.g., immune activation or inhibition), migration differentiation or self-renewal potential of cells (Hao et al., 2020a). To evaluate the immune activity of stem cells, (a combination of) methods like quantitative ribonucleic acid (RNA) analysis, marker assays, secreted protein analysis and immune cell response analysis have been suggested. Furthermore, instrumentations such as immunofluorescence staining, morphological observation, flow cytometry analysis and electrophysiological analysis are applicable in this respect (Rohner et al., 2019).
For MSCs, regardless of their origin, the differentiation ability of multiple cell types (e.g., adipocytes, chondrocytes, osteoblasts, etc.) should be tested in vitro to determine their multipotency of cell differentiation (Lee et al., 2015). For undifferentiated ESCs and iPSCs, the pluripotency of cell differentiation must be measured by their ability to form embryoid bodies in vitro or teratomas in severe combined immunodeficiency disease (SCID) mice model (Li et al., 2013). In addition to this, biological effects tests relevant to confirming the intended therapeutic activity of stem cells should be performed as specific biological activity assays.
4 FUTURE RESEARCH AND DIRECTIONS FOR QUALITY CONTROL
4.1 Efficient Cryopreservation Solutions
The use of efficient and low toxicity cryopreservation protocols to reduce cryogenic damage would guarantee the effectiveness of stem cell preparation applications post-thaw. Since different cryoprotectants have different protection mechanisms, a mixture of cryoprotectants is usually used to maximize cell survival (Tao et al., 2020). The combination of cryoprotectants can reduce the concentration of a single CPA used, thus reducing cytotoxicity (Elliott et al., 2017). The addition of trehalose (Yamatoya et al., 2022), sucrose (Shu et al., 2014), polyampholytes (Maral et al., 2018) and antifreeze proteins (Shaliutina-Kolešová et al., 2019) during cryopreservation can greatly minimize the required amount of DMSO, thereby reducing cytotoxicity.
4.2 Elimination of Residual Undifferentiated Stem Cells
Residual undifferentiated hiPSCs pose tumorigenic risk, and methods to eliminate these undifferentiated hiPSCs are crucial to ensuring safety (Blum and Benvenisty, 2008). The introduction of suicide genes (Yagyu et al., 2015), addition of plasma-activated medium (Matsumoto et al., 2016), cell sorting using antibodies against hiPSC surface antigens11 and, the use chemical inhibitors (Ben-David et al., 2013) are useful techniques for separating undifferentiated stem cells. Nevertheless, none of these methods have attained application in clinical grade stem cell production due to high cost, low specificity and retainment of residue in the final product (Mao et al., 2017). Consequently, researchers are beset with the task of discovering new effective ways to eliminate undifferentiated hiPSCs. In this light, Takunori et al. presented in 2018 evidence supporting the ability of high L-alanine concentrations to selectively eliminate undifferentiated hiPSCs through a novel pathway (Nagashima et al., 2018).
This method may contribute to the development of a low-cost, safe, and practical method to eliminate residual undifferentiated hiPSCs.
4.3 The Integrity of Mitochondrial DNA in Pluripotent Stem Cells
Mitochondrial DNA mutations occur at a high rate, causing several debilitating and life-threatening diseases like Kearns–Sayre syndrome and Pearson syndrome (Greaves and Taylor, 2006). According to Prigione et al., pluripotency caused mitochondrial DNA mutations originally absent from the parent PSCs (Prigione et al., 2011). Furthermore, fluctuations in the number of mitochondrial copies have been detected during prolonged culturing of iPSCs isolated from donors presenting with different maladies like lactic acidosis, mitochondrial myopathy, encephalopathy and stroke-like episodes (Gherghiceanu and Popescu, 2010). These reports confirm the need to conduct more research geared at identifying other implacable factors, understanding the mechanism (s) behind these DNA alterations and also to assess the integrity of mitochondrial DNA and genomic DNA before the use of stem cells in humans.
4.4 New Cytogenetic Techniques
Presently, an array of sensitive cytogenetic tools such as fluorescent in situ hybridization, comparative genomic hybridization, Giemsa (GTG) karyotyping and whole genome sequencing have been developed to assess the genomic integrity of stem cells (Rohani et al., 2018). Single-cell genome sequencing can rapidly and efficiently detect genetic heterogeneity in large cell samples (Bardy et al., 2016). Single-cell RNA-seq has been used in combination with electrophysiology to evaluate the activity of human iPSCs derived neurons (Bardy et al., 2016). Similarly, single cell sequencing has been applied in the long-term monitoring of trends in cancer development, progression and diversity among populations (Navin, 2015). A collaborative paper published by the International Stem Cell Banking Initiative point out the importance of stem cell genetic integrity, and also mention that other cytogenetic techniques like FISH, SKY, CGH arrays, and whole-genome sequencing would be useful to identify information that GTG karyotyping cannot acquire (Andrews et al., 2015). It is unclear how essential it is to perform more thorough epigenetic screening of pluripotent stem cells prior to clinical application. Report of variable loss of genomic imprinting across lines in iPSCs suggest that standardized epigenetic quality control tests would be beneficial (Pasque et al., 2018).
5 CONCLUSION
Quality control of stem cells and stem cell-based medicines have received widespread attention, and the development of cryopreservation technology has provided a technical guarantee for the application of stem cell preparations. The main risks faced by patients with stem cell preparations are the occurrence of allergic or immune reactions, the formation of tumors, and the occurrence of microbial contamination. These risk-posing factors should be eliminated or reduced to tolerable limits in the preclinical stages by extensive in vivo/in vitro evaluation to improve the efficacy and safety of stem cells. To ensure the safety and efficacy of stem cell products, each batch of stem cell preparation shall meet the existing stem cell quality requirements covering cell identification, viability and growth activity, purity and homogeneity, sterility testing and mycoplasma testing, detection of endogenous pathogenic factors, endotoxin testing, abnormal immunological response, tumorigenicity, biological potency testing, residual amount of culture medium and other added components. These strict standards of quality control must be adhered to before stem cells can be used for clinical applications, and such standards must be harmonized and monitored globally to ensure uniformity in the grade of clinically applicable stem cell products. Advanced techniques like single-cell genome sequencing of large samples may provide better understanding of genomic integrity in stem cell lines. Also, these evaluations should be conducted post-cryopreservation during the formulation and testing phases to ensure there is no cryodamage. Furthermore, cryopreservation protocols should be reviewed and tailored to each stem cell, putting into key consideration its efficacy and safety. In any case, more clinical resources and research studies should be targeted at further optimizing the quality control of stem cells before venturing further into application of stem cell therapies.
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Purpose

Reactive oxygen species (ROS) are practically essential in radiotherapy to damage cancer cells; however, they are always inadequate for some malignant entities. Here, we designed a biodegradable mesoporous silica decorated with hemin and glucose oxidase (GOD@Hemin-MSN) to generate a chemodynamic therapy in order to enhance the killing capacity of radiotherapy.



Methods

Mesoporous silica, as an outstanding drug carrier, can deliver hemin and glucose oxidase to the tumor site. With high level of metabolism activity, cancer cells are abundant in glucose, which can be oxidized into H2O2 by glucose oxidase (GOD) on site. The generated H2O2 is subsequently converted into intracellular ROS, especially hydroxyl radical within the tumor microenvironment, by hemin, which has mimetic peroxidase properties. By this means, the ROS can be supplemented or enriched to facilitate the killing of tumor cells.



Results

The chemodynamic therapy induced by GOD@Hemin-MSN produced quantities of ROS, which compensated for their inadequacy as a result of radiotherapy, and exhibited remarkable antitumor efficacy, with a tumor inhibition rate of 91.5% in A549 tumor-bearing mice.



Conclusion

This work has validated GOD@Hemin-MSN as a radiosensitizer in chemodynamic therapy, which showed biocompatibility and potential for translational application.





Keywords: mesoporous silica, peroxidase mimetic, reactive oxygen species, radiotherapy, chemodynamic therapy



Introduction

Compared with conventional enzymes, nanozymes with some enzyme-mimicking properties have exhibited multiple applications in clinical diagnosis (1–4), bioanalysis (4, 5), biosensors (6, 7), and disease treatment (8, 9), with advantages of facile synthesis, tunable catalytic activities, and high stability. Radicals including , , OH·, and OOH·, known as reactive oxygen species (ROS), are essentially involved in many processes of cellular metabolism, and some nanozymes are capable of regulating the level of intracellular ROS, which provides possibilities for mediating ROS generation to achieve desired therapeutic outcomes in clinical practice (10, 11). The tumor microenvironment (TME) has unique characteristics including mild acidity (6, 12, 13) and an overexpressed H2O2 (14–16), and a highly complex TME might impair the catalytic effects of nanozymes, resulting in failure of obtaining the desired therapeutic outcomes (17, 18). On the other hand, such features could be utilized by some H2O2-responsive nanozymes to realize specific antitumor therapies. These nanozymes should be able to decompose H2O2 into ROS due to their peroxidase (POD)-mimicking properties under specific TME conditions, i.e., mildly acidic (19–21). However, the amount of intracellular H2O2 in tumor cells is still insufficient to generate enough ROS for achieving the desired therapeutic outcomes (22). Hence, a good way to treat tumors is to increase the level of intracellular  H2O2 and convert it into sufficient ROS in tumor cells.

As one of the most widely used and effective treatments for local control of malignant tumors, radiotherapy (RT) still needs to be improved in many ways, especially for radiation-insensitive tumors (23, 24). Radiotherapy causes tumor cells to undergo apoptosis via the induction of direct and indirect damage on the DNA, with the indirect damage primarily caused by the ROS produced during the process of RT (25). Limited by the tolerable dose of adjacent normal tissues, the delivery of radiation with sufficient high dose to specific tumor sites is not always achievable, which seriously impairs the treatment efficacy of RT, especially for radiation-insensitive tumors (26–28). Improving the treatment efficacy of malignant tumors using RT still remains a prominent problem in clinical practice (29), and increasing the energy deposit of ionizing radiation in the tumor region should be a good solution (30). To this end, nano-radiosensitizers with remarkable physical and chemical properties to enhance the killing effect of radiation on tumor cells have caught the attention of radiation oncologists in recent years (22, 24), providing significant opportunities for tumor RT sensitization. Moreover, radiosensitizers with specific targeting abilities can aggregate inside tumor cells with minimal adverse effects on normal tissue cells. Some nano-radiosensitizers enhance the energy deposition on tumor tissues by taking advantage of high-Z elements, which improves the photoelectric effect of radiation rays (31–34). Hypoxia, as an obvious characteristic of the TME, hinders the treatment efficacy of RT, resulting in radioresistance, a category of radiosensitizers designed to focus on producing stable radicals in the TME to damage DNA (35). For example, the overexpression of H2O2 in the TME could be catalyzed to oxygen by nanozyme radiosensitizers such as MnO2 (33, 36) and Pt-based nanomaterials (Yan 31, 37), among others. Besides, RT is usually combined with other therapeutic methods such as photothermal therapy (38, 39), photodynamic therapy (40, 41), and chemotherapy (42, 43) to obtain synergistic therapeutic outcomes. These radiosensitizers contribute directly or indirectly to ROS generation to induce accumulated tumor cell apoptosis, enhancing RT performance but maintaining a lower toxicity.

ROS can induce indirect tumor cell apoptosis; however, they can also be eliminated by tumor cells themselves, thereby resulting in a tumor’s radioresistance (44, 45). Therefore, incremental amounts of ROS are required to overcome the radiation tolerance induced by the self-protective mechanisms of tumor cells. Here, we designed a biodegradable nanohybrid for radiosensitization by immobilizing glucose oxidize (GOD) and hemin on the surface of mesoporous silica nanospheres (MSN) to induce more production of ROS, as shown in Scheme 1. Initially, the nanohybrid was selectively delivered to the tumor site via an enhanced permeability and retention effect in the TME. Then, the GOD on the nanohybrid catalyzes intracellular glucose into sufficient H2O2, which is decomposed to generate incremental amounts of ROS due to the intrinsic POD enzyme-mimicking activity of hemin in order to achieve chemodynamic therapy. The carrier MSN is biodegradable in vivo and can be metabolized in the human body to ensure biological safety. By this means, incremental production of intracellular ROS facilitates the killing effect of ionizing radiation, with minimal damage to adjacent normal tissues.




Scheme 1 | Illustration of biodegradable peroxidases mimicking nanohybrid GOD@Hemin-MSN for chemodynamic therapy to realize radiosensitization.





Results and Discussion

The design of the present nanohybrid includes decorating GOD and hemin on the MSN. Figure 1A demonstrates spherical MSN, Hemin-MSN, and GOD@Hemin-MSN. Moreover, GOD@Hemin-MSN is uniform, with an average size of approximately 190 nm according to particle size statistics (Supplementary Figure S1), which is consistent with the Z-average diameter (Figure 1B). In addition, no obvious changes in the zeta potential or Z-average diameter were observed after hemin or GOD, and hemin was immobilized on the MSN. The X-ray photoelectron spectroscopy (XPS) measurements of the Si2p orbit of GOD@Hemin-MSN in Supplementary Figure S2 demonstrate a binding energy of 103.6 eV, confirming the existence of Si4+.




Figure 1 | Characterization. (A) TEM images of mesoporous silica nanospheres (MSN), hemin-MSN, and MSN decorated with hemin and glucose oxidase (GOD@Hemin-MSN) (from left to right). (B) Zeta potential and Z-average diameter measurements of MSN, hemin-MSN, and GOD@Hemin-MSN. (C) Images of the reaction of 3,3′,5,5′-tetramethylbenzidine (TMB) solution (0.1 mM) to (1) H2O2, (2) hemin-MSN, (3) GOD@Hemin-MSN, (4) hemin-MSN+H2O2, and (5) GOD@Hemin-MSN+glucose. (D) UV–vis spectra of the reaction of TMB solution to GOD@Hemin-MSN+glucose with time variation. (E) Time-dependent changes of the absorbance of TMB solution at 652 nm with various solutions.



Subsequently, the POD-like property of GOD@Hemin-MSN was then evaluated using 3,3′,5,5′-tetramethylbenzidine (TMB) substrate. TMB is transparent and colorless, but turns blue in the presence of both H2O2 and peroxidase. Comparative analyses were performed in TMB solutions with various combinations, including H2O2, hemin-MSN, GOD@Hemin-MSN, hemin-MSN+H2O2, and GOD@Hemin-MSN+glucose, as shown in Figure 1C. No obvious change in color was observed in TMB in the presence of H2O2, hemin-MSN, or GOD@Hemin-MSN, proving that they could not oxidize TMB alone. However, the TMB solution turned blue when both hemin-MSN and H2O2 were added, suggesting that TMB was oxidized. Similar changes could be found in the presence of GOD@Hemin-MSN and glucose. It should be noted that H2O2 was not added in group 5, where the oxidization of TMB occurred induced by catalyzing glucose to H2O2 using GOD@Hemin-MSN. Moreover, time-dependent changes in the absorbance spectra of the TMB solution in the presence of GOD@Hemin-MSN and glucose were demonstrated, shown in Figure 1D. The characteristic peaks of the absorbance spectra at 370 and 652 nm increased over time. Comparison experiments of TMB with various solutions are demonstrated in Figure 1E. Consistent with the results shown in Figure 1C, negligible changes were observed regarding the absorbance intensity at 652 nm in the H2O2, hemin-MSN, or the GOD@Hemin-MSN group. However, both hemin-MSN+H2O2 and GOD@Hemin-MSN+glucose exhibited remarkable catalytic activity with time variance. Moreover, we also studied the effects of temperature and pH on the POD activity of GOD@Hemin-MSN+glucose. The results are shown in Supplementary Figure S3. It can be inferred that 37°C was a suitable temperature for POD activity; however, the group in 50°C exhibited more obvious effects. Meanwhile, the POD activity was higher in the mildly acidic solution. These results confirmed the significant enzyme-like properties of GOD@Hemin-MSN in the conversion of glucose into ROS.

Cytotoxicity analysis was performed on a normal human lung fibroblast (NHLF) cell line using the CCK-8 assay. To assess the cytotoxicity of GOD@Hemin-MSN, we incubated NHLF cells with GOD@Hemin-MSN at various therapeutic concentrations (12.5, 25, 50, 100, 200, and 500 μg/ml); the group without any treatment was set as the control group. As shown in Figure 2A, the cell survival rate decreased slightly with the increase of GOD@Hemin-MSN concentration. It is notable that the cell survival rate still reached more than 60% even at the highest concentration (500 μg/ml), indicating that GOD@Hemin-MSN exhibits no obvious cytotoxicity and good biocompatibility. Subsequently, to verify its killing effect on tumor cells (Figure 2B), A549 cells, human lung adenocarcinoma cells, were treated with 6 different treatment combinations: 1) control, 2) RT, 3) hemin-MSN, 4) GOD@Hemin-MSN, 5) hemin-MSN+RT, and 6) GOD@Hemin-MSN+RT. The RT dose was 6 Gy, and the equivalent concentration of hemin-MSN was 50 μg/ml. No obvious cytotoxicity was observed in the control, RT, and hemin-MSN treatment groups. In the hemin-MSN+RT and GOD@Hemin-MSN+RT treatment groups, however, apparent cell death was observed, while the GOD@Hemin-MSN+RT treatment group exhibited much more obvious cytotoxicity than did the hemin-MSN+RT treatment group. The confocal laser scanning microscopy (CLSM) images of the live/dead staining assay further confirmed these results (Supplementary Figure S4). These results indicate that GOD is capable of oxidizing glucose to produce abundant amounts of H2O2, which, when combined with endogenous H2O2, was catalyzed by hemin to produce incremental amounts of ROS, realizing chemodynamic therapy for a greater killing effect on tumor cells in addition to standard RT. We also noticed, after 6 Gy radiotherapy, that the cell killing rate of the GOD@Hemin-MSN+RT group was significantly higher than that of RT alone, indicating that GOD@Hemin-MSN plays a synergistic role with RT and improves the therapeutic effects. DNA double-strand break (DSB) is the major form of lesion caused by RT that induces the apoptosis of tumor cells. Gamma-H2AX (γ-H2AX), a well-known sensitive DNA damage molecular marker, was used for fluorescence staining to indicate DSBs. As shown in Figure 2C, γ-H2AX foci (red fluorescence) were observed in the cell nuclei, and remarkable amounts of DNA damage were found in the GOD@Hemin-MSN+RT group. Corresponding quantitative analysis was conducted using ImageJ software. It is worth noting that hemin-MSN with RT caused 34.4% of the γ-H2AX foci; however, GOD@Hemin-MSN combined with RT caused 78.2% of the γ-H2AX foci, indicating the impressive radiosensitization ability of the nanohybrid (Supplementary Figure S5). In order to confirm and clarify whether ROS were really produced incrementally, the cells were incubated with dichlorodihydrofluorescein diacetate (DCFH-DA) to examine the ROS production in the different groups (Figure 2D). The GOD@Hemin-MSN group showed green fluorescence, confirming that GOD@Hemin-MSN can consume glucose to produce H2O2 and, further, to generate ROS. The GOD@Hemin-MSN+RT group showed stronger fluorescence, indicating a higher ROS production. In other words, the GOD@Hemin-MSN nanohybrid can be combined with RT to improve the therapeutic effects by producing incremental amounts of ROS. The results of colony formation are shown in Figure 2E. A marked inhibition of the proliferation of tumor cells was observed in the GOD@Hemin-MSN+RT group. The sensitization enhancement ratio of GOD@Hemin-MSN was calculated as 1.60, which was notably higher than that of hemin-MSN (1.32). All these results provided proof that chemodynamic therapy mediated by GOD@Hemin-MSN can substantially improve the killing efficiency of RT through more ROS production. Cell invasion occurs in the process of metastasis of malignant cells. Therefore, studying the mechanisms involved has important implications on a variety of physiological/pathological processes. The invasion and scratch experiments (Figures 2F, G) also showed similar results, in which the GOD@Hemin-MSN+RT group had the widest gap among all groups, indicating the strongest suppression on the invasion and the lowest cell fusion rate of A549 cells. With these data, it was deduced that GOD@Hemin-MSN can inhibit A549 cell metastasis by affecting its adhesion, invasion, and migration.




Figure 2 | Cell experiments. (A) Cell viability of normal human lung fibroblast (NHLF) cells after incubation with mesoporous silica decorated with hemin and glucose oxidase (GOD@Hemin-MSN) at various concentrations. (B) Cell viability of A549 cells after various treatments. (C) Confocal laser scanning microscopy (CLSM) images of γ-H2AX staining. (D) CLSM images of reactive oxygen species (ROS) staining. (E) Colony formation. (F) Transwell experiments after various treatments. (G) Wounding assay. 1, control; 2, radiotherapy (RT); 3, hemin-MSN; 4, GOD@Hemin-MSN; 5, hemin-MSN+RT; and 6, GOD@Hemin-MSN+RT. Data are presented as the mean ± SD using one-way ANOVA with Tukey’s multiple comparison tests. ***p < 0.001; **p < 0.01.



On account of the promising in vitro data, the in vivo antitumor efficacy of GOD@Hemin-MSN combined with RT was assessed on A549 tumor xenograft mice. When the tumor volume reached approximately 200 mm3, the mice were divided equally into 6 groups and subjected to various treatments, as follows: 1) control [200 µl phosphates-buffered saline (PBS)]; 2) RT (6 Gy); 3) hemin-MSN (50 μg/ml); 4) GOD@Hemin-MSN (50 μg/ml); 5) hemin-MSN (50 μg/ml) + RT (6 Gy); and 6) GOD@Hemin-MSN (50 μg/ml) + RT (6 Gy). The day the mice were first treated was recorded as day 1. Then, every third day, the body weights and tumor volumes of the mice were monitored and recorded. All mice in the 6 groups were euthanized on day 16. As demonstrated in Figures 3A, B and Supplementary Figure S6, the tumor volume in the control group increased significantly, reaching an average of 6.3 times on day 16 compared with that on day 1. Most of the mice in the GOD@Hemin-MSN+RT group survived. The tumor volumes in the RT, hemin-MSN, and GOD@Hemin-MSN groups were moderately suppressed. Notably, mice treated with hemin-MSN+RT exhibited remarkably reduced tumor volumes, which was consistent with the results of the in vivo experiment, indicating that hemin-MSN imposed a synergistic killing effect when combined with RT on the tumor region; that is, it sensitized RT by producing incremental amounts of ROS. However, this synergistic effect was still restrained by the limited H2O2 in tumor tissues. Therefore, GOD@Hemin-MSN compensated for the shortage of H2O2 in the TME and exhibited a much higher synergistic damage to the tumor in mice administered with GOD@Hemin-MSN followed by RT, achieving tumor inhibition rates as high as 91.5%. Hematoxylin–eosin (H&E) staining (Figure 3C) of the tumor tissue sections of each group also further confirmed our conclusion, as it could be seen that there were significant and abundant areas of necrosis and nuclear pyknosis in the tumor tissues of the GOD@Hemin-MSN+RT group. As shown in Figure 3D, the strongest green fluorescence was observed in tumor specimens of the GOD@Hemin-MSN+RT group. The underlying mechanism can be explained as follows: GOD on the GOD@Hemin-MSN nanohybrid catalyzed the intracellular glucose to produce abundant H2O2, which was subsequently catalyzed by hemin to produce incremental amounts of ROS. On the other hand, with the presence of GOD@Hemin-MSN, the ROS produced by ionizing radiation can also be further enhanced, leading to a spike in the ROS levels in the tumor region. Ki-67 and terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assays of the tumor tissue specimens of the GOD@Hemin-MSN+RT group further confirmed the enhanced killing efficiency, as indicated by the remarkable proliferation inhibition and tumor cell apoptosis in vivo. All treatment methods exhibited no obvious influence on the body weight of mice in all groups within 16 days, as shown in Figure 3E. The pharmacokinetic curves in Figure 3F demonstrated a blood circulation half-life of GOD@Hemin-MSN of approximately 2.1 h. However, the concentration of Si dropped to 3.5 μg/ml at 24 h post-injection, indicating that GOD@Hemin-MSN was metabolized quickly. The major accumulation of GOD@Hemin-MSN was observed in the kidney and liver at 24 h post-injection, revealing the renal and liver clearance pathway of GOD@Hemin-MSN (Figure 3G). With this method, GOD@Hemin-MSN could be a promising radiosensitizer administered with standard precise intensity-modulated radiotherapy (IMRT) to improve treatment effects or overcome radioresistant tumors for better therapeutic clinical outcomes, such as for the treatment of cancers impossible to be cured by standard RT, although this still needs to be validated in clinical trials.




Figure 3 | Radiosensitization in vivo in tumor xenograft mice. (A) Tumor volume changes. (B) Tumor weights. (C) Hematoxylin–eosin (H&E) staining of the tumor slices [group 1, control; group 2, radiotherapy (RT); group 3, hemin-MSN; group 4, GOD@Hemin-MSN; group 5, hemin-MSN+RT; and group 6, GOD@Hemin-MSN+RT]. (D) Immunofluorescence staining. (E) Body weights in each group. (F) Pharmacokinetic curves. (G) Biodistribution at 1, 12, and 24 h and at 3 days post-injection of GOD@Hemin-MSN [the same groups as in (C)]. Data are presented as the mean ± SD using one-way ANOVA with Tukey’s multiple comparison tests. ***p < 0.001; **p < 0.01.



The biocompatibility of the GOD@Hemin-MSN nanohybrid in vivo will be the major concern before it becomes clinically practicable. The main organs including the heart, liver, spleen, lung, and kidney of mice administered PBS, hemin-MSN, and GOD@Hemin-MSN were collected for observation with H&E staining (Figure 4A). There was no significant variance in the morphology of all the main organs in the three groups observed, indicating the satisfactory histocompatibility of hemin-MSN and GOD@Hemin-MSN. Peripheral blood was also collected from each group for routine blood biochemical test. As shown in Figure 4B, no significant difference was found for all blood indicators among the three groups. The results indicate that the GOD@Hemin-MSN nanohybrid and its synergistic RT sensitization strategy are highly biocompatible.




Figure 4 | (A) Light views of the main organs (heart, liver, spleen, lung, and kidney) with hematoxylin–eosin (H&E) staining. (B) Detection of the blood biochemical indicators. ALB, Albumin; ALT, Alanine aminotransferase; AST, Aspartate aminotransferase; BUN, Blood urea nitrogen; CREA, Creatinine; TP, Total protein; HCT, Hematocrit; HGB, Hemoglobin; RBC, Red blood cell; WBC, White blood cell; MCH, Mean corpuscular hemoglobin; MCV, Mean corpuscular volume.





Conclusion

The radioresistance of tumors can sometimes account for the self-clearance of ROS by the tumor cells themselves, which hinders the therapeutic efficacy of RT clinically. POD-like enzymes can catalyze overexpressed H2O2 in the TME, which, however, is always insufficient to produce enough ROS to damage the target DNA. We successfully synthesized a novel nanohybrid, GOD@Hemin-MSN, with proven biosafety and biodegradability. GOD@Hemin-MSN can be delivered inside tumor cells and catalyze oxidized glucose to produce abundant H2O2. The H2O2 is then converted into sufficient ROS to induce chemodynamic therapy, which synergistically works with the direct and indirect DNA damage of RT to perform the killing of tumor cells more efficiently. Our data from both in vitro and in vivo experiments suggest that GOD@Hemin-MSN overcomes the shortcomings of a standard RT and could be a promising radiosensitization strategy in clinical practice to reverse radioresistance or provide a more efficient therapy for cancer, but with minimal damage to adjacent normal tissues.
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DNA is always one of the most important targets for cancer therapy due to its leading role in the proliferation of cancer cells. Phototherapy kills cancer cells by generating reactive oxygen species (ROS) and local hyperthermia under light. It has attracted extensive interest in the clinical treatment of tumors because of many advantages such as non-invasiveness, high patient compliance, and low toxicity and side effects. However, the short ROS diffusion distance and limited thermal diffusion rate make it difficult for phototherapy to damage DNA deep in the nucleus. Therefore, nucleus-targeting phototherapy that can destroy DNAs via in-situ generation of ROS and high temperature can be a very effective strategy to address this bottleneck. Recently, some emerging nucleus-targeting phototherapy nanodrugs have demonstrated extremely effective anticancer effects. However, reviews in the field are still rarely reported. Here, we comprehensively summarized recent advances in nucleus-targeting phototherapy in recent years. We classified nucleus-targeting phototherapy into three categories based on the characteristics of these nucleus-targeting strategies. The first category is the passive targeting strategy, which mainly targets the nucleus by adjusting the physicochemical characteristics of phototherapy nanomedicines. The second category is to mediate the phototherapy nanodrugs into the nucleus by modifying functional groups that actively target the nucleus. The third category is to assist nanodrugs enter into the nucleus in a light-controlled way. Finally, we provided our insights and prospects for nucleus-targeting phototherapy nanodrugs. This minireview provides unique insights and valuable clues in the design of phototherapy nanodrugs and other nucleus-targeting drugs.
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INTRODUCTION
Currently, cancer has surpassed cardiovascular disease as the leading cause of death in many countries (Bray et al., 2018). In the United States, 1,918,030 new cancer cases and 609,360 cancer deaths are projected to occur in 2022 (Siegel et al., 2022). The uncontrolled proliferation of cancer cells is the most striking difference between cancer cells and normal cells (Hanahan, 2022). Destroying the DNA of cancer cells can very effectively inhibit the proliferation of cancer cells (Srinivas et al., 2019). Currently, a variety of anticancer drugs for DNA have been developed and occupied a prominent position in the treatment of cancer, many of which have become the first-line drugs, such as doxorubicin (DOX), cisplatin, and cyclophosphamide (Costoya et al., 2022; Jelinek and Zuchnicka, 2020; Li et al., 2021). Nonetheless, these drugs still have significant limitations in the treatment of cancer. DNA is deeply hidden in the nucleus of the cancer cell, and many drugs targeting DNA must pass through a series of barriers, such as the cytoplasmic membrane, lysosome, and nuclear membrane before entering the nucleus, making a large problem for drug delivery. In fact, only about 1–4% of cisplatin entered the nucleus after cellular internalization and even less (0.4%) of DOX entered the nucleus (Yu Cao et al., 2019; Lasorsa et al., 2019), which inevitably cause some serious side effects and poor prognosis.
DNA is easily destroyed by reactive oxygen species (ROS) with strong nucleophilic activity because the bases of DNA are electrophilic (Srinivas et al., 2019). In addition, DNA is composed of a pair of single strands through Watson-Crick base pairing, and the unique structure is prone to high temperature (Chen et al., 2019; Pan et al., 2018). Phototherapy, mainly divided into photothermal therapy (PTT) and photodynamic therapy (PDT) (Gao et al., 2020), can efficiently damage DNA through ROS and local high temperature generated by photosensitizer (PS) under light irradiation (Chen et al., 2021; Wang et al., 2021). Phototherapy offers higher levels of patient compliance and medical safety thanks to its high selectivity and minimal invasiveness (Hailong Yang et al., 2021). Nevertheless, the “short-life” ROS and limited heat transfer rate greatly compromise the therapeutic effects of phototherapy (Deng et al., 2021; Chen et al., 2022; Zhao et al., 2022). Therefore, DNA-rich nucleus, as the central governor and an organelle that is most susceptible to ROS and high temperature is the ideal target for phototherapy (Jiang et al., 2020). Due to the central regulation of nucleus, nucleus-targeting phototherapy has better anticancer potential than other subcellular organelle-targeting phototherapy. However, the delivery of PS to the nucleus faces significant obstacles (Zhu et al., 2018; Rennick et al., 2021). The nucleus is wholly enclosed by a double nuclear membrane which hinders the connection between the nucleus and cytoplasm. But the nucleus is not completely isolated from the cytoplasm for the nuclear pore complexes (NPCs) embedded in the nuclear membrane mediate material exchange and information transfer. NPC is a hydrophilic channel with a nuclear pore of ∼39 nm (Zhen et al., 2021), through which hydrophilic small molecules can be diffused into the nucleus (Zimmerli et al., 2021). However, most biomacromolecules are difficult to enter the nucleus via passive diffusion due to their large size. Instead, they need to be recognized by nucleoporins and then enter or exit the nucleus (Shiyi Qin et al., 2021). From this perspective, PSs need to have both small size and hydrophilicity or be modified by the nuclear-driven molecule in order to enter the nucleus. As a matter of fact, most PS agents, such as porphyrin, chlorin e6 (Ce6), phthalocyanines, are hydrophobic and cannot penetrate the nuclear membrane to reach the interior of cancer cell nuclei (Chinna Ayya Swamy et al., 2020; Lo et al., 2020; Zhang et al., 2021). Fortunately, nanotechnology offers a huge opportunity to address the nucleus-targeting bottleneck of PSs (Xie et al., 2020). Recently, some emerging nucleus-targeting phototherapeutic nanodrugs have demonstrated far higher anti-tumor effects than traditional DNA-targeting drugs. Phototherapeutic nanodrugs can be passively targeted to the nucleus by changing surface properties and size because of the highly physicochemical flexibility of nanomaterials (Jiang et al., 2020; Xu et al., 2020). More importantly, active targeting of the nucleus can also be achieved by modifying nucleus-targeting groups such as cell-penetrating peptides [e.g., transactivator of transcription (TAT)] (Su et al., 2020; Tietz et al., 2022), the specific nuclear localization signal/sequence (NLS) peptide (Zelmer et al., 2020; Drescher et al., 2021), and DNA aptamers (Dong et al., 2018; Yang et al., 2018; Zeng et al., 2020) on phototherapeutic nanodrugs. Apart from this, ROS generated by phototherapeutic nanodrugs can also damage the membrane structure to increase permeability (Chen et al., 2021; Su et al., 2021; Chen et al., 2022). Subsequently, the phototherapeutic nanodrugs can remove barriers from lysosomal trapping and nuclear pore restriction, and finally enter the nucleus (Yuanyuan Qin et al., 2021). Currently, nucleus-targeting phototherapeutic nanodrugs have sparked extensive interest in the field of oncotherapy, but sadly, there were few relevant reviews. Herein, we reviewed the latest progress of nucleus-targeting phototherapeutic nanodrugs for cancer treatment based on improving PDT and PTT efficiency. We detailed the design strategies of nuclear passively and actively targeted nanodrugs and discussed future directions and application prospects of nucleus-targeting nanodrugs in tumor therapy (Figure 1; Table 1). This mini-review provides novel insights for tumor treatment and promotes the clinical application of PDT and PTT.
[image: Figure 1]FIGURE 1 | Schematic illustration of nucleus-targeting nanodrugs for enhancing PDT and PTT. According to the way nanodrugs targeting the nucleus, they are divided into two parts: passive nucleus-targeting nanodrugs (A) and active nucleus-targeting nanodrugs, which are further divided into molecularly modified active nucleus-targeting nanodrugs (B) and light-controlled active nucleus-targeting nanodrugs (C). In (A), nanodrugs that undergo size/hydrophilicity adjustment can passively penetrate the nucleus through NPCs after escaping from the endo/lysosome. In (B), after being modified with the nucleus-targeting groups, nanodrugs can be recognized and then transferred into the nucleus by importin α/β through NPCs. As for (C), ROS generated by nanodrugs under light irradiation will destroy a series of bio-membranes and facilitate the entry of nanodrugs into the nucleus. Nanodrugs accumulated in the nucleus generated a large amount of toxic ROS and local high temperature under light irradiation to destroy DNA and proteins in the nucleus and finally induce tumor cell death.
PASSIVE NUCLEUS-TARGETING NANODRUGS
In order to facilitate the transport of macromolecules such as proteins and RNAs between the cytoplasm and the nucleus, the nuclear membrane maintains some pores that allow the passage of hydrophilic molecules smaller than 39 nm (Panagaki et al., 2021). Theoretically, nanodrugs with dimensions smaller than 39 nm and hydrophilicity have the potential for passive nuclear targeting (Fu et al., 2020). Carbon nanodots have been widely used in PDT, PTT, and fluorescence imaging in recent years due to their excellent optical properties. In addition, many carbon nanodots, which have small size and good hydrophilicity, are particularly suitable for passive targeting to the nucleus (Wareing et al., 2021). Recently, Nasrin et al. (2020) synthesized ultra-small conjugated carbon dots (CDcf) as two-photon active PSs for nucleus-targeting PDT. CDcf were obtained by solvothermal reaction of curcumin and folic acid at high temperature. Interestingly, CDcf retained part of the folic acid group, which enabled them to target folate receptor-positive oral cancer cells. CDcf entered the lysosome through folate receptor mediated endocytosis and formed a hybrid with the folate receptor. The hybrid released CDcf via lysosomal cleavage and then CDcf entered the nucleus due to its abundant hydrophilic amino groups and small size of 8 nm. Subsequently, the multi-conjugate system of CDcf mediated efficient photo-electron transfer to produce ROS and directly attacked DNA in the nucleus under irradiation with 780 nm laser. Benefiting from the effective nucleus-targeting ability, CDcf had much higher anticancer efficacy than CDc without nucleus-targeting ability. Similarly, Xu et al. found that N-doped carbon dots (Xu et al., 2021) and N/Se-doped carbon dots (Xu et al., 2020) with small size not only targeted the nucleus but also specifically bonded to RNA to further improve the treatment precision of carbon dots-mediated PDT. Nanoparticles with intrinsic nucleus-targeting ability can also serve as a drug-loading platform to deliver traditional PSs to the nucleus for high efficiency. For example, Lan Yang et al. (2021) reported an amino acid-based self-assembled nanocarrier with passive nucleus-targeting ability loaded with Ce6 and DOX (D-KCD/A) for the synergistic treatment of chemotherapy and PDT. D-KCD/A was prepared by azide crosslinkers and self-assemblies composed of dibenzocyclooctyne (DIBO)-functionalized lysine (D-K) and Ce6 by copper free click chemistry, followed by DOX loading. Because there were abundant hydrophobic regions, D-KCD/A had a high loading rate (17%) of Ce6, contributing to a higher tumor-killing efficiency. D-KCD/A was endocytosed and then entered the nucleus via a non-importin pathway thanks to the amphiphilic amino acid D-K. D-KCD/A exhibited a stronger antitumor effect than free Ce6 and D-KCD because of the synergistic effect of nuclear targeting and enhanced PDT.
In addition to PDT, passively nucleus-targeting PTT has also been developed. Recently, Jiang et al. (2020) developed a Hf-heptamethine indocyanine dye-based nanoscale coordination polymer (Hf-HI-4COOH) for nucleus-targeting PTT with low power density and temperature. Hf-HI-4COOH had a smaller size (36.7 nm) than NPCs and hydrophilicity derived from abundant uncoordinated carboxyl groups, which endowed it with good nuclear targeting ability. Up to 90% of Hf-HI-4COOH were delivered to the nucleus of 4T1 cells when incubated with Hf-HI-4COOH for 4 h. Hf-HI-4COOH significantly improved its photothermal conversion efficiency (39.51%) by the coordination between Hf and the heptamethine indocyanine dye, as demonstrated by a rapid temperature increase of ∼15°C within 5 min at the tumor site of tumor-bearing mice. Hf-HI-4COOH achieved effective tumor-killing effects while avoiding damage to the skin and normal organs under low power density (0.3 W/cm2) laser irradiation due to their high photothermal conversion efficiency and the intrinsic nucleus-targeting property. The tumor extracellular space is slightly acidic (pH = 6.5–6.8) because the tumor microenvironment is rich in lactate (Zhen et al., 2021; Huang et al., 2022; Zhu et al., 2022). To further improve the targeting of cancer therapy, Phuong et al. (2020) developed a slightly acidic environment-responsive carbon dot/TiO2 nanocomposites for nucleus-targeting PTT. Zwitterionic functionalized-carbon dots (Z-CDs) were attached to the surface of TiO2 nanocomposites via borolipid bonds. Under tumor slightly acidic conditions and visible light irradiation, the cleavage of the borolipid bonds resulted in the release of Z-CD from TiO2 nanoparticles, and Z-CD was internalized into tumor cells. The sulfobetaine moieties in Z-CD was protonized to lead to excellent hydrophilicity and small size in tumor microenvironment (23.5 nm in pH6.8). Benefiting from this, Z-CD efficiently entered the nucleus from the cytoplasm. The CD/TiO2 nanocomposites significantly upregulated the pro-apoptotic markers such as P53 and BAX in tumor cells and efficiently ablated tumors after being injected into the tumor and irradiated with Near Infrared (NIR).
ACTIVE NUCLEUS-TARGETING NANODRUGS
The nuclear passive targeting strategy has strict requirements on the size range and surface properties of nanodrugs, which limits the adaptability of this strategy. In addition, most strategies for passively targeting the nucleus rely on the passive diffusion of nanodrugs into the nucleus. Therefore, the delivery efficiency is relatively low and is negatively correlated with the particle size of nanodrugs. To achieve more effective nuclear targeting, many efficient active targeting strategies are currently developed for nanodrug-based phototherapy. These strategies can be divided into two categories. First, modifying the surface of nanodrugs with nucleus-targeting groups endows the nanodrugs with nucleus-targeting ability. Second, targeting the nucleus by light-controlled destruction of the nuclear membrane via the PDT or promotion of nanodrugs’ diffusion via PTT effects.
Modification of Nucleus-Targeting Groups
Nucleus-targeting groups mainly include cell-penetrating peptides (TAT peptides, cyclic R10 peptides), NLS, and DNA aptamers. TAT, as the first discovered cell-penetrating peptide, is a highly cationic peptide with the sequence YGRKKRRQRRR derived from human immunodeficiency virus-1 (HIV-1). TATs have been demonstrated to transfer nanodrugs into the perinuclear region by binding to the import receptors importin α and then translocating through the nuclear pore via importin β (karyopherin) (Gao et al., 2019; Wan et al., 2020; Ziyang Cao et al., 2019). Cyclic R10 peptide (cR10), a kind of cyclic cell-penetrating peptide, has higher nucleus-targeting capabilities than both linear TAT and cyclic TAT peptides (Tu et al., 2020). NLS is an amino acid sequence that consists of one or more short sequences of positively charged lysine or arginine (Florio et al., 2022). The mechanism of NLS entry into the nucleus is the same as TAT but NLS does not mediate non-specific membrane penetration and has fewer side effects (Smith et al., 2018; Yue Tan et al., 2021). Histone, as a functional protein that constitutes chromatin, contains nuclear localization sequences that mediate nuclear targeting (Guo et al., 2022). Except for aptamers (Yang et al., 2018), these nucleus-targeting polypeptides and proteins have strong positive charges. Directly modifying these polypeptides and proteins on the surface leads to not only high toxicity but also instability in the blood circulation system because of the highly positive charge of nanodrugs. A general strategy is to modify the surface of these nucleus-targeting polypeptides and proteins based nanodrugs with long-chain polyethylene glycol (PEG) (Li et al., 2018; Wang et al., 2019), or coat a layer of exosomes to increase their biocompatibility (Ziyang Cao et al., 2019). More importantly, the abundant amino groups, hydroxyl groups and sulfhydryl groups in these peptides or proteins make them amenable to modification to mask their positive charge or be functionalized for tumor environmentally responsive activation. For instance, Zhang et al. (2021) developed nucleus-targeting nanodrugs (T4-NPs) cleaved in the lysosome for PDT. T4-NPs were prepared by co-assembly of SA-TAT (succinic anhydride-modified TAT)-PEG (poly (ethylene glycol))-PLA [poly (lactic acid)] and PEG-PLA followed by loading of TPE-TTMN-TPA (a new kind of photosensitizer). Benefiting from the charge masking of TAT by SA modifying, the surface potential of T4-NPs was negative, which made T4-NPs stable in the blood circulation system in vivo. When T4-NPs were endocytosed into the lysosomes of cancer cells, the acidic environment of the lysosome (pH = 5) prompted the cleavage of SA from the TAT of T4-NPs to lead a charge reversal (from −15.5 mV to +6.72 mV) and triggered TAT exposure to mediate T4-NPs’ entry into the nucleus. T4 NPs had highly efficient nuclear targeting and long nuclear retention (∼6 h), and the TPE-TTMN-TPA aggregated in the nuclei of tumor cells and generated a large amount of ROS under light irradiation, which significantly inhibited the proliferation of tumor cells and angiogenesis (anti-tumor rate of 78%).
Very recently, Tu et al. (2020) developed a graphene oxide (GO)-cR10 nuclear translocation nanoplatform loaded with DOX (GOPRD) for the synergistic antitumor effects of chemotherapy and PTT. GO contained abundant carboxyl groups with favorable photothermal property and were easily modified with hyperbranched polyglycerol (hPG) and cR10. In this case, the hPG was modified to improve the biocompatibility of GOPRD. The cR10 effectively promoted the internalization (ten-fold increase in absorption efficiency) and accumulation of GOPRD in the nucleus. Under NIR light irradiation, GOPRD exerted a high photothermal effect and effectively killed multi-drug-resistant HeLa cells. As expected, GOPRD treatment demonstrated stronger anti-tumor activity than the free DOX group and non-nucleus-targeting group.
Light-Controlled Nuclear Delivery
Many phototherapeutic nanodrugs are usually trapped in endo/lysosomes and are difficult to escape from them (Cheng et al., 2019a; Cheng et al., 2019b). Some specially designed nanodrugs can escape from endo/lysosomes through the proton sponge effect or charge reversal effect to better transport to nuclear. However, they are still likely to be blocked outside the nuclear membrane due to their large size. A strategy for efficient nuclear transport is to destroy endo/lysosomal and nuclear membranes by phototherapy-generated ROS or high temperature (Zhu et al., 2018; Yuanyuan Qin et al., 2021). For instance, Ziyang Cao et al. (2019) reported a PDT-driven nucleus-targeting PDT-nanodrugs (DTRCD) for cancer therapy. DTRCD was prepared by self-assembly of TAT-modified ROS-responsive polymers followed by loading of Ce6 and DOX. Despite the presence of the nucleus-targeting group TAT peptide, DTRCD cannot enter the nucleus and can only stay around the nucleus because of the large size of DTRCD (40–200 nm). The toxic ROS generated by Ce6 directly destroyed the nuclear membrane integrity and the ROS-sensitive thiokel bonds in DTRCD under light irradiation, which further promoted the intranuclear accumulation of Ce6 and DOX. As a result, DTRCD treatment plus irradiation achieved the most effective tumor volume reduction compared to the free drug group and single sensitive nanomaterials group. In addition to PDT, PTT also mediates the diffusion of nanodrugs into the nucleus when they are near the nucleus. Recently, Hua et al. (2018) synthesized novel multifunctional nanodots (BCCGH) by mixing bovine serum albumin (BSA), carbon dots, metal ions (Cu2+ and Gd3+), and 2-(1-hexyloxyethyl)-2-devinyl pyropheophorbide-α (HPPH, a photosensitizer). BCCGH largely escaped the lysosomal entrapment due to the BSA surface and appropriate size/charge of the nanodots and were distributed mainly around the nucleus-endoplasmic reticulum. BCCGH had a very high photothermal conversion efficiency (68.4%). And high temperature promoted the further diffusion of BCCGH into the nucleus under mild NIR laser irradiation. The BCCGH targeted to the nucleus efficiently killed about 90% of cancer cells via ROS under laser light.
CONCLUSION AND PROSPECT
Nucleus-targeting phototherapy drugs can effectively solve the problem caused by the long distance between phototherapy drugs and their target DNA. Therefore, these emerging nucleus-targeting phototherapy nanodrugs have attracted a very wide range of research interests in the field of cancer therapy over the past several years. Herein, we systematically summarize recent advances in nucleus-targeting phototherapy nanodrugs for enhanced antitumor efficacy. To achieve satisfactory nucleus-targeting phototherapy, nanodrugs need to break through multiple hurdles (Zhu et al., 2018; Yu Cao et al., 2019): 1) effective tumor tissue-specific accumulation; 2) high efficiency of cellular internalization; 3) excellent endo/lysosomal escape ability; 4) fully perinuclear or intranuclear translocation, 5) efficient photo-thermal/photochemical energy conversion. Most of these well-designed active/passive nucleus-targeting nanodrugs can overcome these barriers to demonstrate excellent cancer therapeutic efficacy through irreversible and catastrophic thermal or oxidative damage to the nucleus. Despite the substantial advances gained, there are still various obstacles to overcome in furthering the clinical application of nucleus-targeting phototherapy nanodrugs. First, nanodrugs generally require a smaller size to achieve better nuclear targeting, especially for passively nucleus-targeting nanodrugs. However, the too small particle size of nanodrugs leads to the easy excretion of nanodrugs in the blood circulatory system through the kidneys or leakage into other normal tissues (Wei Tan et al., 2021). Second, many actively targeted phototherapeutic nanodrugs require additional modifications to maintain stability in the blood circulation system, which requires very sophisticated designs of nanodrugs to ensure exposure of active nucleus-targeting functional groups at appropriate sites group. Many sophisticated active-targeted nanodrugs are complicated to prepare and have many components, which will lead to a big bottleneck for the subsequent translation from laboratory to clinical. Third, the hypoxic environment at the tumor site can compromise the efficacy of nucleus-targeting nanodrugs PDT-based therapy (Zeng et al., 2020). Oxygen-independent PDT may solve the problems effectively. Fourth, phototherapy generally uses the near-infrared laser as the excitation light source. Although its tissue penetration has been greatly improved compared with visible light, it is still not suitable for many deep tissue tumors (Hailong Yang et al., 2021). To summarize, more efforts are still needed to improve the PDT and PTT effects provided by nucleus-targeting nanodrugs. Nevertheless, nucleus-targeting phototherapy nanodrugs remain intriguing research frontiers in the field of cancer treatment. It is foreseeable that the innovative design of nanodrugs will strongly promote the clinical translation of nucleus-targeting PDT and PTT.
TABLE 1 | Nucleus-targeting nanodrugs for enhancing PDT and PTT.
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Cancer cell lysosomes contain various hydrolases and non-degraded substrates that are corrosive enough to destroy cancer cells. However, many traditional small molecule drugs targeting lysosomes have strong side effects because they cannot effectively differentiate between normal and cancer cells. Most lysosome-based research has focused on inducing mild lysosomal membrane permeabilization (LMP) to release anticancer drugs from lysosomal traps into the cancer cell cytoplasm. In fact, lysosomes are particularly powerful “bombs”. Achieving cancer cell-selective LMP induction may yield high-efficiency anticancer effects and extremely low side effects. Nanodrugs have diverse and combinable properties and can be specifically designed to selectively induce LMP in cancer cells by taking advantage of the differences between cancer cells and normal cells. Although nanodrugs-induced LMP has made great progress recently, related reviews remain rare. Herein, we first comprehensively summarize the advances in nanodrugs-induced LMP. Next, we describe the different nanodrugs-induced LMP strategies, namely nanoparticles aggregation-induced LMP, chemodynamic therapy (CDT)-induced LMP, and magnetic field-induced LMP. Finally, we analyze the prospect of nanodrugs-induced LMP and the challenges to overcome. We believe this review provides a unique perspective and inspiration for designing lysosome-targeting drugs.
Keywords: lysosomal membrane permeabilization, nanomaterials, nanodrugs, cancer treatment, chemodynamic therapy, magnetic nanoparticles, subcellular organelle-targeting
INTRODUCTION
Cancer burdens global public health; it accounts for nearly 10 million deaths annually worldwide, and this number keeps increasing (Sung et al., 2021). The battle against tumors has been ongoing for decades, and a multitude of anticancer drugs have been developed. Many antitumor therapeutic strategies rely on the activation of the apoptosis pathway in tumor cells (Kolenko et al., 2000; Huang et al., 2022), a signaling cascade involving caspases leading to apoptosis (also known as caspase-dependent cell death). However, tumor cells are resistant to apoptosis-inducing and caspase-activating drugs by mutating pro-apoptotic proteins and overexpressing anti-apoptotic proteins (Giampazolias et al., 2017). Interestingly, some cellular components may achieve self-killing by acting as “bombs” (Zhang et al., 2021).
Lysosomes, discovered in 1955, have long been regarded as mere “digesting” machines (De Duve and Wattiaux, 1966). These organelles are essential for endocytosis and autophagy (Piao and Amaravadi, 2016) and contain numerous hydrolases (De Duve and Wattiaux, 1966) responsible for degrading and recycling macromolecules such as exogenous substances and intracellular metabolic waste. In addition, lysosomes play a key role in many cellular biochemical processes, such as cell death and signal transduction (Platt, 2018). Severely damaged lysosomal membranes release the highly active hydrolases from the lysosome into the cytoplasm, where they affect various cellular components and activate death pathways. This process is known as lysosomal membrane permeabilization (LMP)-mediated lysosomal cell death (Kirkegaard and Jäättelä, 2009). The role of LMP in the cell death process is complex and involves various cell death pathways such as apoptosis, necrosis, and pyroptosis (Repnik et al., 2014). In short, leaky and ruptured lysosomes can become bombs threatening cell survival by releasing self-killing enzymes and impairing cellular functions.
These lysosomal bombs have also been called “suicide bags” (De Duve and Wattiaux, 1966). Besides their immense potential power, lysosomes are crucial for the rapid division of tumors; therefore, they have received extensive attention from tumor treatment researchers. Transformation and cancer progression involve dramatic changes in lysosomal volume, composition, and cellular distribution (Serrano-Puebla and Boya, 2018). In tumor cells, lysosomes are hypertrophic and more abundant (Galluzzi et al., 2018) and, therefore, more fragile and prone to rupture than in normal cells (Ma et al., 2020). Moreover, tumor cells have higher lysosomal enzymes levels (Serrano-Puebla and Boya, 2018). For example, increased expression of cathepsin B has been proposed as a marker for colorectal cancer (Abdulla et al., 2017), and various tumors express high cathepsin D levels (Fukuda et al., 2005). The morphological and physiological changes of lysosomes in tumor cells favor LMP induction. Some “detonators”—such as detergents or lipophilic drugs (Zhitomirsky and Assaraf, 2016)—can accumulate in lysosomes and induce LMP. For example, cationic amphoteric drugs induced LMP-mediated cell death by detaching acid sphingomyelinase from lysosomal membranes (Serrano-Puebla and Boya, 2018). However, these drugs may not be designed for LMP induction and lysosomal cell death pathways activation, and most of them have limitations such as low tumor selectivity and low lysosomal specificity.
The tremendous progress in nanodrugs has enabled the discovery of novel effective “detonators” to ignite lysosome bombs in tumor cells. First, most cellular uptake pathways of nanomedicines mediate endocytosis into lysosomes, including phagocytosis, clathrin-mediated endocytosis, and macropinocytosis (Stern et al., 2012), making this organelle the most common intracellular site of nanoparticle sequestration and degradation. Taking advantage of this, most LMP-inducing nanodrugs can reach their target (lysosomes) with little off-target effects. Second, the enhanced permeability and retention effect (EPR effect) (Kanamala et al., 2016) in tumors allows nanodrugs to achieve high tumor selectivity. In addition, modifying the nanodrugs with functional groups that specifically recognize cancer cells or respond to the tumor microenvironment increases their selectivity (Wang et al., 2021; Yang et al., 2022). Finally, nanodrugs have flexible physicochemical properties, and those with reasonable components and specific functional design can cleave lysosomes more efficiently than small molecule drugs, yielding more potent anticancer effects (Ai et al., 2021). There are growing interests and attempts to design “detonators” of lysosome bombs combining the advantages of nanodrugs (nano-lysobombs). Recently, some anticancer nano-lysobombs have been developed and have demonstrated potent antitumor effects and few side effects. However, to our knowledge, no review summarizes the newly developed anticancer nano-lysobombs. Thus, this minireview discusses the promising nano-lysobombs initiating LMP and lysosomal cell death in tumors. These nano-lysobombs are categorized into three groups based on their initiation process: nano-aggregation, chemodynamic therapy (CDT) and magnetic field induction (Figure 1, Table 1). Moreover, we detail the advantages and disadvantages of nano-lysobombs to highlight their potential.
[image: Figure 1]FIGURE 1 | Schematic illustration of nano-lysobombs inducing LMP and lysosome cell death. Nano-lysobombs are classified into three groups according to their action mechanism: nano-aggregation, CDT process, and magnetic field induction (A) The first class of nanodrugs triggers osmotic flow and lysosome swelling by self-assembling on the cell membrane or aggregating in lysosomes (B) The second class of nanodrugs triggers the Fenton reaction in the lysosomes, using generated OH to induce lipid peroxidation (LPO) of the lysosomal membrane and then trigger LMP (C) The third class uses the thermal effects or mechanical stress generated by magnetic field-stimulated magnetic nanoparticles to destroy the lysosomal membranes, eventually killing the cells.
TABLE 1 | Nanodrugs detonate lysobombs.
[image: Table 1]NANO-AGGREGATION-INDUCED LYSOSOMAL MEMBRANE PERMEABILIZATION
Cancer cells present an altered lysosomal membrane structure making them more susceptible to osmotic swelling (Ma et al., 2020). Therefore, the idea of constructing nanomedicines inducing lysosome osmotic pressure difference or causing lysosome morphological changes has emerged, and nano-aggregation strategies have been developed. After reaching the plasma membrane of cancer cells, the nanoparticles would first enter early endosomes and then be transported to late endosomes—also called multivesicular bodies (MVB) (Hessvik and Llorente, 2018; Beatriz et al., 2021)—which then fuse with lysosomes. If these specially designed nanoparticles aggregate or self-assemble to a large scale at any stage of internalization, LMP will be induced through ion-induced osmotic pressure and lysosomal swelling, subsequent cancer cell death (Baehr et al., 2021; Wang et al., 2022).
The nano-aggregation strategies aim to selectively target cancer cells to achieve an excellent anticancer effect with few side effects. Currently, two nano-aggregation-induced LMP strategies exist. The first strategy (Borkowska et al., 2020) is based on the difference in lysosomal pH between cancer cells and normal cells. Cancer cell lysosomes and MVBs have lower pH (pH lysosome ≈4.2 in MDA-MB-231 cells) (Borkowska et al., 2020) than normal cell lysosomes (pH ≈ 4.8) and multilamellar bodies (pH < 6.1) (Lajoie et al., 2005). Recently, Borkowska et al. (Borkowska et al., 2020) developed a series of Au nanoparticles [(+/−) NPs] modified with the positively charged N,N,N-trimethyl (11-mercaptoundecyl) ammonium chloride (TMA) and the negatively charged 11-mercaptoundecanoic acid (MUA) at different ratios to specifically induce LMP in cancer cells. A decrease in pH protonates the carboxyl group of the MUA and decreases the negative charge, rendering MUA hydrophobic. Interestingly (+/−) NPs with a TMA/MUA ratio of 80:20 only aggregated and triggered LMP in the lysosomes of cancer cells, but not in multilamellar bodies of normal cells. These (+/−) NPs (χTMA:χMUA = 80:20) had a particle size of only 5.3 nm and formed very large aggregates with a diameter >2 μm in cancer lysosomes, ultimately resulting in a powerful and broad-spectrum LMP-induced anticancer effect. Furthermore, in normal cells, the 80:20 (+/−) NPs were only present in multilamellar bodies, and most of them were excreted by exocytosis, indicating the potentially low adverse effects.
The second strategy (Ji et al., 2021; Wu et al., 2021) employs an enzyme-instructed self-assembly (EISA) approach. Alkaline phosphatases are highly expressed on the plasma membrane of many types of cancer cells and have been adopted as ELSA-promoting enzymes to induce LMP by mediating nano-aggregation (Wang et al., 2016; Gao et al., 2020a). For example, Wu et al. (Wu et al., 2021) constructed Py-Phe-Phe-Glu-Tyr (H2PO3)-Gly-Lyso (Py-Yp-Lyso) to treat cervical cancer through nano-aggregation-inducing LMP. Py-Yp-Lyso consisted of four parts: Glu-Tyr (H2PO3) was dephosphorylated by alkaline phosphatases to form Py-Y-Lyso and further self-assembled into nanofibers. The pyrene molecule (Py) served as a monitor due to its concentration-dependent luminescence. Phe-Phe conferred better biostability as a self-assembling structure. Finally, the 4-(2-aminoethyl) morpholine served as a lysosome targeting molecule (Lyso). It is prone to protonation, becomes more hydrophilic into the acidic lysosome, and remains there instead of diffusing to the cytoplasm. Py-Yp-Lyso had a negative charge and was stable in the blood circulation system because it contained a phosphate group. When Py-Yp-Lyso reached the cancer cells, alkaline phosphatases on the surface of the cancer cell plasma membrane dephosphorylated it, reversing its charge. The positively charged surface of the dephosphorylated Py-Y-Lyso promoted endocytosis and protonated the 4-(2-aminoethyl) morpholine moiety, preventing Py-Y-Lyso from diffusing out of the lysosome. In acidic lysosomes, Py-Yp-Lyso aggregation formed large nanofibers which triggered LMP. Py-Yp-Lyso had significantly higher cytotoxicity in Hela cells than in normal cells and inhibited tumor growth to 55.4% of that of control tumors at day 15 following the injection. Similarly, Ji et al. (Ji et al., 2021) constructed an LMP trigger called TPE-Py-pYK(TPP)pY, which was composed of three segments: tetraphenylethylene-pyride (TPE-Py) mainly for imaging, pYKpY (pY = phosphotyrosine) for self-assembly, and triphenylphosphine (TPP) for charge regulation and internalization. Treating Hela cells with TPE-Py-pYK(TPP)pY caused lysosomal destruction and high cytotoxicity. Intriguingly, LMP also effectively induced immunogenic cell death and ameliorated the immunosuppressive microenvironment.
CDT-INDUCED LYSOSOMAL MEMBRANE PERMEABILIZATION
Reactive oxygen species (ROS) are highly reactive and, at high concentrations, they can react with unsaturated lipids in lysosomal membranes to trigger LMP (Huang et al., 2017). CDT kills cancer cells by converting the high concentrations of endogenous H2O2 in cancer cells into the highly oxidative OH through the Fenton reaction (Chen et al., 2022). CDT has very excellent selectivity and causes few side effects because tumors have much higher H2O2 concentrations than normal tissue (Tang et al., 2019). The CDT reaction requires a low pH (pH ≈ 2–4). However, many Fenton reagents exhibit low efficiency in the weakly acidic tumor microenvironment (pH ≈ 6) (Shi et al., 2021) or cytoplasm (pH > 7.2) (Persi et al., 2018), prompting researchers (Dong et al., 2020; Shi et al., 2021) to search for a more favorable acidic environment for CDT and develop Fenton reagents with broader reaction conditions. The lysosome provides a favorable acidic environment (pH ≈ 4–5) for efficient CDT, and the Fenton reaction exhibits a higher reaction rate in such an acidic environment (Zhao et al., 2019). Moreover, lysosomes rarely contain antioxidant enzymes that inhibit the efficacy of CDT (such as catalase, glutathione peroxidase) (Kurz et al., 2008) but do enclose some small biomolecules that benefit CDT (cysteine, ascorbic acid, and glutathione for reducing oxidated Fenton reagents) (Kurz et al., 2008). Combining the high H2O2 levels in tumors and favorable conditions for the Fenton reaction in lysosomes, CDT-induced LMP is highly efficient and has a potent anticancer effect.
Copper-based nanoparticles can be used in a wide range of acidic environments (Jia et al., 2022) and exhibit a more efficient catalytic rate (Zhao et al., 2020) as a Fenton reaction catalyst than traditional ferrous materials. Therefore, copper-based nanomaterials are wildly used in CDT-induced LMP. Recently, Liu et al.(Liu et al., 2020) layered double hydroxide-copper sulfide nanocomposites (LDH-CuS NCs) to effectively treat cancer by CDT-induced LMP. They prepared LDH-CuS NCs by in situ growth of CuS on LDH nanosheets. The group chose CuS nanodots for their photothermal activity and better biosafety and performed near-infrared (NIR) excitation to release thermal effects-inducing copper ions to initiate Fenton-like reactions. This process is called NIR-induced CDT. Moreover, the sheet-like structure of LDH allowed CuS to stay in or adhere to lysosomes for longer periods, as 1D and 2D materials remain longer in endocytosis than spherical nanoparticles do. Therefore, LDH-CuS exhibited strong lysosomal localization ability, while free CuS nanodots are prone to diffuse into the cytoplasm. Finally, NIR-excited LDH-CuS efficiently generated OH in lysosomes, inducing LMP and achieving complete tumor suppression, while free CuS nanodots had poor tumor-suppressive effects, demonstrating the importance of lysosomes in CDT.
A continuous H2O2 supply is essential to maintain CDT and the subsequent LMP process. The exhaustion of endogenous H2O2 in lysosomes of tumor cells hampers CDT efficacy (Jia et al., 2022). To overcome this limitation, Lin et al.(Lin et al., 2019) prepared copper peroxide nanodots (CP nanodots) by combining Cu2+ and H2O2 in the presence of poly (vinylpyrrolidone) (PVP) as a stabilizer. These nanodots simultaneously release Cu2+ and H2O2 in the acidic environment, especially in the lysosomes of tumor cells. CP nanodots significantly inhibited the tumor growth of U87MG tumor-bearing mice via CDT-inducing LMP. To further explore the retention behavior of copper-based nanomaterials in lysosomes, Deng et al. (Deng et al., 2022) prepared a series of copper peroxide nanodrugs with different pKa (Nano pKa/NCP). NCPs with low pKa (5.2–6.2) remained in lysosomes for longer and in higher quantities than those with high pKa and increased the ROS levels and LMP in lysosomes. Nano-pKa5.2/NCP treatment displayed the most apparent tumor growth suppression in vivo.
MAGNETIC FIELD-INDUCED LYSOSOMAL MEMBRANE PERMEABILIZATION
Cancer treatments based on alternating magnetic fields have numerous advantages over other methods. For example, magnetic fields do not have adverse effects on the human body and have unlimited tissue penetration depth. Many antitumor magnetic nanoparticles (MNPs) have been developed, especially those made from iron oxides, since they have favorable biocompatibility, abundant raw materials, and outstanding biological effects (Soetaert et al., 2020). The MNPs vibrate violently under the alternating magnetic field, which not only induces strong mechanical stress (Lopez et al., 2022) but also increases the temperature near the MNPs (Gobbo et al., 2015). Besides, lysosomal membranes can be disrupted by mechanical stress and thermal expansion, making alternating magnetic field-induced LMP a promising approach for cancer therapy. For example, Lunov et al.(Lunov et al., 2019) experimented with magnetic stimulation-induced LMP through superparamagnetic iron oxide nanoparticles (SPIONs) against liver cancer. Carboxydextran-coated SPIONs passively accumulated in the liver and were efficiently endocytosed into lysosomes by liver cancer cells. SPIONs strongly damaged lysosomes through magneto-mechanical stress with a force ≥700 pN, induced cathepsin B leakage, and eventually killed cells exposed to high-intensity (up to 8 T), short-pulse-width (≈15 µs) pulsed magnetic field.
Pucci et al. (Pucci et al., 2020) also constructed Angiopep-2 functionalized lipid-based magnetic nanovectors (Ang-LMNVs) for magnetic field-induced LMP against glioblastoma multiforme. They added angiopep-2 on LMNVs to target the low-density lipoprotein receptor-related protein 1 (LRP1, overexpressed on the glioma cell surface) and promote blood-brain barrier penetration. Submitting the Ang-LMNVs to an alternating magnetic field induced LMP and glioma cell death through magnetic intra-lysosomal hyperthermia (MILH). Compared with magnetic hyperthermia therapy (which elevates the overall temperature of the tumor), MILH showed better biosafety by only heating the nanoparticles inside the lysosomes and was more energy-efficient (Pucci et al., 2020). In addition, Ang-LMNVs showed prior delivery efficacy and synergistic effects as nanovectors for the nongenotoxic drug nutlin-3a. Notably, Ang-LMNVs submitted to an alternating magnetic field could raise the local temperature to 43°C without affecting heat shock protein 70 (HSP70), bypassing the protection mechanism of HSP70 against magnetocaloric LMP-induced cell death.
Very recently, Clerc et al. (Clerc et al., 2018) constructed gastrin-modified iron oxide magnetic nanoparticles (Gastrin-MNPs) and confirmed their selective cytotoxicity towards various tumors. Gastrin-MNPs targeted tumor cells by recognizing overexpressed gastrin receptors (CCK2R) and inducing LMP through MILH. The MILH-induced local heating increased the ROS level by 7-fold by enhancing the Fenton reaction within lysosomes, in which iron from MNPs was partially involved.
CONCLUSION AND PROSPECTS
In this review, we summarized the three main emerging nanodrug-induced LMP strategies. These nanodrugs demonstrated potent antitumor effects and had ultra-low side effects. Nevertheless, nanodrug-based lysosomal bombs still pose some problems that need to be addressed. For example, HSP70 is overexpressed in malignant tumors and is associated with poor therapeutic outcomes (Kroemer and Jäättelä, 2005; Pucci et al., 2020). HSP70 is localized in the lysosomal membrane and can protect the lysosomal membrane from different stimuli (Kirkegaard and Jäättelä, 2009), including ROS-induced LMP. This suggests that nanodrug-induced LMP researchers should pay particular attention to the factors protecting tumor cells from lysosomal cell death. In addition, the selectivity of nanodrug-induced LMP requires further improvement. For example, EISA-based strategies remain uncommon because alkaline phosphatases are not significantly expressed in some cancer cells (Li et al., 2017). Furthermore, CDT-induced LMP strategies do not differentiate between cancerous and inflamed tissues because many inflammation sites also have elevated H2O2 concentrations (Chen et al., 2021; Liu et al., 2022; Zhao et al., 2022; Zhu et al., 2022). Finally, while magnetic field-induced LMP has good spatial selectivity–because the direction of the magnetic field determines the treatment site—it leaves undetected cancer sites untreated.
LMP is a critical process affecting lysosomal function and is an intermediate link in many therapeutic strategies. Multidrug resistance is closely related to lysosomes, as lysosome chelation traps many drugs, rendering them ineffective. Therefore, numerous studies have explored mild LMP induction as a method to mediate lysosomal escape of drugs and thereby increase antitumor efficacy. In fact, due to the highly toxic compounds in lysosomes and their essential role in cellular physiology, strong LMP can directly kill tumors. However, the key to LMP-based therapy is to effectively distinguish cancer cells from normal cells, which dramatically limits the application of this otherwise extremely promising therapy. Fortunately, the many unique and flexible physicochemical properties of nanodrugs allow for specially designed nanodrugs to selectively induce strong LMP in cancer cells, which this minireview highlights. Many commonly used antitumor strategies have excellent efficiency combined with lysosomal targeting. For example, lysosomal targeting combined with photodynamic therapy (PDT) to overcome the dark toxicity of many photosensitizers (Gao et al., 2020b). To the best of our knowledge, these advantages have not yet been used for LMP-induced cell death in tumor treatment, which may be related to the need for local lighting accuracy. Nevertheless, it provides a research direction for more efficient therapies.
In general, therapeutic strategies that utilize the characteristics of lysosomes in tumor cells are efficient. In addition, the lysosomal cell death mechanism is different from that of most antitumor drugs and provides more opportunities for coping with drug resistance. In addition, processes such as development and aging may be related to the instability of lysosomal membranes. Therefore, LMP-inducing strategies can not only be applied to tumors but may also be worth studying in other aspects leading to treatments for other diseases.
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Breast cancer (BC) is the most common malignant tumor in women. There are different risk characteristics and treatment strategies for different subtypes of BC. The tumor microenvironment (TME) is of great significance for understanding the occurrence, development, and metastasis of tumors. The TME plays an important role in all stages of BC metastasis, immune monitoring, immune response avoidance, and drug resistance, and also plays an important role in the diagnosis, prevention, and prognosis of BC. Smart nanosystems have broad development prospect in the regulation of the BC drug delivery based on the response of the TME. In particular, TME-responsive nanoparticles cleverly utilize the abnormal features of BC tissues and cells to achieve targeted transport, stable release, and improved efficacy. We here present a review of the mechanisms underlying the response of the TME to BC to provide potential nanostrategies for future BC treatment.
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Introduction

Breast cancer (BC) is a common cancer that affects women’s health worldwide, and is also the most common malignant tumor among women (1, 2). According to the Report of the American Cancer Society, BC is second only to lung cancer in the number of cancer-related deaths among women. In recent years, the incidence of BC has been increasing at an annual rate of approximately 0.3%, with 2.3 million new cases worldwide in 2020 and a significant increase in mortality from 1990 to 2015 (3, 4). According to Surveillance, Epidemiology and End Results (SEER) data, the 5-year survival rate of patients with stage IIIA and stage IIIB BC was 52% and 48%, respectively, and the median survival of patients with stage III BC was 4.9 years (2, 5–8).

The histological types of BC are (1) non-invasive carcinoma, including ductal carcinoma in situ and lobular carcinoma in situ; and (2) invasive cancer, including no special type of invasive cancer, invasive lobular carcinoma, tubular carcinoma, and mucinous carcinoma (9–12). Based on molecular evidence, BC can be categorized into three groups: hormone receptor [estrogen receptor (ER) or progesterone receptor (PR)]-positive, human epidermal receptor 2 (HER2) or ERBB2 receptor-positive, and triple-negative BC (TNBC; ER−, PR−, HER2−). Among them, the luminal subtype can be further divided into luminal A and luminal B tumors, and TNBC can be further divided into six subtypes: basal-like1/basal-like2, mesenchymal, mesenchymal stem-like, immunomodulatory, luminal androgen receptor, and an unspecified group (11, 13–17). The luminal A subtype has the best clinical prognosis, accounting for 40% of all subtypes, and is characterized by high levels of ER expression; therefore, patients with luminal A BC are more likely to benefit from hormone therapy alone. Another less common subtype, luminal B BC (accounting for approximately 20% of all subtypes), is characterized by low levels of ER expression but high expression levels of proliferation-related genes and may require chemotherapy. HER2-enriched tumors (accounting for 15–20% of subtypes) are also characterized by overexpression of proliferation-related genes. The basal-like subtype is characterized by up-regulated expression of genes expressed in basal/myoepithelial cells. The specific molecular pathophysiological mechanism of TNBC tumors is still unclear, accounting for about 15% of all subtypes, and 71% of TNBC tumors are in the basal-like group (18–20).

The three main tumor subtypes of BC, characterized by ER or PR expression and amplification of the ERBB2 gene, have different risk characteristics and treatment strategies, with the optimal treatment for each patient depending on the tumor subtype, anatomic tumor stage, and patient preference (11, 21–25). In addition, the role of genomic analyses such as detection of BRCA1 or BRCA2 germline mutations in treatment decisions has been shown to play an important role in clinical outcomes in BC (26–29).

For patients without metastatic disease, treatment aims to eradicate the tumor from the breast and regional lymph nodes and to prevent recurrence. According to the clinical setting, systemic therapy for non-metastatic BC is mainly based on the molecular characteristics (30–33): patients with hormone receptor-positive tumors receive endocrine therapy and a few patients also receive chemotherapy. Patients with ERBB2-positive tumors are typically treated with ERBB2-targeted antibodies or small-molecule inhibitors (trastuzumab-based) in combination with chemotherapy. Patients with TNBC tumors receive only chemotherapy (6, 14, 18). In addition, local treatment in patients with non-metastatic BC includes surgical excision (including axillary lymph node sampling or excision), and postoperative radiotherapy should be considered if lumpectomy is performed. However, the local treatment of patients with non-metastatic BC is increasingly being performed with some systemic therapy prior to surgery, such as neoadjuvant chemotherapy, followed by postoperative treatment tailored to the preoperative response (18, 34). In contrast, treatment for metastatic BC is also based on molecular subtypes, with the goal of prolonging life and reducing symptoms, which is more complex and personalized (7, 17). Metastatic BC also has a poor prognosis, with a median overall survival of approximately 1 year for metastatic TNBC, compared with approximately 5 years for the other two subtypes (8).



The TME of BC

The proliferation of cancer cells and their spread to other parts of the body depend on the microenvironment of the organ, which is also known as the “seed and soil” hypothesis. In brief, cancer-associated fibroblasts (CAFs) in the tumor microenvironment (TME) promote metastasis and secrete large amounts of pro-inflammatory cytokines and chemokines, growth factors, and extracellular matrix (ECM) components. In addition to binding to adjacent tumor cells, CAFs interact with other stromal components in the microenvironment through complex crosstalk. These cells are involved in various activities such as angiogenesis and ECM remodeling, which contribute to tumor growth and metastasis. Thus, the TME is, to some extent, the protagonist of cancer progression, and is more genetically stable than the cancer itself. Therefore, increasing studies aiming toward anticancer drug development are currently focused on strategies targeting the TME (35–37). For example, owing to the genetic and phenotypic heterogeneity of BC cells, the cells or pathways vary among patients or at different periods in the disease course in the same patient, which poses a challenge in conducting targeted research for treatment (38). TME-targeted therapies that use tumor cells, key TME components, or secreted bioactive molecules alone or in combination as therapeutic targets are gaining increasing attention.

Here, we focus on research progress in the development of innovative nanomaterials delivery systems as the key to providing intelligent delivery systems based on active targeting and internalization in the TME and cancer cells (39, 40). In particular, the size and versatility of nano-loaded particles allow for chemical or genetic modification of their surfaces with various targeting groups or active ligands that trigger the specific orientation and recognition of biological targets, enabling them to deliver a steady amount of drugs at the tumor site and control their ability to deliver the drugs effectively (41–43). This review therefore provides an overview of the mechanisms of the TME response to BC, along with examples of the diversity of nanoparticle (NP)-based drug delivery systems developed to date or with potential to target the TME, which can offer an effective dual targeting strategy for BC cells and the TME as the potential key to realizing the successful treatment of BC (44, 45).

The TME is the internal environment in which tumor cells generate and live, which includes not only the tumor cells themselves but also fibroblasts, immune and inflammatory cells, glial cells, and other cells closely related to and interacting with tumor cells. The TME also includes interstitial cells, microvessels, and biomolecules such as secretory factors, proteins, and RNA in the surrounding area (46–49). The TME has long been a key focus of research and the core direction toward gaining a comprehensive understanding of the occurrence and development of tumors. In particular, the TME plays an important role in the transfer process, immune escape, and drug resistance in tumor metastasis, requiring immune monitoring of the TME at various stages (50) for the diagnosis, prevention, and prognosis of tumors (51–54).

Moreover, the TME plays a key role in several malignant phenotypes associated with tumor progression, including the acquisition of aggressive phenotypes, cell migration ability, chemotherapy resistance, protection from anti-tumor immune responses, and neovasculogenesis (46, 47, 55). The TME can also recombine with the ECM to enhance the permeability of chemotherapeutic drugs, as well as with NPs that enable the intelligent coupling of chemotherapy and immunotherapy by increasing immunogenicity and stimulating anti-tumor immunity (35).



Smart NP-Based Systems for BC Treatment Based on the TME

Nanotechnology has developed rapidly in recent years, providing a good means to overcome the bottleneck problem of non-specific and non-selective damage to body tissues caused by traditional therapies (e.g., chemotherapy, radiotherapy and immunotherapy), and exhibiting unique advantages in improving the effects of drugs and radiation therapy while reducing adverse reactions (44, 56–58). On the one hand, multifunctional nanocarriers can selectively transport therapeutic drugs by utilizing the difference between the tumor tissue and normal tissue to enhance drug permeability and retention. On the other hand, a series of unique physical and chemical properties produced by the TME, such as weak acidity, a reducing environment, abnormal temperature gradient, overexpressed proteins and enzymes, and hypoxia, can be used to regulate the release of loaded drugs by nanocarriers (44, 59).


Reactive Oxygen Species (ROS)-Responsive NPs

Dr. Otto Heinrich Warburg’s work on sea urchin embryology led to pioneering research on the physiological effects of ROS. His discoveries in the field of oxidative respiration earned him a Nobel Prize in 1931, and in 1926, Warburg also pioneered a model of tumor maintenance of oxidation and energy, hoping to exert a profound influence on cell physiology and metabolism by deeply exploring the basic properties of ROS (33).

ROS represent the products of single electron reduction of oxygen in the body, as a form of electron leakage before passing to the terminal oxidase respiratory chain, consuming approximately 2% of the oxygen generated, including the single-electron reduction product of oxygen superoxide anion (O2·–), two-electron reduction product hydrogen peroxide (H2O2), three-electron product hydroxyl free radical (·OH), and nitric oxide, among other highly reactive agents (60). Intracellular ROS are by-products of mitochondrial processes, metabolism, and enzyme activity. Under normal physiological conditions, a large number of electrons are released and reduced by oxygen molecules in the high-oxygen environment and the highly reduced respiratory chain of mitochondria during the transition from state III to state IV (31).

Under normal physiological conditions, ROS can be effectively neutralized by the enzymes superoxide dismutase, catalase, glutathione, and thioredoxin to control the equilibrium oxidation-reduction (redox) state. However, when redox homeostasis is destroyed or relieved, changes in ROS levels will lead to physiological and pathological changes (61, 62). In addition, ROS play a positive role in regulating intracellular signal transduction pathways, with numerous biological conduits being constrained by a variety of ROS species, which are the key to maintaining cellular homeostasis. Any skew in this delicate balance is accompanied by a wave of events that can have either negative or positive impacts for the cell.

From the perspective of cancer, the conventional view that ROS cause widespread damage and chaos within cells has long been debated in the scientific community (63–65). Recently, great progress has been made in the understanding of ROS biology, and there is increasing evidence that the effects of ROS are gradient-dependent, with a threshold of habituation, which affects their signal transduction and toxicity induction function, thus resulting in either “good” or “bad” ROS (33). For example, ROS play a key role in the activation of tumor-promoting signaling pathways (64, 66, 67). Moreover, abnormal production of ROS and ineffective neutralization of excessive ROS levels can lead to tumor growth and progression through different signaling pathways, including phosphatidylinositol 3-kinase/protein kinase inhibitor/mammalian target of rapamycin (PI3/Akt/mTOR), vascular endothelial growth factor (VEGF)/VEGF receptor, phosphatase and tensin congeners (PTEN), and matrix metalloproteinase (MMP) pathways (68). Therefore, an intelligent collaborative treatment system can be developed to ensure the release of chemotherapeutic drugs on demand and reduce ROS production.



pH-Responsive NPs

The acidic microenvironment caused by massive anaerobic glycolysis is one of the important characteristics of malignant tumors, and is also an important factor inducing the occurrence, metastasis, and drug resistance of BC. In recent years, with increasing understanding of the acidic TME, it has been considered a new target for tumor diagnosis and treatment, which is of great significance for the design of pH-responsive nanomedicine and nano-diagnosis (69).

Gong et al. (70) developed a pH-responsive co-delivery platform for metformin and small interfering RNA (siRNA) targeting the immune checkpoint inhibitor FGL1 (siFGL1) based on hybrid biomimetic membrane-camouflaged poly (lactic-co-glycolic acid) NPs. This pH-triggered CO2 gas generation nanoplatform was developed using the metformin guanidine group, which can react reversibly with CO2 to produce a metformin-CO2 complex. Moreover, the capture/release of CO2 depends on the pH value, thus improving the in vivo lysotic escape of the siRNA to achieve the cytoplasmic transfer of siRNA. Metformin promotes programmed death ligand 1 (PD-L1) by activating adenosine monophosphate-induced protein kinase degradation, and then blocks the inhibitory signal of PD-L1, while siFGL1 can silence the FGL1 gene, promote the T cell-mediated immune response, and enhance anti-tumor immunity. The combination of these two drugs exhibited a high synergistic therapeutic effect on BC in vivo and in vitro (70).

In addition, Shen et al. (71) developed a robust nanoplatform fabricated from a TME pH-responsive polymer (MEO-PEG-B-PPMEMa) and a cationic lipid compound (G0-C14) for the in vivo delivery of cytotoxic saponins in BC treatment. The nanoplatform responds to the TME-specific pH with the rapid release of the saporin/G0-C14 complex, which significantly enhanced the cytoplasmic uptake of saporin and subsequent intracellular escape by tumor cells, thereby effectively inhibiting tumor growth (71).



Enzyme-Responsive NPs

Enzymes play an important role in metabolism. Thus, abnormal metabolism in the TME will result in the overexpression of certain enzymes. Typical examples are MMPs, which are calcium- and zinc-dependent endopeptidases secreted by cancer cells, tumor blood vessels, and CAFs, and play a key role in cancer cell ECM remodeling (72). Other overexpressed enzymes in the TME include hyaluronidase and lysyl oxidase, along with other enzymes that are overexpressed in specific tumors (73).

Kashyap et al. (74) synthesized a hydrophobic acrylate monomer from the natural resource 3-pentachylphenol by enzyme and thermal reactions, which was co-polymerized with the hydrophilic monomer polyethylene glycol acrylate. This copolymer core-shell NP system was then used for the extracellular and intracellular delivery of doxorubicin (DOX)-responsive polymer nanoscaffolds to improve cancer treatment. In the presence of esterase (pH = 7.4, 37°C), the amphiphilic copolymer broke down in a slow and controlled manner within 12 h, releasing >95% of the drugs and achieving controlled release of the drugs in cells (74). For breast cancer, MNPs were successfully conjugated with MTX by Nosrati et al. and this drug delivery system is dependent on the release of the MTX within the lysosomal compartment for BC cells treatment (75).



Hypoxia-Activated NPs

The partial pressure of oxygen (PO2) in various tumors is generally below 60 mmHg and gradually decreases with tumor progression. This reduction mainly occurs because the structure and function of tumor microvessels are abnormal, and the diffusion distance between blood vessels and the tumor cells increases, thereby preventing the effective transport of O2 to specific sites. Moreover, the reduced blood oxygenation capacity due to tumor growth or therapeutic anemia also contributes to the local PO2 reduction (72). The resulting hypoxic environment not only promotes tumor growth, progression, metastasis and damage normal tissues but also reduces the efficacy of radiotherapy and chemotherapy (76).

Mpekris et al. (77) found that the blood vessels of lung metastases of BC were compressed, leading to hypoxia. Based on this principle, mechanical tranilast therapy was used to decompress the blood vessels of lung metastasis in mice so as to restore perfusion and relieve hypoxia. This strategy enabled the immune checkpoint blocker atezolizumab and the nanodrug doxil to more effectively exert cytotoxic effects on metastases and stimulate an antitumor immune response (77).



Thermo-Responsive NPs

Compared with normal tissue, the tumor tissue has a higher temperature, which makes it possible to control and release drugs by external heating at the tumor site, and this property has been exploited in the development of smart drug delivery systems (SDDSs) targeting tumors (74, 78–82). Ding et al. (79) designed a multifunctional SDDS with a double-layer structure: a thermo-sensitive copolymer as the building block of the core-shell structure, two chemotherapeutic drugs [paclitaxel (PTX) and DOX; NP-PD) were encapsulated to form copolymers, and the siRNA (NP-PD-S) affecting survival was absorbed on the surface to form nanostructures, which were finally wrapped by self-polymerizing dopamine (PDA) membranes (NP-PD-S-PDA). This PDA film not only exhibited a photothermal therapeutic effect but also had a protective effect against the uncontrolled release of the drugs. In vitro experiments with the MDA-MB-231 BC cell line showed that the survival rate of NP-PD-S-PDA was significantly decreased after 5 min of laser irradiation, indicating that this is an effective combination therapy. In vivo experiments with female BALB/C nude mice also showed that in tumors irradiated by NP-PD-S-PDA plus near infrared light, PDA generated sufficient heat, and thermal ablation led to collapse of the NPs, thereby triggering the release of PTX and DOX within the tumor to ultimately achieve antitumor effects (79).

In addition, Hu et al. (80) developed a system for delivery of the hydrophobic chemotherapy drug PTX and the biological macromolecule interleukin (IL)-12 through the low-temperature expansion effect of the acid-sensitive material MPEG-Dlinkm-PDLla and pluronic F127 co-delivered NPs. PTX and IL-12 jointly activated T lymphocytes and natural killer cells to release interferon-gamma, selectively inhibited regulatory T cells, induced the M1-type differentiation of tumor-associated macrophages, improved the tumor immunosuppressive microenvironment, significantly inhibited the growth and metastasis of 4T1 BC cells, and prolonged the overall survival of tumor-bearing mice (80).



CAF-Regulating NPs

The tumor microenvironment is the ecosystem that surrounds a tumor inside the body. It includes immune cells, the extracellular matrix, blood vessels and other cells, like fibroblasts. CAFs are the most abundant cells in the TME matrix, secreting a large number of growth factors (e.g., transforming growth factor-β, VEGF, platelet-derived growth factor), cytokines, interleukins, chemokines, and ECM proteins (e.g., MMPs), which all have an impact on tumor development. CAFs actively reconstruct the cellular and stromal components of the TME. M2-polarized macrophages promote metastasis and contribute to the development of an immunosuppressive environment. Endothelial cells and pericytes contribute to tumor angiogenesis and handle the oxygen supply. The interstitial ECM supports the tumor structure and regulates drug penetration. The external matrix basement membrane acts as a barrier around the tumor. Both the external matrix and blood vessels contribute to increased interstitial fluid pressure and tumor hypoxia, which is a major barrier to tumor treatment. MMP also supports tumor growth, creates physical barriers to drugs and immune invasion, and promotes cancer invasion (83, 84). In short, normal fibroblasts inhibit tumor formation, whereas CAFs promote BC cell proliferation, angiogenesis, and the inflammatory response, and remodeling the ECM promotes the malignant phenotype of BC cells, resulting in a poor prognosis (85, 86).

Some biological markers of CAFs can be used to identify and target CAFs in the BC TME, which creates opportunities for nanodelivery systems to specifically target the BC metastatic TME. These proteins include fibroblast activating protein (FAP), alpha-smooth muscle actin, fibroblast-specific protein, vimentin, and proline 4-hydroxylase (87, 88). As the most common tumor-targeting CAF antigen, FAP is overexpressed on the surface of CAFs, and nanoparticles can specifically target FAP to promote the infiltration and accumulation of nano-loaded drugs in tumor tissues, thus playing an anti-tumor role. Zhen et al. (89) developed a photoimmunotherapy nanostrategy using ferritin as a photosensitizer carrier and a single-chain variable fragment of anti-FAP antibody conjugated with ferritin.




Conclusions and Perspectives

There has been great progress in the development of intelligent NPs for the effective loading of anti-BC drugs, specific enrichment of tumor cells and tissues, and the controlled release and efficient delivery of drugs. In particular, regulation based on the response of the TME including multifunctional nanoparticles has a broad development prospect for improving BC drug delivery. TME-responsive NPs cleverly utilize the abnormal features of BC tissues to achieve targeted transport, stable release, and improved drug efficacy.

However, there is still room for improvement in TME-responsive nanotechnology. First, there are limitations of the nanomaterials themselves, including limited understanding of the mechanism underlying the interaction between materials and other systems in the body, which makes clinical translation difficult. In addition, the interaction and influence of different components in the nanosystem represent important questions that have not yet been elucidated. Therefore, the design of improved NPs including multifunctional NPs is a promising direction in the future.
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Current antitumor treatment methods have several reported limitations, including multidrug resistance and serious adverse reactions. Targeted drug delivery systems are effective alternatives that can help healthcare providers overcome these limitations. Exosomes can serve as a natural nanoscale drug delivery system, with the advantages of high biocompatibility, low immunogenicity, and efficient tumor targetability. In this paper, we discuss the biological characteristics of exosomes, summarize the drug-carrying mechanisms of exosome-based drug delivery systems, and examine the potential role and applicability of exosomes in clinical tumor treatment approaches. This review can be used as a guideline for the future development of exosome-based delivery systems in clinical precision tumor treatment.
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Introduction

Cancer refers to a range of diseases that are characterized by the unregulated growth of malignant cells that can proliferate beyond the original malignant site. Current cancer treatment options include surgical interventions, immunotherapy, chemotherapy, and radiation therapy or a combination of these options. Existing treatment methods are generally nonselective and can damage healthy normal tissues at the target site, which is associated with unintended severe side effects (1). In fact, adverse effects induced by chemotherapeutic drugs on healthy tissues and organs are partially responsible for the high mortality rate of cancer patients (2). Therefore, it is desirable to develop novel therapeutic strategies for the precise elimination of cancer cells, thereby reducing the potential for adverse side effects while achieving high therapeutic effectiveness.

Exosomes are nanosized vesicle structures that are secreted from cells and are abundant in all fluids and tissues of the human body (3–5). Bioactive substances are transported from donor cells to recipient cells through exosomes, such as nutrients required for cell growth, and exosomal transport plays an important role in the communication between cells (6). Owing to this targeted transport characteristic, exosome-mediated drug delivery can circumvent the P-glycoprotein drug efflux system, which can mitigate the natural drug resistance response in the body (7). Furthermore, exosomes can specifically bind to receptors on the surface of target cells, allowing exosome-mediated drug transport to be specific to a cell or tissue. In addition, the high biocompatibility and low toxicity of naturally derived exosomes make exosome-based delivery systems superior to synthetic drug carriers in clinical applications (8).

This review is intended to provide a reference for the development and application of exosomes as effective nanoscale drug carriers in tumor therapy by detailing the advantages and challenges that have been reported in recent research.



Characteristics and Biological Functions of Exosomes


Basic Characteristics of Exosomes

Exosomes are intracellular vesicular bodies (40–100 nm in diameter) that are secreted from the cell after the fusion of intracellular multivesicular bodies (MVBs) to the cytoplasmic membrane (Figure 1). Exosomes were first discovered in 1983 (9) as small vesicles isolated from sheep erythrocyte supernatant by ultracentrifugation. Exosomes have been subject to increasing scholarly and public attention over the past four decades (10, 11). Exosomes are characterized by lipid bilayers with a rounded or cupped shape. They are widely found in biological fluids such as blood, urine, saliva, and cerebrospinal fluid (12).




Figure 1 | Exosome structure.



Initially, exosomes were considered to function as a “cellular trash bag” that removed unnecessary components from cells. However, later studies reported that exosomes can mediate intercellular communication in many biological processes, and ongoing research has gradually elucidated the important and varied biological functions of exosomes (13, 14). Exosomes are formed by the following processes: the cytoplasmic membrane indents into the cell to form intracellular vesicles, and multiple vesicles fuse with each other to form early endosomes; the early endosomes invaginate again to enclose the intracellular fluid or material and form lumen internal vesicles (i.e., MVBs). Finally, MVBs fuse with the cytoplasmic membrane and release small vesicles into the extracellular space, forming exosomes (15). Exosomes are mainly composed of proteins and lipids, such as fusion proteins, transport proteins, heat shock proteins, CD proteins (i.e., CD9, CD63, and CD81), phospholipases, cholesterol, sphingomyelin, and phosphoglyceride (16). In addition, exosomes contain abundant messenger RNA (mRNA), microRNA (miRNA), small interfering RNA (siRNA), and other genetic materials (17).

Because mRNA can be expressed in target cells, exosome-mediated intercellular communication may be involved in the transfer and expression of genetic information. Exosome-transferred miRNAs have been shown to induce functional changes in target cells. Mittelbrunn et al. (18) found that miRNAs from T-cell exosomes caused the repression of target genes in dendritic cells, and miRNAs in exosomes secreted from Epstein–Barr virus–transfected B cells affected the repression of target genes in dendritic cells.



Biological Functions of Exosomes

With the rapid development of analytical technologies such as proteomics and gene sequencing, the complex characteristics of exosomes have been subject to continuous investigation and identification. A series of studies has revealed that exosomes are not simply cell debris but subcellular structures secreted by cells that act as specific carriers for the transfer of genetic material and information between cells (19, 20). Exosomes can specifically bind to target cells in a variety of ways. Ligands on the surface of exosomes can bind to target cell receptors, and their membrane or internal proteins can bind to target cell receptors following enzymatic hydrolysis or to target cell receptors via fusion with target cells or endocytosis. The material within the exosome can then be transferred to exert biologically active effects. Iaccino et al. (21) studied exosomes obtained from multiple myeloma samples and found that these exosomes expressed immunoglobulin receptors on their surfaces that could bind to a unique binding peptide.

Exosomes are now considered promising drug delivery vehicles due to their small size, high biocompatibility, and reduced toxicity in comparison with synthetic nanoformulations. Additionally, anticancer drugs contained in exosomes have been shown to exhibit improved pharmacokinetic and pharmacodynamic properties and enhanced anticancer activity in vivo compared to free-drug administration. Similarly, the loading of therapeutic nucleic acids such as siRNA into exosomes protects the RNA from nucleases and increases cellular uptake, thus improving the therapeutic effect compared to free RNAs that are rapidly degraded by nucleases. Notably, exosomes can cross the blood–brain barrier and penetrate deep tissues with improved efficacy compared to synthetic nanocarriers. Thus, exosomes are an effective and necessary tool for delivering anticancer therapeutics.




Characteristics of Exosomes as Nanocarriers


Methods for Loading Exosomes

Mounting evidence has demonstrated that exosomes are an excellent candidate platform for cargo delivery in clinical applications. To date, various strategies have been developed for loading materials into exosomes, such as incubation, sonication, electroporation, and chemical conjugation (22–24).


Incubation

The simplest cargo-loading method is incubation, by which the desired cargo is allowed to diffuse into an exosome or exosome-secreting cell via a concentration gradient (25). Cargo diffuses across cell and exosomal membranes to then be packaged within exosomes. Two primary incubation methods have been developed: direct incubation and exosome donor cell-mediated incubation followed by isolation of drug-carrying exosomes. The former is suitable for drugs that can interact with the lipid layer of exosomal membranes, while the latter is suitable for small-molecule chemical drugs with low cytotoxicity. Didiot et al. (26) coincubated U-87 glioblastoma with hydrophobically treated small kinetic RNA. The hydrophobic end of siRNA binds to cholesterol on the membrane of U87 glioblastoma-derived exosomes, mediating its entry into exosomes. This coincubation method can yield 10%–50% of siRNA-loaded exosomes. Incubation of exosome donor cells with drugs is another way. Donor cells are treated with the drug, leading to the secretion of loaded exosomes. A combination of paclitaxel and doxorubicin was loaded into exosomes from ovarian cancer cells and breast-to-lung metastatic cells, enabling the inhibitory effects on tumor growth (27).

Incubation loading methods have emerged to load various cargos into exosomes. The main advantages of this strategy are that it is simple and causes only minor damage to exosome integrity. Some disadvantages are that the loading efficiency is limited and the loading quantitation is difficult to control due to physicochemical properties of potential cargo and created exosomes.



Electroporation

Electroporation is a strategy for loading cargo into exosomes with assistance from electrical fields that produce micropores on the exosomal membrane to enhance permeability. Although drugs can diffuse into exosomes via incubation, drug loading efficiency can be significantly enhanced using electroporation.

Because high-voltage pulses can penetrate the exosomal membrane, subjecting the mixture of drug and exosomes to a certain voltage can induce drug loading. For example, doxycycline-loaded exosomes generated by electroporation have been reported to target tumor tissues and inhibit tumor growth significantly without exerting observable toxicity to other tissues (28). Kim et al. (29) introduced antisense miRNA oligonucleotides targeting miR-21 into exosomes by electroporation to treat glioblastoma. Electroporation has also been utilized to directly load nucleic acids and nanomaterials into exosomes. Izco et al. (30) loaded short hairpin RNA (shRNA) into murine dendritic cell-derived exosomes, which decreased α-synuclein aggregation and alleviated dopaminergic neuron loss in Parkinson's disease (PD) models.



Transfection

Transfection is the most common strategy for stably loading nucleic acids, proteins, and peptides into exosomes. In this approach, transfection reagents are used to load drugs into exosomes. Cell transfection can be achieved by using the calcium phosphate method or by a commercially available lipid transfection reagent such as Lipofectamine. Choi et al. (31) found that exosomes from osteogenic precursor cells were enriched in let-7 miRNAs under physiological conditions. The introduction of miRNA inhibitors into exosomes by transfection can modulate bone differentiation and improve motor nerve-related diseases and tumor treatment outcomes. Furthermore, Kojima et al. (32) transduced human embryonic kidney cell line 293 (HEK293) cells with designed plasmids to generate catalase mRNA-loaded exosomes that targeted central nervous system (CNS) cells to treat Parkinson’s disease. In addition, exosomes can also be directly transfected with nucleic acids by chemical treatment. Pi et al. (33) isolated exosomes from HEK293 cells and transfected exosomes with siRNA using a heat shock protocol.

The ectopic expression of desired materials or molecules that facilitate specific cargo sorting via transfection has emerged as a common strategy. However, the loading efficiency achieved using this method remains relatively low as the cargo-sorting mechanisms are difficult to manipulate intracellularly and direct chemical transfection always induces impurities.



Ultrasound

Ultrasound is a physical strategy by which an extra mechanical shear force is applied to weaken the exosomal membrane, which promotes loading of cargo such as drugs, proteins, and nanomaterials. The mechanical shear force generated during sonication disrupts the integrity of the exosomal membrane. The drug enters the exosome during membrane deformation, and the subsequent incubation process restores the integrity of the cell membrane.

Li et al. (34) found that after mixing the drug and exosomes, the drug could be effectively loaded into the exosomes following ultrasound, and the structure and composition of the exosomal membrane did not change significantly after ultrasound. Similarly, Salarpour et al. (35) used sonication and incubation to load paclitaxel (PTX) into U-87 cell-derived exosomes to treat glioblastoma multiforme. Experimental data demonstrate that PTX-loaded exosomes (exoPTX) were more toxic to glioblastoma multiforme cells than free PTX solution.

Recent reports have shown that ultrasound is an effective method for loading drugs into exosomes. However, sonication-induced membrane damage remains a primary roadblock for scaling up this method.



Extrusion

Extrusion is a physical process by which an exosome and cargo mixture are subjected to pressure in an extruder mechanism to induce membrane recombination. The exosome and drug mixture are loaded into a liposome extruder with multiple pore sizes. The pore size of the extruder pore membrane is 100–400 nm, which allows the drug to enter the exosomes via extrusion. Kalimuthu et al. (36) mixed PTX with bone marrow mesenchymal stem cells and achieved drug loading using the extrusion method. The drug-loaded exosomes obtained by this method not only efficiently target cancer cells but also exhibit reduced cardiotoxicity and neurotoxicity associated with chemotherapeutic drugs compared to free-drug administration (36). Extrusion has high loading capacities, but a rearrangement of exosome surface structure possibly changes their integrity.

To date, a growing number of approaches have been developed and applied to induce exosomal cargo loading. It remains difficult to efficiently load desired materials into exosomes while minimizing exosomal surface damage. Table 1 compares the advantages and disadvantages of commonly used drug-loading methods. Although various studies have reported successful drug loading using various methods, the appropriate selection of a candidate method depends on the properties of the target drug and the source and properties of the exosomes (37).


Table 1 | Primary strategies for loading cargos into exosomes.







Strategies for Surface Engineering of Exosomes

Despite being naturally derived, exosomes can be modified by various genetic engineering methods. Genetic engineering approaches fuse genes for signaling proteins or polypeptides with those for selected exosomal membrane proteins, thereby conferring cell-targeted specificity that improves the suitability of the produced exosomes for transport, increasing the concentration and duration of effect of the loaded drugs at the tumor site to achieve desirable treatment outcomes.

Several strategies for modification of the exosome have been tested. For example, exosomes obtained from HEK293 were genetically engineered to express GE11 short peptide and miRNA Let-7a (38). The GE11 peptide binds to the epidermal growth factor receptor, which is highly expressed in many epithelial tumors. The engineered exosomes were labeled with 1,1′-dioctadecyltetramethylindole tricarbocyanine iodine and injected intravenously into tumor-bearing mice. The monitoring results of in vitro and in vivo imaging showed that three times as many GE11 exosomes reached the tumor site than did those of the control group, and the loaded miRNA Let-7a effectively inhibited tumor growth. Similarly, incorporating ligand modifications on the surface of exosomes is another common strategy widely endorsed. For instance, exosomes obtained from HEK293T cells were anchored with lipophilic hyaluronic acid (lipHA-hEVs) as a ligand to target CD44-overexpressing breast cancer cells to deliver doxorubicin. These lipHA-hEVs were shown to enrich doxorubicin specifically in breast cancer cells, thereby reducing the tumor mass by 89% and increasing the animal survival by 50% (39). In addition, receptor protein engineering is another strategy for preparing exosomes for targeted delivery. Recently, a method was described in HEK293 cells that enabled partitioning of reporter proteins into the inner or outer surface of exosome by utilizing specific locations on the tetraspanin proteins for fusion protein engineering. Such methods immensely allow engineering of exosomes to achieve significantly improved targeting capacity.

In summary, all of these methods significantly improve the tumor-targeted drug delivery of the native exosomes and help reduce the toxicity. Therefore, the latest studies focusing on the development of combined targeting strategies with enhanced exosome homing capacity and drug delivery efficiency have reported promising results that provide a foundation for the clinical application of exosome-based drug delivery systems.



Application of Exosomes as Nanodrug Carriers in Tumor Therapy


Protein Drugs

Recently, the development of exosome-based vaccines has become a topic of significant interest in clinical research (40, 41). Rivoltini et al. (42) reported that exosomes loaded with tumor necrosis factor α (TNFα)-related apoptosis-inducing ligands promoted cancer cell apoptosis and mitigated tumor development. Similarly, interleukin (IL)-18-rich exosomes promoted proinflammatory cytokine release and monocyte proliferation, inducing specific antitumor immune responses (43). Moreover, Yang et al. (44) found that IL-2-rich exosomes could induce antigen-specific T helper cells I (Th1) polarized and killer T lymphocyte-mediated immune responses, leading to significantly inhibited tumor growth in mice.

Exosomes can also be loaded with protein antagonists. For instance, signal regulatory protein α (SIRPα) inhibits macrophage phagocytosis of tumor cells by interacting with CD47. In tumor-bearing mice, exosomes containing SIRPα antagonists were observed to significantly promote tumor phagocytosis (45).



Chemotherapy Drugs

The indiscriminate nature of antitumor chemotherapeutic drugs, leading to cell death in both tumor and normal cells, is associated with severe adverse reactions in the body. Therefore, it is necessary to develop alternative effective drug carriers that specifically target tumor cells.

Tang et al. (46) reported that tumor cell-derived microparticles could be used as carriers for chemotherapeutic drugs, and the chemotherapeutic drugs encapsulated in the microparticles exerted strong antitumor effects in vitro and in vivo. Kim et al. (47) developed an exosome-based formulation of PTX, which is a commonly used chemotherapy drug. They incorporated PTX into exosomes using three methods: incubation at room temperature, electroporation, and mild sonication. The mild sonication method produced the highest loading efficiency and sustained drug release. The cytotoxicity of exoPTX against drug-resistant MDCKMDR1 (Pgp+) cells was increased by more than 50-fold. In addition, exoPTX was found to effectively target cancer cells following injection into mice with lung cancer, demonstrating a strong antitumor effect. Similarly, Saari et al. (48) found that the use of exosomes from cancer cells as drug carriers enhanced the cytotoxicity of transported PTX to cognate prostate cancer cells. Furthermore, modifying exosome surface proteins is a common method for improving the targeting of chemotherapeutic drugs to cancer cells. Tian et al. (49) obtained mature dendritic cells (IMDCs) expressing Lamp2b iRGD peptide (specific for av integrin) using a genetic engineering method, isolated exosomes from IMDCs, and transported doxorubicin to target cells via exosome loading. Their results showed that iRGD-containing exosomes effectively targeted av integrin-expressing breast cancer cells and inhibited tumor growth.



Nucleic Acid Drugs


miRNA

miRNAs are noncoding RNAs of approximately 20 nucleotides in length. Posttranscriptional gene silencing is mediated by binding to the target site in the 3′ untranslated region or open reading frame of the target mRNA (50). Since exosomes naturally carry miRNAs, it can serve as a therapeutic application for tumors. For instance, miR-1290 and miR-375 in exosomes were positively associated with overall survival in castration-resistant prostate cancer patients (51). Katakowski et al. (52) and Zhang et al. (53) reported that anti-glioma miRNA (miRNA-146b)-enriched exosomes inhibited glioma growth in vitro, while miR-101-enriched exosomes demonstrated the ability to inhibit the invasion and migration of osteosarcoma cells.

The abovementioned studies provide an illustration as to how the combined effects of miRNAs and exosome-based therapies may be valuable, especially for the future treatment of cancer. The instability and degradability of miRNAs hinder their application in tumor therapy. Exosomes are stable vesicles that can carry functional biologically active molecules with high targeting specificity. Therefore, the miRNA-loaded exosome system is expected to play a key role in emerging tumor therapies.



siRNA

siRNA is a double-stranded RNA with a length of 21–23 nucleotide pairs. In the cytoplasm, RNA-induced silencing complexes interact with complementary mRNAs, leading to their degradation and gene silencing (54). siRNA is the first choice for treating diseases caused by gene overexpression. However, the negative charge of siRNA limits their ability to cross cell membranes, and siRNAs are readily degradable with short half-lives. Therefore, identifying an efficient and reliable method for delivering siRNAs to target cells will significantly improve the efficacy of siRNA-mediated therapies (55).

Alvarez-Erviti et al. (56) exploited the RNA transport ability of exosomes to successfully conduct gene therapy studies in which exogenous siRNA was delivered in a targeted manner for the first time. They transfected IMDCs with a plasmid encoding the exosomal protein Lamp2b and fused it to the brain-specific peptide rabies virus glycoprotein (RVG). RVG-targeted exosomes were purified from dendritic cell cultures, and  Glyceraldehyde-3-phosphate dehydrogenase siRNA was loaded into exosomes by electroporation. Mice were then injected with RVG and Glyceraldehyde-3-phosphate dehydrogenase siRNA-loaded exosomes via the tail vein. The results show that this mode of administration can specifically reduce Glyceraldehyde-3-phosphate dehydrogenase expression in the cerebral cortex, striatum, and midbrain of mice. RVG BACE1-siRNA-loaded exosomes reduced BACE1 gene expression in the cerebral cortex of treated mice by 60% when RVG-loaded exosomes were used to deliver BACE1-siRNA targeting β-secretase. Production of the toxic amyloid Aβ1-42 was also significantly reduced. Notably, these exosomes were used as efficient and specific delivery vehicles for siRNA without associated toxicity or immunogenicity observed even with repeated administration, which is an important feature of siRNA clinical applications (57).



Other Drug Applications

In addition to the abovementioned biologically active molecules, exosomes can silence the expression of related pathogenic genes by transporting specific gene-editing complexes. Lin et al. (58) constructed exosome–liposome composite nanoparticles to effectively transport the gene-editing complex Cas9/Cas9 to the mesenchymal region and subsequently deliver the Cas9-Cas9 complex by being phagocytosed by mesenchymal stem cells. Emerging findings have demonstrated that composite nanoparticles constructed by genetic engineering have a broad application value in novel tumor therapies.





The Challenges of Using Exosomes in Therapeutic Drug Delivery Systems

Several clinical trials have been attempted over the past decade using exosome-based drug delivery for cancer therapy. However, several questions on the optimization of exosomes for clinical usage remain unsettled (Table 2).


Table 2 | Advantages and challenges of using exosomes in therapeutic drug delivery systems.




Sources

The primary consideration in developing therapeutic exosomes is the cell source. Mesenchymal stem cell-derived exosomes are considered promising for cancer therapy, as they are known to be safe and versatile. To optimize their clinical use, critical technological considerations should be addressed and possible side effects identified.

Some research groups have begun isolating exosomes from several types of fruit or vegetables, including ginger, grapes, and lemons, to address problems related to a mammalian cell-derived exosome (59, 60). These exosomes can load small molecules and mediate therapeutic effects on animal models (61). A phase I clinical trial using curcumin-loaded plant-based exosomes for the treatment of colon cancer was conducted.



Loading

The natural biogenesis of exosomes can be used to load them with therapeutics endogenously by direct loading in the producer cell, such as incubation, electroporation, transfection, ultrasound, and extrusion. However, a large load may affect exosome stability or lead to exosome aggregation, and the loading efficiency seems to be quite variable. For instance, electroporation may affect the integrity of exosomes or drugs, especially when loading genetic drugs, thus raising the concern of safety risks (62).

Alternatively, cellular nanoporation for delivering the phosphatase and tensin homolog (PTEN) mRNA in a mouse brain tumor model showed improvement in electroporation-mediated loading. Yang et al. (63) transfected cells with several nucleic acids by using focal and transient electrical stimuli to generate nanopores in targeted cells, which efficiently produced exosomes containing the targeted nucleic acids. The systemically administered PTEN-deficient glioma mouse models with PTEN-loaded exosomes showed a promising effect in vivo (63).



Production

The yield of exosomes collected by existing separation technologies cannot meet the standards for clinical use, and the cost of large-scale production is difficult to estimate (64). Serial centrifugation with ultracentrifugation is currently the standard method for exosome production. This method is limited by the risk of macromolecule contaminants, exosome aggregation, time-consuming, and disruption of integrity. To purify exosomes further by ultracentrifugation, a density gradient separation using iodixanol and a sucrose cushion ultracentrifugation step can be applied, leading to higher purity with a minimal risk of sample loss. Furthermore, size-based methods such as tangential flow filtration and size exclusion chromatography are being widely used for exosome isolation and show better yields, integrity, purity, and functionality of exosomes than by ultracentrifugation-based isolation methods.

Finally, methods for transporting and storing drug-encapsulated exosomes are also urgent concerns that require further research. Studies have found that the optimal temperature for storing exosome samples is -80°C, whereas another approach is storing lyophilized powder at room temperature (65, 66).




Conclusion

Exosomes have great potential for application in targeted tumor therapy due to their unique biological properties. As nanoscale vesicles secreted by cells, exosomes exhibit unique advantages that make them suitable drug carriers. First, exosomes commonly show high stability, high biocompatibility, and low immunogenicity than other drug delivery platforms (67, 68). Second, nanosized exosomes that bear specific surface proteins can penetrate efficiently the target tumor tissue. These features suggest that exosomes can serve as efficient nanocarriers for the delivery of proteins drugs, chemotherapy drugs, and nucleic acid drugs.

However, the exosome-based drug delivery systems have several limitations in sources, loading, and production. For exosomes to be clinically applicable, the production of functionalized exosomes requires cell culture on a large scale with quality control. Furthermore, given the complexity and heterogeneity of tumors, exosome-based tumor therapy approaches are expected to be the most effective when combined with other nanotherapies (69, 70). There is an urgent need to conduct a large number of clinical trials of exosome-based tumor therapies to determine their efficacy and safety. As these technologies progress and we continue to develop a more comprehensive understanding of exosomal characteristics under various conditions, clinical research on and the applicability of exosomes as a nanoscale drug delivery system in tumor therapies will continue to improve.



Author Contributions

All authors contributed to the design of the study and writing of the article. WF, TL, and HC wrote the main article text and prepared figures. CZ and SZ revised the article critically for important intellectual content and final approval of the version to be submitted. All authors reviewed the article.



Funding

This work was supported by the Natural Science Foundation of Hubei Province of China (2021CFB348).



References

1. Zhou, MG, Wang, HD, Zeng, XY, Yin, P, Zhu, J, Chen, WQ, et al. Mortality, Morbidity, and Risk Factors in China and Its Provinces, 1990-2017: A Systematic Analysis for the Global Burden of Disease Study 2017. Lancet (2019) 394:1145–58. doi: 10.1016/S0140-6736(19)30427-1

2. Essa, H, Wright, DJ, Dobson, R, and Lip, GYH. Chemotherapy-Induced Arrhythmia- Underrecognized and Undertreated. Am J Med (2021) 134:1224. doi: 10.1016/j.amjmed.2021.05.026

3. Doyle, LM, and Wang, MZ. Overview of Extracellular Vesicles, Their Origin, Composition, Purpose, and Methods for Exosome Isolation and Analysis. Cells-Basel (2019) 8:727. doi: 10.3390/cells8070727

4. Hessvik, NP, and Llorente, A. Current Knowledge on Exosome Biogenesis and Release. Cell Mol Life Sci (2018) 75:193–208. doi: 10.1007/s00018-017-2595-9

5. Farooqi, AA, Desai, NN, Qureshi, MZ, Librelotto, DRN, Gasparri, ML, Bishayee, A, et al. Exosome Biogenesis, Bioactivities and Functions as New Delivery Systems of Natural Compounds. Biotechnol Adv (2018) 36:328–34. doi: 10.1016/j.biotechadv.2017.12.010

6. Record, M, Subra, C, Silvente-Poirot, S, and Poirot, M. Exosomes as Intercellular Signalosomes and Pharmacological Effectors. Biochem Pharmacol (2011) 81:1171–82. doi: 10.1016/j.bcp.2011.02.011

7. Rountree, RB, Mandl, SJ, Nachtwey, JM, Dalpozzo, K, Do, L, Lombardo, JR, et al. Exosome Targeting of Tumor Antigens Expressed by Cancer Vaccines Can Improve Antigen Immunogenicity and Therapeutic Efficacy. Cancer Res (2011) 71:5235–44. doi: 10.1158/0008-5472.Can-10-4076

8. Dad, HA, Gu, TW, Zhu, AQ, Huang, LQ, and Peng, LH. Plant Exosome-Like Nanovesicles: Emerging Therapeutics and Drug Delivery Nanoplatforms. Mol Ther (2021) 29:13–31. doi: 10.1016/j.ymthe.2020.11.030

9. Colombo, M, Raposo, G, and Thery, C. Biogenesis, Secretion, and Intercellular Interactions of Exosomes and Other Extracellular Vesicles. Annu Rev Cell Dev Bi (2014) 30:255–89. doi: 10.1146/annurev-cellbio-101512-122326

10. Thery, C, Zitvogel, L, and Amigorena, S. Exosomes: Composition, Biogenesis and Function. Nat Rev Immunol (2002) 2:569–79. doi: 10.1038/nri855

11. Valadi, H, Ekstrom, K, Bossios, A, Sjostrand, M, Lee, JJ, and Lotvall, JO. Exosome-Mediated Transfer of mRNAs and microRNAs Is a Novel Mechanism of Genetic Exchange Between Cells. Nat Cell Biol (2007) 9:654–U72. doi: 10.1038/ncb1596

12. Greening, DW, Gopal, SK, Xu, R, Simpson, RJ, and Chen, WS. Exosomes and Their Roles in Immune Regulation and Cancer. Semin Cell Dev Biol (2015) 40:72–81. doi: 10.1016/j.semcdb.2015.02.009

13. Simons, M, and Raposo, G. Exosomes - Vesicular Carriers for Intercellular Communication. Curr Opin Cell Biol (2009) 21:575–81. doi: 10.1016/j.ceb.2009.03.007

14. Ventimiglia, LN, and Alonso, MA. Biogenesis and Function of T Cell-Derived Exosomes. Front Cell Dev Biol (2016) 4:84. doi: 10.3389/fcell.2016.00084

15. Ibrahim, A, and Marban, E. Exosomes: Fundamental Biology and Roles in Cardiovascular Physiology. Annu Rev Physiol (2016) 78:67–83. doi: 10.1146/annurev-physiol-021115-104929

16. Saunderson, SC, Dunn, AC, Crocker, PR, and McLellan, AD. CD169 Mediates the Capture of Exosomes in Spleen and Lymph Node. Blood (2014) 123:208–16. doi: 10.1182/blood-2013-03-489732

17. Sugimachi, K, Matsumura, T, Hirata, H, Uchi, R, Ueda, M, Ueo, H, et al. Identification of a Bona Fide microRNA Biomarker in Serum Exosomes That Predicts Hepatocellular Carcinoma Recurrence After Liver Transplantation. Brit J Cancer (2015) 112:532–38. doi: 10.1038/bjc.2014.621

18. Mittelbrunn, M, Gutierrez-Vazquez, C, Villarroya-Beltri, C, Gonzalez, S, Sanchez-Cabo, F, Gonzalez, MA, et al. Unidirectional Transfer of microRNA-Loaded Exosomes From T Cells to Antigen-Presenting Cells. Nat Commun (2011) 2:282. doi: 10.1038/ncomms1285

19. Urbanelli, L, Magini, A, Buratta, S, Brozzi, A, Sagini, K, Polchi, A, et al. Signaling Pathways in Exosomes Biogenesis, Secretion and Fate. Genes-Basel (2013) 4:152–70. doi: 10.3390/genes4020152

20. Zeng, W, Wen, Z, Chen, H, and Duan, Y. Exosomes as Carriers for Drug Delivery in Cancer Therapy. Pharm Res (2022). doi: 10.1007/s11095-022-03224-y

21. Iaccino, E, Mimmi, S, Dattilo, V, Marino, F, Candeloro, P, Di Loria, A, et al. Monitoring Multiple Myeloma by Idiotype-Specific Peptide Binders of Tumor-Derived Exosomes. Mol Cancer (2017) 16:159. doi: 10.1186/s12943-017-0730-8

22. Chen, HZ, Wang, LY, Zeng, XL, Schwarz, H, Nanda, HS, Peng, XS, et al. Exosomes, A New Star for Targeted Delivery. Front Cell Dev Biol (2021) 9:751079. doi: 10.3389/fcell.2021.751079

23. Fu, SY, Wang, Y, Xia, XH, and Zheng, JLC. Exosome Engineering: Current Progress in Cargo Loading and Targeted Delivery. Nanoimpact (2020) 20:100261. doi: 10.1016/j.impact.2020.100261

24. Liu, CY, and Su, CQ. Design Strategies and Application Progress of Therapeutic Exosomes. Theranostics (2019) 9:1015–28. doi: 10.7150/thno.30853

25. Seo, N, Nakamura, J, Kaneda, T, Tateno, H, Shimoda, A, Ichiki, T, et al. Distinguishing Functional Exosomes and Other Extracellular Vesicles as a Nucleic Acid Cargo by the Anion-Exchange Method. J Extracell Vesicles (2022) 11:e12205. doi: 10.1002/jev2.12205

26. Didiot, MC, Hall, LM, Coles, AH, Haraszti, RA, Godinho, BM, Chase, K, et al. Exosome-Mediated Delivery of Hydrophobically Modified siRNA for Huntingtin mRNA Silencing. Mol Ther (2016) 24:1836–47. doi: 10.1038/mt.2016.126

27. Wang, J, Yeung, BZ, Cui, MJ, Peer, CJ, Lu, Z, Figg, WD, et al. Exosome is a Mechanism of Intercellular Drug Transfer: Application of Quantitative Pharmacology. J Control Release (2017) 268:147–58. doi: 10.1016/j.jconrel.2017.10.020

28. Gehl, J. Electroporation: Theory and Methods, Perspectives for Drug Delivery, Gene Therapy and Research. Acta Physiol Scand (2003) 177:437–47. doi: 10.1046/j.1365201X.2003.01093.x

29. Kim, G, Kim, M, Lee, Y, Byun, JW, Hwang, DW, and Lee, M. Systemic Delivery of microRNA-21 Antisense Oligonucleotides to the Brain Using T7-Peptide Decorated Exosomes. J Control Release (2020) 317:273–81. doi: 10.1016/j.jconrel.2019.11.009

30. Izco, M, Blesa, J, Schleef, M, Schmeer, M, Porcari, R, Al-Shawi, R, et al. Systemic Exosomal Delivery of short hairpin RNA Minicircles Prevents Parkinsonian Pathology. Mol Ther (2019) 27:2111–22. doi: 10.1016/j.ymthe.2019.08.010

31. Choi, SY, Han, EC, Hong, SH, Kwon, TG, Lee, Y, and Lee, HJ. Regulating Osteogenic Differentiation by Suppression of Exosomal MicroRNAs. Tissue Eng Pt A (2019) 25:1146–54. doi: 10.1089/ten.tea.2018.0257

32. Kojima, R, Bojar, D, Rizzi, G, Hamri, GCE, El-Baba, MD, Saxena, P, et al. Designer Exosomes Produced by Implanted Cells Intracerebrally Deliver Therapeutic Cargo for Parkinson's Disease Treatment. Nat Commun (2018) 9:1305. doi: 10.1038/s41467-018-03733-8

33. Pi, FM, Binzel, DW, Lee, TJ, Li, ZF, Sun, MY, Rychahou, P, et al. Nanoparticle Orientation to Control RNA Loading and Ligand Display on Extracellular Vesicles for Cancer Regression. Nat Nanotechnol (2018) 13:82–9. doi: 10.1038/s41565-017-0012-z

34. Li, X, Li, X, Lin, J, Sun, X, and Ding, Q. Exosomes Derived From Low-Intensity Pulsed Ultrasound-Treated Dendritic Cells Suppress Tumor Necrosis Factor-Induced Endothelial Inflammation. J Ultrasound Med (2019) 38:2081–91. doi: 10.1002/jum.14898

35. Salarpour, S, Forootanfar, H, Pournamdari, M, Ahmadi-Zeidabadi, M, Esmaeeli, M, and Pardakhty, A. Paclitaxel Incorporated Exosomes Derived From Glioblastoma Cells: Comparative Study of Two Loading Techniques. Daru (2019) 27:533–39. doi: 10.1007/s40199-019-00280-5

36. Kalimuthu, S, Gangadaran, P, Rajendran, RL, Zhu, L, Oh, JM, Lee, HW, et al. A New Approach for Loading Anticancer Drugs Into Mesenchymal Stem Cell-Derived Exosome Mimetics for Cancer Therapy. Front Pharmacol (2018) 9:1116. doi: 10.3389/fphar.2018.01116

37. Syn, NL, Wang, LZ, Chow, EKH, Lim, CT, and Goh, BC. Exosomes in Cancer Nanomedicine and Immunotherapy: Prospects and Challenges. Trends Biotechnol (2017) 35:665–76. doi: 10.1016/j.tibtech.2017.03.004

38. Ohno, S, Takanashi, M, Sudo, K, Ueda, S, Ishikawa, A, Matsuyama, N, et al. Systemically Injected Exosomes Targeted to EGFR Deliver Antitumor MicroRNA to Breast Cancer Cells. Mol Ther (2013) 21:185–91. doi: 10.1038/mt.2012.180

39. Liu, J, Ye, Z, Xiang, M, Chang, B, Cui, J, Ji, T, et al. Functional Extracellular Vesicles Engineered With Lipid-Grafted Hyaluronic Acid Effectively Reverse Cancer Drug Resistance. Biomaterials (2019) 223:119475. doi: 10.1016/j.biomaterials.2019.119475

40. Santos, P, and Almeida, F. Exosome-Based Vaccines: History, Current State, and Clinical Trials. Front Immunol (2021) 12:711565. doi: 10.3389/fimmu.2021.711565

41. Tian, Y, Cheng, C, Wei, Y, Yang, F, and Li, G. The Role of Exosomes in Inflammatory Diseases and Tumor-Related Inflammation. Cells (2022) 11:1005. doi: 10.3390/cells11061005

42. Rivoltini, L, Chiodoni, C, Squarcina, P, Tortoreto, M, Villa, A, Vergani, B, et al. TNF-Related Apoptosis-Inducing Ligand (TRAIL)-Armed Exosomes Deliver Proapoptotic Signals to Tumor Site. Clin Cancer Res (2016) 22:3499–512. doi: 10.1158/1078-0432.Ccr-15-2170

43. Dai, SM, Zhou, XY, Wang, BM, Wang, QQ, Fu, YX, Chen, TY, et al. Enhanced Induction of Dendritic Cell Maturation and HLA-A*0201-Restricted CEA-Specific CD8(+) CTL Response by Exosomes Derived From IL-18 Gene-Modified CEA-Positive Tumor Cells. J Mol Med (2006) 84:1067–76. doi: 10.1007/s00109-006-0102-0

44. Yang, YS, Xiu, FM, Cai, ZJ, Wang, JL, Wang, QQ, Fu, YX, et al. Increased Induction of Antitumor Response by Exosomes Derived From Interleukin-2 Gene-Modified Tumor Cells. J Cancer Res Clin (2007) 133:389–99. doi: 10.1007/s00432-006-0184-7

45. Koh, E, Lee, EJ, Nam, GH, Hong, Y, Cho, E, Yang, Y, et al. Exosome-SIRP Alpha, a CD47 Blockade Increases Cancer Cell Phagocytosis. Biomaterials (2017) 121:121–29. doi: 10.1016/j.biomaterials.2017.01.004

46. Tang, K, Zhang, Y, Zhang, HF, Xu, PW, Liu, J, Ma, JW, et al. Delivery of Chemotherapeutic Drugs in Tumour Cell-Derived Microparticles. Nat Commun (2012) 3:1282. doi: 10.1038/ncomms2282

47. Kim, MS, Haney, MJ, Zhao, Y, Mahajan, V, Deygen, I, Klyachko, NL, et al. Development of Exosome-Encapsulated Paclitaxel to Overcome MDR in Cancer Cells. Nanomed-Nanotechnol (2016) 12:655–64. doi: 10.1016/j.nano.2015.10.012

48. Saari, H, Lazaro-Ibanez, E, Viitala, T, Vuorimaa-Laukkanen, E, Siljander, P, and Yliperttula, M. Microvesicle- and Exosome-Mediated Drug Delivery Enhances the Cytotoxicity of Paclitaxel in Autologous Prostate Cancer Cells. J Control Release (2015) 220:727–37. doi: 10.1016/j.jconrel.2015.09.031

49. Tian, YH, Li, SP, Song, J, Ji, TJ, Zhu, MT, Anderson, GJ, et al. A Doxorubicin Delivery Platform Using Engineered Natural Membrane Vesicle Exosomes for Targeted Tumor Therapy. Biomaterials (2014) 35:2383–90. doi: 10.1016/j.biomaterials.2013.11.083

50. Treiber, T, Treiber, N, and Meister, G. Regulation of microRNA Biogenesis and its Crosstalk With Other Cellular Pathways. Nat Rev Mol Cell Bio (2019) 20:321–21:pg 5. doi: 10.1038/s41580-019-0106-6

51. Huang, XY, Yuan, TZ, Liang, MH, Du, MJ, Xia, S, Dittmar, R, et al. Exosomal miR-1290 and miR-375 as Prognostic Markers in Castration-Resistant Prostate Cancer. Eur Urol (2015) 67:33–41. doi: 10.1016/j.eururo.2014.07.035

52. Katakowski, M, Buller, B, Zheng, XG, Lu, Y, Rogers, T, Osobamiro, O, et al. Exosomes From Marrow Stromal Cells Expressing miR-146b Inhibit Glioma Growth. Cancer Lett (2013) 335:201–04. doi: 10.1016/j.canlet.2013.02.019

53. Zhang, KL, Dong, C, Chen, M, Yang, TT, Wang, X, Gao, YH, et al. Extracellular Vesicle-Mediated Delivery of miR-101 Inhibits Lung Metastasis in Osteosarcoma. Theranostics (2020) 10:411–25. doi: 10.7150/thno.33482

54. Schroeder, A, Levins, CG, Cortez, C, Langer, R, and Anderson, DG. Lipid-Based Nanotherapeutics for siRNA Delivery. J Intern Med (2010) 267:9–21. doi: 10.1111/j.1365-2796.2009.02189.x

55. Conti, DS, Brewer, D, Grashik, J, Avasarala, S, and da Rocha, SRP. Poly(amidoamine) Dendrimer Nanocarriers and Their Aerosol Formulations for siRNA Delivery to the Lung Epithelium. Mol Pharmaceut (2014) 11:1808–22. doi: 10.1021/mp4006358

56. Alvarez-Erviti, L, Seow, YQ, Yin, HF, Betts, C, Lakhal, S, and Wood, MJA. Delivery of siRNA to the Mouse Brain by Systemic Injection of Targeted Exosomes. Nat Biotechnol (2011) 29:341–U179. doi: 10.1038/nbt.1807

57. Yu, Y, Li, W, Mao, L, Peng, W, Long, D, Li, D, et al. Genetically Engineered Exosomes Display RVG Peptide and Selectively Enrich a Neprilysin Variant: A Potential Formulation for the Treatment of Alzheimer's Disease. J Drug Target (2021) 29:1128–38. doi: 10.1080/1061186X.2021.1929257

58. Lin, Y, Wu, JH, Gu, WH, Huang, YL, Tong, ZC, Huang, LJ, et al. Exosome-Liposome Hybrid Nanoparticles Deliver Cas9/Cas9 System in MSCs. Adv Sci (2018) 5:1700611. doi: 10.1002/advs.201700611

59. Mu, JY, Zhuang, XY, Wang, QL, Jiang, H, Deng, ZB, Wang, BM, et al. Interspecies Communication Between Plant and Mouse Gut Host Cells Through Edible Plant Derived Exosome-Like Nanoparticles. Mol Nutr Food Res (2014) 58:1561–73. doi: 10.1002/mnfr.201300729

60. Raimondo, S, Naselli, F, Fontana, S, Monteleone, F, Lo Dico, A, Saieva, L, et al. Citrus Limon-Derived Nanovesicles Inhibit Cancer Cell Proliferation and Suppress CML Xenograft Growth by Inducing TRAIL-Mediated Cell Death. Oncotarget (2015) 6:19514–27. doi: 10.18632/oncotarget.4004

61. Narayanan, E. Exosomes as Drug Delivery Vehicles for Cancer Treatment. Curr Nanosci (2020) 16:15–26. doi: 10.2174/1573413715666190219112422

62. Li, MY, Li, SS, Du, CY, Zhang, YN, Li, Y, Chu, LQ, et al. Exosomes From Different Cells: Characteristics, Modifications, and Therapeutic Applications. Eur J Med Chem (2020) 207:112784. doi: 10.1016/j.ejmech.2020.112784

63. Yang, Z, Shi, J, Xie, J, Wang, Y, Sun, J, Liu, T, et al. Large-Scale Generation of Functional mRNA-Encapsulating Exosomes via Cellular Nanoporation. Nat BioMed Eng (2020) 4:69–83. doi: 10.1038/s41551-019-0485-1

64. Faruqu, FN, Xu, LZ, and Al-Jamal, KT. Preparation of Exosomes for siRNA Delivery to Cancer Cells. Jove-J Vis Exp (2018) 142:e58814. doi: 10.3791/58814

65. Charoenviriyakul, C, Takahashi, Y, Nishikawa, M, and Takakura, Y. Preservation of Exosomes at Room Temperature Using Lyophilization. Int J Pharmaceut (2018) 553:1–7. doi: 10.1016/j.ijpharm.2018.10.032

66. Nam, GH, Choi, Y, Kim, GB, Kim, S, Kim, SA, and Kim, IS. Emerging Prospects of Exosomes for Cancer Treatment: From Conventional Therapy to Immunotherapy. Adv Mater (2020) 32:2002440. doi: 10.1002/adma.202002440

67. Wang, JL, Sui, LH, Huang, J, Miao, L, Nie, YB, Wang, KS, et al. MoS2-Based Nanocomposites for Cancer Diagnosis and Therapy. Bioact Mater (2021) 6:4209–42. doi: 10.1016/j.bioactmat.2021.04.021

68. Zhao, TJ, Wu, W, Sui, LH, Huang, Q, Nan, YY, Liu, JH, et al. Reactive Oxygen Species-Based Nanomaterials for the Treatment of Myocardial Ischemia Reperfusion Injuries. Bioact Mater (2022) 7:47–72. doi: 10.1016/j.bioactmat.2021.06.006

69. Zhu, Y, Zhao, TJ, Liu, M, Wang, SY, Liu, SL, Yang, YR, et al. Rheumatoid Arthritis Microenvironment Insights Into Treatment Effect of Nanomaterials. Nano Today (2022) 42:101358. doi: 10.1016/j.nantod.2021.101358

70. Chen, L, Huang, Q, Zhao, TJ, Sui, LH, Wang, SY, Xiao, ZX, et al. Nanotherapies for Sepsis by Regulating Inflammatory Signals and Reactive Oxygen and Nitrogen Species: New Insight for Treating COVID-19. Redox Biol (2021) 45:102046. doi: 10.1016/j.redox.2021.102046




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


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Fu, Li, Chen, Zhu and Zhou. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




REVIEW

published: 22 June 2022

doi: 10.3389/fonc.2022.921983

[image: image2]


Nanomaterial Technology and Soft Tissue Sarcomas


Changkai Zhou 1†, Xue Chen 2†, Ying Huang 3, Qi Zhang 2*, Shu Zhu 4* and Wei Fu 5*


1 Department of Burn and Plastic Surgery, Affiliated Hospital 2 of Nantong University, Nantong First People’s Hospital, Nantong, China, 2 Department of Plastic and Cosmetic Surgery, Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China, 3 Department of Operation Room, Affiliated Hospital 2 of Nantong University, Nantong First People’s Hospital, Nantong, China, 4 Department of Medical Ultrasound, Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China, 5 Department of Pharmacy, Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China




Edited by: 

Kelong Ai, Central South University, China

Reviewed by: 

Ziwei Liu, Wuhan Institute of Technology, China

Qiong Huang, Central South University, China

Xue Wang, AbbVie, United States

*Correspondence: 

Wei Fu
 luis9@126.com 

Shu Zhu
 zhushu0602@126.com 

Qi Zhang
 zhangqi06172@163.com












†These authors have contributed equally to this work


Specialty section: 
 This article was submitted to Pharmacology of Anti-Cancer Drugs, a section of the journal Frontiers in Oncology


Received: 17 April 2022

Accepted: 24 May 2022

Published: 22 June 2022

Citation:
Zhou C, Chen X, Huang Y, Zhang Q, Zhu S and Fu W (2022) Nanomaterial Technology and Soft Tissue Sarcomas. Front. Oncol. 12:921983. doi: 10.3389/fonc.2022.921983



Soft tissue sarcomas (STSs) are relatively rare heterogeneous solid tumors of the mesenchymal origin. They account for approximately 1% of all malignant tumors in adults and have more than 70 histological subtypes. Consequently, the rarity and heterogeneity of STSs make their diagnosis and treatment very challenging. Nanotechnology has attracted increasing attention from researchers due to the unique physicochemical and biological properties of nanomaterials with potential medical applications as nanoprobes, drug delivery systems, photosensitizers, radioenhancers, antitumor agents, and their combinations for cancer diagnosis and treatment. This review discusses the progress made in the use of nanotechnology for the diagnosis and treatment of STSs and highlights future prospects of the STS multimodality therapy.
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Introduction

Soft tissue sarcomas (STSs) are rare and heterogeneous tumors representing only 1% of all adult malignancies and encompassing more than 70 histological subtypes with variable clinical behavior (1). It is estimated that in 2022, 13,190 new STS cases will be diagnosed in the USA, causing approximately 5,130 deaths (2). These malignant mesenchymal tumors are important and often overlooked causes of death in young patients. According to the American Cancer Society, the average overall five-year STS survival rate is approximately 65% (2). Prognostic prediction accuracy strongly depends on the tumor subtype, size, grade, stage, and response to treatment as well as demographic factors. However, the lack of known risk factors and appropriate preoperative preparation may delay STS diagnosis (3). Thus, referrals often originate from the results of the so-called “whoops” procedures (4). Currently, histologic grade is recognized to be the most important prognostic factor predictive of distant metastasis and disease-specific survival rate (5). The traditional treatment of patients diagnosed with STS includes surgical resection, radiotherapy, chemotherapy, photodynamic therapy, and their combinations, which are slowly evolving (6). Therefore, it is necessary to investigate effective methods of improving the efficiency of STS diagnosis and treatment.

Nanomaterial technology has attracted significant attention from researchers over the years and tremendous progress has been made in this field. The unique physical and functional properties of nanomaterials make them potentially suitable for the management of many diseases, including cancer (7). Therefore, nanomaterials are widely used for cancer diagnosis, monitoring, imaging, and treatment. For example, various nanovehicles for the efficient delivery of drugs, such as liposomes, micelles, dendrimers, quantum dots, and carbon nanotubes, have been developed (8, 9). Additionally, nanoparticles with certain sizes can convert light into heat, which causes cellular damage during photothermal therapy. Nanoparticles with high electron density and well-defined size and shape are highly efficient at absorbing radiation and, therefore, can be used as radioenhancers in radiotherapy (10). Moreover, a direct antitumor effect was observed for certain nanoparticles (11). Considerable progress has been made in the application of nanotechnology for STS diagnosis and treatment. This review describes the latest developments in the use of nanomaterials for STS diagnosis and treatment, highlighting the future prospects of STS multimodality therapy.



Diagnosis and Subtypes of STSs

STSs tends to form as a large, painless, and unexplained mass with a consistently increasing volume, which is the best individual indicator of a high malignancy risk (12). Therefore, patients suspected of having STS (especially those having superficial lesions with sizes greater than 5 cm) should initially undergo an ultrasound examination, which is cost-effective and has a high negative predictive value for soft tissue lumps (13). Magnetic resonance imaging (MRI) has a very high negative predictive value in distinguishing lipomatous tumors (14) and is helpful during surgical and radiotherapy planning. Contrast-enhanced computed tomography is an alternative imaging modality for patients with contraindications to MRI, which plays an important role in the evaluation of lungs for metastatic sarcomas. Moreover, core needle biopsy provides a basis for definitive tissue diagnosis, which is critical for cases, in which neoadjuvant therapy is administered (15). Molecular genetic testing plays an increasingly important role in the classification of STSs (16, 17). Therefore, proper sarcoma diagnostics requires a multidisciplinary approach with the participation of an expert team of pathologists, radiologists, medical oncologists, molecular biologists, and surgical oncologists (18).

Most STSs are classified according to their tissue origin and differentiation characteristics. Some of them are named based on their histological patterns (e.g., soft pulmonary alveolar sarcoma and epithelioid sarcoma). Unfortunately, STSs have over 70 histological subtypes (1, 19). Among those, the three most common histologic subtypes of STSs in adults include undifferentiated pleomorphic sarcoma (UPS), liposarcoma, and leiomyosarcoma. Histological diagnosis should be based on the 2020 World Health Organization classification of soft tissues and bone tumors (1). The grading system proposed by the French Federation of Cancer Centers Sarcoma Group is most widely used due to its high reproducibility and precise definitions (20, 21). Unlike other cancers, STSs have a high prognostic value according to the American Joint Committee on Cancer TNM staging system owing to the inclusion of histological grading. In summary, the rarity and heterogeneity of STSs make its diagnostic a very complex and difficult process.



Management of STSs

Owing to the rarity and heterogeneity of STSs, patients with STSs should be referred to specialized sarcoma centers for curing or palliative care depending on the STS grade (18, 22). First, radical surgical resection is the cornerstone of the treatment of primary STSs. Notably, an adequate preoperative workup, including advanced imaging studies and diagnostic biopsy, should be performed to eliminate the risk of incomplete STS excision (3). In other words, the key principles of surgery include oncological radicality and function sparing. For extremity and truncal STSs, at least 1–2 cm of the healthy tissue around the tumor must be removed. Moreover, for the highly invasive histological subtypes such as locally invasive myxofibrosarcoma, the resection margin should be at least 3 cm (23). However, amputation is a better choice when the tumor involves the major vessels and nerves in the limbs. Fortunately, due to the progress in neoadjuvant treatment, the rate of limb salvage is constantly increasing (24). Resections were classified into R0 (with microscopically negative margins), R1 (with microscopically positive margins), and R2 (with macroscopically positive margins) according to the results of postoperative pathological examination (25). However, R0 resections are sometimes difficult to perform due to anatomic constraints (i.e., retroperitoneal sarcomas, which represent approximately 15% of all STSs). Thus, (neo)adjuvant therapies should be considered to improve prognosis.

Most low-grade and well-edged STSs do not require adjuvant radiotherapy, whereas for the moderate-to-high grade STSs, adjuvant radiotherapy may improve the local control and prognosis (26). Additionally, radiotherapy plays a significant role in the palliative or definitive treatment of patients who cannot undergo R0 resection. Although the effect of radiotherapy on limb STSs is clear, the optimal radio-surgical strategy remains controversial (27–30). However, with the recent advances in radiation techniques, including the use of nanosized radioenhancers (such as hafnium oxide nanoparticles, NBTXR3), the cost/benefit ratio of radiotherapy has considerably decreased (31, 32). Chemotherapy is the first option for metastatic and locally advanced STSs, and the most commonly used drugs include anthracyclines, gemcitabine, and taxanes (33). Nevertheless, the heterogeneity of various STS subtypes often results in different responses to chemotherapeutic agents. Many studies were performed to explore the role of adjuvant chemotherapy in STS treatment, but their results were contradictory, and the benefits of chemotherapy remained uncertain (34–37). Fortunately, advances in nanosized drug delivery systems may overcome the main drawbacks of traditional chemotherapy, including low efficacy and toxicity. Over the years, significant progress has been made in the field of targeted therapy for STSs (38, 39). Tyrosine kinase inhibitors (TKIs), such as imatinib, sunitinib, and regorafenib, were approved for the treatment of gastrointestinal stromal tumors (GISTs) (40–43). Pazopanib, another TKI, was approved for the treatment for non-GIST STSs (44). Olaratumab, a monoclonal antibody, was approved for the treatment of STSs (45). However, even the best formulation of neo-adjuvant therapies cannot replace R0 resection (46).



Nanotechnology and STSs

Owing to the rarity and multiplicity of clinical behavior, STS diagnosis is sometimes delayed, and the treatment of STSs becomes a complex process; as a result, the prognosis is usually dismal. Therefore, more efforts should be spent on exploring new options for the diagnosis and treatment of STSs. Nanotechnology has attracted scientific interest owing to its various advantages, including desirable bioavailability, specialized structures, and promising drug encapsulation efficiency. Moreover, significant progress has been made in the field of nanomaterials, which exhibit unique physical and chemical properties and are widely used in the health and medical fields (47). The application of nanomaterials offers potential advantages in the diagnosis and treatment of many diseases, including cancer (7, 48, 49). For example, nanomaterials can be used to detect tumor markers for the purpose of diagnosis and evaluating prognosis (50). Drug-loaded nanomaterials may cross many biological barriers and be transported to a target region (51). Additionally, nanomaterials play an important role in photodynamic therapy and radiotherapy.


Nanoprobe and STSs

Early detection is associated with timely treatment and, hence, better prognosis. This is particularly true for STSs, which are often overlooked by the general public and healthcare providers. Traditional diagnostic strategies have various limitations, such as the low sensitivity of imaging techniques and unnecessary contamination of healthy tissues due to a poorly performed biopsy. Researchers are currently exploring potential breakthrough points for tumor diagnostic technologies. Thus, the role of nanoparticles in cancer diagnosis and surveillance has attracted increasing attention over the past few decades due to their intrinsic magnetic, optical, and electrical properties (48). Additionally, nanoprobes coupled with specific ligands can accumulate at the tumor site or generate high responses to very small targets via ligand-receptor interactions to produce signals for ultrasensitive detection (50).

Tumor formation is caused by the uncontrolled cell division due to mutations in specific genes that alter the synthesis of specific biomolecules. The overexpression of tumor-associated proteins (TAPs) occurs during tumor formation, and TAPs can regulate proteolysis, making them an important factor in cancer progression. For example, MMP-2 is a TAP overexpressed in most solid tumors including STSs (52), which can be used for the detection of such tumors. Wang et al. (53) developed a nanoprobe containing an MMP-2 substrate sequence for detecting MMP-2-overexpressed tumors, which is highly activated in human fibrosarcoma HT1080 cells in vitro and highly expressed in human fibrosarcoma HT1080 cell xenografts compared with MCF-7 cells. Their study demonstrates the sensitivity and specificity of this prodrug-type nanoprobe for tumor detection and imaging. Nevertheless, the heterogeneity of specific biomarkers in each STS subtype makes the development of a foolproof strategy for STS detection a challenging task.



Drug Delivery Nanosystems and STSs

Despite the large number of drugs available for cancer treatment, conventional chemotherapeutic agents have various side effects, such as non-specific distribution, low bioavailability, toxic effects on healthy cells, and resistance development. Therefore, advanced drug delivery systems should be created overcome these drawbacks. Recent developments in nanotechnology-based drug delivery systems (DDSs) are expected to improve the drug delivery process and control drug release using passive or active targeting strategies, thereby reducing the side effects of chemotherapy during tumor treatment. In addition, they can deliver multiple drugs simultaneously to perform a combination therapy (54). Over the years, a large number of nanomedicines have been used to assess their potential for the treatment of STSs, including the balance between efficacy and toxicity (Table 1).


Table 1 | Nanomaterials used in the preclinical research of STS treatment.



Active targeting relies on ligand–receptor binding to deliver drugs to cells and decrease nonspecific interactions in peripheral tissues (Figure 1). These high-affinity ligands may include aptamers, proteins, transferrin, antibodies, and other macromolecules that are specifically overexpressed on the surface of tumor cells. For example, the overexpression of glucose transporters (GLUTs) in pediatric sarcomas was used for active targeting. A nano-drug delivery system based on glycosylated polymer nanocapsules targeting dasatinib was reported for the first time by Bukchin et al. (55) In their study, the use of a glycosylated amphiphilic nanocarrier promoted the delivery of dasatinib in tumor parenchyma and reduced its accumulation in the off-target tissues and organs of immunodeficient mice bearing glucose-avid Rh30 xenograft. Additionally, small molecules, such as folic acid, carbohydrates, and nucleic acids, were identified. In another approach utilizing the active targeted delivery of nano-drugs, integrin receptor-targeted lipid protamine-siRNA (LPR) nanoparticles were developed and used to load siRNA targeting the PAX3-FOXO1 (P3F) breakpoint, which was a specific fusion transcript of alveolar rhabdomyosarcoma (ARMS) (56). The results of both in vitro and in vivo studies verified the specificity and efficacy of this novel therapeutic strategy. However, the lack of universal STS-specific targets may produce barriers for nanomedicine development due to the heterogeneity of STSs.




Figure 1 | Active and passive targeting strategy of drug delivery nanosystems.



Passive targeting involves the diffusion-mediated transport of drugs(Figure 1). The enhanced permeability and retention (EPR) effect promotes the passive accumulation of nanodrugs in tumor cells. Thus, the efficiency of the passive targeting strategy is dramatically affected by the inherent properties of drug–carrier complexes, such as molecular size, weight, and surface hydrophilicity. For instance, paclitaxel (PTX) exhibits low aqueous solubility, which limits its delivery to tumors. To overcome this problem, Wu’s research group synthesized a novel nanocarrier, 4-arm-PEG5K-TPGS NP, to load PTX for further studies. The S180 sarcoma-bearing mice treated with Taxol® and PTX-loaded 4-arm-PEG5K-TPGS NP in vivo exhibited a significantly improved growth inhibitory effect as compared with that observed for the PTX-free group (57). Additionally, the EPR effect differs between different tumor types due to the protean pore dimensions in the vasculature (63). Thus, the heterogeneity of STSs and their stroma can severely impact the efficacy of passively targeted delivery. For example, doxorubicin-based chemotherapy remains the gold standard treatment for recurrent and metastatic STSs (64). Dodd et al. (58) compared the efficacy of nano-encapsulated doxorubicin and free doxorubicin in the treatment of MPNST and UPS mouse sarcoma models and observed different responses of various STS subtypes to the nanoparticle-encapsulated doxorubicin formulation (CP-Dox) treatment.

Furthermore, nanomaterials may be used not only as drug carriers but also as antitumor agents. Recently, the anticancer effect of cerium oxide nanoparticles was observed for mouse sarcoma tumor cells (59). Afterwards, in vivo experiments were performed by the same research team to confirm that cerium oxide nanoparticles were mainly concentrated in the mouse fibrosarcoma tissues and exhibited no apparent toxicity to the mouse liver and kidney, suggesting their potential applications in the treatment of fibrosarcoma (11). The proposed mechanism of the antitumor effect of these nanoparticles included antioxidant activity (65, 66) and passive targeting on the tumor side (67). Karuppaiya et al. reported for the first time a detailed procedure for the production of gold nanoparticles using an aqueous extract of Dysosma pleiantha rhizome (60). Interestingly, the biosynthesized nanoparticles were able to inhibit the migration of the human fibrosarcoma cell line HT-1080 by interfering with the actin polymerization pathway; however, no toxic effects were observed in vitro. Thus, their biocompatibility and anti-migration effect may be utilized to enhance the antitumor effect of the chemotherapeutics currently used in multimodality formulations, especially in metastatic STSs. In summary, the optimal design of nanoparticles for STSs treatment is a daunting task due to the high heterogeneity and constantly evolving nature of STSs.



Use of Nanomaterials in STS Photodynamic Therapy

Photodynamic therapy (PDT) is a tumor-ablative and disease site-specific treatment modality. It involves the generation of cytotoxic reactive oxygen species (ROS) by illuminating a photosensitizer (PS) within tumor cells with the light having a specific wavelength (68). ROS play significant roles in the physiological activities of cells at moderate concentrations. However, the overproduction of ROS may contribute to the development of many diseases, including rheumatoid arthritis (69), cardiovascular disease (70), and even COVID-19 (71). In PDT, ROS cause irreversible damage to the cells and microvasculature of solid tumors followed by a plethora of inflammatory and immune responses. Thus, the ideal PS should be capable of preferentially accumulating in tumor cells and generating a sufficient amount of ROS. Nanomaterials have recently emerged in the field of PDT to overcome most limitations of classic PSs. They may be potentially utilized in PDT as delivery vehicles for PS, PS alone, or PS energy transducers. For example, gold nanoparticles have been used to load a novel PS, N-aminobacteriopurpurinimide, for improving drug delivery through a passive targeting strategy (61). Rats bearing sarcoma M-1 demonstrated an extended circulation time in the blood and enhanced tumor uptake in vivo.

Moreover, a combination of different therapeutic methods with PDT may increase the antitumor efficacy (62, 72, 73). For this purpose, Luo et al. (62) introduced hydrophilic indocyanine green derivative (ICG-Der-02) into mesoporous silica-coated gold nanorods (AuNRs/mSiO2). They found that the nanoconjugated AuNRs/mSiO2–ICG-Der-02/RGD-4C system preferentially bound to HT-180 human fibrosarcoma cells and exhibited bimodal photothermal and photochemical effects under the 808-nm irradiation, thus improving the effectiveness of photodynamic therapy. In addition, a nanozyme that can increase the content of H2O2 in the tumor microenviroment may further enhance the antitumor effect of phototherapy (72). These novel multimodal treatment approaches may enhance tumor control in localized STSs.



Use of Nanomaterials in STS Radiotherapy

Radiotherapy is one of the most promising tumor control strategies. During radiotherapy, cellular components, especially DNA, are directly or indirectly damaged by delivering ionizing radiation (IR) to tumor tissues. Increasing the radiotherapy efficacy while maintaining the normal tissue toxicity at a tolerable level remains a challenging task. Metal nanoparticles have attracted significant interest in recent years due to their promising role in enhancing the radiosensitizer effect (74). In particular, gold nanoparticles have been most extensively investigated owing to their biocompatibility and multifunctional properties (75–78). For instance, these nanoparticles were used as radiosensitizers and CT contrast agents to develop Au-loaded polymeric micelles (GPMs) in a study conducted by the Tsourkas research group (79). They found that GPMs exhibited a longer circulation half-life and six-fold accumulation in tumors. An in vivo study confirmed that the median survival time of the GPM-radiosensitized mice bearing human fibrosarcoma cells (HT1080) in combination with RT was 1.7 times longer than that of the mice treated with radiation alone (79).

Moreover, hafnium oxide nanoparticles NBTXR3 possess the ability to interact with different types of IR and accumulate in cancer cells, thus producing high-dose energy deposition (80). A preclinical study confirmed the promising uptake rate and encouraging radioenhancing effect of NBTXR3 in fibrosarcoma cell lines (Hs913T, HT-1080) (81). The initial phase I clinical trial of NBTXR3 activated by radiotherapy in patients with locally advanced STSs was performed by Bonvalot et al. (82) In their study, 22 patients with limb or trunk STSs were enrolled into the treatment program, and all of them received a single injection of NBTXR3 followed by external beam radiotherapy and surgical resection. The obtained results revealed that the median decrease in the maximal tumor diameter at the recommended dose was 29% with a median change in volume of −40%. This initial success led to a phase II–III trial (83) aimed to further evaluate the efficiency and safety of NBTXR3 as a radioenhancer in the preoperative treatment of patients with locally advanced STSs. A total of 176 eligible patients out of 180 enrolled ones were evaluated for the primary endpoint (pathological complete response in the intention-to-treat full analysis set). The proportion of patients with a pathological complete response exhibited a significant difference of 16% for the NBTXR3 group versus 8% for the radiotherapy alone group (p = 0.044). As a result, NBTXR3 has been approved for the treatment of STSs and became a first-in-class radioenhancer. The described tumor reduction strategy may facilitate surgical resection and provide a reference for the radiation-enhanced therapy of other solid tumors (84).




Conclusion

STSs can occur anywhere in the body and originate from mesenchymal tissues. Overall, the patients diagnosed with STSs have poor prognosis, while STS heterogeneity represents a considerable challenge for both detection and treatment. Nanomaterials are playing increasingly important roles in STS detection and treatment. Continuing advances in research studies utilizing nanomaterials as drug delivery systems, therapeutic approaches, and their combinations can help develop an efficient and safe method for the diagnosis and treatment of STSs. However, further optimization of nanomaterials is necessary to achieve rapid diagnosis and effective treatment of STSs.
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Abbreviation

STS(s), soft tissue sarcoma(s); MRI, magnetic resonance imaging; UPS, undifferentiated pleomorphic sarcoma; TKIs, tyrosine kinase inhibitors; GISTs, gastrointestinal stromal tumors; TAPs, tumor-associated proteins; DDSs, drug delivery systems; GLUTs, glucose transporters; LPR, lipid protamine-siRNA; ARMS, alveolar rhabdomyosarcoma; EPR, enhanced permeability and retention; PTX, paclitaxel; PDT, photodynamic therapy; ROS, reactive oxygen speciesp; PS, photosensitizer; IR, ionizing radiation.
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Nanomaterials integrating a variety of excellent properties (such as controllable/suitable size, surface modifier, and multifunctionality) have attracted increasing attention in the biomedical field and have been considered a new generation of magnetic resonance imaging (MRI) contrast agents (CAs). In recent years, stimuli-responsive nanomaterials with specifically responsive ability have been synthesized as MRI CAs, which can significantly improve the diagnostic sensitivity and accuracy depending on their outstanding performance. Furthermore, the inherent tumor microenvironment (TME) of malignant tumor is considered to possess several unique features, such as low extracellular pH, redox condition, hypoxia, and high interstitial pressure, that are significantly different from healthy tissues. Hence, constructing nanomaterials for TME-responsive MRI as an emerging strategy is expected to overcome the current obstacles to precise diagnosis. This review focuses on recent advances of nanomaterials in their application of TME-responsive MRI that trigger the diagnostic function in response to various endogenous stimulations, including pH, redox, enzyme, and hypoxia. Moreover, the future challenges and trends in the development of nanomaterials serving as TME-responsive MRI CAs are discussed.
Keywords: nanomaterials, tumor microenvironment, stimuli-responsive, MRI, diagnosis of cancer
INTRODUCTION
Cancer has become a primary cause of death and a most serious threat to human health worldwide (Sung et al., 2021). Early and accurate diagnosis is crucial to conquering cancer, which can guide clinicians to design the most timely, suitable, and reasonable therapeutic strategies for cancer patients. Magnetic resonance imaging (MRI) as one of the most powerful non-invasive imaging instruments with advantages of non-radiation and excellent spatial resolution. It is widely used in the clinical diagnosis of cancer (Na et al., 2009). It can provide anatomical and functional information of organs and soft tissues, for instance, T1 MRI can display normal anatomy with excellent resolution and T2 MRI is adept at detecting tumors and inflammation lesions with outstanding soft tissue imaging. The introduction of contrast agents (CAs) further improves the sensitivity and capability of MRI to detect lesions, which offers unprecedented and comprehensive diagnostic information for clinicians (Lohrke et al., 2016). Gadolinium (Gd3+) chelate–based MRI CAs are most commonly used in clinics at present. However, these Gd-based CAs have their own limitations, such as very short internal circulation time, poor specificity, and relatively low relaxation efficiency. In order to overcome the above defects, it is necessary to use large doses of Gd-based CAs to increase the CA concentration in the target area (Raymond and Pierre, 2005). Afterward, high-dose injection of Gd3+ chelates may cause severe nephrogenic systemic fibrosis syndrome, as has been warned by the US Food and Drug Administration (FDA) (Penfield and Reilly, 2007; Perez-Rodriguez et al., 2009; Chen et al., 2012). Therefore, the comprehensive performance of currently available CAs in clinic is far from ideal. Research and development of innovative and efficient MRI CAs as a substitute for traditional Gd-based CAs is highly desirable and has become a very promising field.
Over the past decades, nanomaterials integrating a variety of excellent properties have been proposed as a new generation of CAs with great potential in MRI. As imaging CAs, nanomaterials have a series of attractive characteristics: 1) controllable and suitable size, which ensures sufficient circulation time in blood and clearance ability by kidneys or reticuloendothelial system (RES) (Longmire et al., 2011). 2) Surface modifiers, which allow them to be coated with biocompatible materials to improve their biocompatibility or conjugated with ligands to provide additional properties such as target-specific binding ability, barrier-penetrating ability, and long circulation time (Lim et al., 2015). 3) Multifunctionality, integrating multiple imaging modes into one platform, making them capable of providing comprehensive information for detecting lesions. The most frequently developed nanomaterials as T1 MRI CAs are Gd-based complexes (e.g., Gd2O3-, NaGdF4-, GdF3-, and Gd3+-doped nanoparticles [NPs]) (Liu et al., 2011; Kimura et al., 2012; Park et al., 2012; Passuello et al., 2012; Xing et al., 2014; Du et al., 2017) and paramagnetic manganese (Mn)-based composites (e.g., MnO NPs, MnO2 nanosheets, and Mn3O4 NPs) (Kim et al., 2011; Chen et al., 2014; Li et al., 2017), which can shorten their longitudinal relaxation time (T1) due to their excellent ability to interact with hydrogen protons in the surrounding water. Superparamagnetic iron oxide (SPIO) NPs are the other kind of popular CAs which can shorten transverse relaxation time (T2) because of their intrinsic magnetic properties, serving as T2 MRI CAs (Laurent et al., 2008; Tong et al., 2010). Despite the variety of nanomaterials with remarkable performance having been synthesized as MRI CAs which undeniably improved the sensitivity of detecting subtle lesions to a certain extent, there are still some shortages that cannot be neglected. For instance, 1) the majority of current MRI CAs possess the function of enhancing MR contrast signals “always on” regardless of their specific accumulation in target tumors or tissues, leading to poor target-to-background signal ratios. Therefore, it is difficult to distinguish the region of interest from surrounding normal tissues due to non-specific signal enhancement, which may lead to a false-positive diagnosis or missed diagnosis (Yoo and Pagel, 2008; Fu et al., 2021). 2) Dissatisfactory relaxivity causes insufficient sensitivity to detect early-stage tumors or tiny lesions, which may miss the optimal opportunity for treatment (Yu et al., 2014; Lee et al., 2015). 3) Inadequate internal circulation time results in narrow observation window of MRI, reduces diagnostic efficiency, and impedes their applications (Kielar et al., 2010; Ai, 2011; Shen et al., 2017).
Consequentially, designing stimuli-responsive CAs with specifically responsive ability is expected to overcome the above obstacles. Compared with traditional CAs, these stimuli-responsive CAs have exhibited conspicuously enhanced contrasts between target lesions (especially the small lesions or early-stage tumors) and normal tissues. Many endogenous or exogenous stimuli have been exploited to serve as triggers for stimuli-responsive CAs previously, including endo-stimuli (internal) such as pH, redox, and enzymes, and exo-stimuli (external) such as light, temperature, ultrasound, and electric or magnetic fields (Kang et al., 2017; García-Hevia et al., 2019). In addition, the tumor microenvironment (TME) of various types of malignant tumors, affected by malignant proliferation and metabolism, is considered to possess several unique features such as low extracellular pH, redox conditions, hypoxia, and high interstitial pressure (Danhier et al., 2010; Joyce and Fearon, 2015; Zhu et al., 2022). Nanomaterial-based TME-responsive CAs have attracted widespread attention for personalized cancer diagnosis owing to their outstanding performances in tumor-specific imaging, which could provide more accurate information for precise diagnosis of cancer and optimize treatment strategies (Yang et al., 2018; Wang J. et al., 2021).
This review aims to summarize the recent advances and future prospects of nanomaterial-based CAs in their TME-responsive MRI applications rather than attempting to thoroughly contain the whole field (Figure 1). The inherent TME properties of tumors are significantly different from healthy normal tissues, which have been utilized in developing stimuli-responsive nano-MRI CAs for tumor-specific imaging. In this review, TME-responsive MRI CAs are classified according to types of endogenous stimulation, including pH, redox, enzyme, and hypoxia.
[image: Figure 1]FIGURE 1 | General strategies to synthesize nanotheranostic agents for TME-responsive MRI.
PH-RESPONSIVE MRI CONTRAST AGENTS
According to the Warburg effect, abnormal and rapid proliferation of tumor cells consumes a lot of oxygen and nutrients, leading to acidosis and a reduced pH in the neighboring microenvironment (Vaupel et al., 1989; Webb et al., 2011). Thus, the extracellular pH values in TME are typically acidic in many tumors, differing significantly from those of normal tissues and blood (Lee et al., 2007). The pH-responsive MRI CAs provide noninvasive contrast enhancement depending on pH, which could be applied to tumor-specific imaging. General designs of pH-responsive MRI CAs can be classified by imaging components.
Gd-Based pH-Responsive MRI CAs
Gd chelate is the most commonly used commercial MRI CA, so Gd-based pH-responsive MRI CAs have been widely studied. Zhu et al. attached pH-responsive block polymers on the surface of Gd-based NPs to achieve a surface modified Gd-metal organic frame (MOF) structure as a pH-responsive CA for MRI, which exhibited good performance in a series of characterization tests as well as imaging tests (Zhu et al., 2016). Its longitudinal relaxivity (r1) changed with the variation of environmental pH. The r1 value ranged from 6.6 mM−1 s−1 at pH 7.3 to 11.7 mM−1 s−1 at pH 6.6. To improve the biocompatibility and biodegradability of CAs, silkworm sericin (SS) was used to cross-link with Gd-based NPs by Huang et al. (Huang et al., 2021). A pH-responsive Gd-based NPs SS@GAH-GdCl3 with r1 values as 16.4 mM−1 s−1 at pH 5.8 and 9.2 mM−1 s−1 at pH 7.4 was obtained that showed a certain degree of increase with the decrease of pH value.
Mn-Based pH-Responsive MRI CAs
As an essential element, manganese participates in many cellular processes in vivo, which are of great importance to growth, development, and cellular homeostasis of the normal body (Aschner and Aschner, 2005; Erikson et al., 2005). Apart from Mn ions playing a key role in physiological processes owing to their redox and catalytic nature, Mn also possesses significant magnetic properties. Thus, Mn-based NPs and CAs have entered the field of MR imaging diagnosis and received extensive attention. In spite of some Mn-based CAs serving as regular T1 CAs and having achieved similar effects as clinical Gd-based CAs, a novel class of Mn-based nanomaterials has been designed with improved imaging sensitivity and is potentially expected to be substitutes for traditional CAs. These nanomaterials were constructed to respond to biological microenvironments, mainly to pH and redox potential variations. Chen et al. introduced pH-sensitive degradable manganese oxide (MnO) NPs into mesopores of hollow silica nanocapsules (HMCNs) through in-site redox reaction, then gained MnO-HMCNs as a pH-responsive CA for T1 MRI (Chen et al., 2012). Under weak acidic conditions, MnO dissolves into Mn ions, causing a great increase in r1 value (8.81 mM−1s−1), which is 11 times higher than that in neutral conditions and 2 times higher than commercial Gd-based CAs. To improve the diagnostic specificity and sensitivity, stimuli-responsive multiple-mode MRI CAs are extremely advisable for obtaining overall and detailed diagnostic information to complement the deficiencies of each other. Our group synthetized cobalt phosphides (Co-P) as core, coating with manganese dioxide (MnO2) nanosheets to obtain Co-P@mSiO2–MnO2 for pH-responsive T1/T2 dual-mode MRI-guided synergistic anticancer therapy (Jin et al., 2017). For imaging, Co-P core was applied to T2 MRI owing to its intrinsic magnetic properties, and biodegradable MnO2 was employed as pH-responsive T1 MRI CA. Under acidic conditions, the r1 value of Co-P@mSiO2–MnO2 was determined to be 9.05 mM−1s−1, the r2 value was 253.44 mM−1s−1 which increased approximately 1.5 times than under neutral conditions.
Fe-Based pH-Responsive MRI CAs
Fe is another essential element in the human body, mainly existing as ferritin in blood circulation. Paramagnetic Fe3+ is regarded as a promising candidate as T1 MR CAs owing to its large number of unpaired electrons (Wu et al., 2014; Zhang et al., 2017). Qu et al. recently fabricated an Fe-based biomimetic melanin-like multifunctional nanoagent (amino-Fe-PDANPs) as a positive pH-responsive MRI CA (Qu et al., 2021). Polydopamine was employed as a pH-responsive sensitizer for imaging. The r1 value was 10.0 mM−1s−1 at pH 7.5, then increasing to 15.4 mM−1s−1 at pH 6.5. It has been proven that the approachability of water molecules to the paramagnetic centers is the critical factor for T1 signal enhancement (Taylor et al., 2008). Interestingly, Fe-based NPs are also extensively applied as T2 MR Cas. Their magnetic property reduces rapidly with decreasing size owing to the reduction of magnetic anisotropy and spin disordering on the surface of NPs (Jun et al., 2008). Liu et al. synthesized PEGylated ultrasmall superparamagnetic iron oxide nanoparticles (USPIONs) by incorporating the methods of microemulsion and biomineralization, and coating with CaCO3 to obtain PEG-USPIONs@CaCO3 as a pH-responsive T2-T1–switchable MRI CA (Liu et al., 2021). The USPIONs agglomerated compactly inside the nanostructure, resulting in the enhancement of the T2 signal. While exposed to the acidic conditions in the tumor microenvironment, the CaCO3-layer releases free USPIONs by degradation, then switching to T1 MRI signal enhancement. With the gradual decrease of pH value, the r2/r1 ratio reduces substantially. In brief, PEG-USPIONs@CaCO3 will change from T2 CA in the neutral pH condition to T1 CA in the acidic environment of tumors. Not coincidentally, He et al. reported an extremely small iron oxide nanoparticle (ESIONP)–based pH-responsive T1-T2–switchable MRI CA which exhibited good performance (He et al., 2020).
REDOX-RESPONSIVE MRI CONTRAST AGENTS
In addition to weakly acidic pH, redox state as another characteristic biomarker of TME has drawn remarkable attention. Glutathione (GSH), among a variety of redox couples, is usually considered the most important thiol-disulfide redox buffer in charge of maintaining the balance of intracellular redox reactions (Do et al., 2014; Zhao et al., 2022). The concentration of GSH in tumor cells is much higher than that in normal tissues or blood (Cheng et al., 2011). Therefore, reduction-sensitive disulfide bonds and hydrogen peroxide (H2O2)–responsive boronated moieties were extensively used as redox-responsive MRI CAs, While Gd itself cannot be redoxed, many other metal ions have been developed, such as Mn, Fe, Co, Eu, and Cu.
Mn-Based Redox-Responsive MRI CAs
Recently, Wang et al. developed an intelligent redox-responsive nanoplatform (MUM NPs) via the coprecipitation process involving upconversion NPs (UCNPs) and aggregation-induced emission-active photosensitizers, as well as an in situ generation process of MnO2 as the outer shell (Wang Y. et al., 2021). MUM NPs exhibited high specificity to TME, rapidly exhausting intracellular GSH and efficiently generating Mn2+, which were instrumental in ROS preservation and T1 MRI enhancement, respectively. This nanoplatform performed well in redox-responsive MR imaging. In addition to single-mode stimuli-responsive MRI, Kim et al. designed a redox-responsive T1/T2 dual-mode MRI CA, integrating a superparamagnetic core (Fe3O4) and a paramagnetic shell (Mn3O4) into a core-shell structure through a seed-mediated growth process (Kim et al., 2016). Under the stimulation of tumors’ intracellular reducing environments by glutathione, the Mn3O4 shell will be decomposed into Mn2+ for T1 signal enhancement and allow Fe3O4 to interact with water protons for T2 signal enhancement. Under GSH-free conditions, the r1 was 2.4 mM−1s−1 and the r2 was 92.2 mM−1s−1. After activation in GSH solution, the r1 and r2 values increased to 16.1 and 258.6 mM−1s−1, illustrating that this nanoplatform can be qualified as redox-responsive T1/T2 dual-MRI CA.
Fe-Based Redox-Responsive MRI CAs
The yolk-shell type of GSH-responsive nanovesicles (NVs) were synthesized to encapsulate USPIO NPs and chemotherapy drugs by Liu et al.; the obtained USD NVs can respond to GSH-releasing drugs and activate T1 signal enhancement (Liu et al., 2020). The r1 value increased obviously to 3.1 mM−1s−1 in the presence of GSH. For switchable MRI, Cao et al. encapsulated citric acid–modified ESIONPs-CA in disulfide cross-linked poly (CBMA) nanogels, further introducing tumor-targeted c (RGD) ligand to obtain ICNs-RGD (Cao et al., 2020). With the stimulation of GSH, ICNs-RGD are rapidly degraded, and the agglomerated ESIONPs are dispersed evenly, which achieves switching from a T2 CA to a T1 one. ICNs-RGD exhibits a T2 contrast effect (dark) during its transport in the vessel, then switches to a T1 contrast effect (bright) after reaching the tumor region with a redox microenvironment. After stimulation by GSH, the r1 value was increased mildly from 5.56 to 7.40 mM−1s−1 and the r2 value drastically decreased from 103.01 to 14.36 mM−1s−1, which demonstrated that ICNs-RGD had the potential to be an efficient MRI CA in clinics.
ENZYME-RESPONSIVE MRI CONTRAST AGENTS
Because of their unique substrate specificity and high selectivity as well as efficient catalysis in biochemical reactions, enzymes play an indispensable role in most biological and metabolic processes, which can be associated with a series of pathological changes, such as tumors, inflammation, and so on (Zhang et al., 2014; Wang et al., 2019). In particular, cathepsin B and matrix metalloproteinases (MMPs) with elevated expression in the tumor environment participate in numerous biological processes associated with cancer, such as progression, metastasis, and angiogenesis. These tumor-associated enzymes can be regarded as stimulators for enzyme-responsive imaging or treatment of cancer (Hu et al., 2012). By means of one step reaction, Sun et al. synthesized hyperbranched poly (oligo-(ethylene glycol) methacrylate)-Gd complexes (HB-POEGMA-Gd and HB-POEGMA-cRGD-Gd), which employed lysosomal cathepsin B as a stimuli-response component to realize enzyme-responsive T1 CA (Sun et al., 2016). Their r1 values were 12.25 and 14.65 mM−1s−1, respectively. Recently, Yan et al. reported a Gd-based enzyme-responsive MRI and NIR fluorescence imaging CA (P-CyFF-Gd) with alkaline phosphatase (ALP) as a model enzyme (Yan et al., 2019). Upon ALP activation, r1 increased from 8.9 to 20.1 mM−1s−1, which demonstrated that P-CyFF-Gd can be qualified as a new generation of enzyme-responsive T1 CA. Another Gd-based enzyme-responsive T1 CA was designed through a self-assembly approach with caspase-3/7 as an activator by Ye et al. (Ye et al., 2014). The r1 value significantly increased from 10.2 mM−1s−1 before activation to 19.0 mM−1s−1 after activation. For enzyme-responsive T2 imaging, Gallo et al. constructed Fe-based MMP, enzyme-activatable, and tumor-specific targeting NPs, which were tethered with CXCR4-targeted peptide ligands for targeting tumors (Gallo et al., 2014). Upon MMP activation, the structure of NPs changes to that of a self-assembled superparamagnetic cluster network through a cycloaddition reaction, resulting in T2 signal enhancement.
HYPOXIA-RESPONSIVE MRI CONTRAST AGENTS
The malignant proliferation of tumors depletes a large amount of oxygen, resulting in the hypoxia of the tumor environment. As an inevitable feature of tumors, hypoxia is considered to be the obvious causative factor of therapeutic resistance and metastasis (Gatenby and Gillies, 2008). Therefore, exploiting novel nanotheranostics to achieve accurate diagnosis of hypoxia and timely treatment simultaneously has drawn great attention in biomedical research as well as clinical studies. The Gd complex of 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid with a 2-nitroimidazole attached to one carboxyl group by an amide linkage was synthesized by Rojas-Quijano et al.; the r1 value was determined to be 6.38 mM−1s−1. The MR imaging results demonstrated that the nitroimidazole-derivant modified nanoprobe could be qualified as a hypoxia-responsive T1 CA to distinguish hypoxic from normoxic tissues. For Mn-based CAs, Song et al. constructed a rattle-structured NP consisting of a UCNP core, a hollow mesoporous silica shell, and hypoxia-sensitive MnO2 nanosheet modification (Song et al., 2018). MnO2 could be disintegrated into Mn2+ to achieve hypoxia-responsive T1 signal enhancement, and the r1 value is 1.137 mM−1s−1 after activation. O’Neill et al. studied the possibility of Co-based bioreductive pro-drugs working as a hypoxia-responsive MRI CA. Once in the hypoxic environment of tumors, the diamagnetic Co(III) ions of the CA will be reduced to ions of paramagnetic Co(II), ones which could significantly shorten the T2 relaxation to realize a T2 signal enhancement.
DISCUSSION
TME-responsive MRI CAs have been widely developed for accurate diagnosis of cancer because of their outstanding properties. The recent work on nanomaterials for TME-responsive MRI is summarized in Table 1. Although great efforts have been devoted to exploring a variety of TME-responsive MRI CAs in the biomedical field, there are still some problems that need to be solved for accelerating their clinical transformation. For instance, 1) up to date, most studies of stimuli-responsive CAs based on nanomaterials stay in the stage of concept verification as well as the research of laboratory application; systematic and in-depth researches are needed to promote their clinical application. 2) The safety concerns of these CAs need to be investigated more thoroughly, including their long-term biocompatibility, pharmacokinetics, biodistribution, biodegradability, and excretion, which are vitally important for their clinical transformation. 3) Despite numerous stimuli-responsive CAs exhibiting good performance, nanomaterials with better properties (such as high relaxivity, adequate circulation time, and appropriate stimuli-response function) should be explored to further improve the imaging effect and diagnostic efficiency. We believe that ingenious design and construction of TME-responsive MRI CAs will greatly promote the development of early and accurate cancer diagnosis in the future.
TABLE 1 | Summary of recent work on nanomaterials for TME-responsive MRI.
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Melanoma is a cutaneous carcinoma, and its incidence is rapidly increasing with every year. The treatment options for melanoma have been comprehensively studied. Conventional treatment methods (e.g., radiotherapy, chemotherapy and photodynamic therapy) with surgical removal inevitably cause serious complications; moreover, resistance is common. Nanoparticles (NPs) combined with conventional methods are new and promising options to treat melanoma, and many combinations have been achieving good success. Due to their physical and biological features, NPs can help target intended melanoma cells more efficiently with less damage. This creates new hope for a better treatment strategy for melanoma with minimum damage and maximum efficacy.
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Introduction


Overview of Melanoma

Melanoma is a malignant tumour originating from cells called melanocytes. The melanocytes can synthesise melanin, which imparts colour to the skin (1). They are located in the deepest layer of the epidermis and usually protect us from sunburn. Excessive exposure to ultraviolet (UV) radiation increases the occurrence of melanoma (2–5).

Melanoma can form from a congenital or de novo nevus. It can appear anywhere on the body, mainly on the parts that are more exposed to the sun, such as the face, leg, arm, and body (6). Low exposed parts have less possibilities to develop the disease, such as the feet.

Although the clinical appearance of a pigmented or unpigmented (amelanotic) lesion with sudden change can be clues for diagnosis, histological staining and classification can predict the prognosis (7). The prognosis is very poor when there is distant metastasis (8, 9).



Epidemiology of Melanoma

Although melanoma accounts for only 1% of all skin cancers, it causes the highest number of deaths among all skin cancers (10). In the world, 324,635 new cases of melanoma were diagnosed in 2020 and US constituted 106,000 new cases, which is nearly one third. Among all these new cases, 57,043 were dead around the world (11). It was the fifth most common cancer (excluding non-melanoma skin cancer). The incidence is slightly higher in men and usually occurs in people aged 55−84 years (10). It has increased rapidly during the last 50 years in the US, and the incidence varies with age, sex, and geographical location (12–15). There are some factors influencing the incidence of melanoma, and these are important for preventing the disease.

First one is Ethnicity: It is reported that fair-skinned Caucasian populations are more likely to be affected by melanoma (15, 16). This is because the absorption of UVB (Ultraviolet B-rays) radiation is 50% higher in dark-skinned people and results in lower cell death and malignant transformation (17). Geography also plays an important role: “Latitude gradient” is a phenomenon described by Lancaster; it shows a higher incidence of melanoma with increasing proximity to the equator (18–20). The third factor is Age: Elderly people are more susceptible to melanoma, and the highest incidence is among those aged 70−80 years (21). The last factor is sex: Men are more likely to develop melanoma in part because it is androgen driven (22).

The mortality rate due to melanoma is higher in men than in women worldwide (23), with the proportion of annual deaths in the US being 4.0:100,000 in men compared to 1.7:100,000 in women (24). The peak mortality rate is in the age group of 75−84 years and declines thereafter (24).



Subtypes of Melanoma

There are four subtypes of melanoma based on the tissue from which the primary tumour arises. The major subtype is cutaneous melanoma (CM), which usually accompanies the BRAF(v-raf murine sarcoma viral oncogene homolog B1), RAS (Rat sarcoma virus), NF1(Neurofibromatosis 1), and TWT(triple wild-type) mutations (25, 26). Acral melanoma (AM), a distinct form that originates in the palms, soles, and nail beds, is associated more with the TWT mutation (27).

Mucosal melanoma (MM), the rarest subtype, has a progressive onset in clinics. Compared to other mutations, loss of PTEN mutation or activation of KIT and CCND1 or CDK4 are more common in MM (28). The last subtype is uveal melanoma (UM), which develops from melanocytes in the uveal tract of the eye with predominantly GNAQ and GNA11 mutations (29). In recent times, the cutaneous melanoma subtype has shown a better prognosis.

Melanoma divided according to the driving mutations also has four subtypes: BRAF-mutant, NRAS-mutant, NF1-loss, and TWT. The BRAF, NRAS, and NF1 mutations activate the mitogen-activated protein kinase (MAPK) pathway and usually occur during the early stage of tumour (30).

Prognosis biomarkers and related treatments are under investigation, and most data comes from European countries. More sequencing data is needed from non-European countries in order to have a blueprint of the whole mutated genes from different races.



Molecular Pathology of Melanoma

Melanocytic neoplasms include benign lesions named melanocytic naevi, to malignant types termed melanomas, or even progressive stage, termed metastatic melanoma. Melanocytes, from which all melanocytic neoplasms originate, can grow out of control with excessive UV damage. There are almost 3 billion melanocytes in the skin of an average human being (31). Normally, melanocytes divide less than twice a year (32), and when the adjacent keratinocytes are damaged by UV radiation, melanocytes secrete melanin to protect the keratinocyte nucleus from DNA damage (33).

Melanocytic naevi are benign proliferation of melanocytes and are normally unlikely to progress to melanoma. A common naevus is usually derived from the BRAFV600E mutation (34). Dysplastic naevi are an intermediate stage between naevi and melanoma (35, 36). The mutations that activate MAPK signalling and TERT promoter mutations or hemizygous alterations of CDKN2A are drivers of dysplastic naevi (34). Multiple dysplastic naevi are considered high risk factors for melanoma (35, 37)and they are obtaining NRAS mutation except BRAFV600E (34). BRAF, NRAS, and TERT mutations have been reported as the most likely mutations in melanoma in situ (38, 39). As MARK signalling plays an important role in melanoma, TERT mutations can lead to progression to invasive melanoma. ARID2 and ARID1A are two genes that also influence the progression (34). For melanoma to metastasise to distant organs, the key is activation of genes in the WNT signalling pathway (40–42).



Treatment Strategies for Melanoma

Each tumour has its own feature, such as location, stage, and genetic profile; thus, the treatment strategy can be quite varied. The treatment options include surgical resection, chemotherapy, radiotherapy, photodynamic therapy (PDT), immunotherapy, or targeted therapy. For stage I–IIIB melanoma, surgical resection is the first choice (43–45) followed by targeted therapy and combined immunotherapy (44, 46). In case of distant metastasis, chemotherapy is necessary (45, 46). Chemotherapy is a good choice for advanced melanoma, and dacarbazine (DTIC) is the key agent (47); however, temozolomide can also be a good choice (47). BRAF inhibitors and MEK inhibitors were a breakthrough in the treatment of melanoma and around 15–20% of tumors finally show primary resistance to this treatment, and moreover, some patients even develop acquired resistance to therapy. The causes of drug resistance can be reactivation of MAPK pathway due to changes in the BRAF protein or interactions of BRAF inhibitors with wild type BRAF proteins (48). Electrochemotherapy is used as a tunnel to deliver drugs to the cells through an electric pulse (49, 50). No adverse effects have been reported, and 85% of patients responded to the treatment (49). However, there are few reports about this treatment, and more research is necessary. Some researchers combined PDT and DTIC, and it successfully reduced the resistance in metastatic melanoma (51).

Since the 19th century, researchers have found that the immune system plays an essential role in tumour metastasis (52). T cells can recognise the tumour cell antigens and destroy them. Interferon α-2b was reported to reduce the recurrence of melanoma and thus increase the patient survival (53); however, few patients responded to the treatment (54). Following this, many more agents to treat melanoma were approved by the United States Food and Drug Administration, including Interleukin-2 in 1998 (55), Ontak (Treg inhibition) in 1999 (56), Peginterferon α-2b (Peg-IFN) and Ipilimumab (Cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) blockade) in 2011 (53, 57),, Nivolumab (Programmed cell death protein 1 (PD-1)/PD-1 ligand (PD-L1) blockade) in 2014 (58), and Talimogene laherparepvec as the first oncolytic virus therapy in 2015 (59). Other immune therapies are under investigation, such as Adoptive T-cell therapy (NCT03060356 and NCT02830724).

Bio-chemotherapy is the combination of chemotherapy and immunotherapy, and it did not show an overall improvement in survival (60). As mentioned earlier, melanoma is triggered by a bunch of gene mutations involved in different signalling pathways. BRAF inhibitors, including vemurafenib in 2011 (61), dabrafenib in 2013 (62), and encorafenib, which is currently undergoing clinical trials, are some choices to increase the overall survival; however, these agents have severe adverse effects. MEK (Mitogen-activated protein kinase kinase)inhibitors, tametinib in 2013 (63), cobimetinib in 2015 (64) are always administered in combination with BRAF inhibitors to treat melanoma. VEGF (Vascular endothelial growth factor)inhibitors (65), PI3K-AKT-mTOR pathway inhibitors (66), cyclin-dependent kinase inhibitors (67), and ErbB4 inhibitors (68) also target different signalling pathways to inhibit the growth of melanoma cells.




Overview of Nanotechnology in Cancer

Nanotechnology is used to deliver medications to the cancer cells via nanoparticles (NPs) with minimum adverse effects (69). It is also used in cancer diagnosis, gene therapy, biomarker making, targeted therapy, and imaging. NPs, due to their biological features, can target the cancer cells precisely with little damage to the healthy organs (70). Nanocarriers including liposomes, carbon nanotubes, polymeric micelles, dendrimers, and quantum dots are increasingly widely used in cancer treatment. Liposomes are nanocarriers composed of lipid bilayers encapsulating an aqueous core. The structure of carbon nanotubes is a hollow sphere, ellipsoid and/or tube. Polymeric micelles are nanoscopic core structures derived from amphiphilic block copolymers. Dendrimers are formed by a small atom or group of atoms surrounded by dendrons, which can be classified as nanosized, symmetrical molecules. Quantum dots are nanoscale crystals which are made by human to transport electrons. All of them are applied in different fields and help to delivery drugs.

Some NPs are used to diagnose cancer, like MoS2 nanomaterials used as a platform material in bladder cancer diagnosis (71);NPs as biomarker in the diagnosis of early ovarian cancer (72).And some NPs are used to treat diseases, like NPs based on ROS even can be used in the treatment of myocardial ischemia reperfusion injury (73):NPs based on rheumatoid arthritis microenvironment can be a new direction for rheumatoid arthritis treatment (74). Different NPs based on different physical properties can be used in different ways.


NPs for Drug Delivery

Drug delivery is the process by which the medication from outside the body reaches the organs or cells (Figure 1). The reticuloendothelial system of the liver and kidney can filter most of the intravenously administered NPs (75). Most of the NPs are degraded, and few that are not degraded are retained. The Kupffer cells, which are phagocytic immune cells lining the liver sinusoids, are the key cells for the elimination of NPs (76). Actually, if the target system is reticuloendothelial system, the NPs can perfectly satisfy the demands since they can always reach the renal system effectively (77). While the NPs pass through the other organs, they are eliminated depending on their physical and biological features.




Figure 1 | Schematic illustration of nanoparticles delivery system. Liver and kidney can filter most of the NPs. Different NPs are used in different administration ways (This figure was drawn by Figdraw).



Once the NPs reach the target organs, they need to exit the vasculature and enter the targeted cells. They exit from the vasculature depends on the physiology of the vessel. In the liver, the NPs should be <100 nm (78), while in the kidney, it should be <6 nm (79). Transferring the NPs to the brain is even more difficult because of the blood–brain barrier (80). Extracellular matrix and connective tissue cells are tissue stroma, and these become barriers for NPs to enter the target cells. The cells absorb the particles in different ways, such as membrane fusion (81), caveolin-mediated endocytosis (82), clathrin-mediated endocytosis (83), micropinocytosis (84), or phagocytosis (85). The last step is when the NPs reach to the actual subcellular location for action. In this process, the challenge is how to escape the endosome.

There are two methods to increase the delivery efficiency: 1. Reduce the number of barriers by changing the route of administration. More barriers, more degradation. How to reach the destinated organs or cells with less elimination is of great concern. 2. Change the targeted position to make the delivery easier. For example, if the melanoma cells are hard to target, maybe we can aim to target the microenvironment easier. How to design the best NPs and the routes of administration are the two current areas of research advances in NPs and Melanoma.

With conventional treatments, such as surgical resection, chemotherapy, radiotherapy, PDT, immunotherapy, or targeted therapy, chemotherapy drugs lack specificity for tumor sites, and melanoma cells often develop drug resistance to these drugs. Sometimes the drugs achieve minimal therapeutic effect but lots of side effects. Also, tumor-driven immunosuppression makes the immunotherapy hard to work and metastasis rate is still high (86). More and more researchers are trying to find new therapeutic approaches to treat melanoma. The aim is to target the melanoma cells more specifically with minimal adverse effects, using the small size and components of NPs (87). Liposomes and niosomes, polymeric NPs, inorganic particles, carbon nanotubes, and others are good vesicular carriers. The factors concerned in the melanoma NPs carriers included the core, targeting ligands, and the stimulation triggers of releasing the cargo (88). We discuss in the following sections, NPs in combination with chemotherapy, immunotherapy, or radiotherapy for the treatment of melanoma (Figure 2) (89).




Figure 2 | Nanoparticles-mediated combination therapies for melanoma treatment. Nanoparticles can be combined with chemotherapy, immunotherapy and photodynamic therapy to treat melanoma.





NPs and Chemotherapy Combined Treatment

Chemotherapy with DTIC is the standard treatment approved by the United States Food and Drug Administration. In a British study, the response rate to DTIC was 16%, with a 6-year survival rate of 31% (47). Monotherapy can achieve little in the treatment of melanoma, and even polytherapy cannot prolong the overall survival (89). Chemotherapy has a low response rate (12%) and combination with immune checkpoint inhibitor also cannot cure advanced melanoma (90). Adverse effects, less sensitivity, high toxicity, and drug resistance are the most common challenges associated with chemotherapy.

NPs are used as carriers to deliver drugs to the intended cells in the organs. NPs reduce systemic toxicity and degradation through the delivery process (87, 91). Meanwhile, NPs have the preferential accumulation in the melanoma, owing to the enhanced EPR (permeation and retention effect), which could promote their cellular uptake. They can regulate the pH, temperature, and responsiveness of enzymes due to their physical characteristics. They can pass easily through the vessels because of their small size and reach the targeted cells. NPs can also increase the concentration of the chemotherapy drugs in the intended organs. There are two mechanisms by which NPs deliver the drugs to the targeted cells: passive and active targeting. In passive targeting, NPs can increase the permeability and retention of drugs in the designated organs. In active targeting, NPs increase the accuracy of targeting and uptake of the drug by increasing the ability of ligands to recognise the tumour cell receptors.

There are many successful investigations with the combination of NPs and chemotherapy. The drug doxorubicin encoded by carbon nanotubes increased cell death (90%) by inducing a moderate G2-M phase arrest (17.7 ± 1.1%) and reduced tumour size in mice bearing B16–F10 melanoma (92). Another group of researchers tried to encode doxorubicin with chitosan/alginate NPs and showed a lower rate of release of doxorubicin, better transport, and higher intracellular concentration (93) due to the sustained release of the drug which provided better accumulation and longer cytotoxic effect of encapsulated doxorubicin in melanoma cell lines. More and more NPs were developed to encode chemotherapeutic agents. NPs/10-Hydroxycamptothecin encapsulated by NPs was designed to enhance the tumour penetration capability for chemotherapy. The proliferation of melanoma cell lines (B16F10 and B16F1) decreased, and apoptosis increased with this treatment (94). The tumour growth was also inhibited compared to that seen in PBS (Phosphate-buffered saline) injected tumour-bearing mice. This effect was considers derived from the positive surface of NPs/HCPT enhanced cells internalization through endocytosis. A new nanoformulation of paclitaxel-loaded cholic acid-functionalised star-shaped poly(lactide-co-glycolide) (PLGA)-d-α-tocopheryl polyethylene glycol 1000 succinate (TPGS) NPs (PTX-loaded CAPLGA-TPGS NPs) was produced by Yongsheng et al. to treat malignant melanoma, and it showed a higher rate of release rate (78.69%), higher cellular uptake efficiency, and reduced growth of tumours in mice compared to those treated with saline (95). This year, DTIC (Dacarbazine)-NPs(Cholic acid -poly (lactide-co-glycolide)-b-polyethylene glycol)-Apt(nucleic acid aptamer AS1411) was developed to treat melanoma cell lines and showed good toxicity to MM but few side effects (96). The combination of NPs and chemotherapy have increased the EPR of the chemotherapy drug although different mechanisms.



Combined Treatment Using NPs and Immunotherapy

Immunotherapy aims to enhance or inhibit the immune system and can be classified as active and passive immunotherapy (97), depending on the method of boosting the immune response i.e., using an antigen or the intrinsic immune response itself. However, immunotherapy can cause many adverse effects, like attacking healthy organs, changing the immune system, or resistance (98). The rate of primary and secondary resistance to immunotherapy drugs like checkpoint inhibitors is increasing every year.

NPs help in enhancing the effect of immunotherapy in melanoma through different mechanisms (86, 99): 1. As the tumour cells inhibit the immune response, the accumulation of NPs at the site of the primary tumour can relieve the immunosuppressive effect and help the immune system recognise the tumour cells and kill them. Cancer immunoediting is a process that targets the microenvironment and enables the melanoma cells to escape the killing effect of the immune system. NPs try to target the macrophages and NK cells to boost the immune system, inhibit tumour growth, and prevent recurrence. NPs can also induce tumour immunogenic cell death or generate more tumour-associated antigens. 2. NPs can target the peripheral immune cells to inhibit tumour growth or mimic the artificial immune cells or improve the efficacy of adoptive T cells. 3. NPs prevent the formation of the pre-metastatic niche by reducing inflammation and myeloid-derived suppressor cells. 4. Prevent recurrence by directly applying the NPs on the surgical wounds.

Many NPs are under investigation for clinical use. Nanovaccine is one option. DGBA-OVA-CpG (Guanidinobenzoic acid-ovalbumin-cytosine-guanine dinucleotides) nanovaccine increased the antigen-presenting cells such as dendritic cells in vitro and in vivo. It also increased the generation of circulating interferon-γ+ CTLs (Cytotoxic T-lymphocytes) 4 times compared to that in the control group. The combination of DGBA-OVA-CpG nanovaccine with anti-PD-1 blockade significantly reduced the growth of melanoma in mice compared to that in the control group (by more than 50%), and the survival rate increased by nearly 37.5% (100). It raised great interest for researchers to develop vaccines constructed by dendrimers capable of cytosol delivery of proteins to treat melanoma. A hydrogel system was used to deliver celecoxib and PD-1 blockade to treat B16-F10 melanoma in mice to increase the antitumour effect of PD-1 blockade. This method decreased the tumour size to nearly 10% compared to that in the control group and increased the survival in mice (101). Synergistically delivery both celecoxib and PD-1 from this hydrogel system enhanced the presence of CD4+ T cells and CD8+ T cells in the immune system and finally formed an impaired pro-tumor angiogenic and inflammatory microenvironment.



NPs and Photodynamic Therapy (PDT) Combined Treatment

PDT promotes the accumulation of photosensitisers (PSs) activated by irradiation in the targeted organs or cells and kills the disease cells through ROS generated by photosensitizers. Permeability and retention are the most important challenges in conventional photodynamic therapy. Although PS is not recommended by the guidelines, it is still a useful adjuvant therapy, and many researchers have attempted to increase the efficacy of PS. NPs, which have a smaller size, can increase the permeability, target the cells more precisely and reduce the degradation of PDT. NPs can increase the solubility of PSs in water and thus increase their absorption rate. Furthermore, NPs reduce the elimination of PSs and increase the retention time. NPs, due to their small size and physical characteristics, make the penetration of PSs to the targeted cells easier. As diseased cells can adapt their own oxidative system and develop resistance to the treatment, NPs help overcome this challenge through high ROS (Reactive oxygen species) production.

5-aminolaevulinic acid-mediated photodynamic therapy was used to treat the A375 melanoma cell lines and showed decreased survival and increased apoptosis (102). 5-ALA caused the accumulation of endogenous photosensitizer protoporphyrin IX (PpIX) in the mitochondria of cells, thus increasing the apoptosis of melanoma cells and the mechanism of this can contribute to improve the therapeutic efficacy. Zhao et al. tried to encapsulate phthalocyanine 4 using silica NPs to treat different melanoma cell lines and showed higher permeability and lower cell survival than controls (103). Modifying the surface of silicon nanoparticles to encapsulate the photosensitizers and the antibodies specific to melanoma cells can be a new method in melanoma treatment. Yttrium oxide NPs were also used in combination with X-rays to treat melanoma cells. Porosnicu found that it increased the production of ROS,thus influenced the integrity of the mitochondria and increased the DNA damage (104). Magnetic NPs and albumin-stabilised paclitaxel NPs are also under investigation for combination therapy.

There are some clinical trials about the combination of NPs and PDT. Verteporfin with laser irradiation was the most used combination, and it reduced tumour growth with less regression; however, more data of the clinical trials is necessary.




Conclusions and Perspectives

The incidence of melanoma is increasing rapidly, and several patients develop distant metastasis. The main cause of melanoma is excess UV light exposure. Although surgical removal is the core strategy to treat melanoma, adjuvant therapies, including chemotherapy, immunotherapy, PDT therapy are also combined with surgery. Due to the low permeability, short retention, and high resistance to the existing therapeutic agents, new methods to treat melanoma are urgently needed.

NPs due to their unique physical features, are under investigation. Combinations of liposomes, carbon nanotubes, polymeric micelles, dendrimers and quantum dots, and other technologies with conventional adjuvant therapies are being attempted to deliver the drug more efficiently, reduce the degradation and toxicity, and target the intended cells more accurately. Although considerable progress has been achieved in the previous years, agents with further increased specificity, smaller size, and lower toxicity are needed and the technologies to combine them with conventional medications are still necessary. Moreover, clinical trials should be initiated to test the NPs to increase their use in clinics.
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Near-infrared (NIR) organic small molecule indocyanine green (ICG) could respond well to 808 nm laser to promote local high temperature and ROS generation for realizing photothermal therapy (PTT)/photodynamic therapy (PDT). However, the high content of GSH in the tumor microenvironment (TME) limited the further therapeutic performance of ICG. Herein, injectable agarose in situ forming NIR-responsive hydrogels (CIH) incorporating Cu-Hemin and ICG were prepared for the first time. When CIH system was located to the tumor tissue through local injection, the ICG in the hydrogel could efficiently convert the light energy emitted by the 808 nm laser into thermal energy, resulting in the heating and softening of the hydrogel matrix, which releases the Cu-Hemin. Then, the over-expressed GSH in the TME could also down-regulated by Cu-Hemin, which amplified ICG-mediated PDT. In vivo experiments validated that ICG-based PDT/PTT and Cu-Hemin-mediated glutathione depletion could eliminate cancer tissues with admirable safety. This hydrogel-based GSH-depletion strategy is instructive to improve the objective response rate of PDT.
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Introduction

At present, the clinical treatment based on cancer has fallen into a great predicament, which has become a treatment difficulty and research hotspot in the current medical field. Tumor microenvironment (TME) is different from healthy tissue environment. For example, TME is usually weakly acidic with high content of GSH and high heat sensitivity, which has encouraged researchers to develop new treatments to treat tumors (1). In recent years, the emergence and rapid development of photothermal therapy (PTT) has provided new ideas for the treatment of solid tumors (2–4). PTT is a new photophysical technology that converts the light energy into heat energy through photothermal conversion reagent, and then generates a local high temperature at a specific lesion, thereby using the heat energy to directly kill tumor cells (5, 6). PTT is less invasive and more precise than traditional chemotherapy, surgery and radiotherapy (7–9). Many copper-based compounds have good photothermal efficiency and are used as PTAs, and molybdenum-based compounds are also widely used in PTT (10, 11). Among them, the photothermal reagent indocyanine green (ICG) has attracted the attention of researchers due to its excellent biocompatibility and photothermal properties as it has strong near-infrared (NIR) light absorption at 808 nm (12). Not only that, ICG can act as a photosensitizer and transfer the energy to the surrounding oxygen molecules to generate chemically active reactive oxygen species (ROS) (13, 14). ROS could interact with biofilms, destroy cell structure and function, and inactivate cellular proteins, thereby killing cancer cells (15–17). ROS (such as superoxide anion, hydroxyl radical, hydrogen peroxide) could induce apoptosis and even leads to cell necrosis through oxidative stress (18, 19). However, the high content of the reducing substance glutathione (GSH) in the tumor microenvironment (TME) neutralizes the toxicity of ROS and largely inhibits the efficiency of ICG-based PDT (17, 20, 21).

As a typical tumor marker, GSH is widely present in TME, it is the most abundant biological thiol in cells, and plays a crucial role in pathological processes and biochemical pathways (22, 23). It exists in both reduced and oxidized states, and more than 90% of cellular GSH exists in reduced form (24, 25). Therefore, the regulation of reduced glutathione (GSH) is the focus in tumor therapy. The intracellular concentration of GSH (≈10 mM in TME) in cancer cells is much higher than that in normal cells, therefore the effect of ROS-based therapeutics is easily regulated by GSH (24, 26). Nanomaterials can treat various diseases due to their particularity (18, 19, 27), to this end, researchers have developed various GSH-consumable nanomaterials to address this challenge. For example, Fan et al. designed a FeS2-based nanozyme with high glutathione oxidase (GSH-OXD) activity and enhanced its tumor permeability through folic acid (FA) modification, thereby disrupting the redox homeostasis of the tumor site (28). Thus, FeS2 effectively depletes intracellular GSH, and at the same time produces a large amount of ·OH to kill tumors. Cai et al. developed novel Cu-Hemin-PEG-LA nanosheets to achieve synchronized GSH depletion and ferroptosis (29). As a new type of nanomaterial, Cu-Hemin has a good tumor killing effect, and the synthesis method is simple and convenient. It can kill tumor tissue well at low doses. Cu-Hemin depletes intracellular GSH and enhances oxidative stress levels. Therefore, Cu-Hemin could well cooperate with ICG to optimize the therapeutic window of individualized medicine, achieving powerful tumor ablation effect. However, it is difficult to co-deliver ICG and Cu-Hemin to tumor sites simultaneously.

Although the traditional intravenous injection of nanomaterials to the tumor site improves the therapeutic efficiency to a certain extent, the uncontrollable release of nanomaterials and the complex physiological environment of the body make the accumulation of nanocarriers in tumor tissue still less than 10% (30–32). Macroscopic drug delivery systems such as light-responsive hydrogels (LRH) are promising smart controlled release systems (33–35). The hydrogel-carrying nanomaterials can aggregate at the tumor site and achieve almost 100% drug penetration (31). And LRH could achieve controlled release carriers for precise on-demand treatment. For example, Zhu et al. simultaneously encapsulated the photothermal agent Pd-C SAzyme and the chemotherapeutic drug camptothecin (CPT) into agarose hydrogels to form a light-controlled oxidative stress amplifier, achieving better photothermal/immunotherapy (15). Notably, this stimuli-responsive hydrogel can tune the rate and extent of carrier release by changing external parameters such as laser power, irradiation time, gel size. Therefore, the simultaneous delivery of ICG and Cu-Hemin into tumor sites using hydrogels is an ideal macroscopic transport mode.

In this study, we performed a simple treatment of the tumor microenvironment regulator Cu-Hemin nanosheets and the photothermal agent ICG with agarose to form a composite hydrogel Cu-Hemin-ICG-hydrogel (CIH) (Scheme 1). CIH can stay at the tumor site for a long time after injection, and respond intelligently to 808nm laser. The ICG converts light energy into heat under NIR laser irradiation, and softens the hydrogel to release the Cu-Hemin while generating local high temperature in the mean time. ICG can also absorb 808 nm laser energy to stimulate surrounding oxygen molecules to generate ROS, and Cu-Hemin can amplify ROS generation by depleting intracellular GSH. This combination of modulating redox homeostasis and phototherapy achieved good tumor-suppressive effects in both in vitro and in vivo experiments. Importantly, agarose is regardas a safe drug approved by American Food and Drug Administration (FDA) (31). The experimental group of CIH combined with 808 nm laser did not have any adverse reactions during the treatment. This indicates that our designed therapeutic system achieves the unification of treatment and system safety. This way of ICG-based enhancing photothermal/photodynamic therapy by depleting GSH is instructive for the subsequent development of novel nano-therapeutic systems.




Scheme 1 | Schematic illustration of Cu-Hemin nanosheets and indocyanine green co-loaded hydrogel for photothermal therapy and amplified photodynamic therapy.





Results and Discussion

Cupric nitrate, PVP and hemin were mixed and stirred overnight, and the Cu-Hemin nanosheets were obtained by centrifugation (29). The transmission electron microscopy (TEM) images of Cu-Hemin are shown in Figure 1A, Cu-Hemin exhibits a random sheet-like structure with small nanoscale dimensions. The Cu-Hemin was characterized by XRD and XPS (Figures 1B–D), and the results showed that the Cu-Hemin was successfully prepared, which was similar to the Cu-Hemin Metal-organic frame (MOF) prepared by the predecessors (29). The results of zeta potential values (Figure S1) for Cu-Hemin nanosheets showed that our parpared Cu-MOF is stable. GSH, as an important intracellular regulatory metabolite, is overexpressed in tumor cells (36, 37). We configured different concentrations of Cu-Hemin to explore its ability to destroy GSH. As shown in the Figure 1E, GSH was depleted to different degrees after co-incubating with Cu-Hemin for several hours, and showed a concentration-dependent relationship. This result is encouraging that Cu-Hemin can respond to high intracellular levels of GSH and disrupt redox homeostasis after reaching the tumor site.




Figure 1 | Characterization analysis of Cu-Hemin. (A) TEM image of Cu-Hemin nanosheets. (B) XRD pattern of Cu-Hemin. (C) The XPS spectrum of Cu-Hemin. (D) The Cu 2p XPS spectra of Cu-Hemin nanosheets. (E) The relative GSH content of the supernatant after the reaction of various concentrations Cu-hemin and 10 mm GSH in mixed solution for 24 h.



Then we prepared pure hydrogel and CIH by a simple method. As shown in the Figure 2A, the hydrogel will solidify at room temperature and will not flow down the tube wall, while the solidification performance of CIH with ICG and Cu-Hemin showed no difference. Scanning electron microscopy (SEM) results showed that the hydrogels displayed a typical porous structure with uniform distribution and neat arrangement of pore structures, which are essential in drug delivery and facilitate drug diffusion (Figure S2). Simultaneously, the storage modulus of this thermosensitive hydrogel varies with temperature. Figure 2B showed that the storage modulus of CIH decreases significantly at hyperthermia, which reflected that CIH softens with increasing temperature. We continued to study the time-temperature profiles of ICG solutions exposed to low-power NIR laser irradiation. Firstly, the absorption spectrum of ICG confirms that it has good absorption ability at 808 nm (Figure 2D). We configured different concentrations of ICG solutions (0, 20 and 100 μg/mL) and continuously exposed them to laser irradiation. Infrared thermal imaging (Figure 2C) shows that ICG can exert strong photothermal conversion performance under the irradiation of low-power laser. The temperature of the ICG solution (200 ug/mL) increased about 19°C (Figure 2E) after irradiation, thus confirming that ICG is an efficient photothermal conversion agent.




Figure 2 | Characterization analysis of ICG. (A) The prepared image of pure hydrogel (i) and CIH (ii). (B) Rheological and temperature curves for the prepared CIH. (C) The corresponding thermal images and (E) photothermal heating curves of CIH at different concentrations (ICG: 0, 20 and 100 μg/mL) under an 808 nm (NIR-I) laser irradiation at a power density of 0.5 W/cm. (D) Absorption spectrum of ICG solution.



The good photothermal properties of ICG prompted us to move forward. We placed CIH in a glass dish, and after standing for a while, laser irradiation was performed, and infrared thermal images were recorded. As shown in the Figures 3A, B, the hydrogel temperature increased significantly after irradiation and gradually softened. Relevant 3D temperature diagram (Figure 3C) also verified similar results. This indicates that the encapsulated ICG has satisfactory photothermal performance and can be used for subsequent investigations.




Figure 3 | Digital image analysis of softening effect of CIH. (A) The morphology of the prepared CIH before and after 0.5 W/cm2 808 nm laser irradiation for 5 min. (B) The infrared thermal images of the prepared CIH before and following irradiation. (C) Relevant 3D temperature diagram in 2B.



The good antitumor effect of PDT mainly comes from the direct cytotoxic effect on tumor cells and the indirect destruction of TME to regulate cell death (38–41). A large amount of ROS is generated during the PDT process (42). Based on this, we used DCFH-DA to verify the content of ROS in cells treated with different groups. In the presence of ROS, DCFH is oxidized to form a fluorescent substance DCF, and the green fluorescence intensity is proprtional to the intracellular reactive oxygen species level (43). The control group and the NIR-treated group exhibited weak green fluorescence, which is the interference signal of endogenous H2O2 in the TME (Figure 4A). Although Cu-Hemin could induce a fast decline of cellular GSH contents, encapsulation of hydrogels hampered its efficiency of diffusion to tumor cells. As a result, the CIH group exhibited a completely different difference in fluorescence intensity with or without NIR treatment. The IH + NIR group produced moderately intense green fluorescence, which was benefited from the effect of the photosensitizer ICG. The convergence of CIH with NIR achieved the strongest fluorescence effect, as ICG could generate a large amount of ROS in response to laser irradiation, furthermore, Cu-Hemin could reduce intracellular GSH to protect ROS from being consumed. Corresponding quantitative analysis of ROS generation are consistent with fluorescence images (Figure 4B). ROS combined with high temperature could eradicate cancer cells. We used the MTT assay kit to explore the cell viability after different treatments, and the results are shown in Figure 4C. The efficacy of ICG-based PTT/PDT was limited by TME, while the introduction of Cu-Hemin greatly enhanced the efficacy of PDT. Cell viability between CIH + NIR and IH + NIR groups had significant difference. We fixed the concentration of Cu-Hemin to tackle with TME, and changed the concentration of ICG to perform gradient control experiments, the relative results were shown in Figure 4D. It is difficult to evoke cell death in the presence of low concentration of ICG + power laser, and the killing effect increases with the increase of ICG concentration.




Figure 4 | In vitro experiments. (A) Fluorescence images of 4T1 cells stained by DCFH-DA to indicate nanoparticle-induced ROS generation. Scar bar: 50 μm. (B) Corresponding quantitative analysis of ROS generation in 4A. (C) Viability of 4T1 cells cultured in the presence of various formulations. (D) Cell viability of 4T1 cells following the CIH treatments under different ICG concentration. **P < 0.01; Student’s t-test.



Many photothermal agents are used to achieve PTT, although many gold nanomaterials have localized surface plasmon resonance (LSPR) properties, they could strongly absorb near-infrared light and efficiently convert the light into localized heat, thereby generating heat (44, 45). However, the photothermal conversion efficiency of gold nanoparticles at 808 nm is less than 20%, which obviously cannot meet the clinical needs (13). Carbon-based materials are widely used in photothermal therapy, including graphene oxide and graphene quantum dots (46, 47). ICG has good biocompatibility and NIR light-absorbing abilities, which makes it have good clinical potential in photothermal/photodynamic therapy. We continued to explore the light-heat responsive effect of CIH in vivo. Compared with the control group, the tumor temperature of the mice treated by CIH + NIR group increased by about 17°C after 10 minutes, which is conducive to killing tumor cells (Figures S3, S4). In view of the above results, we continued to explore CIH-based in vivo anti-tumor effect. In this study, 4T1 cells were injected subcutaneously into the mice to establish a 4T1 breast cancer subcutaneous tumor model. As tumors reached approximately 200 mm3 in size, tumor-bearing BALB/c mice were randomly assigned into five groups: (1) PBS; (2) NIR; (3) CIH; (4) IH + NIR and (5) CIH + NIR. Each group was given corresponding treatment. As shown in the Figure 5A, the NIR group and the PBS group alone hardly had any tumor suppressive effect, and IH-based PTT/PDT produced a moderate tumor suppression rate. As CIH partly exchanges with external media, a small amount of Cu-Hemin penetrates into the tumor site to achieve slightly antitumor effect. Notably, CIH combined with NIR group could eliminate tumor tissues, as Cu-Hemin could impart oxidative damage toward the tumor, then, ICG fully utilized abnormal TME modulated by Cu-Hemin to intensify PDT. And our treatment was safe, as the mice body weight did not change drastically during the treatment period (Figure 5B), but increased slowly. After the treatment, we took vital organs (heart, liver, spleen, lungs, and kidney) of the mice for pathological analysis, and the results also showed that the mice did not have any inflammation and adverse conditions (Figure S5). This result is clinically significant, as many cargos permitted good therapeutic effects, but are also associated with high long-term risks. Figure 5C showed that the mice tumor weight and volume change curve is consistent. Furthermore, after the treatment of CIH combined with laser irradiation group, tumor proliferation signal Ki-67 was significantly inhibited (Figure 5D). Terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL) also demonstrated CIH + NIR group induced profound cell apoptosis. Our designed GSH-consuming strategy amplified the ICG-mediated PDT efficiency, PTT also assisted certain therapeutic effects without any side effects.




Figure 5 | In vivo experiments. (A) Relative changes of tumor volume in mice bearing 4T1 tumors after indicated treatments. (B) Body weight changes of treated mice. (C) Tumor weight measured following the indicated treatments. (D) Representative digital photos of tumors collected from various groups. (D) TUNEL and Ki-67 tumor sections from the indicated treatment groups. **P < 0.01; Student’s t-test.





Conclusion

In conclusion, our designed CIH-based PTT/PDT can induce a large amount of ROS, which can damage cellular and protein structures, thereby inducing tumor cell apoptosis. The over-expressed GSH in the tumor microenvironment was also down-regulated by Cu-Hemin, thereby alleviating the degree of ROS neutralization and further enhancing the therapeutic effect of PDT. Both animal and cell models demonstrate the potent therapeutic effects of our combined system. Hydrogels with safe properties will benefit further clinical applications in the future, and we will continue to develop novel nano-systems for biological applications.
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Single photothermal therapy (PTT) has many limitations in tumor treatments. Multifunctional nanomaterials can cooperate with PTT to achieve profound tumor killing performance. Herein, we encapsulated chemotherapeutic drug camptothecin (CPT) and pyrite (FeS2) with dual enzyme activity (glutathione oxidase (GSH-OXD) and peroxidase (POD) activities) into an injectable hydrogel to form a CFH system, which can improve the level of intratumoral oxidative stress, and simultaneously realize FeS2-mediated PTT and nanozymes catalytic treatment. After laser irradiation, the hydrogel gradually heats up and softens under the photothermal agent FeS2. The CPT then released from CFH to tumor microenvironment (TME), thereby enhancing the H2O2 level. As a result, FeS2 can catalyze H2O2 to produce ·OH, and cooperate with high temperature to achieve high-efficiency tumor therapy. It is worth noting that FeS2 can also deplete excess glutathione (GSH) in the cellular level, further amplifying oxidative stress. Both in vivo and in vitro experiments show that our CFH exhibits good tumor-specific cytotoxicity. The CFH we developed provides new insights for tumor treatment.
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Introduction

As the main cancer treatment methods in the world, surgical resection, chemotherapy and radiotherapy have achieved certain results, but the side effects and other limitations after treatment limit their effects (1–4). In recent years, photothermal therapy has been proposed for non-invasive treatment of tumors (5, 6). Photothermal therapy uses nanomaterials with high near-infrared absorption characteristics to generate heat under laser irradiation and subsequently induce tumor ablation (7). Since near-infrared light penetrates biological bodies more easily than ultraviolet light and visible light, near-infrared light is widely used in PTT (8). In order to enhance the effect of penetration therapy, researchers have designed a variety of new nanomaterials, including metal nanoparticles, organic polymer nanoparticles, carbon-based nanoparticles, etc. to improve the light-to-heat conversion ability (9, 10). Photothermal nanomaterials must have high photothermal conversion efficiency, high surface modification activity, high bio-histocompatibility, and low toxicity (11, 12). PTT is safer than radiotherapy and many molecular drugs (11–13). Although certain effects have been achieved, due to the complexity of the tumor microenvironment, a single PTT is difficult to completely eradicate the tumor tissue (14, 15). Therefore, it is necessary to develop multifunctional nanomaterials, which can not only realize PTT, but also achieve better therapeutic effects in response to the tumor microenvironment.

Nanozymes with mimic biological enzyme activity can be combined with photothermal therapy to inhibit the growth of malignant tumors, as nanozymes can affect biological activity at the molecular or cellular level according to the particularity of the tumor microenvironment (16, 17). For example, Fe3O4 nanoparticles can catalyze endogenous tumor hydrogen peroxide (H2O2) to produce hydroxyl radical (•OH), which realizes tumor catalysis treatment, simultaneously, Fe3O4 nanoparticles have a good photothermal effect (18). Furthermore, Cui and his team synthesized a novel type of FePPy nanozyme (19). Under laser irradiation, FePPy nanoparticles located in tumor tissue can trigger photothermal transformation and enhance ferroptosis by enhancing fenton reaction (19). Both in vito and in vivo experiments showed that FePPy combined with photothermal treatment has observed significant tumor suppression. However, tumor microenvironment (TME) often contains high levels of glutathione (GSH) (10 mM in TME) (20), and GSH could react with •OH, thereby reducing the corresponding treatment efficiency. As a novel type of photothermal nanomaterial, pyrite (FeS2) nanozymes can not only respond to near-infrared light and generate a lot of heat to destroy tumor tissues, but also have multiple nanozyme activities (21). FeS2 nanozyme can oxidize GSH to oxidized glutathione (GSSG), that is, it has similar activity with glutathione oxidase (GSH-OXD) (22). At the same time, as pyrite has a very high affinity for the substrate H2O2, it can also effectively catalyze the limited H2O2 in the TME and produce more cytotoxic •OH for tumor treatment. However, due to the limited content of endogenous H2O2 in tumor, it is difficult to maintain the catalytic effect of nanozyme for a long time (16, 23). Therefore, in order to improve the therapeutic effect of FeS2-based tumor catalysis and photothermal treatment, a self-produced H2O2 system is urgently needed.

In addition, the traditional methods of delivering nanomaterials to tumor sites are through oral or vein injection (13, 24), which will lead to a series of problems such as premature release of the carrier, missing the optimal treatment time of the carrier, and long-term toxic and side effects caused by the carrier’s residence time in the body and other problems (25–27). Local therapeutic drug delivery is an attractive alternative to systemic intravenous drug delivery, enabling researchers to achieve sustained and precise release of nanomaterials without any risk of off-target toxicity (28, 29). NIR light-responsive hydrogel is a satisfactory and controllable drug delivery platform (30). The hydrogel is gradually solidified after being injected into the tumor tissue. It can be used as a long-term reservoir. Zhu et al. designed an injectable nano-enzyme hydrogel as the storage and controlled release of AIEgen to achieve effective tumor treatment (31). Given these findings, we hypothesized that the use of hydrogels to deliver FeS2 to TME would improve photothermal efficacy.

Here, we design an intratumoral administration method of an injectable composite hydrogel (CFH) (Scheme 1) containing the chemotherapeutic drug camptothecin (CPT) and FeS2 nanoparticles for the combined use of photothermal and nanozyme-catalyzed therapy, CFH can be used to regulate the release of FeS2 and CPT under light irradiation. Once irradiated by NIR irradiation, FeS2 can realize the conversion of light energy to heat energy, and at the same time realize local tumor ablation and hydrogel dissolution, thereby releasing the CPT in CFH. CPT will spread to the local TME to kill tumor cells, and increase the production of H2O2 by activating nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX) (32), so that FeS2 can produce enough •OH to further enhance the death of tumor cells. Since CFH can stay at the tumor site for a long time after injection, we could change the laser parameters to adjust the release of nanomaterials and CPT to keep it within its treatment window. Both in vivo and in vitro experiments show that our CFH drug delivery platform achieves good anti-tumor efficacy of FeS2-based photothermal therapy without systemic toxicity. Therefore, the CFH drug delivery platform can not only expand the application field of FeS2 nanozymes, but it is also the first system that enhances FeS2-based cancer treatment by rationally designing functional nanocarriers with H2O2 self-supply and tumor specificity.




Scheme 1 | Schematic illustration of injectable hydrogel system for camptothecin initiated nano-catalytic tumor therapy with high performance.





Results and Discussion

We mixed the low melting point agarose hydrogel with FeS2 nanozyme and CPT, and kept stirring at 60 degrees to prepare the CFH system. Figure 1A shows the transmission electron microscope (TEM) of FeS2. The particle size of FeS2 we prepared is about 150 nm. As shown in Figure 1B, the scanning electron microscope (SEM) showed that the hydrogel presented a three-dimensional complex network structure. We first verified the stability of FeS2 and measured the Zeta potential and particle size of FeS2 for three days. As shown in Figure 1C, the particle diameters are about 148.2 ± 5.6 nm, 153 ± 4.7 nm and 152.6 ± 6.2 nm respectively. There is almost no change in the particle size, and the zeta potential also tends to be stable (Figure S1). The rheological measurement results of CFH at different temperatures show that as the temperature rises, CFH will gradually soften, and the storage modulus of CFH will continue to decrease (Figure 1D). This result is consistent with the rheological properties of the hydrogel (33), as shown in Figure 1D. After CFH is prepared, it will be very stable when stored at room temperature. Under continuous laser irradiation, CFH will gradually release FeS2 in it, and the solution will become turbid (Figure 1E). Infrared thermal images verify the temperature difference before and after irradiation (Figure 1F). FeS2 can promote the conversion of light energy to heat energy, leading to an increase in temperature. The UV-Vis absorption spectrum verifies FeS2 has an absorption value at 808nm, showing a wide absorption region in the near infrared region. (Figure 1G), which is also the factor that it can respond to 808 nm laser irradiation. A good photothermal agent is conducive to photothermal treatment. We prepared FeS2 solutions of different concentrations (0, 50, 100, 200 μg/mL) and utilized 0.5 W/cm2 laser for processing (Figure 1H). The results showed that the solution heating effect was positively correlated with the material concentration, and the 200 μg/mL FeS2 solution could rise by about 16.5 degrees under 5 minutes of laser irradiation. One of the most important factors for evaluating photothermal agent (PTA) is the photothermal stability (34). Next, we continue to use the 808 nm near-infrared laser to repeatedly heat the FeS2 solution, and close the switch after 5 min to allow the FeS2 to naturally cool to ambient temperature (Figure S2). We performed four heating and cooling cycles (Figure 1I). The temperature curve shows that the peak temperature of FeS2 has a small change, and the cooling trend is similar, which also shows photothermal stability of FeS2 nanoparticles. As shown in Figure 1J, once the CFH is exposed to laser radiation, it will achieve a photothermal response drug release. After the temperature rises, the CPT is gradually released. After the irradiation is stopped, the hydrogel continues to restore the colloidal state. This result shows that the CFH prepared by us can achieve good storage and release of the CPT.




Figure 1 | (A) TEM image of FeS2 nanozymes. (B) SEM image of hydrogel. (C) Statistical graph of measured diameter size of FeS2. (D) Rheological and temperature curves (red and blue, respectively) for the prepared CFH under conditions that simulate an exposure to 0.5 W/cm2 808 nm laser irradiation. (E) The morphology of the prepared CFH before (i) and after (ii) 0.5 W/cm2 808 nm laser irradiation for 10 min. (F) The infrared thermal image of the prepared CFH before (i) and after (ii) irradiation. (G) UV–vis spectra of FeS2. (H) Temperature changes of FeS2 at different concentrations under a 5 min irradiation from an 808 nm laser at 0.5 W/cm2. (I) Temperature variations of a FeS2 solution over four cycles of heating and natural cooling. (J) In vitro CFH CPT release profile in the presence and absence of 808 nm laser irradiation.



The photothermal conversion efficiency (η) of FeS2 was 33.2% (Figure 2A) in our experiments. Only nanomaterials with good biocompatibility can be applied for subsequent biological experiments (35). As shown in Figure 2B, FeS2 is stable in blood, and even 200 μg/mL FeS2 would not cause hemolysis. We continued to explore the effect of pH on the POD-like activity of FeS2. The result showed FeS2 has the strongest POD enzyme activity under acidic conditions with a pH of 4.5, while the enzyme activity is lower under normal neutral conditions (Figure 2C). TME is weakly acidic, which promotes POD activity of FeS2 enzyme. We applied 5,5′-dithiobis (2-nitrobenzoic acid) (DTNB) as a probe to analyze the GSH-OXD enzyme activity of FeS2 at different concentrations. The co-incubation of FeS2 and GSH will lead to a significant decrease in GSH content (Figure 2D), and it has a positive correlation curve with time and concentration. These results verified the good dual enzyme activity of FeS2, and FeS2 can also be used as an ideal photothermal agent.




Figure 2 | (A) Calculation of the time constant for heat transfer using a linear regression of the cooling profile. (B) Hemolysis ratio of FeS2 at different FeS2 concentrations. (C) pH-dependent POD activity of FeS2. (D) Time-dependent reduction of GSH after incubating with the indicated concentrations of FeS2.



Due to the good nanozyme activity of FeS2, we verified the ability of FeS2 to generate ROS in vitro. Although the content of H2O2 in tumor cells (up to 0.1-1 mM) is higher than that in normal cells, its content is still limited and is not conducive to continuous tumor treatment (36). Our CFH system contains CPT that can increase H2O2 and can cooperate with FeS2 to produce reactive oxygen (ROS) (Figure S3). As shown in Figure 3A, the dichlorofluorescein diacetate (DCFH-DA) probe was used to detect the ability of CFH to produce ROS. There was almost no green fluorescence of ROS in the control group, and CFH group. We prepared a hydrogel containing only FeS2 (FH) for exploratory experiments to verify the ability of CPT to produce H2O2. As shown in Figures 3A, C, the FH combined with NIR group produced moderate fluorescence effect and CFH + NIR motivate the strongest green fluorescence. We then used a live dead cell staining kit (Fluorescein diacetate and propidium iodide are living and dying cell fluorescent tracer probe) to explore the tumor cell killing effect of CFH (Figure 3B). Under laser irradiation, the hydrogel containing only FeS2 can realize the conversion of light energy to heat energy, and induce the death of some tumor cells, with moderate Cell killing effect. The CFH + NIR group achieved the best therapeutic effect. The content of GSH is high in tumors, and GSH is common in various types of cancer tissues. GSH is a highly reducing substance, which generally exists in a simplified form in cells, and can react with oxidative reaction substances (37). GSH reacts with reactive oxygen species to be oxidized and subsequently forms GSSG, thereby inhibiting the anti-tumor effect based on ROS. Based on the depletion of glutathione, free radicals destroy the redox balance of cells, cause oxidative stress, and ultimately lead to cell apoptosis (38). We have verified the effect of CFH in cooperating with NIR irradiation to consume GSH (Figure 3D). The results show that FeS2 can well reduce intracellular GSH levels, and CPT can also produce a certain amount of H2O2 to promote GSH consumption, thereby further improving FeS2 nanozymes catalytic therapeutic effect. Figure 3E also exhibit good POD-like activity of FeS2. We use the MTT assay to further verify the therapeutic effect of CFH + NIR. The cell viability of the control group and the CFH group was very high, while the cell viability of the FH+NIR group was about 36.5%, while the cell viability of the CFH+NIR group was the lowest, only 10.8% (Figure 3F). This also shows that CFH has good anti-tumor ability in vitro.




Figure 3 | (A) DCFH-DA fluorescence image under the indicated treatments. (B) Fluorescence images of CT26 cells stained with fluorescein diacetate (FDA) (live cells, green fluorescence) and propidium iodide (PI) (dead cells, red fluorescence) after incubation with different formulations. (C) DCFH-DA fluorescence intensity after the indicated treatments. (D) The impact of FeS2 on the intracellular level of GSH was estimated using a GSH assay kit (n = 5). (E) UV − vis absorbance spectra and color changes of TMB in different reaction systems. (F) MTT assays were conducted using CT26 cells treated with different formulations. *P < 0.05, ***P < 0.005; Student’s t-test.



In view of the fact that FeS2 exhibits better photothermal performance in vitro, we continue to explore the photothermal effect of CFH in vivo. As shown in Figure 4A, the control group achieved a temperature rise of less than 5°C after five minutes under the 808 nm laser irradiation. CFH + NIR, on the other hand, resulted in a temperature rise of about 16.4°C (Figure 4A). It shows that CFH is suitable for photothermal therapy, and the low power density we utilized is also conducive to reducing the damage of hyperthermia to surrounding healthy tissues. The heat resistance of tumor tissue is lower than that of normal cells, causing active substances such as proteins in tumor cells to be destroyed at high temperature (42-47°C), and then induce cell apoptosis (39). To explore the synergistic in vivo antitumor ability of CFH and NIR in mice with CT26 tumors, BALB/c mice were injected subcutaneously with 1 × 106 CT26 cells to assess the main effect of CFH. The mice were treated after reaching the primary tumor volume to about 200 mm3. Tumor-bearing mice were randomly arranged into 4 groups (5 mice per group) (1): PBS + NIR (2); CFH (3); FH + NIR and (4) CFH + NIR. The FeS2 concentration was 20 mg/kg in group 2, 3 and 4. Then, mice in group 1, 3 and 4 were exposed to 808 nm laser radiation (0.5 W/cm2) for 10 min. Mice body weight was monitored every 2 days. During the continuous treatment cycle, the tumor volumes in the control group (PBS + NIR) increased significantly, while the CFH group achieved only a negligible tumor suppression effect. FH + NIR group indicates a better therapeutic effect. Although FH combined with laser has a certain tumor ablation effect, the intracellular H2O2 content limits the further catalytic therapeutic effect of FeS2. The treatment group of CFH combined with NIR showed the best tumor suppression curve (Figure 4B). This is because after laser irradiation, the chemotherapy drug CPT can not only promote tumor cell apoptosis, but also increase H2O2 levels and further enhance FeS2-mediated ·OH production, while FeS2 can also deplete intracellular GSH to achieve oxidative stress damage. The tumor weight in mice after treatment was consistent with the results (Figure 4C). The agarose hydrogel was safe and non-toxic, and there were no abnormal changes in the body weight of the mice throughout the treatment cycle, indicating that our treatment regimen was safe (Figure S4). Furthermore, staining of Ki-67 was conducted and observed to be obviously decreased after the treatment of CFH combined with laser irradiation group. The hematoxylin and eosin (H&E) staining results demonstrated that the structure of solid tumor tissue was destroyed, and many tumor cells are necrotic after treatments of CFH synergistic with NIR and the cells in the tissue (Figure 4D) were contracted with disappeared nuclei. These results suggested that our CFH can cooperate with laser irradiation to realize tumor treatment. The potential in vivo toxicity of nanomaterials has limited their clinical biological applications (40, 41). After the treatment, all mice were euthanized, and their blood and major organs were collected for further analysis. We obtain the vital organs (Heart, liver, spleen, lung and kidney) of the mice for histopathological analysis, and the results showed that our treatment system was safe and non-toxic, and the liver and kidney indexes were also normal. In summary, in vivo studies have shown that our CFH can not only achieves the optimal tumor killing effect, but also has a good in vivo safety.




Figure 4 | (A) Temperature increases in mice implanted with CT26 tumors following 808 nm laser irradiation (0.5 W/cm2) for 5 min in the indicated treatment groups. (B) Tumor volume change over time in groups treated as indicated. (C) Average tumor weight values associated with the indicated treatments. (D) H&E and Ki-67 stained tumor sections from the indicated treatment groups. *P < 0.05, ***P < 0.005; Student’s t-test.






Figure 5 | (A) Histopathological analysis results (H&E stained images) of the major organs, heart, lung, liver, kidneys, and spleen, of mice that were exposed to different treatments 16 days post-injection. Scale bars: 100 μm. (B) Liver function markers: CRE, (C) BUN and (D) ALT, AST and ALP after various treatments.





Conclusion

In conclusion, we prepared a CFH system for tumor ablation using agarose hydrogel with high safety, combined with chemotherapeutic drug CPT and FeS2 nanozyme with both GSH-OXD and POD activities. FeS2 can guide the conversion of light energy to heat energy and promote the release of CPT. The hydrogen peroxide produced can further enhance the therapeutic effect of FeS2. In vivo experiments have shown that CFH combined with NIR can destroy tumor tissue and inhibit tumor growth with good safety. Tumor tissue has a unique pathological environment, including dense extracellular matrix (ECM) and abnormal vascular system. Hydrogels can help FeS2 reach tumor tissue and achieve the good anti-tumor effect. This platform has great potential for treating solid tumors.
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Sonosensitizer-mediated sonodynamic therapy (SDT) has emerged as a promising anti-tumor strategy. However, this strategy of continuous oxygen consumption further exacerbates the hypoxic tumor microenvironment, which limits its therapeutic efficacy. In this study, we designed a multifunctional hydrogel (PB+Ce6@Hy) that simultaneously co-delivers nanozyme prussian blue (PB) and sonosensitizer chlorin e6 (Ce6) for the realization of photothermal therapy (PTT) and enhanced SDT. When the hydrogel reaches the tumor tissue through local injection, the 808 nm laser can induce the hydrogel to warm up and soften, thereby triggering the release of PB and Ce6. PB can interact with endogenous H2O2 in situ and generate sufficient oxygen to promote the Ce6-mediated SDT effect. Besides, due to the good encapsulation ability of the hydrogel, the nanomaterials can be released in a controlled manner by changing laser parameter, irradiation time, etc. The experimental results show that the PB+Ce6@Hy system we developed can generate a large amount of reactive oxygen species (ROS), which can be combined with the photothermal effect to kill tumor cells, as a result, tumor proliferation has been adequately inhibited. This combined PTT/SDT dynamic strategy provides a new perspective for Ce6-induced cancer therapy, showing great potential for clinical application.
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Introduction

Due to the limited penetration depth of light, phototherapy is not enough for deep tumors, which limits the development potential of photothermal therapy (PTT) and photodynamic therapy (PDT) (1–4). Based on this, Yumita et al. proposed sonodynamic therapy (SDT) based on PTT (5). SDT is a new treatment method for malignant tumors using a combination of sonosensitizers and low-intensity ultrasound (US) (6, 7). It has the advantages of high accuracy, deep tissue penetration, good patient compliance, and few adverse reactions. Ultrasound can penetrate deep tissue and focus on the tumor area, thereby activating the sonosensitizer, realizing ultrasonic cavitation, reactive oxygen species-induced cell damage, apoptosis, and autophagy, which provide the possibility for targeted non-invasive radical cure of solid tumors (8, 9). It is generally believed that the one of the main mechanisms of SDT is the generation of reactive oxygen species (ROS) through cavitation or cavitation-activated sonosensitizers (10). ROS can effectively destroy intracellular proteins, damage DNA, promote intracellular lipid peroxidation, further induce tumor cell apoptosis, and achieve the purpose of inhibiting tumor growth (11, 12). However, due to the malignant growth of tumor cells, solid tumor areas are usually partially hypoxic, furthermore, SDT could activate sonosensitizers agent to consume oxygen, thereby exacerbating local tissue hypoxia (13). Therefore, the tumor hypoxic state and sustained oxygen consumption during oxygen-dependent SDT severely affect the therapeutic effect.

Prussian blue nanoparticles (PB) are a class of inorganic substances assembled from transition metal ions or lanthanides through cyano bridging ligands (14). Because of its unique safety and high photothermal conversion efficiency, it has aroused great interest of researchers. PB have excellent absorption and photothermal conversion properties in the near-infrared first (NIR-I) window region (15). It is worth mentioning that compared with gold nanorods, PB nanoparticles have higher photothermal conversion efficiency, and PB nanoparticles also have better photothermal stability than general organic photothermal conversion agents (16, 17). Recently, PB has also been found to have a catalase (CAT)-like effect (18). PB can catalyze endogenous hydrogen peroxide (H2O2) in tumors to generate oxygen, which is expected to alleviate the hypoxic microenvironment of tumors. Hu et al. designed a novel PMPT nanomaterial that not only alleviates hypoxia tolerance and enhances ROS generation during photodynamic processes, but also inhibits the MTH1-regulated DNA damage repair pathway, resulting in aggravated oxidative damage and cell death (19). It has also achieved good results in animal models. Therefore, PB, which can alleviate tumor hypoxia levels, is expected to have a good synergistic effect when used in conjunction with SDT.

Although nanodrugs have greatly improved the toxicity of chemotherapeutic drugs and enhanced the enrichment of drugs in tumor sites (20), the drug accumulation in tumor tissues through nanocarriers is still less than 10% due to the complexity of the body environment (21–23). It is difficult to efficiently deliver PB nanoparticles and sonosensitizers to tumor tissues due to the interference of in vivo biological barriers such as liver and kidney clearance effects. Traditional drug delivery systems (i.e. intravenous injection) have a series of problems such as low efficiency of nanomaterials reaching tumor tissue, premature leakage of cargo, and profound toxicity caused by the long-term existence of the carrier in the body (24–26). Numerous studies have shown that hydrogel delivery system can prolong the sustained release time of materials, prolong the effect of materials, and improve the effect of tumor treatment (27). Adding nanomaterials into hydrogel solution by diffusion or grafting to hydrogel materials can directly hit the lesion site by implantation or injection to achieve the effect of local slow-release drugs (28, 29). As one of the popular macroscopic drug delivery carriers, light-responsive hydrogels have very broad application prospects due to their unique properties (30, 31). And the controlled release of the material can be achieved by changing the external parameters (laser power, spot size, etc.) (32). For example, Dong et al. designed a novel MXene hydrogel by combining photothermal agent MXene nanosheets with low-melting-point agarose and loading DOX into it to prepare a smart hydrogel with reversible phase transition, and in vitro cells experiments verified its good cell killing ability (33). These results motivate our attempts to realize enhanced SDT treatment using hydrogels.

In this study, we simultaneously encapsulated the sonosensitizer chlorin e6 (Ce6) and nanozyme PB into a lowmelting agarose hydrogel to prepare a multifunctional nanosystem (PB+Ce6@Hy) for enhanced SDT/PTT (Scheme 1). PB+Ce6@Hy could reach the tumor site by local injection, and it could be enriched here after solidification. After being irradiated by 808 nm laser, PB absorbed light energy and converts it into heat energy, causing the hydrogel to heat up and soften, then Ce6 and PB were released on demand. PB would sustainably catalyze endogenous H2O2 to generate O2 in situ to alleviate the hypoxic microenvironment, which in turn enhances the subsequent Ce6-mediated SDT. Both in vitro and in vivo experiments showed that the prepared PB+Ce6@Hy achieved the synergistic therapeutic effect of PTT and SDT on tumors. This mutually reinforcing system overcomes the deficiencies of SDT and significantly inhibits subcutaneous tumors with negligible toxic side effects. The convergence of PTT with enhanced SDT strategy provides a novel insight for Ce6-induced tumor therapy.




Scheme 1 | Nanozyme hydrogels for self-augmented sonodynamic/photothermal combination therapy.





Results and Discussion

We prepared PB according to the previous work (30), and characterized the morphology of PB by transmission electron microscopy (TEM), as shown in Figure 1A. Subsequently, hybrid hydrogel containing PB and Ce6 (PB+Ce6@Hy) was prepared by simple hydrothermal method. The blue PB+Ce6@Hy loses its fluidity after solidification and does not flow down with the tube wall (Figure S1). Scanning electron microscopy (SEM) image showed that the as-prepared hydrogels had complex three-dimensional pore morphologies (Figure 1B). Next, its photothermal conversion ability was verified. As shown in Figure 1C, the hydrogel will gradually soften and release the material after being irradiated by 808 nm laser, and the thermal energy generation ability of PB is verified by the infrared thermal image. The particle size of PB did not change significantly during the week storage period, confirming its stability (Figure 1D). This property is beneficial for long-term sequestration of PB in hydrogels for subsequent effects. As many unstable nanomaterials are unsuitable for long-time storage and biological applications (34). We evaluated the catalase (CAT)-like properties of PB nanozymes in aqueous solutions containing hydrogen peroxide. The results showed that PB could induce substantial oxygen production after incubation with hydrogen peroxide for five minutes (Figure 1E). This encourages us to use PB for enhancing SDT. UV–vis spectra of PB (Figure 1F) exhibited that it has strong absorbance in the NIR-I region. We prepared PB solutions with different concentration gradients to verify their photothermal properties, the control group had almost no heating effect under 808 nm laser irradiation, while the 50 μg/mL PB solution could achieve a temperature rise of nearly 15 degrees within three minutes of irradiation, and the heating effect of PB is positively correlated with its concentration (Figure 1H). We utilized three consecutive ON-OFF cycles of laser irradiation, that is, the PB solution was irradiated with 808 nm laser for 5 minutes and then cooled back to the initial temperature naturally, and the cycle was repeated three times. The results are shown in Figure S2, the heating ability of PB does not fluctuate much, confirming the photothermal stability of PB, which is also beneficial for the controllable release of PB in vivo for tumor therapy. Simultaneously, rheological curves of agarose hydrogel were detected, as the temperature increases (Figure 1G), the hydrogel will slowly transform from a solid colloidal state to a liquid state, and the storage modulus gradually decreases. We continued to study the controlled drug release kinetics of the PB+Ce6@Hy. Figure 1I shows the drug release curve with or without laser irradiation. When the laser switch is turned on, the temperature of the system begins to increase, and the carrier encapsulated in it is gradually released slowly. After the irradiation was stopped, the hydrogel slowly solidified and continued to encapsulate the cargo.




Figure 1 | Characterization analysis of PB+Ce6@Hy. (A) TEM image of PB. (B) SEM image of agarose hydrogel. (C) The morphology of the prepared PB+Ce6@Hy before (i) and after (iii) 0.5 W/cm2 808 nm laser irradiation for 10 min and infrared thermal images (ii, iv) of the prepared PB+Ce6@Hy following irradiation. (D) Hydrodynamic diameter of PB at different time points. (E) Oxygen generation in different conditions as measured by a dissolved oxygen meter. (F) UV–vis–NIR absorbance spectra of PB. (G) Rheological curves of agarose hydrogel. (H) Temperature elevation curves with the different concentration of PB at 808 nm laser irradiation. (I) In vitro Ce6 release profile in the presence and absence of 808 nm laser irradiation, with arrows being used to indicate irradiation time points.



Inspired by the well-characterized properties of the prepared PB+Ce6@Hy, we further explored its in vitro cell killing effect. SDT has a strong ability to penetrate biological tissues (35), it can concentrate acoustic energy into deeper tissues and activate the sonosensitizers (such as Ce6 in this study) in tumor tissues, ultimately playing an anti-tumor effect (36). However, SDT will continue to consume oxygen, this increased hypoxia, in turn, affects the effectiveness of SDT. So we constructed normoxic and hypoxic cell growth environments to verify the effect of PB+Ce6@Hy in regulating cell death. First, the ability of PB+Ce6@Hy combined with US and NIR to generate ROS was explored, and 2′,7′-dichlorofluorescin diacetate (DCFH-DA) was utilized as a ROS indicator. As shown in Figures 2A, C, the control, NIR + US, PB+Ce6@Hy and PB@Hy + NIR groups produced negligible ROS, while Ce6+US could mediate a strong green fluorescence under normoxic conditions. However, hypoxic conditions inhibited the effect of Ce6-mediated SDT to generate ROS. We quantitatively analyzed the ROS intensity under different conditions. Figure 2B showed that PB+Ce6@Hy + NIR + US produced bright green ROS fluorescence regardless of normoxic or hypoxic conditions, as the release of PB nanozymes upon 808 nm laser irradiation could convert endogenous H2O2 into O2. Since PB+Ce6@Hy has a good effect on regulating the tumor ecological environment, we continued to use the MTT experiment to test the killing effect of PB+Ce6@Hy combined with US and NIR. As shown in Figures 2D, E, the survival state of cells in the control group was almost unaffected. the convergence of sonosensitizers Ce6 with US in normoxic environment could achieve a moderate tumor killing effect, but the effect was adequately reduced in hypoxia. It is worth noting that PB+Ce6@Hy + NIR + US has achieved a superior therapeutic benefits and is not affected by the oxygen environment. The results of live and dead assay in the hypoxic group also fully demonstrated the killing effect of PB+Ce6@Hy system (Figure S3). This is attributed to the fact that PB produces O2 to promote SDT, and PB also has PTT effect. This dynamic oxygen-producing strategy has achieved good effects.




Figure 2 | Results of in vitro experiments. Fluorescence microscopy images of DCFH-DA to detect intracellular ROS with various treatments under normoxic (A) and hypoxia (C) condition. Scale bar = 20 μm. (B) DCFH-DA fluorescence intensity after the indicated treatments. (D) Cell viability of 4T1 cells cultured in the presence of various formulations under normoxic condition. (E) Cell viability of 4T1 cells cultured in the presence of various formulations under hypoxia condition. ***P < 0.005; Student’s t-test.



In situ injection of hydrogels can greatly increase the content of nanomaterials in tumor tissues. Light-responsive hydrogels are ideal biomaterials for various biomedical applications (37). The PB+Ce6@Hy we prepared has a three-dimensional cross-linked structure and good biodegradability. and biocompatibility and sensitive response to light stimuli, showing great potential in cancer therapy. We continue to explore its photothermal conversion effect in vivo. As shown in Figure 3A, PB+Ce6@Hy can achieve a good local heating effect of tumor tissue under the cooperation of 808 nm laser. PB+Ce6@Hy (10 min irradiation, 0.5W/cm2) could raise the tumor temperature to nearly 48 degrees. A large number of basic researches and clinical applications have proved that when tumor tissue is continuously heated for a certain period of time, the growth of tumor cells is blocked, disintegrated, and even leads to death (38). The formation of tumor thermotherapy is based on two characteristics of tumor tissue: First, there are abnormal blood vessels in tumor tissue so its heat dissipation is extremely poor (39). Local heating by appropriate methods can easily make the temperature of tumor tissue 5% to 15% higher than that of surrounding normal tissue; second, the temperature resistance of tumor tissue is significantly lower than that of normal tissue, and tumor tissue will occur at a temperature of 42°C irreversible damage (40, 41). Inspired by this result, we aimed to investigate the synergistic antitumor ability of PB+Ce6@Hy and NIR + US in 4T1 tumor mice.100 μL of 4T1 cell suspension (1×106 cells per mL) were subcutaneously injected into each mouse to establish the tumor models. Subsequently, tumor growth was monitored every 2 days to assess the primary effect of the treatment system. As shown in Figure 3B, the injected PB+Ce6@Hy alone remained in the tumor tissue for a long time, but did not produce any tumor-toxicity, and the tumor volume growth curve was hardly inhibited. In this regard, PB@Hy containing only PB combined with laser irradiation produced a certain photothermal treatment effect. The tumor ablation effect induced by PB+Ce6@Hy plus NIR and US is the best. First, PB achieves precise hyperthermia effect, and then the softening of the hydrogel promotes the release of PB and Ce6 into the tumor site. PB can improve TME in situ and generate O2, which greatly strengthens Ce6-induced ROS production effect, tumor growth was greatly inhibited. Figure S4 also showed that the tumor mass and volume curves are consistent. After treatment, the average tumor weight was only 0.12 g. It is worth noting that the weight of mice in each group did not increase or decrease sharply during the treatment cycle, and showed a normal growth trend, which also indicated that our treatment regimen was safe (Figure 3C). Hypoxia-inducible factor 1α (HIF-1α) was highly expressed under hypoxia, tumor cells under hypoxic conditions strongly expressed HIF-1α in the form of green fluorescence. We verified in an in vivo model that both PB@Hy and PB+Ce6@Hy systems could alleviate the hypoxic microenvironment (Figure 3D). In addition, PB+Ce6@Hy combined with NIR and US can also generate a large amount of ROS (Figure 3E) in an in vivo tumor model, and simultaneously increase the level of tumor cell apoptosis (Figure 3F). After the treatment cycle, mice in all groups were euthanized, followed by collection of major organs for further analysis and blood for biochemical analysis (Figure 4). The relevant results of both the experimental group and the conventional control group showed that the mice functioned normally after treatment, and our treatment method did not show short-term toxic and side effects.




Figure 3 | Results of in vivo experiments. (A) Temperature increases in mice implanted with 4T1 tumors following 808 nm laser irradiation (0.5 W/cm2) for 10 min in the indicated treatment groups. (B) Tumor volume change over time in groups treated as indicated. (C) Time-dependent body-weight curves of mice in different groups. (D) HIF-1α, (E) ROS and (F) TUNEL stained tumor sections from the indicated treatment groups Scale bar = 100 μm. ***P < 0.005; Student’s t-test.






Figure 4 | Result of in vivo safety experiments. (A) Histopathological analysis results (H&E stained images) of the major organs, heart, lung, liver, kidneys, and spleen, of mice that were exposed to different treatments 16 days post-injection. Scale bars: 100 μm. (B) Liver, kidney and blood function markers: AST, ALT, ALP, CRE and BUN after various treatments.





Conclusion

In conclusion, a biocompatible hydrogel containing both nanozyme PB and Ce6 sonosensitizer was constructed to achieve cooperative PTT/SDT against tumor. PB+Ce6@Hy can controllably deliver the loaded material to the tumor site and simultaneously realize on-demand release. After the hydrogel was irradiated by laser, photothermal heating was triggered, and the released PB catalyzed H2O2 to generate oxygen in situ, which promoted SDT. In vitro and in vivo experiments showed that PB+Ce6@Hy induced a large number of apoptosis and inhibited tumor growth without any physiological toxicity. This study provides a new mode of combination therapy and expands the application of PB nanozymes in sonodynamic therapy. Based on the fact that a single treatment method is difficult to suppress tumor cell proliferation for a long time, we will continue to develop new and safe nanozymes for multimodal treatment in the future.
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The aggressive growth of cancer cells brings extreme challenges to cancer therapy while triggering the exploration of the application of multimodal therapy methods. Multimodal tumor therapy based on photothermal nanomaterials is a new technology to realize tumor cell thermal ablation through near-infrared light irradiation with a specific wavelength, which has the advantages of high efficiency, less adverse reactions, and effective inhibition of tumor metastasis compared with traditional treatment methods such as surgical resection, chemotherapy, and radiotherapy. Photothermal nanomaterials have gained increasing interest due to their potential applications, remarkable properties, and advantages for tumor therapy. In this review, recent advances and the common applications of photothermal nanomaterials in multimodal tumor therapy are summarized, with a focus on the different types of photothermal nanomaterials and their application in multimodal tumor therapy. Moreover, the challenges and future applications have also been speculated.
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1 Introduction

Cancer poses a serious threat to human health worldwide, despite the developments in modern medical technology. Cancer is difficult or impossible to cure because it involves various genetic changes and cell abnormalities. Moreover, its complexity and heterogeneity promote the aggressive growth of cancer cells, resulting in significant incidence and mortality rates (1–3). The three traditional methods of tumor treatment include surgery, radiotherapy, and chemotherapy. However, due to severe surgical trauma, nonspecific and excessive radiation, and the irreplaceable defects of these therapies in targeting, bio-compatibility, multidrug resistance, and drug accumulation, patients may suffer from serious physiological side effects, resulting in poor quality of life and difficulty in achieving the target treatment effect (4–6).

These treatment deficiencies have inspired the development of new, precise, and more effective treatment strategies for tumors. For example, several emerging treatment methods, such as photodynamic therapy (PDT) (7, 8), photothermal therapy (PTT) (9, 10), and photoacoustic therapy (11, 12) have improved or can potentially improve therapeutic outcomes. Among them, PTT is a new type of minimally invasive tumor light therapy that has developed rapidly in recent years. It mainly uses photothermal conversion nanomaterials with strong absorption in the near-infrared light region (wavelength range 700–1300 nm) (13–15) to convert the absorbed light energy into heat energy effectively under the irradiation of the near-infrared laser, resulting in an increase in the temperature of local tumor tissues up to 40–45°C (hyperthermia) or above 45°C (thermal ablation) (14, 16). This results in degeneration and necrosis of tumor cells to achieve the goal of tumor therapy. The destruction of tumor tissue by PTT mainly occurs through killing tumor cells and destroying tumor blood vessels. The ability of tumor cells to tolerate high temperatures is much lower than that of normal cells. Specifically, the thermal lethal temperature of most tumor cells is between 42 and 43°C, while normal cells can tolerate such temperatures for a prolonged period. Therefore, the local hyperthermia produced by PTT can selectively kill tumor cells and cause irreversible damage, while normal cells are not damaged. Regarding blood vessels, compared with the blood vessels of normal tissue, those of tumor tissue have abnormal morphological growth, imperfect tissue and function, and are prone to rupture when the temperature and pressure increase. This causes tumor tissue to be more prone to damage by hyperthermia. Thus, PTT can effectively destroy tumor blood vessels, killing tumor cells without damaging normal tissues or causing systemic toxic reactions. Because PTT has the advantages of rapid targeted killing, being minimally invasive, and minimal toxic side effects, it is also known as “green therapy,” which carries significant potential in the field of alternative surgical resection (14, 17, 18).

It has been reported that PTT requires a temperature above 50°C to achieve tumor thermal ablation. In addition, cancer cells treated at low temperatures (around 43°C) may survive through self-repair of their heat shock proteins (HSPs), which could lead to treatment resistance and reduce treatment efficiency (19, 20). In recent years, the great progress in nanomaterials, medicine, and biology has promoted the application of nanomaterials in tumor therapy (21, 22). Moreover, great progress has been made in the construction of multifunctional photothermal nanomaterials, which can integrate a variety of treatment modes into a single nano platform. Compared with monotherapy, the combination of multiple therapies usually shows superiority in therapeutic effect. This advanced synergistic therapy can not only maintain the advantages of non-invasive, low toxicity, and convenient administration of PTT, but also relieve the problems of non-selectivity and multidrug resistance of traditional chemotherapy, and has achieved good therapeutic results (20).

This review will focus on the research progress of photothermal nanomaterials in multimodal tumor therapy and consists of a brief introduction to the classification of photothermal nanomaterials and their relative merits. Subsequently, multimodal treatments of tumors based on photothermal nanomaterials are clarified in detail. Finally, an outlook is provided to address recent challenges and suggest better treatment applications and research focuses to pursue new opportunities ahead.



2 Classification of Photothermal Nanomaterials

The goal of PTT is to make use of the hyperthermic effect of photothermal agents (PTAs), which can absorb light energy and convert it into heat energy, raising the temperature of the lesion site and ultimately causing the death of tumor cells (23, 24). To reduce the influence of localized high temperatures on normal tissue, near-infrared (NIR) light is usually selected for PTT because it has less tissue absorption and scattering and is able to penetrate deep tissue (15, 25). In addition, the ideal photothermal material should have higher photothermal conversion efficiency (PCE) and be accumulated effectively in tumor tissue (26). With the progress of PTT research and the rapid development of nanomaterials, photothermal nanomaterials have been more widely used than other photothermal materials because of their higher PCE and ability to be used in a multimodal tumor therapy platform (27–29). This review summarizes the common photothermal nanomaterials, which are divided into inorganic, organic, and composite photothermal nanomaterials (Table 1).


Table 1 | Summary of photothermal nanomaterials in this review.




2.1 Inorganic Photothermal Nanomaterials


2.1.1 Precious Metal Nanomaterials

Precious metal nanomaterials, including gold, silver, palladium, and platinum, are considered to be simple and effective PTAs (23, 67, 68) due to their strong surface plasmon resonance (SPR), synthetic tunability, biological imaging potential, and excellent photothermal properties, such as high PCE in the high-absorption cross-section and NIR region.

Studies have shown that gold is one of the most popular nanomaterials for mediating PTT (69, 70), as it has good biocompatibility and low cytotoxicity (71). The photothermal conversion phenomenon in gold nanoparticles (GNPs) is based on the collective oscillation of free electrons on the surface of GNPs under electromagnetic radiation. The local area around GNPs is heated by electronic excitation and relaxation, which leads to the destruction of tumor tissue (72). At present, several gold nanomaterials with unique size and morphology have been developed, including nanorods, nanospheres, nanostars, nanocages, and nanoshells, among others. Choe et al. (30) loaded high concentration gold nanoparticles into mesoporous silica nanocapsules to form yolk-shell-structured gold nanospheres (aAuYSs) to study their photothermal effect on drug-resistant ovarian cancer cells. Under 808-nm laser irradiation, the cultured cancer cells were eliminated when the concentration of aAuYSs was 300 μg/mL. Moreover, in vivo experiments showed that after the combined treatment of aAuYSs and doxorubicin (Dox), the tumor volume and size were significantly reduced, and the number of Ki-67-positive proliferating cancer cells sharply decreased, indicating that aAuYSs can be used as a multifunctional photothermal nanoplatform for PTT and combined therapy.

Silver nanoparticles (SNPs), another type of precious metal nanomaterial, have been widely used due to their unique properties, such as controllable size and shape, easy modification, and excellent optoelectronic properties. Similar to GNPs, the SPR of SNPs can be adjusted to the infrared region by changing their size and shape (73). Additionally, Kim et al. (31) prepared SNPs coated with bovine serum albumin (BSA) (BSA-SNPs), which could internalize and kill melanoma cells by inducing ROS through cell analysis. These nanoparticles were also found to play a potential role in inhibiting angiogenesis. In addition, BSA-SNPs showed a significant increase in the temperature of a suspension under the irradiation of a laser at 690 nm and had a strong photothermal conversion capability, which could be used for photothermal cancer therapy.

Palladium-based nanomaterials, such as palladium nanosheets (74), porous/hollow palladium nanoparticles (75), and palladium@M (M=Ag, Au, Pt, SiO2, ZIF-8) (76–80) nanocomposites, also show strong absorption in the NIR region, as well as ideal PCE, excellent photothermal stability, and good biocompatibility (81). Therefore, palladium-based photothermal nanomaterials have become an option for cancer imaging contrast agents and therapeutic agents. Chen et al. (32) designed palladium nanosheets with a thickness of 1.8 nm and a diameter of 5–80 nm to evaluate the effect of size on the biological behavior of these nanosheets through cell and animal model experiments. The experimental results showed that compared with the large palladium nanowires, the smaller nanowires demonstrated a better photothermal effect under ultra-low laser irradiation. In addition, in vivo experiments revealed that 5-nm palladium nanosheets could escape the reticuloendothelial system with a longer blood half-life and be excreted from the kidneys, while the large nanosheets accumulated in the liver and spleen.

As a photothermal nanomaterial, platinum nanoparticles (PtNPs) slowly and continuously increase the temperature with light irradiation, not exceeding 46°C, which can effectively avoid normal cell damage (82, 83). Apart from good optical and photothermal stability, PtNPs can also be involved in the design of multimodal tumor treatment platforms, which can be used in combination with chemotherapy or radiotherapy (84, 85). Zhou et al. synthesized dendritic platinum-copper alloy nanoparticles (DPCNs) as a multimodal, therapeutic, tumor imaging platform (33). The PTT in vitro assay revealed that DPCNs ingested by PC-9 cells could effectively kill cancer cells under NIR irradiation. In addition, compared with the control group treated with DPCNs/NIR or Dox alone, the killing rate of cancer cells treated with DPCNs/Dox and irradiated with NIR laser was higher, indicating that DPCNs have potential for photothermal and chemotherapy.



2.1.2 Transition Metal Dichalcogenide Nanomaterials

Transition metal dichalcogenides (TMDCs) are usually composed of one layer of transition metal atoms and two layers of chalcogenide atoms, and their generalized formula is MX2. M refers to the transition metals of groups 4–10, such as copper, molybdenum, tungsten, titanium, etc., while X refers to a chalcogen (86). It has been found that monolayer TMDCs exhibit strong NIR absorption, good PCE, and excellent photothermal stability (87, 88), giving TMDCs the potential to be used as PTAs (89).

In recent years, copper nanomaterials have been widely used in cancer therapy (90). Among those used in PTT for cancer, such as copper selenide, copper telluride, and copper oxide, copper sulfide is the most explored (91). It has been found that as a P-type semiconductor, copper chalcogenide nanomaterials have composition-dependent localized SPR and ideal PCE in the NIR region (92, 93). Moreover, Huang et al. (39) combined monoterpenoid sensitizer, borneol, and NIR-II PTA copper sulfide to make thermo-responsive vehicle NB/CuS@PCMNPs. Under the irradiation of a 1060-nm laser, the high temperature produced by copper sulfide nanoparticles can be used in PTT. The results of animal experiments showed that NB/CuS@PCMNPs could aggregate in the tumor site and significantly inhibit tumor growth.

Titanium disulfide is another common material for TMDCs with excellent stability, electrical conductivity, and strong absorption in the NIR window (41). In addition, due to the local SPR effect, the absorption peak of these nanosheets can be shifted from red to the range of 1000–1350 nm by adjusting the thickness and width of the nanowires (94). Fu et al. (41) made a multifunctional NIR-II nano-preparation based on titanium disulfide, which can be used in magnetic targeted NIR-II photoacoustic/magnetic resonance imaging-guided synergistic photothermal-immune combination therapy. The results of in vivo experiments showed that the primary tumors in the group that underwent PTT combined with immunotherapy disappeared without recurrence after 16 days of treatment. This significantly inhibited the tumor growth rate, indicating that titanium disulfide has great potential in the field of PTT combined with immunotherapy and imaging.

In addition, the crystal structure of molybdenum disulfide is a honeycomb, similar to graphene, which can be obtained through stripping or synthesis and has a variety of forms, such as nanosheets and quantum dots, among others (95–98). It has been found that molybdenum disulfide nanoparticles have become commonly used PTAs in cancer treatment due to their good biocompatibility, strong SPR, excellent PCE, and low production cost (99). Liu et al. (40) synthesized a mesoporous core-shell structure with molybdenum disulfide as the core and manganese dioxide as the shell. This structure was used to wrap the chemotherapeutic drug, Dox, and then modified with mPEG-NH2 to prepare MoS2@Dox/MnO2-PEG (MDMP) composite antitumor nanocomposites. The in vivo and in vitro experiments showed that MDMP had excellent antitumor activity (tumor survival rate: 11.8%) and good PCE (33.7%).



2.1.3 Metal Oxide Nanomaterials

In addition to TMDC nanomaterials, nanomaterials containing transition metal oxides have also received extensive attention in the field of PTT (100) due to their excellent PCE good biocompatibility, excellent chemical stability, adjustable band gap, and low cost. Iron oxide, molybdenum oxide, tungsten oxide, zinc oxide, and manganese oxide are used as common metal oxide nanomaterials.

Magnetic nanoparticles, mainly including magnetite (Fe3O4), maghemite (γ-Fe2O3), or a combination of the two (101) show great potential in cancer therapy in the form of magnetic resonance imaging-guided chemotherapy (102, 103), PDT (104, 105), and PTT (106, 107) due to their unique superparamagnetic iron oxide nanoparticles. In addition, iron oxide nanoparticles show excellent PCE in a biological environment and have good chemical stability and low cytotoxicity (108). Moreover, the US Food and Drug Administration has approved its application in the human body (109). Liu et al. (34) synthesized USPIO-PEG-sLex, which consists of nanocomposites of ultrasmall superparamagnetic iron oxide nanoparticles coated with polyethylene glycol (PEG) coupled with Sialyl Lewis X. The USPIO-PEG-sLex nanoparticles have good photothermal conversion properties, and the temperature and concentration of the solution are positively correlated with the power density of NIR on 808-nm wavelengths. The results of PTT in vitro showed that as the nanoparticle concentration increased, the survival rate of 5-8F cells significantly decreased, which could effectively inhibit the development of tumors (Figure 1).




Figure 1 | Schematic diagram of PTT (using animal experimental research as a model) (34). Reproduced with permission from Liu et al., 2021.



Molybdenum-based materials can be divided into two categories: transition metal oxides composed of molybdenum dioxide and molybdenum trioxide, and TMDCs composed of molybdenum disulfide. Transition metal molybdenum oxide has a similar, adjustable, local SPR effect to precious metal nanomaterials (110). Molybdenum trioxide nanoparticles have been reported to have excellent light absorption ability in the NIR region and can produce singlet oxygen under the irradiation of NIR light. Thus, molybdenum oxide nanomaterials can be used in PDT or PTT for tumors (111, 112). Qiu et al. (35) combined folic acid and α-lipoic acid-conjugated mPEG-NH2 (LA-PEG) and modified BSA with molybdenum oxide nanosheets to prepare multi-functional degradable FA-BSA-PEG/MoOx nanosheets (Figure 2). The results of in vivo and in vitro anti-tumor experiments showed that FA-BSA-PEG/MoOx nanosheets significantly increased the temperature of the tumor site, inducing immunogenic cell death, which triggered an immune response in vivo through the combination of PTT and chemotherapy, inhibiting primary tumor growth (inhibition rate: 51.7%) and lung metastasis (inhibition rate: 93.6%). This novel nanosheet is a promising avenue for combination therapy for breast tumors.




Figure 2 | The schematic illustration of the multi-strategy for cancer treatment. (A) The preparation route of the FA-BSA-PEG/MoOx@DTX nanosheet and the in vitro antitumor and degradation experimental design; (B) the elucidation of the mechanism of FA-BSA-PEG/MoOx@DTX + NIR combination therapy for meliorating tumor immunosuppression, inhibiting distant tumor and lung metastasis (35). Reproduced with permission from (35).



Tungsten nanomaterials, similar to precious metal nanomaterials, exhibit a local SPR effect because of their outer-d valence electrons, which can be used to produce a photothermal effect (113). The size and shape of the nanoparticles also play a role in the SPR effect of tungsten nanomaterials (114, 115). Among tungsten nanomaterials with different stoichiometry, tungsten oxide nanomaterials are among the most widely used materials in the biomedical field (116, 117). In particular, W20O58, W18O49, and W24O68 are more common PTAs because of their excellent optical absorption capacity in the NIR region (118). Liang et al. (36) introduced oxygen vacancy (OV) tuning into oxygen-deficient tungsten trioxide nanosheets to optimize the chemical and electrical properties. The experimental results show that under the irradiation of single-wavelength NIR (808 nm), tungsten trioxide-OVs exhibited good PCE (41.6%) and an effective tumor inhibition rate (96.8%).

Zinc oxide is a multi-functional material with unique physical and chemical properties, such as high chemical stability, high electrochemical coupling coefficient, wide radiation absorption range, and high light stability (119, 120). Zinc oxide nanomaterials can appear in one-dimensional (121), two-dimensional (122), and three-dimensional (123) structures, providing one of the greatest assortments of particle structures among all known materials (124). Thus, zinc oxide is a potential alternative for PTT (72). Deng et al. (37) prepared multifunctional nanoparticles (Z@CD/P) using ZnO@CuS as the carrier, as well as β-cyclodextrin (β-CD) modified by 2,3-dimethyl maleic anhydride (DMA) (β-CD-DMA), and mPEG-NH2 modified by DMA (PEG-DMA) to increase stability. They were loaded with Dox and pirfenidone (PFD). Zinc oxide and copper sulfide were found to promote tumor cell death by regulating the pathway of ROS production as well as that of GSH-GPX4, and their photothermal conversion ability further promotes the anti-tumor effect.

Manganese oxide nanomaterials have great potential as PTAs and signal contrast agents for traditional PTT because of their excellent T1-weighted contrast signals, low cytotoxicity, and high PCE (72, 125). Liu et al. (126) proposed for the first time that ultra-thin manganese dioxide nanosheets have pH and redox responses as well as T1-weighted magnetic resonance imaging capabilities. Moreover, photothermal in vivo and in vitro experiments showed that these nanosheets also had good photothermal conversion ability (η: 21.4%) and a high inhibition rate on tumor growth (Figure 3). Xu et al. (38) designed bismuth/manganese oxide nanoparticles (mBMNI NPs) for targeting triple-negative breast cancer, which were encapsulated in the tumor cell membrane and loaded with indocyanine green. The result of the photothermal experiment showed that mBMNI NPs absorbed NIR laser efficiently and generated a large amount of heat for PTT. Apart from high-efficiency PTT, mBMNI NPs also performed chemodynamic therapy (CDT) and PDT synergistically through the generated singlet oxygen and ICG, offering great potential for targeted triple-negative breast cancer therapy.




Figure 3 | Schematic illustration of synthetic procedure for MnO2-SPs nanosheets and their specific functions for tumor theranostics with TME sensitivity, including the acidic/reducing condition-triggered T1-weighted MR imaging and efficient PTT against tumor (126). Reproduced with permission from (126).





2.1.4 Carbon-Based Nanomaterials

In recent years, carbon-based nanomaterials have been widely studied as inorganic materials for PTT for tumors (100). Many carbon-based nanostructures have been developed for biomedical applications, such as carbon dots, quantum dots, graphene, and carbon nanotubes, among others. The graphitic structure of carbon-based materials endows them with strong absorption in the NIR region and good PCE (127, 128). In addition, the ultra-high surface area of carbon-based materials enables them to build multifunctional nanoplatforms, which have optimistic application prospects in tumor therapy (129).


2.1.4.1 Carbon Dots

As a new type of 0 dimensionality material, carbon dots (CDs) not only inherit the advantages of small molecules (such as fluorophores) and traditional semiconductors (such as inorganic quantum dots), but they also have additional properties (130). For example, CDs have excellent photostability, good biocompatibility, permeability, low toxicity, low cost, and are easy to prepare (131). However, most CDs usually absorb light in the short wavelength region due to the π-π* transition of the C=C bond; therefore, other nanomaterials, such as metal nanoparticles (132) or semiconducting polymers (133) are needed as NIR-assisted PTAs (131). Lu et al. (42) assembled polydopamine (PDA) and carbon points on hollow mesoporous carbon (HMC) to construct a photothermal enhanced multi-functional system (HMC-SS-PDA@CDs). The results of in vivo experiments showed that under low-power, 808-nm laser radiation of 0.75 W/cm2, the antitumor drug-loaded HMC-SS-PDA@CDs inhibited tumor growth by 92.6% and significantly reduced the toxicity of Dox to cells, indicating that Dox/HMC-SS-PDA@CD nanoparticles have good photothermal chemotherapeutic synergism and ideal biocompatibility.



2.1.4.2 Quantum Dots

Compared with traditional fluorescent dyes and proteins, quantum dots (QDs) have significant advantages, such as broad luminescence excitation spectra and narrow symmetrical emission spectra with large Stokes shifts (134, 135). Different types of quantum dots have varying chemical compositions and properties, which can affect their potential applications. The new generation of quantum dots, including non-cadmium and NIR-II window quantum dots, have excellent optical properties and biocompatibility required for in vivo applications and good prospects in the field of tumor therapy and imaging (136–138). Wang et al. (43) have developed cadmium tellurium selenium/zinc sulfide core-shell quantum dots with excellent biocompatibility for PTT and fluorescence imaging of tumors. After being irradiated with blue light (80 mW/cm2 blue laser) for 20 min, the quantum dots were heated rapidly. Due to their photothermal and photodynamic effects, the quantum dots induce complete apoptosis of the Huh7 hepatoma cell line, providing a new avenue for tumor therapy.



2.1.4.3 Carbon Nanotubes

Carbon nanotubes (CNTs), originally proposed by Iijima (139), are currently the most widely used carbon-based nanomaterials in the biomedical field (140, 141). CNTs are divided into two types according to the number of layers in their structure: single-walled CNTs (SCNTs), which consist of a single graphene sheet, and multi-walled CNTs (MCNTs), which consist of several sheets forming concentric cylinders (142). CNTs have been reported to have broad NIR absorption and are affected by the size and shape of the nanomaterials (143). CNTs exposed to NIR laser absorbs light energy and converts it into thermal energy, which can be used to ablate cancer cells (144). Zhao et al. (44) coated SCNTs and MCNTs with peptide lipid and sucrose laurate, respectively and loaded anti-survivin siRNA to synthesize a nano-delivery system (denoted SCNT-PS and MCNT-PS, respectively) with good temperature sensitivity and photothermal properties for tumor immunity and combination PTT. The results showed that CNT/siRNA inhibited tumor growth by silencing the expression of survivin and exhibiting a photothermal effect under NIR laser. SCNT-PS/siRNA showed high antitumor activity and had a complete inhibitory effect on some tumors. Neither SCNT-PS nor MCNT-PS nanoparticles had obvious cytotoxicity at a concentration of up to 60 μg/mL.



2.1.4.4 Mesoporous Carbon Nanoparticles

Mesoporous carbon nanoparticles (MCNs) or hollow carbon nanospheres (HCNs) are mesoporous nanomaterials with high pore volume and specific surface area, which have attracted attention in recent years (145, 146). It has been found that MCNs have a unique structure that can load a large number of hydrophobic drugs as well as excellent biocompatibility, which makes them an effective drug carrier (147, 148). In addition, MCNs have high efficiency in converting NIR laser energy into thermal energy and can be used in tumor PTT (72, 149). Xu et al. (45) designed polyethylene glycol-graft-polyethylenimine (HPP)-modified HCNs as NIR-II responsive PTAs. The experimental results showed that HPP-HCNs have a PCE of 45.1% under 1064nm laser irradiation. The in vivo and in vitro experiments showed that HPP had limited cytotoxicity to mice and good photothermal activity towards killing cancer cells in the xenograft 4T1 tumor-bearing mice model, which significantly inhibited tumor growth.



2.1.4.5 Graphene-Based Nanomaterials

Graphene, as a common carbon-based nanomaterial, has a wide range of applications as a biosensor, drug carrier, and tumor PTA because of its strong NIR absorption (150, 151). However, graphene has poor dispersibility in physiological fluid and is considered to have certain biological toxicity (152). To overcome these limitations, graphene requires surface modification with specific materials (153). Therefore, graphene-based nanomaterials (GBNs) have received increasing attention (154–156). For example, GBNs have been found to have a large surface area and can be used as drug carriers (157). GBNs are also widely used as PTAs in tumor therapy because of their good photothermal conversion ability in the NIR region (158, 159). Generally, GBNs can be divided into several types, including graphene with varied layers, graphene oxide (GO), and reduced graphene oxide (rGO) (160).

GO and rGO have great potential in the field of biomedicine, especially in drug delivery, biosensors, and targeted tumor therapy because of their tunable physicochemical properties, excellent biocompatibility, and outstanding photothermal properties (160–163). Dash et al. (46) modified rGO with citrate-coated magnetic nanoparticles, coupled with gastrin-releasing peptide receptor-binding peptide, and loaded Dox through the π-π bond to synthesize an rGO-based magnetic nanocomposite (mGOG). The results of the in vitro experiments showed that after being combined with 808-nm laser irradiation, the 50% inhibiting concentration and apoptosis rate of tumor cells were 0.19 μg/mL and 76.8%, respectively. At the same time, the increased expression of heat shock protein HSP70 confirmed the magnitude of the photothermal effect of mGOG. In addition, the mouse model experiment showed that, after 5 min of NIR laser irradiation, the tumor volumes in the mice in the experimental group were significantly reduced, the survival time was significantly prolonged, and the antitumor effect was significant.

With the continuous study of GBNs, graphene quantum dots (GQDs) first discovered by Ponomarenko and Geim (164), have undergone vigorous development in the biomedical field. GQDs exhibit inherent fluorescence properties, low cytotoxicity, stable photoluminescence, good biocompatibility, and superior resistance to photobleaching (165). After NIR light irradiation, GQDs also show excellent photothermal conversion ability (166, 167). These unique physicochemical properties endow GQDs with excellent potential in tumor therapy. Chen et al. (47) combined aptamer-modified GQDs with magnetic chitosan to form novel photothermal-chemotherapy drug delivery nanosystems (DOX-Fe3O4@CGA). The results of an in vivo antitumor experiment showed that under NIR laser irradiation, the temperature of the tumor site in mice increased rapidly to 43–45°C, and the tumor volume and weight significantly decreased over time. Thus, DOX-Fe3O4@CGA significantly inhibited tumor growth and prolonged survival time in mice, demonstrating excellent synergistic therapeutic ability.




2.1.5 Other Inorganic Photothermal Nanomaterials

MXenes refer to a series of carbides, nitrides, and carbonitrides containing transition metals (mainly from groups 3 and 4), with unique structure and excellent physicochemical properties (168–170) (Figure 4). The typical molecular formula is expressed as Mn+1XnTx (e.g, Ti3C2Tx). Notably, MXenes have good optical properties for bioimaging and biosensors, and their excellent PCE and biocompatibility make them ideal candidates as efficient PTAs (172, 173). Lu et al. (48) coated a layer of red blood cell membrane on polydopamine-modified niobium carbide nanosheets coated with immunoadjuvant R837 to synthesize a new type of multifunctional niobium carbide nanoparticle (Nb2C@PDA-R837@RBCNP) for NIR-II PTT combined with immunotherapy. Nb2C@PDA-R837@RBCNPs exhibited high PCE under 1064-nm laser irradiation. Additionally, the circulation time in vivo was significantly prolonged, and the primary tumors were completely cleared in mice. Finally, the secondary tumor growth inhibition rate was as high as 89.8% due to the enhanced immune response.




Figure 4 | MAX phases Mn+1AXn forming elements (171). Reproduced with permission from (171).



Compared with other two-dimensional nanomaterials, black phosphorus nanosheets (BPNSs) have a larger extinction coefficient and higher PCE and are often used as PTAs for PTT (174–176). In addition, BPNSs have been widely used in biomedicine because of their large specific surface area, good biocompatibility, and biodegradability (177). Peng et al. (49) prepared BPNS-based multifunctional nanocomposites (BPNS-PAMAM@DOX-HA) by modifying BPNSs with hyaluronic acid and poly-amidoamine dendrimer and loading them with Dox. The results of the in vivo and in vitro experiments showed that BPNS-PAMAM@DOX-HA exhibited excellent tumor cytotoxicity and cellular uptake efficiency under 808-nm laser irradiation, significantly inhibited the growth of tumors in mice, and showed a more significant antitumor effect than chemotherapy or PTT alone.

Metal phosphorus-based nanomaterials (metal-PNMs) mainly include metal phosphide nanomaterials (e.g., ferrous phosphide) (178), metal phosphate nanomaterials (e.g., calcium phosphate) (179), and metal-black phosphorous nanocomposites (180). Among PNMs, metal-PNMs have been widely studied for tumor diagnosis and treatment due to their unique advantages such as excellent light absorption, inherent magnetism, and biodegradability (181). Jin et al. (50) created a novel anticancer nanoplatform (Co-P@mSiO2@DOX-MnO2) for the synergistic treatment of tumor chemotherapy and PTT, which used cobalt phosphide nanocomposite as the core and mesoporous silica as the shell, loaded with Dox, and combined with manganese dioxide nanosheets. The results showed that under the irradiation of 808-nm NIR laser, Co-P@mSio2@DOX-MnO2 rapidly increased the temperature of the tumor, reflecting the excellent photothermal conversion ability. Compared with the control group, the tumor growth inhibition of the Co-P@mSio2@DOX-MnO2 group was greater and the antitumor effect was significantly improved.

In recent years, upconversion nanoparticles (UCNPs) have attracted attention for their ability to convert NIR light into visible light or ultraviolet light with a shorter wavelength (182). UCNPs have the advantages of minimizing light damage, deep tissue penetration, low light bleaching, and good chemical stability (183–185), which give them great potential for application in tumor therapy (186). Zhang et al. (51) designed a lanthanide-doped UCNP nanotherapy platform (UCNPs@mSiO2FePc-MC540) coated with mesoporous silica for synergistic PDT and PTT, which included NaYF4:Yb, Er@NaLuF4:Nd@NaLuF4 UCNPs, and dual photosensitizing agents (merocyanine 540 and iron phthalocyanine). The results of the antitumor experiment showed that the survival rate of A549 cells in the UCNPs@mSiO2FePc-MC540 group decreased significantly under 808-nm light, while the tumor volume decreased to approximately 10% of the original volume, showing a significant antitumor effect.

Prussian blue (PB) is an iron-centered compound (Fe4[Fe(CN)6]3-xH2O, where x is the number of water molecules), which has been widely studied as a coordination compound (187, 188). PBNPs are widely used in immunosensors, biological imaging, drug release, and tumor therapy due to their large inner pore volume, adjustable size, easy synthesis, surface modification, good thermal stability, and biocompatibility (189–193). Liu et al. (52) mixed paclitaxel (PTX) and phase change materials (PCM) and loaded them onto polyethylene glycol-modified mesoporous PBNPs (mPBs) to construct a biocompatible nano-drug delivery system (PCM+PTX@mPBs/PEG). The in vitro cell experiment showed that the cellular uptake rate of PCM+PTX@mPBs/PEG increased significantly after 808-nm NIR laser irradiation. The in vivo antitumor experiment showed that PCM+PTX@mPBs/PEG could accumulate in the tumor site of mice by passive transport and significantly inhibit tumor growth by delivering chemotherapeutic drugs and a photothermal effect.




2.2 Organic Photothermal Nanomaterials

Inorganic photothermal nanomaterials are easy to prepare and highly modifiable (141), and tend to have higher PCE and better photothermal stability than organic nanomaterials (26, 194). However, the potential cytotoxicity caused by the poor biodegradability of inorganic materials hinders their clinical application (195). In contrast, organic photothermal nanomaterials are more biodegradable and biocompatible (26, 196) and mainly include organic small-molecule nanomaterials and conjugated polymer nanomaterials (14, 197). These two types of PTAs have shown good therapeutic effects and are frequently used for tumor imaging and treatment (198, 199). The most common organic photothermal nanomaterials are introduced below.


2.2.1 Organic Small-Molecule Nanomaterials

Common organic small-molecule photothermal materials include cyanine dyes, porphyrins, phthalocyanines, boron dipyrromethene, and diketopyrrolopyrrole (DPP). Although these small molecules have excellent photothermal conversion ability and biosafety, they also have limitations, such as poor water solubility and limited tumor accumulation. Through functional modification, nanocarriers can be designed to improve the solubilization and pharmacokinetics of small organic molecules and enhance the penetration and retention of therapeutic agents in tumor tissue, enhancing the therapeutic effect (26).

After modification to improve the photophysical properties, cyanine dyes are widely used in tumor PTT, imaging, and sensing because of their excellent biocompatibility and strong NIR absorption (200, 201). Cyanine molecules such as ICG, IR825, IR780, and cypate, are common PTAs that show potential for widespread application in fluorescence imaging and tumor therapy (26, 202). Guo etal. (53) synthesized zeolitic imidazolate framework-8 (ZIF-8) composite nanoparticles (Cy5.5&ICG@ZIF-8-Dex) using dimethyl sulfoxide/water solvent mixtures and loaded ICG and cyanine-5.5 (Cy5.5) for tumor imaging and PTT. The results of PTT showed that the A549 cells in the Cy5.5&ICG@ZIF-8-Dex group died in large numbers, and the tumor growth rate in mice was significantly inhibited, achieving an excellent therapeutic effect.

Porphyrin-based nanomaterials, with good photophysical properties and biocompatibility, have gained extensive attention in clinical tumor therapy and diagnostic imaging (203, 204). Studies have found that assembling porphyrin monomers with supramolecular nanostructures not only improves their physical and chemical properties and strengthens tumor accumulation, but also greatly enhances the range of application of porphyrin in the biomedical field (205, 206). Cao et al. (54) synthesized amphiphilic porphyrin (PPor) through conjugation with two PEG chains, and integrated perylene diimide into the porphyrin skeleton to form a D-A structure. The in vivo and in vitro antitumor experiments showed that under 808-nm laser irradiation, PPor nanoparticles completely disappeared from the primary tumor in mice and stimulated robust systemic antitumor immunity by releasing a large number of damage-associated molecular patterns and tumor-associated antigens, which significantly inhibited tumor metastasis.

Phthalocyanines (PCs) are regarded as second-generation photosensitizers in PDT because of their high molar absorption and excellent photostability (202, 207). With further research on PCs, it was found that PC nanomaterials also exhibit high PCE after irradiation with NIR light, giving them great potential in the application of PTT (208, 209). Feng et al. (55) designed T-MP nanoplatforms based on HER2 and targeted micellular PC. The results of in vivo and in vitro antitumor experiments showed that after 808-nm laser irradiation, the killing rate of HT-29 cells in the T-MP group was much higher than that in the control group. Additionally, primary tumor growth was significantly suppressed, and tumor lymph node metastasis was effectively overcome, greatly prolonging the survival time of mice.

Compared with other organic photothermal nanomaterials, boron dipyrromethene (BODIPY) has gained interest because of its strong absorption of long wavelengths, good photostability, excellent water solubility, and biocompatibility (210–214). Through chemical modification with a conjugated system, the nano-photosensitizer based on BODIPY has a higher absorption coefficient in the NIR region, which gives it the potential to be used as a PTA (215–217). Yu et al. (56) fabricated an NIR BODIPY dye with an upper phenyl-fused segment (BBDP). The photothermal experimental results demonstrated the PCE of BBDP nanoparticles to be as high as 54.2%, suggesting excellent photothermal capability. Moreover, in vitro antitumor experiments showed that under 690-nm laser irradiation, as the concentration of BBDP-NPs increased, the survival rate of tumor cells gradually decreased, indicating that BBDP-NPs have a good phototherapeutic effect.

DPP and its derivatives are widely used in fluorescence imaging and tumor therapy because of their easy modification, high molar extinction coefficient, and good photothermal stability (218, 219). In recent years, nanomaterials with a D-A-D structure based on DPP derivatives have received increasing attention (220, 221). Zheng et al. (57) synthesized three self-assembled nanoparticles with PEG as the side chain using three amphiphilic DPP derivatives (TPADPP, DTPADPP, and TPADDPP). The experimental results showed that these three nanoparticles can not only effectively gather in the tumor site, but also have good biological safety and low cytotoxicity in dark environments. Under the irradiation of a 635-nm laser, DTPADPP and TPADDPP nanoparticles showed an efficient photothermal effect, and tumor growth in mice was significantly inhibited, suggesting that they have a tumor ablation effect.



2.2.2 Conjugated Polymer Nanomaterials

Conjugated polymers with a large π-conjugated backbone and high electron delocalized structure have been widely used in tumor therapy because of their high extinction coefficient and good biocompatibility (222, 223). Moreover, because of their π-electrons, which can easily cause delocalization and transition, conjugated polymers can effectively convert absorbed light energy into heat, making it a suitable PTA (224). At present, the conjugated polymer nanomaterials mainly include polypyrrole (PPy), polyaniline (PANI), and donor-acceptor (D-A)-conjugated polymers, as well as poly-(3,4-ethylenedioxythiophene): poly(4-styrene sulfonate) (PEDOT : PSS).

As a potential PTA, PPy has good biocompatibility, excellent photothermal properties, photostability, and accessible synthesis characteristics (225, 226). Wang et al. (58) combined CS and carboxymethyl cellulose (CMC) through electrostatic interactions and loaded PPy and 5-fluorouracil (5-Fu) to prepare a novel composite nanoparticle: CMC/CS@PPy+5FuNP. In vitro biological studies showed that CMC/CS@PPy+5FuNPs can be effectively internalized by HepG2 cancer cells. The combination of the photothermal effect of PPy and toxicity of 5-FU can significantly improve the therapeutic efficiency on tumors, indicating that CMC/CS@PPy+5FuNPs have great potential in synergistic chemotherapy and PTT.

PANI has been reported as a type of organic photothermal nanomaterial with good stability, biocompatibility, and strong NIR absorptivity. It has been widely used in photoacoustic imaging (PAI) and PTT for tumors (227–229). Wu et al. (59) synthesized a glucose oxidase (GOx)-conjugated PANI nanoplatform (PANITG) for PTT for tumors. Under the irradiation of NIR laser, PANITG activates PTT in slightly acidic tumor microenvironments. The released GOx reacts with excess glucose in the tumor tissue, resulting in cancer starvation. The in vitro and in vivo antitumor experiments showed that glutamate produced by GOx-mediated catalytic reactions enhances the photothermal effect. Meanwhile, PTT also plays a role in promoting the catalytic reaction, indicating that the two synergistically exhibit a significant antitumor effect.

D-A-conjugated polymers have been widely used in PTT for tumors because of their extended light absorption ability and good PCE (230, 231). Liu et al. (60) synthesized D-A-conjugated nanoparticles using thiophene and triphenylamine (TPA) as donors and benzo[1,2-c:4,5-c′]bis([1,2,5]thiadiazole) (BBTD) as the acceptor. The molecular rotors and bulky alkyl chains were then introduced into the center Dmura core to reduce intermolecular interaction. NIRb14 nanoparticles (NIRb14NPs) with long alkyl chains exhibit better photothermal properties. Additionally, the in vivo and in vitro antitumor experiments showed that NIRb14NPs had a longer circulation time in vivo, demonstrating significant tumor growth inhibition and biosafety.

Poly(3,4-ethylenedioxythiophene): poly(styrene-sulfonate) (PEDOT : PSS) is a complex of conjugated polymer PEDOT and negatively charged polymer PSS (232–234). PEDOT : PSS is an aqueous-based conductive polymer nanoparticle with strong NIR absorption that has become a popular NIR PTA for its water-dispersibility, high PCE, excellent light stability, and good biocompatibility (235–237). Ko et al. (61) synthesized a kind of magneto-conjugated polymer core-shell nanoparticle (MNP@PEDOT : PSSNP) based on PEDOT : PSS by in situ surface polymerization. PTT experiments showed that after laser irradiation, compared with the control group, the tumor volume of tumor-bearing mice did not significantly change, while the tumors in the MNP@PEDOT : PSSNP group were completely cleared. Additionally, these nanoparticles did not affect other organs, showing an effective and safe anti-tumor effect.

PDA has a similar chemical structure to eumelanin and may have similar properties, including NIR-responsiveness, chelation, and drug-binding capability (238). Liu et al. (239) first discovered that PDA has remarkable photothermal conversion ability and applied PDA as PTA to tumors. Xu et al. (62) designed biodegradable folic acid-modified Cu2+-chelated PDA nanoparticles (Cu-PDA-FANPs) as an immunogenic cell death (ICD) inducer and multimodal tumor therapy technique (Figure 5). Experimental results showed that under the irradiation of 808-nm NIR light, Cu-PDA-FANPs could effectively convert light into heat and cooperate with Cu2+-mediated chemical dynamic therapy, promoting a systemic antitumor immune response, which can eliminate tumors in vivo and significantly inhibit tumor metastasis.




Figure 5 | Schematic illustration of Cu–PDA–FA NP synthesis and Cu–PDA–FA NP-mediated PTT/CDT synergistic effect and antitumor immune activation (62). Reproduced with permission from Xu et al., 2022 (62).





2.2.3 Other Organic Photothermal Nanomaterials

Melanin is a natural polyphenol substance that can be divided into eumelanin and pheomelanin (240), according to the precursor molecular. Apart from their chelating function and drug-binding ability, natural melanin-based nanomaterials have many beneficial physical and chemical properties, including UV-Vis absorption and excellent PCE. Therefore, the application of natural and artificial melanin-based nanomaterials or melanin-like nanoparticles has achieved remarkable results in the field of biomedicine, especially as antitumor PTT (241, 242). For example, Xie et al. (63) prepared melanin and cellulose nanosheets (OMCNs) using black sesame hell as raw material by facile liquid-phase exfoliation. They then tested the photothermal properties and ability to kill cells of the OMCNs. The extinction coefficient of OMCNs at 808 nm was 3.1 L/g/cm, the PCE was approximately 37.3%, and the OMCNS demonstrated good light stability. The results of cell experiments showed that almost all SMCC-7721 and B16 cells were killed after NIR laser irradiation, indicating that OMCNs have a significant photothermal killing effect on cancer cells and great potential in antitumor therapy in vivo. In addition, Kang etal. (64) prepared dual laser-responsive multifunctional melanin-like nanoparticles (MNPs) for PDT, PTT, and chemotherapy, based on the KMnO4-oxidative polymerization of L-3,4-dihydroxyphenylalanine (L-DOPA), pheophorbide a, and Dox, and modified by FA. The results of antitumor experiments showed that after 670-nm and 808-nm laser irradiation, the MNP group showed more extensive damage and apoptosis than the control group, showing great potential for antitumor therapy.




2.3 Organic-Inorganic Hybrid Photothermal Nanomaterials

Inorganic photothermal nanomaterials have unique physicochemical properties, such as high molar extinction coefficients, good photothermal conversion rate, excellent photothermal stability, and easy modification; however, their poor biodegradability and potential cytotoxicity limit their use in clinical treatment (91, 243). In contrast, organic photothermal nanomaterials have ideal biodegradability and biocompatibility; however, the photothermal properties of most organic photothermal nanomaterials often require further modification to be used in the treatment of tumors in vivo (244, 245). Due to the unsatisfactory effect of inorganic or organic photothermal nanomaterials alone, the application of organic-inorganic composite nanomaterials in PTT has attracted attention. Organic-inorganic composites not only integrate their respective advantages and improve their physical and chemical properties, but also exhibit synergistm (246–248).

Common organic-inorganic composite nanomaterials include core-shell nanoparticles and metal-organic frameworks (MOFs) (249, 250). Odda etal. (65) synthesized surface-engineered iron oxide nanoparticles (α-Fe2O3NPs) and PEDOT into a novel core-shell photothermal nanoparticle (Fe2O3@PEDOT-siRNANP), which was loaded with siRNA for synergistic tumor gene therapy and PTT. The experimental results of photothermal conversion performance showed that Fe2O3@PEDOT-siRNANPs not only had good biocompatibility and water dispersibility but also demonstrated a high PCE (η = 54.3%) in the NIR region. In vitro and in vivo experiments showed that Fe2O3@PEDOT-siRNANPs induced greater cancer cell apoptosis and more pronounced tumor suppression after laser irradiation compared with GT or PTT alone. Bai etal. (66) were the first to prepare NIR emission carbon dots (RCDs) based on glutathione (GSH). They then synthesized a novel metal-organic framework nano-platform (RCDS@MIL-100) using RCDs, FeCl3, and trimesic acid solutions. In the tumor microenvironment, RCDS@MIL-100 NPs consumed GSH and released Fe2+, which could react with hydrogen peroxide to produce hydroxyl radicals. Under the irradiation of 660-nm laser, RCDs showed excellent photothermal conversion ability, promoted a Fenton reaction, and enhanced the therapeutic effect of CDT. The results of antitumor experiments indicated that tumors in the mice of the RCDS@MIL-100 group were completely removed, showing a highly effective antitumor effect.




3 Multimodal Therapy for Tumors Based on Photothermal Nanomaterials

Currently, chemotherapy (251), radiotherapy (252), and high-intensity focused ultrasound therapy (253) are widely used and successfully inhibit the growth or spread of tumors and prolong the survival time of patients. PDT (254) has also been shown to have significant advantages in the treatment of non-small cell lung cancer and esophageal cancer. Other treatments, such as PTT (194), immunotherapy (255), gene therapy (256), and magnetothermal therapy (257), have undergone significant research, though most are still in the preliminary clinical stage of research. These emerging tumor treatments have been shown to have ideal anticancer effects in many laboratory and preclinical studies and have broad applications for clinical treatment in the future. For example, ICG, a hydrophobic photosensitizer, is the only NIR imaging reagent approved by the USFDA and has been widely used in the biomedical field, especially for tumor therapy (258, 259). However, ICG has not achieved the eradication of all tumors or the prediction and prevention of metastasis, which is the limitation of single-mode immunotherapy. For example, some cancer cell subsets in heterogeneous tumor tissues may achieve mono-drug resistance to antineoplastic drugs (260). Moreover, long-term use of anticancer drugs often induces multidrug resistance in tumor tissues, which leads to reduced efficacy of chemotherapy (261). Additionally, because of the insensitivity of anoxic cancer cells to ionizing radiation, radiotherapy alone is often unable to achieve an ideal therapeutic effect in a hypoxic tumor environment (262).

Similarly, although PTT has unique advantages, its inherent limitations affect its clinical application. Because the temperature of the tumor site rises to 41–47°C during PTT, necrosis may also occur in the surrounding normal tissue. This leads to the infiltration of pro-inflammatory and immune suppressor cells, triggers a chronic inflammatory response, and promotes immunosuppression through the activation of checkpoint pathways that inhibit T cell responses (263–265). In addition, due to the limited depth of NIR light penetration into the tissue, the tumor cells outside the irradiation area are not completely removed, resulting in possible tumor recurrence and metastasis (263). These limitations inhibit the clinical applications of PTT.

To overcome these barriers of single-mode therapy, combination therapy by integrating two or more treatment modalities has been proposed as a solution (266). Combination therapy is based on synergistic and enhanced interactions between two or more treatments, which tends to produce super additive effects, known as “1+1>2” (267). Therefore, multi-functional nanomaterials are constructed by combining different types of therapeutic agents in a single nanostructure through physical adsorption or chemical binding, which can be used to create multimodal, collaborative therapy for tumors (268–270).


3.1 Dual-Modal Therapy Based on PTT

PTT facilitates other tumor treatment methods by its ability to increase the temperature of the tumor site and change the microenvironment. The heat generated during PTT can also promote the intracellular transmission and release of drugs, genes, and immune adjuvants and the disintegration of thermosensitive nanocarriers to enhance the therapeutic effects of chemotherapy, gene therapy, and immunotherapy. It can also accelerate the production of physical/chemical injury factors, such as ROS synthesis, to enhance the efficacy of PDT, sonodynamic therapy (SDT), and CDT based on the principle of oxygen injury. Additionally, due to the increase in temperature from PTT, the vascular permeability of tumor tissue increases, which promotes hemoperfusion, increases oxygen saturation, improves the hypoxic tumor environment, and enhances the efficacy of radiotherapy limited by hypoxia. At the same time, light induces ICD and upregulates tumor immunogenicity, which improves lymphocyte permeability and enhances antitumor immunity (263, 271). In this section, representative studies will be introduced to explain the synergy between PTT and additional therapies (Figure 6).




Figure 6 | Applications of photothermal nanomaterials in tumor dual-mode therapy (left) and applications of photothermal nanomaterials in tumor multimode therapy (right).




3.1.1 PTT Acts Synergistically by Promoting the Uptake of Therapeutic Agents

Studies have found that the high temperatures produced by PTT can promote the uptake of nanocarriers by tumor cells and accelerate the decomposition of nanocarriers to enhance intracellular drug concentration and cytotoxicity (272). In addition, some anticancer drugs (e.g., cisplatin) exhibit a significantly enhanced ability to kill tumor cells under the high temperature produced by PTT (273). However, due to the thermal expansion of PTT, chemotherapeutic drugs can be more evenly distributed in tumor tissues, enhance heterogeneity, and inhibit tumor drug resistance and metastasis. Wang et al. (274) prepared an intelligent polymer-drug vehicle (MPPD@IR825/DTX) for chemo-photothermal combination therapy, which used poly(ethyleneimine)-poly (ϵ-caprolactone) block polymers as the core and dimethylmaleic anhydride-modified PEG as the shell, encapsulating docetaxel (DTX) and IR825. Compared with the free drug, IR825, MPPD@IR825/DTX nanoparticles exhibited higher temperatures under 808-nm NIR laser irradiation, which increased cytotoxicity and promoted apoptosis of tumor cells more effectively. Furthermore, the results of an in vivo antitumor experiment showed that the combination of chemotherapy and PTT has a better effect on tumor eradication, while chemotherapy or PTT alone cannot eliminate the tumor completely.

Similar to combination chemotherapy, PTT can enhance immunotherapy by promoting the uptake of immune adjuvants and the disintegration of nanocarriers by tumor cells. Some PTAs can also be used as immune adjuvants to promote the maturation of dendritic cells and the production of antitumor cytokines (275). After PTT, tumor tissue responds to high-temperature stress and promotes ICD of tumor cells, thereby enhancing antitumor immune responses (276, 277). Wang et al. (278) loaded immune adjuvants, imiquimod (IMQ) and ICG onto amorphous iron oxide nanoparticles (IONs) to design a tumor microenvironment-responsive nanoplatform (IMQ@IONs/ICG). The results of antitumor experiments in vivo and in vitro showed that IMQ@IONs/ICG had good photothermal conversion ability under 805-nm laser irradiation, induced in situ ICD, and cooperated with released IMQ to enhance the antitumor immune response and significantly inhibit tumor metastasis. Compared with the ICG alone group, the primary tumors in the IMQ@IONs/ICG group were completely eradicated after treatment, mesenteric metastasis was significantly reduced, and the survival time of mice was significantly prolonged.

Similarly, PTT can enhance the efficiency of tumor cell uptake by loosening the cell membrane and promoting the release of genes from nanocarriers to enhance gene therapy effects (279). Gene therapy can improve the efficacy of PTT by inhibiting the expression of specific heat shock proteins and overcoming the resistance of cancer cells to thermal damage (280). Xu et al. (281) synthesized a polypyrrole-poly(ethyleneimine)-siILK nanocomplex (PPRILK) gene PTT nanosystem based on the siRNA of integrin-linked kinase (ILK). The results of in vivo and in vitro experiments showed that after 808-nm laser irradiation, the tumor growth of the PPRILK treatment group was significantly slower and the damage to normal tissue was minimized compared to the laser and gene therapy groups, indicating that the combination of gene therapy and PTT can effectively ablate tumors and inhibit tumor recurrence.



3.1.2 PTT Acts Synergistically by Promoting the Production of Damaging Factors

As an innovative ROS-based cancer treatment, CDT mainly relies on in situ Fenton or Fenton-like reactions to generate hydroxyl radical and trigger oxidative damage (282, 283). A kinetic study found that when the temperature increased from 20°C to 50°C, the rate of Fenton reaction was significantly accelerated, giving PTT an unparalleled position in promoting CDT (284). A limitation of PTT is that the expression of HSPs inhibits heat-induced apoptosis (285). HSPs include redress misfolded proteins, such as HSP90 and HSP70, which can alleviate tumor ablation mediated by PTT. Interestingly, studies have found that ROS can effectively inhibit the expression of HSP70, suggesting that CDT, which can generate hydroxyl radicals, is suitable for inhibiting HSP activity and enhancing the efficacy of PTT (286). Huang etal. (287) mixed Ag2S nanodot-conjugated Fe-doped bioactive glass nanoparticles (BGN-Fe-Ag2S) with PEG double acrylates (PEGDA) and 2,2′-azobis[2-(2-imidazolin-2-yl)propane]-dihydrochloride solution to form a novel light-activated injectable nano-hydrogel (PBFA). The results of in vitro experiments showed that under the irradiation of an 808-nm laser, the solution temperature of the PBFA group increased significantly, the concentration of intracellular ROS increased, and the survival rate of tumor cells was much lower than that of the control groups at 33%. Additionally, compared with the control group, the PBFA group could inhibit tumor growth more effectively and showed better biological safety.

The principle of PDT is that photosensitizers are selectively activated and produce cytotoxic ROS through a specific wavelength of light induction, thus inducing tumor cell death (288). It has been reported that PTT produces mildly high-temperatures, can enhance cell membrane permeability to enhance tumor cell uptake of photosensitizer-loaded nanocarriers, and increases intracellular photosensitizer concentration to promote ROS synthesis, enhancing the therapeutic effect of PDT (289, 290). Sun et al. (291) prepared a novel target nanoprobe (Fe/ICG@HA) with porous Fe3O4 nanoparticles modified by HA and loaded with ICG. The results of antitumor experiments showed that the temperature of the tumor site in the Fe/ICG@HA group increased rapidly to 42.3°C after 808-nm NIR laser irradiation. After 14 days of treatment, the tumor volume of the Fe3O4 and ICG groups increased slightly, while that of the Fe/ICG@HA group decreased significantly. At the same time, histological examination showed that a large amount of singlet oxygen was produced between tumor cells, indicating that Fe/ICG@HA nanoprobe is a promising nanoplatform for combination PDT/PTT.

In recent years, SDT has been widely revered as a non-invasive tumor treatment method, whose action is to promote acoustic cavitation in tumor cells through the impact of ultrasound on sonosensitizers, thus producing an antitumor effect (292). Additionally, the energy generated by ultrasound can be converted into ROS in the presence of ultrasonic sensitizers (293). Because the lipid arrangement in the biofilm is affected by temperature and membrane permeability increases with temperature, PTT can enhance the SDT cavitation effect (263). Moreover, the ROS and oxygen environment on which SDT depends may enhance PTT/SDT synergism (294). Soratijahromi et al. (295) designed gold/manganese dioxide nanocomposite (Au/MnO2 NC) for combination therapy of SDT/PTT. The experimental results showed that under the irradiation of an 808-nm laser and ultrasound, Au/MnO2 NC shows excellent photothermal and acoustodynamic conversion ability. Compared with the control group, the production of ROS in the phototherapy/sonotherapy group was significantly increased, which was the most effective in inhibiting melanoma and showed good synergism.



3.1.3 PTT Acts Synergistically by Improving Tumor Hypoxic Environment

PTT can not only promote the generation of ROS to enhance the therapeutic effect of PDT but the mildly high-temperature can also accelerate blood flow to increase the saturated oxygen concentration of blood vessels, which improves the tumor hypoxia environment to promote oxygen production in oxygen-dependent PDT (296, 297). In addition, difficulty in distinguishing normal cells from tumor cells as well as hypoxia-limited ROS production are common pitfalls of radiotherapy (298). Currently, PTT-induced hyperthermia has been observed to accelerate intratumoral blood flow to improve tumor oxygenation (299), thereby reducing hypoxia-induced radioresistance to enhance radiotherapy efficacy (300). In addition, PTT can effectively inhibit the repair of DNA damage caused by X-ray radiation, increase the radiosensitivity of tumor cells, and improve synergism (301, 302). Ni et al. (303) assembled UCNPs coated with manganese dioxide and copper sulfide to create a multifunctional nanoplatform (UCCM) for combined radiotherapy and PTT. The results showed that the manganese dioxide coating produced a large amount of oxygen by interacting with hydrogen peroxide, which can improve the anoxic microenvironment and enhance the efficacy of radiotherapy. Meanwhile, under NIR laser irradiation, the dispersed copper sulfide nanoparticles absorbed light energy and converted it into thermal energy, which significantly inhibited tumor growth. Compared with the radiotherapy or PTT groups, the tumor-bearing mice in the UCCM group had lower cancer cell activity levels and more significant antitumor effects.



3.1.4 PTT Acts Synergistically With Other Methods

In addition to the synergistic effects of PTT with the methods described above, PTT can also promote synergism in other ways. For example, Yang et al. (304) combined superparamagnetic iron oxide nanoparticles and luminescent lead sulfide/cadmium sulfide quantum dots (Pb-based QDs) to create supernanoparticles (SASNs), which verified the feasibility of magnetothermal and photothermal dual-modal hyperthermia. Dual-modal heating with SASN as the heating agent showed an efficient heating output, which was better than magnetothermal and photothermal heating alone. Lu et al. (305) explored the synergism between gas therapy and PTT by designing sulfur dioxide prodrug-doped nanorattles. The experimental results showed that sulfur dioxide had goodPCE, while sulfur dioxide gas had certain cytotoxicity, which could effectively induce tumor cell apoptosis through pH-precise targeting. Compared with the control group without laser irradiation, the expression of pro-inflammatory proteins (Bax, P53, caspase-3) was significantly upregulated in superficial and deep tumors in the combined treatment group after 808-nm laser irradiation, while that of the anti-inflammatory protein, Bcl2, was significantly downregulated, and the apoptosis rate of tumor cells was higher.




3.2 Multimodal Therapy Based on PTT

Since the 1960s, the combination of two or more treatment strategies has shown a strong synergistic effect and reduced side effects. Hence, dual-modal or multimodal treatments have skillfully integrated the advantages of a single treatment into one system (282). In contrast to the limited therapeutic effects and possible side effects of single-modal immunotherapy, multimodal synergistic therapy may have the overall advantages of a variety of single-modal immunotherapies and produce higher anticancer effects at lower doses, avoiding high-dose side effects (306). Although dual-modal therapy shows better therapeutic effects than single-modal therapy, multimodal therapies (three or more based on PTT treatments), can further overcome the shortcomings and improve anticancer effectiveness (282). The potential synergistic effect of different treatments has been largely ignored in previous literature because of the complexity of the synergy among treatments. When multiple treatment modes are superimposed, whether contradictions or adverse effects will occur requires further systematic research and analysis. For example, compared with PTT or PDT alone, although their combination can provide a simpler treatment process and more ideal result, it requires higher laser power and irradiation time to initiate synergism. Whether this results in adverse effects on normal human tissue has not been reported (12). Based on the research experience of several groups (307, 308), a variety of therapeutic agents can be assembled in nanocarriers for combination treatment of multiple therapies with higher efficacy and almost no side effects. Below, we provide examples to introduce the research of several multimodal tumor therapy methods.


3.2.1 PTT Combined With PDT and Chemotherapy

Previous studies have shown that drugs, photosensitizers, and PTAs can be integrated into one nanostructure, thus enabling the combination of chemotherapy, PDT, and PTT (309). Because ROS produced during PDT can promote intracellular drug delivery by avoiding uptake of nuclear endosomes, PDT can effectively enhance chemotherapy. Therefore, the combination of PTT/PDT/chemotherapy may be more effective than their dual-modal combinations. Chen et al. (310) synthesized a new multimodal therapy system based on BP nanotablets using Dox as a model drug, which has pH/light-responsive drug release properties. In other words, drug release is further promoted under 808-nm illumination. The results of antitumor therapy in vivo showed that, compared with other control groups, the tumor growth inhibition of mice in the three-mode immunotherapy group was the most significant (inhibition rate as high as 95.5%), and the therapeutic effect was significantly enhanced, indicating that the multi-modal combination of PTT/PDT/chemotherapy is feasible.



3.2.2 PTT Combined With Chemotherapy and CDT

The synergistic effect between CDT and PTT has been widely studied and verified (219, 311, 312), but tumor tissues adapt stronger ROS defensive systems at high ROS levels, resulting in poor therapeutic effects from CDT (219, 311, 312). A study (313) found that when PTT andCDT are combined with chemotherapy, this multimodal method can not only overcome the limitation of PTT penetration depth and avoid drug resistance, but also improve the sensitivity of tumor tissue to ROS, achieving significant synergism. Wang et al. (314) designed a nanoparticle based on redox and light-responsiveness (RLR), which consists of ultrasmall iron oxide nanoparticles embedded in an amorphous hollow carbon framework as the core and stacked manganese dioxide flower-like nanosheet structures as the shell. RLR nanoparticles were synergistically treated by manganese dioxide consumption of GSH, iron ion-induced Fenton reaction, PTT, and chemotherapy (Dox). The in vivo and in vitro results showed that the RLR nanoparticles successfully achieved 99.4% and 99.0% tumor-killing rates, respectively through the synergistic action of CDT, photochemotherapy, and anticancer drugs on a single platform. These results show the potential of the RLR nanoparticle-based platform in multimodal tumor therapy.



3.2.3 PTT Combined With PDT and CDT

PDT and CDT are mainly ROS-mediated tumor therapy methods. Thus, combining them to construct an antitumor nanoplatform is a promising strategy to improve the antitumor effect (315, 316). Because PTT can improve the hypoxia of PDT, and CDT can inhibit the expression of HSP from PTT, the establishment of a PTT/PDT/CDT multimodal therapeutic platform has attracted attention. For example, Liu et al. (317) prepared biocompatible copper ferrite nanospheres (CFNs) (Figure 7). Under 650-nm laser irradiation, the Fenton reaction mediated by copper and iron ions was significant. Meanwhile, CFNs regulated the tumor microenvironment to enhance the therapeutic effect of PDT by promoting the production and consumption of GSH by oxygen. Under the irradiation of 808-nm laser, CFNs exhibited excellent photothermal conversion ability. The experimental results in vivo and in vitro also showed that when the two wavelengths of laser were irradiated at the same time, almost all tumor cells were killed and the tumors in tumor-bearing mice were eliminated, demonstrating an excellent synergistic antitumor effect.




Figure 7 | Schematic illustration of synthetic process and therapeutic mechanism of CFNs (317). Reproduced with permission from Liu et al., 2018.





3.2.4 PTT Combined With PDT and Gene Therapy

Studies have found that some specific types of siRNA (e.g., BAG3-siRNA) used in gene therapy can inhibit the expression of HSPs in cancer cells, which provides the possibility of gene therapy and PTT synergism (318). Among the nanomaterials that have been used to construct multifunctional platforms for tumor therapy and imaging, ultrathin BP nanosheets can not only act as photosensitizers for PDT by effectively promoting the production of large amounts of singlet oxygen (310), but also be widely used in PTT because of their excellent extinction coefficient and PCE (319). Therefore, the construction of a PTT/PDT/gene multimodal therapy nanosystem, based on a BP multifunctional nanoplatform, has aroused interest among researchers (320). Chen et al. (321) used PEG and polyethyleneimine-modified ultrathin BP nanoparticles (PPBP) as a human telomerase reverse transcriptase (hTERT) siRNA delivery system. When irradiated by different wavelengths of laser, PPBP nanoparticles showed excellent PDT and PTT activities, which further promoted the specific release of siRNA for gene silencing antitumor therapy. Experimental in vivo and in vitro results showed that compared with single-wavelength irradiation, when 660-nm and 808-nm lasers were irradiated together, the expression of hTERT mRNA in mice was significantly reduced and tumor growth was significantly inhibited under the action of PPBP-siRNA nanosheets. After 42 days of treatment, no obvious lung metastases were found. This study demonstrates that the PPBP-siRNA nanoplatform effectively inhibits tumor growth and metastasis through PTT/PDT/gene therapy synergism and verifies the feasibility of this multimodal therapy.





4 Conclusion and Outlook

Relying on the rapid development of nanoscience and polymer material technology, the research of photothermal nanomaterials in tumor treatment has made significant progress (322). Although the common inorganic and organic photothermal nanomaterials have great differences in their structures, they all have high PCE and tumor ablation capabilities. Nano phototherapy can not only directly kill tumor cells and reverse drug resistance, but also enhance immune responses (323). In addition, photothermal nanomaterials are becoming increasingly multifunctional through the modification of nanomaterials. Moreover, tumor treatment is becoming increasingly multimodal through the combination of various treatment methods, such as PTT and chemotherapy or PTT and PDT, which have achieved improved therapeutic effects. However, most of these methods are still in the laboratory stage, and these nanomaterials may have defects that limit their clinical application. Thus, the application of photothermal nanomaterials faces many challenges, such as:

1) Due to the different locations of tumor growth and tumor distances from the body surface, the tissue penetrated by laser irradiation has absorbs light, resulting in light weakening or extinction during PTT. In the future, more efforts should be focused on the research and development of PTAs with greater extinction coefficients. In addition, the application method of penetrating the body should also be developed to avoid laser attenuation, such as the administration of PTT at the same time as surgery.

2) The targeting of photothermal nanomaterials in the treatment of tumors, especially in temperature targeting, and avoidance of HSP should be improved. In the future, more attention should be paid to the modification of photothermal nanomaterials to achieve multifunctional uses. For example, treatment based on temperature sensitivity in combination with the application of pH-responsiveness can increase targeting capablities while realizing the multimodality of tumor treatment.

3)Although nanocarriers can co-assemble various therapeutic agents into a single system to build a multifunctional nanoplatform for tumor diagnosis, imaging, and multimodal therapy, the compatibility and composition of therapeutic agents in this technique require further exploration. For example, while PTT and PDT or CDT exert significant synergism, whether the proportion of PTAs and photosensitizer or chemodynamic drugs will inhibit the curative effect of synergistic therapy, as well as the optimal constituent ratio to achieve the best outcome have yet to be determined.

4)PTT is convenient for other treatment modes by virtue of its unique treatment principle; however, the deeper mechanism of the synergy between multimodal treatments remains to be explored. For example, PTT and PDT have an obvious synergistic effect, but the dominant modality has yet to be determined. In addition to the composition ratio of nanodrugs, whether promoting ROS production or alleviating tumor hypoxia is more significant, and how to design drug carriers to best exploit this synergism require further investigation.

5)Finally, the most important aspect is the biosafety of photothermal nanomaterials that remain in the body, which can administer toxicity to the human body. In addition, most solvents and chemicals in these nanomaterials are also harmful to the human body. Although nanomaterials may show low short-term cytotoxicity to cells, tissues, or organs, their long-term cytotoxicity and related immune reactions should be carefully evaluated. One possible method to reduce toxicity is to design biodegradable and cleanable PTAs. However, improving the biodegradability and clearance of PTAs may sacrifice their stability and retention time in the blood, resulting in reduced tumor uptake. Therefore, a balance must be achieved.

In all, photothermal nanomaterials in multimodal tumor therapy present great potential and will become increasingly beneficial with further research.
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Recent advances in nanotechnologies for cancer diagnosis and treatment have received considerable attention worldwide. Nanoparticles are being used to create nanodrugs and probes to diagnose and treat a variety of diseases, including cancer. Nanomedicines have unique advantages, such as increased surface-to-volume ratios, which enable them to interact with, absorb, and deliver small biomolecules to a very specific target, thereby improving the effectiveness of both probes and drugs. Nanoprobe biotechnology also plays an important role in the discovery of novel cancer biomarkers, and nanoprobes have become an important part of early clinical diagnosis of cancer. Various organic and inorganic nanomaterials have been developed as biomolecular carriers for the detection of disease biomarkers. Thus, we designed this review to evaluate the advances in nanoprobe technology in tumor diagnosis.
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Introduction

Cancer is currently one of the leading causes of death worldwide, with the number of cancer patients expected to increase over the next 50 years as demographic changes, such as population aging and growth, strongly influence cancer incidence and trends across different regions. Assuming that the latest incidence trends of major cancer types continue, the combined incidence of all cancers would double by 2070 (1). Cancer is often fatal, with early diagnosis generally acting as the deciding factor in therapeutic response. Thus, novel cancer prevention strategies and diagnostic tools must be developed to effectively reduce the number of future cancer cases and save more cancer patients.

Cancer is characterized by abnormal cell differentiation and proliferation, uncontrolled growth, invasion, and metastasis, and its occurrence is a complex multi-factor and multi-step process (2). Earlier cancer detection improves survival rate; however, about 50% of cancers are already in advanced stages of pathogenesis at their time of diagnosis (3–5). Early detection of cancer or precancerous lesions allows early intervention attempting to slow or prevent cancer progression and mortality. In addition to a better understanding of risk susceptibility for certain cancers, the biology and trajectory of precancerous and early cancer lesions must be assessed in order to identify secondary diseases that may require intervention. These efforts are best accelerated by early detection research translated into sensitive and specific early detection technologies (6). This need is supported by the observations following the COVID-19 pandemic, which has had a significant impact on cancer patients across the globe. Pandemic responses have resulted in delayed diagnosis and disruptions in treatment and follow-up care, increasing overall infection rates and premature deaths (7–9). This has highlighted the need to reduce the delays in cancer diagnosis associated with traditional diagnostic models and to address the inaccuracy and disruptions in diagnosis caused by COVID-19 (10). In this review, we aim to explore the application of tumor nanotechnology in tumor diagnosis.



Nanomaterials and Cancer Diagnosis

Nanomedicine is an emerging science often applied in cancer therapy, as it is characterized by tumor-specific drug delivery, conferring a significant therapeutic advantage over traditional interventions (11–15). The integration of imaging and nanoprobes for cancer diagnosis and treatment may facilitate better responses and reduced side effects in normal tissues (14, 16, 17). This means that nano-biosensors are likely to be critical to the development of novel cancer therapies and diagnostics, as they can be used to detect cancer biomarkers, map cancer cells, and monitor metastasis in response to different substrates and conditions (18, 19). Thus, the cancer diagnosis and treatment landscape has expanded considerably over the last decade, propelled by advances in novel therapies and improved diagnostics (14, 16, 17, 20). This recent success in nanomedicine research has also paved the way for accurate diagnosis through the interaction of nanoprobes with specific biological systems (21, 22).



Nanoprobe Technology


Fluorescent Probes

Optical tumor detection is becoming more and more common in biomedical research, but its limitations, including light penetration depth and signal attenuation in tissues, need to be overcome (23). Therefore, different optical imaging methods using nanoprobe technology have been developed for application in the fields of fluorescence, phosphorescence, and photoacoustic (PA) imaging. These methods are more sensitive than traditional techniques, providing higher resolution images and making it easier to get information pointing to anoxic areas.

Fluorescent probes are most common in optical sensors. Fluorescent probes bound to selected nanocarriers can produce dense hydrophobic aggregates following self-assembly in aqueous solutions. The probes can be activated by stimulus-specific “off-on” activation, improving the signal-to-noise ratio within the region of interest, resulting in extremely high sensitivity and increased resolution. Many of these probes are used to evaluate multiple tissues and subcellular structures (24).

Aggregation-caused quenching (ACQ) refers to the strong coupling reactions between ground state fluorophores that form a stable non-influenza fluorescence complex with a unique absorption spectrum (25), which is a typical activatable design. Yang et al. (26) took advantage of this simplicity to develop a scalable hypoxic-responsive human serum albumin-triggered nanosystem, consisting of human serum albumin, the near-infrared imaging photosensitizer chlore6, an oxaliplatin precursor, and a hypoxic-sensitive linker, azobenzene 4,4 ‘dicarboxylic acid. When exposed to a hypoxic tumor microenvironment, the nanosystem is cleaved by nitrogen reductase, breaking up the ultra-small human serum albumin aggregates and restoring chlore6 fluorescence, facilitating clear hypoxic imaging (27). Although the ACQ probe is simple to use, the quenching state of the dye largely depends on the assembly state of the nanocarrier. Thus, the status of the ACQs in any given carrier may be influenced by a variety of in vivo factors, including protein binding and enzyme degradation, which may lead to decreased selectivity and specificity for tumors.

In addition to general activatable designs, imaging strategies targeting tumor biomarkers via in situ luminescence can also be used to effectively image tumors in vivo. For example, the HIF-1α-induced transmembrane protein CAIX, which is a biomarker for hypoxic environments, is widely expressed on the surface of hypoxic cells (28). Huang et al. (29) evaluated the application of a CAIX-specific IRDye 800CW probe (CAIX-800) for hypoxia detection in a mouse model of orthotopic nasopharyngeal carcinoma (NPC). Their data revealed that a combination of this dye and fluorescence molecular tomography or computed tomography could be used to accurately locate early-stage NPC tumors, with detection as early as 2 weeks. Lymph node metastases from advanced NPC (6 weeks) were then observed using multispectral PA imaging. Taken together, the results of this study show that molecular conjugation combining appropriate targeting groups and near-infrared dyes can facilitate the selective imaging of specific anoxic analytes in vivo.

In addition, anaerobe integration in nanocarriers can also facilitate tumor targeting, as these microbes can only survive in anoxic environments; thus, their inclusion would force aggregation to the hypoxic areas of the tumor. In addition, bacterial migration to hypoxic tumors can also be facilitated by external stimulation. F. Chen et al. (30) attached lipid nanoparticles loaded with indocyanine green to bacterial surfaces to target and ablate hypoxic tumors through photothermal therapy. Fluorescent probes based on nanocarriers are used more and more frequently in tumor diagnosis.



Phosphorescent Probes

Following photoexcitation, an excited electron passes through the excited triplet state between the systems, inducing a spin transition, which returns a singlet to the ground state and emits photons in the form of phosphorescence. Phosphorescence can then be converted to pO2 by calibrating the probe using the Sterne-Volmer equation. Several research groups have gone on to develop phosphorescence probes for various applications, including direct pO2 measurement (31, 32). Phosphorescent probes have the advantages of high spatial resolution and direct and reversible pO2 quantitative analysis. Yoshihara et al. (33) reported that Ru (II) complexes could be coupled with oligodeoxy nucleotides containing pyrene and nitroimidazole ligands, and that the hydrophilicity of the modified metal complex molecules could facilitate the induction of nanoaggregates, which could then be used to support qualitative analysis of tumor burden. In addition, Liu et al. (34) recently combined complementary imaging technology with nanoparticles to achieve high-quality, reliable, and quantitative hypoxia detection in several different cancer models. In this study, the research team encapsulated benzene-substituted Pd (II) porphyrin (PdTPTBP) into dSPE-PEG 2K phospholipid micelles (Pd-) in MX, to produce a phosphorescent nanoprobe, which could then be applied as a time-resolved lifetime imaging system. By combining the wide field of view of luminescent lifetime imaging with O2-sensitive nanoprobes, this group were able to quantify O2 localization in tumors and thus identify hotspots for likely tumor formation.



PA Probes

PA tomography may be another potential approach for addressing the limitations of modern imaging associated with maximum tissue penetration depth. This system works by converting excited light energy to heat/sound energy, facilitating a significant increase in penetration depth while maintaining near-microscopic spatial resolution. PA signals are generated by photon absorption, which causes rapid thermoelastic expansion and sound wave propagation. These pressure waves can be detected by transducers, and PA images can then be produced. These images are characterized by improved tissue penetration depth (35). A recent study (36) used endogenous PA imaging to detect tumor hypoxia in a multicancer model, providing anatomical and functional information on hypoxia. Knox et al. (37) developed a hyper-1-based hypoxic response probe for radiographic PA imaging, which utilized the aza-Bodipy platform and a dialkyl aniline substitutive group, facilitating further oxidation of the system to produce the single n-oxide probe RHP-1. Probe evaluations revealed a two-fold increase in PA 820 nm/PA 770 nm emissions when these sensors were placed under hypoxic conditions. Furthermore, in vivo PA imaging revealed that the hypoxic regions of the tumor could be mapped for 3D reconstruction when using a RHP-1 probe. Recently, M. Chen et al. (38) applied the bioreducible N-oxide hypoxia-sensitive probe Hyper-650 with enhanced molar absorption to high resolution PA microscopy. This system facilitated the simultaneous and constant monitoring of vascular sO2 and tissue oxygenation, following its combination with endogenous contrast agents. These images revealed that the identified tumor hypoxia center signals were consistent with those identified using traditional sO2 imaging, supporting their clinical value.



Tumor Imaging Based on Dendritic Cells

The tumor microenvironment is characterized by gradual changes in both spatial and temporal heterogeneity, which can be used to explore its diagnostic application in tumors. Fluorescent imaging probes responsive to various conditions, including hypoxia, pH, and protease expression, may be used to evaluate and diagnose specific tumor conditions (39–42). In precision medicine, molecular imaging is primarily used to identify cancer-specific targets, design therapeutic methods, and monitor drug administration responses. DCs, for example, are the most adept antigen-presenting cells, transmitting information to the cells in the adaptive immune system (27, 28). Accurate antigen delivery and effective activation of immune pathways are key to the development of DC anticancer vaccines and successful immunotherapy. However, DC viability, function, and their ability to migrate in vivo remain unknown. Superparamagnetic iron oxide (SPION) is an excellent MRI contrast agent that can be easily absorbed by DCs and tracked using MRI. Thus, MRI using SPIONs can provide more anatomical information and more detailed visualization than other methods, but at lower sensitivity (43, 44). To overcome this limitation Y.C. Chen et al. (45) pioneered the development of a novel dual-mode nanoprobe, SPIONIR797, for tracking DC migration in vivo and detection via a non-invasive combined method. Thus, leveraging the advantages of high sensitivity, high spatial resolution, and relatively simple operation, it is becoming increasingly easy to visualize various diseases and use these imaging techniques to draw critical diagnostic conclusions. Many of these systems focus on a variety of disease models, including tumors, inflammation, and atherosclerosis.



Other Imaging Nanoprobe Technologies

In addition to the technologies described above, other research groups continue to work on a variety of alternatives. For example, gold, silver, and bimetallic and magnetic nanoparticles are widely used in the manufacture of sensing tools due to their unique optical properties and biocompatibility (22, 46–51). The functionalization of these nanoparticles with different components provides an excellent opportunity to assemble selective and sensitive sensing materials for the detection of various cancer-related biomolecules. This was exemplified in the Zhang et al. (52) study, where a multifunctional ASnFAp : Gd/Tb system was synthesized using a new bionic strategy. Subsequent in vitro and in vivo experiments then confirmed improved tumor imaging and recognition ability, compared with conventional methods. The generated nanoparticles could be used as drug carriers for tumor imaging and treatment with good tumor recognition, treatment capacity, and superior biocompatibility. Thus, this study supports the very important potential clinical application of nanomaterials in diagnosis.




Path to Clinical Translation

Given the complexity of the tumor microenvironment and the diversity of analytes that contribute to global hypoxia, there is currently no “gold standard” for measuring tumor hypoxia (53). Nevertheless, several novel methods designed to detect and evaluate tumor hypoxia have been developed, with several entering clinical evaluations. These include oxygen electrodes, electron paramagnetic resonance oximetry, positron emission tomography (PET), and more.

One example is the system created by de Georgia (54), which facilitates pO2 evaluation in invasive tumors via electrochemical probes. This system has been successfully employed in critical care settings focused on retaining nerve function. However, when the oxygen is completely consumed, the electrode undergoes electrochemical reduction, resulting in reduced signal sensitivity and increasing inaccurate readings. This system is also invasive and can lead to edema and hemorrhage in some tissues. Daimiel et al. (55) developed an alternative technique for repeatable quantitative pO2 measurement in tumors using electron paramagnetic resonance oximetry. This non-invasive method requires the use of a paramagnetic probe, which responds to the oxygen in any given environment and evaluates pO2 levels by measuring relaxation rates.

In addition, recent developments in 2-nitroimidazole-based radiotracers may facilitate an increase in PET application as an alternative non-invasive technique for detecting tumor hypoxia. Relatively short-lived radionuclides, such as 18F, can be easily bound via isotope exchange reactions to produce novel probes. Several studies have evaluated 18F LA-Beled FMISO, pentafluorinated etanidazole, hydrophilic fluoridazole, and arabinosfluorroazomycin as PET probes for hypoxia imaging (56).

However, the development of a new probe must always be followed by preclinical evaluation and scaled-up good manufacturing practices to facilitate clinical trials. Obstacles in each specific area must be overcome before probes can be incorporated into routine clinical practice. Despite all the immediate challenges of clinical transformation, nanoprobe imaging offers significant opportunities to provide improved non-invasive diagnostic tools. Combining optical imaging with other biomedical imaging methods may also facilitate multimodal imaging, providing even better tumor detection.



Conclusion and Perspectives

Nanoprobes have a unique set of physical advantages, including flexible biocompatibility and pharmacokinetics, and most present various unique nanoscale properties, providing more convenient tumor imaging. Nanostructures can also promote the production of organic dye aggregates. Thus, cancer diagnostic specialists have continued to focus on biomedical sensing and imaging. Nanosensors can also provide a protective substrate to prevent unnecessary interactions within the biological environment and improve in vivo circulation time and system delivery. With improved understanding of the basic physical phenomena resulting from nanoconstraints, nanosensors can be designed to facilitate both assembly and disassembly in response to specific physicochemical conditions, providing the possibility for the further development of “smart” responsive nanosensors.

In addition, the high degree of heterogeneity between and within tumors can result in complex diagnostic and evaluation issues, including a large discrepancy in imaging results (57). This highlights the importance of further studies on different tumor types. Considering the temporal and spatial variability of tumors, the development of sensors that can accurately track treatment dynamics in real time is a promising concept. Thus, we believe that nanoprobe sensors are likely to play a fundamental role in our understanding of tumors and are almost guaranteed to become increasingly important in the detection and treatment of various cancers due to their physical, pharmacokinetic, and nanoscopic properties.
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Objective: The purpose of this study was to investigate the associations of genetic variants in double-strand break (DSB) repair pathway genes with prognosis in patients with lung cancer treated with platinum-based chemotherapy.
Methods: Three hundred ninety-nine patients with lung cancer who received platinum-based chemotherapy for at least two cycles were included in this study. A total of 35 single nucleotide polymorphisms (SNPs) in DSB repair, base excision repair (BER), and nucleotide excision repair (NER) repair pathway genes were genotyped, and were used to evaluate the overall survival (OS) and the progression-free survival (PFS) of patients who received platinum-based chemotherapy using Cox proportional hazard models.
Results: The PFS of patients who carried the MAD2L2 rs746218 GG genotype was shorter than that in patients with the AG or AA genotypes (recessive model: p = 0.039, OR = 5.31, 95% CI = 1.09–25.93). Patients with the TT or GT genotypes of TNFRSF1A rs4149570 had shorter OS times than those with the GG genotype (dominant model: p = 0.030, OR = 0.57, 95% CI = 0.34–0.95). We also investigated the influence of age, gender, histology, smoking, stage, and metastasis in association between SNPs and OS or PFS in patients with lung cancer. DNA repair gene SNPs were significantly associated with PFS and OS in the subgroup analyses.
Conclusion: Our study showed that variants in MAD2L2 rs746218 and TNFRSF1A rs4149570 were associated with shorter PFS or OS in patients with lung cancer who received platinum-based chemotherapy. These variants may be novel biomarkers for the prediction of prognosis of patients with lung cancer who receive platinum-based chemotherapy.
Keywords: lung cancer, platinum-based chemotherapy, prognosis, genetic polymorphisms, MAD2L2, TNFRSF1A
INTRODUCTION
Lung cancer has one of the highest rates of cancer-related mortality (Parkin et al., 1999; Siegel et al., 2021). Approximately 2.2 million new lung cancer cases and 1.8 million deaths resulting from lung cancer were reported in 2020, which was double the number reported 30 years earlier (Parkin et al., 1999; Siegel et al., 2021). The overall 5-year survival rate for lung cancer is less than 18% due to rapid progression and late-stage diagnosis (Alam et al., 2020). Lung cancer mainly consists of non–small cell lung cancer (NSCLC) and small cell lung cancer (SCLC), which occur in 85:15 ratio (Shi and Sun, 2015; Schwartz and Cote, 2016). Surgery, radiotherapy, chemotherapy, immunotherapy, and targeted therapy are the primary approaches for the treatment of lung cancer. Specific management is contingent on staging and pathohistological type (Kalemkerian et al., 2018; Ettinger et al., 2019). Development of targeted therapies and immunotherapy has resulted in substantial clinical benefits. However, the majority of patients do not have activating mutations and do not experience long-term stable remission (Hirsch et al., 2017; Arbour and Riely, 2019). Chemotherapy is the main treatment for lung cancer, with platinum-based chemotherapy the most widely-used approach.
Platinum-based chemotherapy has been widely used as a therapeutic regimen to treat cancer, including patients with lung cancer, since the first platinum agent, cisplatin, was approved over 40 years ago (Rottenberg et al., 2021). Cisplatin, carboplatin, and oxaliplatin are the three main platinum-based antineoplastic drugs (Low et al., 2021). Cisplatin is the standard treatment for NSCLC, and is the first choice to treat patients with advanced cancers without treatable gene mutations (Kryczka et al., 2021). The platinum-doublet chemotherapy, platinum combined with etoposide, is recommended as a first-line treatment for late-stage SCLC (Thai et al., 2021; Zugazagoitia and Paz-Ares, 2022). Although platinum-based chemotherapy can improve survival rate, patients treated with platinum-based drugs often suffered from drug resistance, resulting in poor prognosis and therapeutic failure. There are many prognostic factors such as genetic polymorphisms, age, gender, histology type, smoking, metastasis, and clinical stage that have been reported to be connected to platinum-based chemotherapy sensitivity (Cescon et al., 2015; Chen et al., 2016; Yin et al., 2016). Therapeutic efficacy is unsatisfactory and unpredictable. Therefore, the identification of novel biomarkers may help to identify therapeutic avenues that can improve survival time.
Investigation of mechanisms of drug resistance is of great importance for the improvement of the prognosis of lung cancer in response to platinum-based chemotherapy. Given that platinum-based drugs induce DNA fragmentation through crosslinking with DNA to form DNA adducts, alteration of DNA repair mechanisms can affect tumor sensitivity to platinum drugs (Rottenberg et al., 2021). Base excision repair (BER), nucleotide excision repair (NER), DNA mismatch repair (MMR), homologous recombination (HR), and non-homologous end joining (NHEJ) are the major DNA repair pathways, among which HR and NHEJ are responsible for repairing double-strand breaks (DSBs). Furthermore, NHEJ plays an important role in the DNA damage response system (Gupta et al., 2018; Xu and Xu, 2020; Jiang et al., 2021), which can directly link the ends of DSBs by DNA ligase to promote ligation of DNA ends. This process is characterized by impedance of homologous DNA sequences, while HR uses the intact sister chromatid as a template (Huang and Dynan, 2002; Andres et al., 2015; Xing et al., 2015; Almohaini et al., 2016; Kulkarni et al., 2016; Menon and Povirk, 2017; Reid et al., 2017). Previous studies have shown the importance of double-strand break repair (DSBR) pathways in platinum chemotherapy resistance (Kryczka et al., 2021). A numbers of DNA repair genes have been confirmed to be related to platinum-based chemotherapy resistance in patients with lung cancer, including the XRCC5 and HSPB1 genes. However, few studies have focused on polymorphisms in the DSBR pathway genes.
We investigated the associations between SNPs in the MAD2L2, XPC, XRCC3, BRCA2, RAD52, NFKB1, NFKBIA, TNFRSF1A, or FASN genes and prognosis in patients with lung cancer who received platinum-based chemotherapy.
PATIENTS AND METHODS
Patients and Data Collection
The inclusion criteria for 399 patients with lung cancer were as follows: 1) all patients attended at the Xiangya Hospital of Central South University or Affiliated Cancer Hospital of Xiangya School of Medicine (Changsha, Hunan, China) from August 2009 to May 2013; 2) patients with lung cancer received platinum-based chemotherapy for at least two cycles; 3) patients with lung cancer had not undergone surgery, radiotherapy, targeted drug therapy, or other biological therapy before chemotherapy. The research proposal was approved by the Ethics Committee of Xiangya Hospital, Central South University. All patients provided written informed consent prior to participating in the study.
The deadline for patient enrollment was 15 July 2019. Standard follow-up clinical data included age, gender, smoking history, histology classification, TNM stage, and metastasis. The two main data processing approaches were PFS, which was defined as the time period from diagnosis until disease progression. Patients without OS and PFS data were removed from the study at the final follow-up. The overall survival was calculated as the time between lung cancer diagnosis and follow-up or death.
Single Nucleotide Polymorphism Selection, DNA Extraction, and Genotyping
The SNPs genotyped in our study were ERCC1 SNPs (rs2298881), ERCC2 SNPs (rs1052555, rs238406), ERCC4 SNP (rs1799801), ERCC6 SNPs (rs2228527, rs3793784), XPC SNPs (rs2228000, rs2228001), XRCC1 SNP (rs25489), XRCC3 SNPs (rs1799794, rs861539), BRCA1 SNP (rs799917), BRCA2 SNPs (rs543304,rs206118), RAD51 SNPs (rs12593359, rs1801320, rs1801321), RAD52 SNPs (rs1051669, rs7963551), POLH/POLR1C SNP (rs6941583), MAD2L2 SNPs (rs2233004, rs746218, rs2233006), NFKB1 SNPs (rs230529, rs1585215, rs4648068), NFKBIA SNP (rs2233406), TNF SNP (rs1800629), TNFRSF1A SNPs (rs4149570, rs2234649), TNFRSF1B SNP (rs1061622), and FASN SNPs (rs1140616, rs2228309, rs4246445, rs4485435). Haploview was used to choose pair-wise tagging SNPs with pair wise r2 threshold ≥0.8, and all SNPs had a minor allele frequency (MAF) greater than 0.05 (Table 1).
TABLE 1 | 35 gene polymorphisms examined in this study.
[image: Table 1]All blood samples were collected and stored in EDTA tubes. We used a genomic DNA Purification Kit (Promega) to extract genomic DNA. Genotyping of all SNPs was performed using the Sequenom MassARRAY Genotyping Platform (Sequenom, San Diego, CA, United States).
Statistical Analysis
Logistic regression was used to select covariates using the Cox proportional hazard model. The covariates included age, gender, histologic type, smoking status, clinical stage, and metastasis status. Three analysis models (additive model: compares major allele homozygotes versus heterozygotes versus minor allele homozygotes; dominant model: compares major allele homozygous versus combined heterozygotes and minor allele homozygous groups; recessive model: compares major allele-carrying genotypes with homozygous variant genotype) were used to calculate the associations between SNPs and prognosis. In the association analyses, we divided the patients into two or three groups by their genotypes of the SNPs. In additive model and dominant model, patients with wild type were used as a control group; and in recessive model, patients with wild type and heterozygote were used as a control group. The Cox proportional hazard regression analysis was used to analyze OS and PFS. All data were analyzed using SPSS 18.0 software (SPSS Inc., Chicago, IL, United States), PLINK (version 1.9, http://pngu.mgh.harvard.edu/purcell/plink/), and R 4.1.0. The associations between PFS or OS and SNPs were calculated as odds ratio (OR) and their 95% confidence intervals (95% CI) using unconditional logistic regression.
RESULTS
Demographic Characteristics of Patient Characteristics
Three hundred ninety-nine patients with lung cancer were enrolled in this study. All included patients had received platinum-based chemotherapy as the first-line treatment. The patients were 21–75 years old, with a median age of 56 years old. In this study, 317 (79.4%) patients were male and 82 (20.6%) were female. Furthermore, 152 (38.1%) patients were non-smokers and 247 (61.9%) were smokers. In addition, 311 (77.9%) patients had NSCLC and 88 (22.1%) had SCLC. Finally, 351 (88.0%) patients were at advanced stages (stage Ⅲ/Ⅳ/ED), and the remaining 48 (12.0%) were at early stages (stage I/II/LD) (Table 2).
TABLE 2 | Distribution of characteristics in patients with patients with lung cancer and prognosis analysis.
[image: Table 2]Association Between MAD2L2 rs746218 and PFS in Patients With Lung Cancer
Multivariate Cox regression adjusted for age, gender, histology type, smoking status, stage, and metastasis showed that the MAD2L2 rs746218 polymorphism was significantly related to PFS in patients with lung cancer in the recessive model (p = 0.039, OR = 5.31, and 95% CI = 1.09–25.93) (Table 3). Patients carrying the AG or AA genotype had a significantly longer PFS times than those carrying the GG genotype (Figure 1A). Compared with other SNPs, MAD2L2 rs746218 was significantly associated with PFS in the recessive model analysis in patients with lung cancer who received platinum-based chemotherapy.
TABLE 3 | Association of the MAD2L2 rs746218 polymorphisms and PFS in lung cancer patients.
[image: Table 3][image: Figure 1]FIGURE 1 | MAD2L2 rs746218 and TNFRSF1A rs4149570 were significantly associated with platinum-based chemotherapy prognosis in patients with lung cancer. (A) TNFRSF1A rs4149570 was significantly associated with OS. (B) MAD2L2 rs746218 was significantly associated with PFS.
Association Between TNFRSF1A rs4149570 and OS in Patients With Lung Cancer
Univariate Cox regression analysis was used to evaluate OS, and the results were adjusted for age, gender, histology type, smoking status, stage, and metastasis status. As shown in Table 4, TNFRSF1A rs4149570 was associated with OS in patients with lung cancer in the dominant model (p = 0.030, OR = 0.57, and 95% CI = 0.34–0.95). In the dominant model, the OS of patients who carried the rs4149570 GG genotype was significantly longer than that of patients carrying the TT or GT genotypes (Figure 1B). Compared with other SNPs, TNFRSF1A rs4149570 was most significantly associated with OS in the dominant model in patients with lung cancer who received platinum-based chemotherapy.
TABLE 4 | Association of the TNFRSF1A rs4149570 polymorphisms and OS in lung cancer patients.
[image: Table 4]Stratification Analyses
In the stratification analyses, age (≤56, >56), smoking status (no, yes), gender (male, female), histological type (NSCLC, SCLC), metastasis (no, yes), and Stage (I/II/LD, III/IV/ED) were evaluated as covariates for associations between SNPs and PFS. The following SNPs were significantly associated with PFS: BRCA2 rs206118 in patients ≤56 years old (additive model: p = 0.039, OR = 0.56, and 95% CI = 0.33–0.97; dominant model: p = 0.041, OR = 0.52, and 95% CI = 0.27–0.97); XRCC3 rs1799794 in patients >56 years old (dominant model p = 0.036, OR = 2.03, and 95% CI = 1.05–3.92); NFKB1 rs230529 in patients >56 years old (recessive model p = 0.012, OR = 2.40, and 95% CI = 1.21–4.74) and NFKB1 rs1585215 in patients with SCLC (recessive model: p = 0.045, OR = 14.66, and 95% CI = 1.06–203.60); RAD52 rs7963551 in male patients (additive model: p = 0.046, OR = 1.49, and 95% CI = 1.01–2.22); NFKBIA rs2233406 (additive model: p = 0.029, OR = 6.73, and 95% CI = 1.22–37.16 dominant model: p = 0.029, OR = 6.73, 95% CI = 1.22–37.16); and TNFRSF1A rs4149570 in patients with lung cancer with stage III/IV cancer (dominant model: p = 0.050, OR = 0.26, and 95% CI = 0.07–1.00) (Table 5; Figure 2).
TABLE 5 | Stratification analyses of Association between the seven polymorphisms and PFS in lung cancer patients.
[image: Table 5][image: Figure 2]FIGURE 2 | BRCA2 rs206118 and MAD2L2 rs746218 polymorphisms were significantly associated with survival time in the subgroups of patients with lung cancer treated with platinum-based chemotherapy. (A) BRCA2 rs206118 polymorphism was significantly associated with PFS time in patients less than 55 years of age. (B) MAD2L2 rs746218 polymorphism was significantly associated with PFS time in patients treated with platinum-based chemotherapy.
For OS stratification analyses, the results were as follows: TNFRSF1A rs4149570 in patients >56 years old (dominant model: p = 0.048, OR = 0.48, and 95% CI = 0.23–0.99); TNFRSF1A rs4149570 in patients with advanced stage cancer (additive model: p = 0.049, OR = 0.70, and 95% CI = 0.48–1.00; dominant model: p = 0.049, OR = 0.58, and 95% CI = 0.34–1.00); XRCC3 rs1799794 in patients with SCLC (dominant model: p = 0.048, OR = 2.27, and 95% CI = 1.01–5.13); XPC rs2228000 in non-smokers (dominant model: p = 0.023, OR = 2.53, and 95% CI = 1.13–5.64); and FASN rs4246445 in non-smokers (dominant model: p = 0.043, OR = 0.43, 95% CI = 0.19–0.97) (Table 6; Figure 3).
TABLE 6 | Stratification analyses of association between the four polymorphisms and OS in lung cancer patients.
[image: Table 6][image: Figure 3]FIGURE 3 | TNFRSF1A rs4149570 and FASN rs4246445 polymorphisms were significantly associated with survival times in the subgroups of patients with lung cancer treated with platinum-based chemotherapy. (A) TNFRSF1A rs4149570 polymorphism was significantly associated with OS time in patients less than 55 years of age. (B) FASN rs4246445 polymorphism was significantly associated with PFS time in patients who received platinum-based chemotherapy.
Our results showed that MAD2L2 rs746218 and TNFRSF1A rs4149570 were significantly associated with prognosis in patients with lung cancer who received platinum-based chemotherapy. The PFS time of patients with GG genotype (Median PFS: 3.45 (0.10–9.17) years) of MAD2L2 rs746218 was longer than that in patients with GA or AA genotypes (Median PFS: 2.56 (0.04–11.85) years). Furthermore, OS was longer in patients with the GG genotype of TNFRSF1A rs4149570 than that in patients with the AA or AG genotypes. In the subgroup analysis, BRCA2 rs206118, XRCC3 rs1799794, NFKB1 rs230529, RAD52 rs7963551, NFKB1 rs1585215, NFKBIA rs2233406, and TNFRSF1A rs4149570 were associated with the PFS time. Patients younger than 56 years old with the TT or TC genotype of rs206118 had longer PFS times than those with the CC genotype. For XRCC3 rs1799794, the AA and AG genotypes were associated with shorter PFS times in patients >56 years old. For NFKB1 rs230529, the AA and AG genotypes were associated with longer PFS times in patients greater than 56 years old). For NFKB1 rs1585215, patients with squamous cell carcinoma (SCC) patients carrying the GG genotype had significantly shorter PFS times. The TT and TG genotypes of RAD52 rs7963551 were associated with significantly shorter PFS times compared with the GG genotype in male patients. For NFKBIA rs2233406, the CC and CT genotypes were associated with shorter PFS times than the TT genotype in patients with stage III/IV cancer. For TNFRSF1A rs4149570 in patients with stage III/IV cancer, the TT and TG genotypes were associated with longer PFS times than the GG genotype. In the subgroup analyses, TNFRSF1A rs4149570, XRCC3 rs1799794, XPC rs2228000, and FASN rs4246445 were significantly associated with OS. In patients older than 56 years old, the TT and TG genotypes of TNFRSF1A rs4149570 were associated with longer OS than that associated with the GG genotype. For TNFRSF1A rs4149570, the TT and TG genotypes were associated with longer OS in patients with stage III/IV cancer. For XRCC3 rs1799794, the GG genotype was associated with longer OS in patients with SCLC. Non-smokers with the GG or GA genotypes of XPC rs2228000 had shorter OS than those with the AA genotype. Non-smokers with the AA or AG genotypes of FASN rs4246445 had longer OS than those with the GG genotype.
DISCUSSION
Platinum chemotherapy is one of the most important approaches for treatment of lung cancer. Platinum agents are typically used in combination with other antitumor drugs, but efficacy is limited due to resistance (Garufi et al., 2020; Yu et al., 2020). The DNA repair system contributes to platinum resistance, which influences the curative effects of chemotherapy and negatively impacts the clinical outcomes (Simon et al., 2007; Sullivan et al., 2014; Jiang et al., 2019; Peng et al., 2020). Polymorphism research has shown that gene polymorphisms affect prognosis, the folate metabolism pathway, drug transporters, and metabolic enzymes. The DNA repair system is essential for maintaining genome integrity and preventing genome instability-associated diseases, such as lung cancer (Chen et al., 2014; Anoushirvani et al., 2019; Zhao et al., 2020). Polymorphisms in DNA repair genes play a significant role in the ability to repair DNA damage. The relationship between repair gene polymorphisms and platinum chemoresistance has received a great deal of attention with regard to sensitivity of lung cancer to chemotherapy (Longhese et al., 2010; Li et al., 2018; Makovec, 2019; Schmid et al., 2020). In this study, DNA repair gene polymorphisms were studied to identify significant biomarkers for the prediction of platinum-based chemotherapy response.
In this study, we also investigated the correlations between 35 polymorphisms in 9 DNA repair genes (XRCC3, BRCA2/ZAR1L, XPC, RAD52, MAD2L2, NFKB1, NFKBIA, TNFRSF1A, and FASN) with platinum-based chemotherapy prognosis in 399 patients with lung cancer. A previous study showed that XRCC3, BRCA2, and RAD52 were involved in the HR-mediated DBS repair. XRCC3 is a RAD51 paralog in the HR-mediated DBS repair pathway that assists RAD51 with HR initiation (Brenneman et al., 2002). BRCA2 is a tumor suppressor gene critical to multiple cellular processes including DNA repair, the cell cycle, and apoptosis (Cleary et al., 2020). Mutation of BRCA2 was shown to promote tumor sensitivity towards PARP inhibitors (Farmer et al., 2005). In addition, RAD52 has been shown to play a major role in facilitating restart of damaged replication forks (Mortensen et al., 2009). XPC is the main DNA damage sensor in NER, and MAD2L2 is a controller of NHEJ-mediated DBS repair (Van Cuijk et al., 2015; Vassel et al., 2020). NFKB1, NFKBIA, TNFRSF1A, and FASN were found to be related to DNA repair, which affects tumor sensitivity to DNA-damaging agents (Chui et al., 2010; Bredel et al., 2011; Park et al., 2012; Jones and Infante, 2015). Gene variations in these genes have been reported to correlate to onset and progression of several types of tumors.
Our results showed that MAD2L2 rs746218 and TNFRSF1A rs4149570 may be biomarkers for predicting the prognosis of patients with lung cancer in response to platinum-based chemotherapy. The MAD2L2 gene, which is essential for DNA repair, localizes to uncapped telomeres and promotes the non-homologous end-joining (NHEJ)-mediated fusion of deprotected chromosome ends and genomic instability. In addition, MAD2L2 can control DNA breaks by inhibiting 5’ end resection (Tomida et al., 2015; Dai et al., 2020). The TNFRSF1A gene plays a crucial role in non-small cell lung cancer growth, invasion, and metastasis (Lee et al., 2010; Fujikawa et al., 2014; Hu et al., 2019). The MAD2L2 containing new shield complex protein plays a critical role in the choice between homologous recombination (HR) and non-homologous end-joining (NHEJ)-mediated repair. Upregulation of MAD2L2 (also known as MAD2B or REV7) decreases DNA end resection, which increases NHEJ and chromosomal abnormalities, resulting mitotic catastrophe in PARP inhibitor treated HR-proficient cells. In addition, MAD2L2 can also inhibit end-resection in irradiation (IR)-induced DNA double-strand breaks (DSBs) (Boersma et al., 2015; Simonetta et al., 2018; De Krijger et al., 2021). MAD2L2 accelerates end-joining of DNA double-strand breaks in several settings, including immunoglobulin class switch recombination through ATM kinase activity (Xu et al., 2015; Batenburg et al., 2017; Noordermeer et al., 2018). Previous studies showed that MAD2L2 promoted DNA repair activity through 53BP1 and promotes NHEJ by inhibiting 5′ end resection downstream of RIF1 protein (Ghezraoui et al., 2018; Liang et al., 2020). Both MAD2L2 Rs746218 and TNFRSF1A rs4149570 are upstream transcript variants, and might affect gene expression by interacting with promoters to influence gene transcription. Therefore, MAD2L2 rs746218 could influence the choice between HR and NHEJ by affecting the expression of MAD2L2. In addition, the TNFRSF1A gene was shown to play a crucial role in NSCLS growth, invasion, and metastasis (Lee et al., 2010; Fujikawa et al., 2014; Hu et al., 2019). However, the mechanism by which the TNFRSF1A gene affects prognosis associated with platinum-based chemotherapy has not been characterized. Future studies should characterize the mechanism by which MAD2L2 rs746218 participates in the double-strand break repair pathway and the mechanism by which the TNFRSF1A gene contributes to platinum chemoresistance. Characterization of these mechanisms may allow for the development of new drug candidates and more effective use of combination therapies including platinum-based drugs and DNA repair regulators.
Our study was subject to the following limitations. Our study was a single-center study, which limits the generalizability of the results. In addition, the small sample size resulted in a broad confidence interval for MAD2L2 rs746218, and more samples are needed to confirm the results. Potential mechanisms by which MAD2L2 rs746218 and TNFRSF1A rs4149570 impacted prognosis in patients with lung cancer who received platinum-based chemotherapy were determined using TCGA data (https://portal.gdc.cancer.gov/). This analysis showed that low expression of TNFRSF1A in LUAD (lung adenocarcinoma) was associated with significantly longer PFS and OS (Figure 4). However, the mechanisms of these effects require further investigation.
[image: Figure 4]FIGURE 4 | Association of the expression of TNFRSF1A with lung cancer prognosis in patients with LUAD (Lung adenocarcinoma) and LUSC (Lung squamous cell carcinoma). Low expression of TNFRSF1A in patients with LUAD was associated with significantly longer (A,B) progression-free survival (PFS) and overall survival (C,D) (OS).
In summary, our study showed that MAD2L2 rs746218 was significantly associated with platinum-based chemotherapy, and PFS and TNFRSF1A rs4149570 was significantly associated with OS time in patients with lung cancer treated with platinum-based chemotherapy. Polymorphisms of MAD2L2 rs746218 and TNFRSF1A rs4149570 polymorphisms may be biomarkers for predicting prognosis in patients with lung cancer treated with platinum-based chemotherapy.
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Cancer is one of the leading causes of death worldwide due to high morbidity and mortality. Many attempts and efforts have been devoted to fighting cancer. Owing to the significant role of the endoplasmic reticulum (ER) in cell function, inducing ER stress can be promising for cancer treatment. However, the sustained activation of cytoprotective unfolded protein response (UPR) presents a tremendous obstacle for drugs in inducing unsolved ER stress in tumor cells, especially small-molecule drugs with poor bioavailability. Therefore, many emerging nanodrugs inducing and amplifying ER stress have been developed for efficient cancer treatment. More importantly, the novel discovery of ER stress in immunogenic cell death (ICD) makes it possible to repurpose antitumor drugs for immunotherapy through nanodrug-based strategies amplifying ER stress. Therefore, this mini-review aims to provide a comprehensive summary of the latest developments of the strategies underlying nanodrugs in the treatment of cancer via manipulating ER stress. Meanwhile, the prospects of ER stress–inducing nanodrugs for cancer treatment are systematically discussed, which provide a sound platform for novel therapeutic insights and inspiration for the design of nanodrugs in treating cancer.
Keywords: endoplasmic reticulum stress, tumor, immunogenic cell death, nanodrugs, photodynamic therapy
INTRODUCTION
Consistently, cancer treatment is a long-standing conundrum within the field of medicine. Currently, the main treatment modalities for cancer are still based on chemotherapy, radiotherapy, and surgery. However, these traditional treatments elicit significant side effects and even tissue damage. For example, chemotherapy often causes severe hepatotoxicity and nephrotoxicity (Zhao et al., 2018; Zhao et al., 2022a; Liu et al., 2022; Xiao et al., 2022), which are responsible for severe deleterious hepatic and renal dysfunctions in patients. Therapeutic strategies targeting key organelles have attracted considerable attention, on account of the important role of organelles in maintaining the normal physiological function of cells. The endoplasmic reticulum (ER) is a central organelle that carries out many important functions such as synthesizing and folding proteins, modifying secreted and transmembrane proteins, regulating lipid synthesis and metabolism, storing calcium, and mediating signal transduction (King and Wilson, 2020). In addition, ER is closely apposed and dynamically tethered to other organelles through membrane networks, such as the nucleus, mitochondria, and Golgi apparatus (Chen and Cubillos-Ruiz, 2021). Once the ER is injured, the physiology of the entire cell gets adversely affected. Therefore, the tightly regulated process of ER function is crucial for cell fate determination.
Many factors, such as intracellular reactive oxygen species (ROS) and nutrient deprivation, disturb ER functioning in inducing ER stress based on the accumulation of unfolded and misfolded proteins in the ER (Yao et al., 2017). The initial adaptive mechanisms such as unfolded protein response (UPR) in tumor cells provide a possibility to restore and maintain protein homeostasis, but unsolved ER stress still leads to cell death (Chen and Cubillos-Ruiz, 2021). Some clinical chemotherapeutics are found to be associated with ER stress induction, while the upregulation of UPR promotes resistance (Bahar et al., 2019). Therefore, many drugs have been proposed to induce and exacerbate severe ER stress in killing tumor cells as potential therapeutics. For example, molecular chaperone binding immunoglobulin (BiP), an ER stress sensor, is highly expressed in mediating tumor chemotherapy resistance by activating UPR to restore ER homeostasis in cancer cells (Hetz et al., 2020). Currently, many BiP inhibitors have been developed for killing tumors, such as KP1339 (Wernitznig et al., 2019) and HA15 (Cerezo et al., 2016).
However, the clinical application of these ER-targeted small-molecule drugs faces great bottlenecks, such as the lack of tumor targeting and strong side effects. The development of nanodrugs offers a possibility to address the dilemma in traditional drugs (Shi et al., 2021). The enhanced penetration and retention (EPR) effects mediate the accumulation of nanodrugs at tumor sites (Huang et al., 2022) to reduce the risk of toxicity in normal tissues. Moreover, nanodrugs can be modified with specific ligands targeting tumor cells or ER (Li et al., 2020) to further improve the enrichment of nanodrugs in tumor sites (Yang et al., 2022) and anticancer efficacy. Notably, nanodrugs can induce immunogenic cell death (ICD) to effectively improve immunotherapy by amplifying ER stress. Specifically, when the nanodrugs disrupt the ER, ER stress induces imbalances in calcium homeostasis, and calreticulin (CRT) transfers from the ER to the cell membrane to act as an “eat-me” signal, inducing inflammatory cell infiltration and enhancing tumor cell antigens presented.
To our knowledge, no similar reviews have been published in summarizing newly developed nanodrugs based on ER stress for cancer treatment. Herein, this review covers the recent progress in oncology therapeutics about nanodrugs for ER stress induction, recapitulating the design of nanodrugs that induce ER stress, together with the strategies of nanodrugs that amplify ER stress to repurpose antitumor drugs for cancer immunotherapy (Figure 1) (Table 1). Finally, the obstacles and prospects of ER stress–based nanodrugs for cancer treatment are discussed.
TABLE 1 | Nanodrugs manipulating ER stress for highly effective antitumor therapy.
[image: Table 1][image: Figure 1]FIGURE 1 | The scope and focus of this article. Accumulation of misfolded protein results in ER stress, which can induce antitumor effects by triggering tumor cell death and amplifying ICD. ER stress–inducing nanodrugs can treat cancer through activating unsolved ER stress. In addition, nanodrugs amplifying ER stress via ER-targeting strategy and combination strategy make it possible for traditional ICD inducers to initiate antitumor immunotherapy.
ENDOPLASMIC RETICULUM STRESS–INDUCING NANODRUGS FOR CANCER TREATMENT
ER stress is a cellular condition characterized by the unsolved accumulation of misfolded proteins, which is detrimental to the organism. Misfolded proteins have a higher affinity to molecular chaperone BiP and activate sensors of ER stress via titrating BiP from sensors [PKR-like ER kinase (PERK), activating transcription factor 6 (ATF6), and inositol-requiring enzyme 1 (IRE1α)], termed UPR. Subsequently, the activation of sensors initiate cytoprotective mechanisms, including inducing transcription of the cell-protective molecule, directing the protein to the ubiquitin-proteasome system (UPS), promoting protective autophagy, and so on. Therefore, there are two strategies to induce ER stress as expected: promoting the production of misfolded proteins and inhibiting UPR-mediated protective effects (Marciniak et al., 2022). Currently, many emerging nanodrugs targeting ER have been developed for efficient cancer treatment. According to the pharmacological mechanism, these nanodrugs are mainly divided into the following three categories: the first category, the in situ formation-based ER-targeted nanoparticles to induce ER stress by enzyme-instructed self-assembly (EISA); the second category, nanocarriers for small-molecule drugs substantially induce ER stress by improving the targeting efficiency; the third category, photodynamic therapy (PDT)–based nanodrugs amplify ER stress by generating uncontrolled ROS.
In Situ Formation–Based Endoplasmic Reticulum–Targeted Nanoparticles
EISA technology is an effective method for in situ self-assembly, which is a benefit for organelles targeting and inducing stress (Ji et al., 2021). The overexpressed enzymes in tumor cells can achieve targeted enrichment and improve selectivity for some molecules containing specific amino acid sequence substrates for these enzymes. These specially designed molecules can self-assemble into ER-targeted nanoforms to induce ER stress through membrane lipid action in cancer cells after the substrate fragments are cleaved by these enzymes (Gao et al., 2020; Xiang et al., 2022a). Recently, Feng et al. (2018) adopted alkaline phosphatase (ALP), highly expressed in tumor cells (HeLa cells), to construct an EISA-related phosphotetrapeptide (1P)-based ER inducer for cancer therapy. The 1P precursor contained a d-phosphotyrosine as a specific substrate of ALP, and positively charged l-homoarginine, which targeted the ER. After the 1P precursor was catalyzed by ALP to generate 1P, 1P self-assembled on the surface of the cancer cell membrane to form unique crescent-shaped 1P nanoparticles. Subsequently, the 1P nanoparticles were selectively enriched in the ER to induce ER stress. Similarly, Kim et al. (2021) utilized trypsin-1, which was overexpressed in the ER of a high-grade serous ovarian cancer cell line (OVSAHO), to develop a trypsin-1 (PRSS1)–based branched peptide chain. After proteolysis, the branched peptide chains formed peptide assemblies to accumulate in the ER, upregulated ER stress-related proteins, and killed OVSAHO cells through various death pathways. In addition, furin that is highly expressed in many malignant tumor cells (Fu et al., 2020) has been used to treat cancer. Based on its location in the trans-Golgi network, furin-instruct EISA blocked the transport of ER to the Golgi apparatus to induce ER stress and cancer cell death.
Nanocarriers With Small-Molecule Drugs
Nanocarriers were also developed for ER-targeted small-molecule drugs to improve their efficacy in tumors (Wang et al., 2021). Cheng et al. (2020) encapsulated curcumin in gelatin-blended nanofibrous mat (Cc/Glt NM) to address the inherent insolubility, instability, poor absorption, and rapid systemic elimination of curcumin. Cc/Glt NM effectively entered cancer cells to release curcumin, which activated the BiP/p-PERK/p-elF2a pathway to induce ER stress. As expected, Cc/Glt NM significantly reduced the tumor volume in pancreatic adenocarcinoma (PDAC) tumor–bearing mice with enhanced ER stress levels after topical application. In addition, Wu et al. (2020) adopted mesoporous silica nanoparticle (MSN) to deliver propranolol (PRN), the first-line therapy for hemangiomas. PRN@MSN strongly inhibited the formation of microvessels in murine hemangioma models via increased ER stress, where MSN induced ER stress and PRN inhibited autophagy that was resistant to ER stress. Moreover, Hu et al. (2021) integrated gold nanostars (GNS) and the antineoplastic drug lycorine (Ly) into MSNs with modified tumor-targeted folate (FA). GNS@MSNs-FA/Ly exhibited highly specific tumor growth inhibition in osteosarcoma cell tumor–bearing mice without additional side effects, among which Ly promoted mitochondrial dysfunction to interfere with ER via endoplasmic reticulum–mitochondrial contact (Giacomello et al., 2020).
Multifunctional Photosensitizer-Based Nanodrugs
PDT is one of the potential therapeutic strategies for cancers that generates cytotoxic ROS by the reaction of photosensitizers with oxygen (O2) under the light (Zhao et al., 2022b; Long et al., 2022). The ROS generated during PDT attack proteins to form toxic ROS-modified proteins, which can provoke ER stress by inducing the accumulation of toxic protein (Chen et al., 2021; Zhu et al., 2022) in the ER. In addition, excessive intracellular ROS affect ER-resident calcium channels (Görlach et al., 2015) and promote lipid peroxidation (Vladykovskaya et al., 2012), which also disturb the homeostasis of the ER. However, a single photosensitizer has limited utility to induce ER as well. Further amplification of ER stress is also essential for photosensitizers. Multifunctional nanodrugs can combine varying molecules and materials with photosensitizers into one nanoscale entity to bring the most efficient functionality against tumors.
Recently, Purushothaman et al. (2020) developed Ru-1@TPP-PEG-biotin self-assembled nanoparticles (Ru-1@TPP-PEG-biotin SAN) for cancer therapy. Ru-1@TPP-PEG-biotin SAN was loaded with ruthenium complex 1 (Ru-1, an inhibitor of chaperone GRP78 functions) as an ER stress inducer and photosensitizer. Ru-1@TPP-PEG-biotin SAN induced degradation of the lysosome and inhibition of autophagy, which benefited the release of Ru-1 and the induction of ER stress to cause strong cytotoxicity in MCF-7 and HepG2 cells. Combining photosensitizers and various ER stress inducers presented more potent and efficient antitumor effects than separately administering them. Dong et al. (2019) further developed a multifunctional photosensitizer-based nanodrug (RDDG/DC NPs) for treating breast cancer. The photosensitizers (polymers with dithiophene-benzotriazole groups, abbreviated with the letter C) and doxorubicin (a widely used chemotherapy drug, abbreviated with the letter D) were encapsulated in the ROS-sensitive dextran with 2-deoxy-glucose (2-DG, an ER stress inducer that interferes with N-linked glycosylation). The 2-DG and photosensitizers synthetically induced severe ER stress, which significantly increased CHOP mRNA (related to ER stress), and high cytotoxicity was observed in MCF-7 breast cancer cells treated with RDDG/DC NPs and light irradiation. Eventually, the well-fabricated multifunctional nanodrugs targeted the tumor site and exhibited the most potent suppressing effects on tumor growth under light illumination.
NANODRUG-BASED STRATEGIES TO AMPLIFY ENDOPLASMIC RETICULUM STRESS FOR IMMUNOTHERAPY
Antitumor immunotherapy, which boosts the body’s own immune system’s ability to recognize and attack tumor cells, represents one of the most promising advances in modern medicine (Wang et al., 2021). However, the immunosuppressive tumor microenvironment and poor tumor immunogenicity discourage tumor cells from immune attack, which confronts immunotherapy with enormous challenges (Dong et al., 2021). ICD is a special form of cell death, activating an immune response to recognize antigens of dead or dying tumor cells (Banstola et al., 2021). The expression and release of death-association molecular patterns (DAMPs), such as CRT and high mobility group box 1 (HMGB1), promote dendritic cell (DC) maturation and antigen presentation during ICD (Kroemer et al., 2022). More immunogen exposure to tumors’ signals potentiates an immune effect, which is beneficial for treating malignant tumors. However, most ICD inducers have poor antitumor immunity because ICD-related danger signaling is not their original pharmacology mechanism but a consequence of collateral ER stress effects.
ER stress has been shown to contribute to ICD. When ER stress occurs, abundant CRTs in the ER translocate to the cell surface as a signal for immune system recognition and antigen presentation, often referred to as the “eat me” signaling. Photosensitizers have the potential to be ICD inducers due to their ability to induce ER stress, but only a small amount of them have been applied in ER-associated ICD-induced research on account of their existing but limited influences on ER stress. Some promising strategies of nanodrugs to amplify ER stress benefit antitumor immunotherapy of these limited ICD inducers.
Endoplasmic Reticulum–Targeting Nanodrugs Based on Immunogenic Cell Death Inducers
A few ICD inducers, such as hypericin (an ER-target photosensitizer) (Lin et al., 2017), induce highly efficient ICD by directly and selectively targeting the ER. Therefore, engineering ER-targeting nanodrugs based on ICD inducers is an effective strategy for enhancing the ICD-associated antitumor immunity. Deng et al. (2020) modified meso-tetra(4-carboxyphenyl) porphyrin (TCPP) with N-tosylethylenediamine to form an ER-targeting photosensitizer TCPP-TER. Notably, the p-toluene sulfonyl group of TCPP-TER recognized the ATP-sensitive K+ channel (sulfonylurea receptor) on the ER. Then, TCPP-TER was loaded to reduction-sensitive polymer (Ds-sP) to respond to the tumor microenvironment. The dual-targeting of smart Ds-sP/TCPP-TER nanoparticles released TCPP-TER in tumor sites with high GSH levels and ensured the accumulation of TCPP-TER in the ER. The ROS generated from TCPP-TER under light exposure activated ER stress directly and increased the translocation of CRTs to the cell membrane in 4T1 cells (human breast cancer cell lines). The Ds-sP/TCPP-TER nanoparticles successfully inhibited the growth of primary and distant tumors along with evaluating the proportion of CD8+ T cells in tumor tissues.
Additionally, Li et al. (2019) fabricated an ER target nanodrug, pardaxin (FAL) peptides–modified indocyanine green (ICG)–conjugated hollow gold nanospheres (FAL-ICG-HAuNS). The AuNS were an excellent carrier with both photothermal properties and ER stress–inducing function, which exerted a synergistic effect with photosensitizer ICG. FAL-ICG-HAuNS increased CHOP and CRTs on the cell surface under light exposure. The ER stress induced by FAL-ICG-HAuNS was ROS-dependent and was blocked by antioxidant vitamin C. To overcome the limitations of the hypoxia tumor microenvironment on PDT, the oxygen-delivering hemoglobin (Hb) liposome (FAL-Hb lipo) was adopted to provide sufficient O2. FAL-ICG-HAuNS inhibited tumor growth and prolonged survival time of CT-26 tumor–bearing mice and B16 tumor–bearing mice, which was reversed by depleting either CD4+ or CD8+ T cells, demonstrating the important role of ICD in tumor killing. In summary, the nanoengineered targeting strategy successfully enhanced ICD and related antitumor immunity by amplifying ER stress.
Endoplasmic Reticulum Stress–Inducing Nanodrugs Combined With Immunogenic Cell Death Inducers
Clinically available chemotherapeutic drugs, such as DOX, platinum-based drugs, cyclophosphamide, and so on, belong to the ICD inducers via collateral ER stress effects (Tham et al., 2020). The increasing targeting of ER benefits the ICD-inducing ability of these inducers. However, the increasing immunogenicity is accompanied by less cytotoxicity because they initiate cell death via non–ER-related targets (Xiang et al., 2022b). Therefore, combining different ER stress inducers and ICD inducers to form an alternative ICD inducer with strong antitumor efficacy is a promising strategy to promote ICD-associated immunogenicity and preserve original cytotoxicity.
Recently, Xu et al. (2019) combined cisplatin and adjudin (ADD) into a multi-responsive peptide-based prodrug platform for cancer therapy. ADD was a derivative of lonidamine with potent antitumor effects, and it significantly increased intracellular ROS levels by attacking the mitochondria. The combination of cisplatin and ADD along with tumor targeting from the nanoplatform amplified CRTs exposure, ATP secretion, and HMGB-1 release. To further improve antitumor immunity, WKYMVm were loaded to nanoparticles to form 3-NPs assembled from 2-(Nap)-FFKPt-2TPA-ADDGGGPLGVRG-WKYMVm-mPEG1000. WKYMVm was an agonist of formyl peptide receptor 1 (FRR-1) which facilitated DCs to touch and contact with dying tumor cells stably. More importantly, 3-NPs demonstrated minimal lung metastases surprising rate of tumor shrinkage, as high as 93.1% in the 4T1 orthotopic tumor model. Therefore, 3-NPs were efficient in treating triple-negative breast cancer (TNBC) and inhibiting tumor metastasis via provoking innate and adaptive anti-TNBC immunity. In addition, Chen et al. (2019) constructed a core-shell magnetic nanoparticle (FeNP) to load oxaliplatin (the third-generation star product of platinum-based drugs) with a modified tumor-targeting peptide (α-enolase-targeting peptide, ETP) (ETP-PtFeNP). The ETP-PtFeNP induced intracellular Fenton’s reaction and elicited ROS bursting (Chen et al., 2022), which was partially beneficial for ICD. ERS-mediated ICD activation was demonstrated by markedly elevated levels of CRT on the cell surface in the ETP-PtFeNP–treated group. ETP-PtFeNP eventually activated entire-body immunity and suppressed tumor growth in the 4T1 tumor–bearing balb/c mice.
CONCLUSION AND PROSPECTS
This article reviewed the tumor treatment strategies of ER stress–inducing nanodrugs. Nanodrugs are specifically enriched in tumor sites and achieve efficient treatment of cancer via the enhancement of ER stress. Moreover, a combination of various ER stress inducers in a nanoplatform can further amplify ER stress and demonstrate attractive antitumor effects. In addition, nanodrug-based strategies to amplify ER stress repurposed those antitumor drugs for immunotherapy and acquired amazing results, considering the importance of ER stress for ICD.
Although significant progress has been made in this emerging field, there are still some unsolved questions about these nanodrugs. First, ER exists in almost all cells, which represents the wide toxic side effects of ER-targeting nanodrugs. As such, precise tumor cell targeting is imperative. Second, many ROS-based drugs are limited by tumor environment hypoxia in tumor therapy, especially the strategy that requires direct utilization of O2 like PDT (Long et al., 2022). Although the work conducted by Li et al. (2019) provided a direction for breaking the restriction, there was still a long way to overcome this challenge. Finally, the ER targeting of many nanodrugs is achieved through the modification of targeting peptides, but the modification of macromolecules such as proteins increases the difficulty of synthesis. More superior ER targeting strategies, such as nanoliposome targeting ER, require further deep study (Shi et al., 2021).
Overall, nanodrugs-induced/amplified ER stress is available to increase ICD and antitumor effects. Of whatever function as cytotoxic antitumor drugs or immunotherapeutic drugs, the ER stress-inducing nanodrugs are potential and promising for cancer treatment. At the same time, the ideas of nanodrugs-based strategies based on ER stress are also beneficial for the treatment of other diseases.
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The pathological processes of cancer are complex. Current methods used for chemotherapy have various limitations, such as cytotoxicity, multi-drug resistance, stem-like cells growth, and lack of specificity. Several types of nanomaterials are used for cancer treatment. Nanomaterials 1–100 nm in size have special optical, magnetic, and electrical characteristics. Nanomaterials have been fabricated for cancer treatments to overcome cytotoxicity and low specificity, and improve drug capacity and bioavailability. Despite the increasing number of related studies, few nanodrugs have been approved for clinical use. To improve translation of these materials, studies of targeted drug delivery using nanocarriers are needed. Cytotoxicity, enhanced permeability and retention effects, and the protective role of the protein corona remain to be addressed. This mini-review summarizes new nanomaterials manufactured in studies and in clinical use, analyses current barriers preventing their translation to clinical use, and describes the effective application of nanomaterials in cancer treatment.
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Introduction

Cancer is a common, complex, and heterogeneous disease. As the population ages, cancer is becoming a leading cause of morbidity and mortality worldwide, with approximately 9.5 million cancer-related deaths annually (1). Therefore, studies aimed at developing treatments for cancer are urgently needed. Surgery, chemotherapy, and radiotherapy are the three main treatments for cancer but often lead to unsatisfactory outcomes and side effects (2, 3). With increasing advances in oncology research, more effective therapies have become available to overcome these limitations, such as immunotherapy, gene therapy, photothermal therapy (PTT), photodynamic therapy (PDT), chemodynamic therapies (CDT), sonodynamic therapy (SDT) and nanomaterial-based chemotherapy (4–9). Among them, nanomaterial-based chemotherapy is a promising therapy for cancer because of its low toxicity, high specificity, and excellent bioavailability (10).

Medical nanotechnology is one of the most promising frontiers in cancer. Typical nanomaterials are 1–100 nm in size and exhibit a high surface to volume ratio, unique fluorescence properties, enhanced permeability, and outstanding biocompatibility (11, 12). These properties offer several advantages in cancer treatment. The high surface to volume ratio facilitates the assembly of biomolecules, which can improve the specificity of chemical drugs, thereby increasing the efficacy of targeted therapy and reducing its toxicity (10).

PDT and PTT are promising approaches for improving the effects of cancer treatment; both methods are related to optical interference. The materials used in PDT and PTT have obtained wide interest in recent years. The temperature of the targeted region can be elevated by the photothermal conversion efficiency of PTT to promote cancer cell death. In contrast, in PDT, photosensitizers and certain wavelengths of light are utilized to produce singlet oxygen, leading to the death of cancer cells (13). Because of their excellent fluorescence properties, various nanomaterials are utilized in PDT and PTT (14). In tumor site, toxic ROS was generated by endogenous H2O2 and therefore cancer cells were killed in the absence of external O2 (15). This is one of the unique advantages of CDT. So far, CDT nanodrugs with mitochondria-targeting displayed outstanding spatial specificity and anti-tumor effect (9).

Nanoparticles are a better choice for cancer treatment compared to microparticles because nanoparticles are more biodegradable than microparticles (16). Nanoparticles are not small enough to penetrate into normal blood vessels because they have a dense extracellular matrix. As tumor grows, lymphatic drainage was inhibited by immature vasculatures generated by tumor-induced angiogenesis (17). The suppressed lymphatic drainage makes it possible for nanoparticles to penetrate targeted cells. This phenomenon is known as “enhanced permeability and retention effect” (EPR) and the passive targeting of nanoparticles is largely dependent on EPR effect (18).

The superparamagnetic behavior of nanomaterials facilitates the diagnosis and treatment of cancer. For example, superparamagnetic iron oxide nanoparticles offer unique advantages. They are small, display high targeting specificity, and show a powerful ability to evade the immune system, thereby exhibiting potential for cancer treatment (19).



Advances in Nanotechnology for Targeted Delivery

Cancer treatment based on nanomaterials shows advantages over using free drugs, particularly for targeted delivery. Compared to free drugs, targeted delivery exhibits reduced toxicity, decreased degradation, increased half-life, and enhanced capacity (20, 21). Recent advances have been made in nanomaterial-based targeted drug delivery systems, including in active or passive targeting. Active targeting is achieved using antibodies or small molecule-conjugated nanoparticles, whereas passive targeting occurs through enhanced permeability and retention effects. Active targeting displays great potential and acted as an alternative strategy to passive targeting and the ability of tumor localization in active targeting was improved by increased efficiency and retention (22). Compared with traditional chemical therapies, nanomaterial-based drugs display increased specificity, improved bioavailability, lower cytotoxicity, better loading capacity, and a longer half-life. To date, many nanomaterials for cancer treatment have been developed based on remarkable advances in nanoscience, technology, and cancer pathology. However, few nanomaterial-based drugs have been intensively studied and utilized in clinical practice. Nanomaterials can be broadly classified into several categories (Figure 1).




Figure 1 | Categories of nanomaterials used in cancer therapy. (A) Nanoparticles. (B) Liposomes. (C) Solid lipid nanoparticles. (D) Nanostructured lipid carriers. (E) Nanoemulsions. (F) Dendrimers. (G) Graphene. (H) Metallic nanoparticles. PEG, poly (ethylene glycol).





Nanomaterials in Cancer Therapy

Several well-studied nanoparticles are listed in Supplementary Table 1 (23–28). Chemical drugs can be delivered and sustainably released to target sites by Polymeric nanoparticles (PNPs) (10 to 1000 nm) (29). Nanoparticle components have evolved over the past few decades; they were initially manufactured from non-biodegradable polymers, including polymethyl methacrylate and polyacrylates (30, 31). Because they cause chronic inflammation and toxicity, one challenge to using these types of PNPs is their timely removal. To overcome this difficulty, biodegradable polymers such as polylactic acid, poly (lactic-co-glycolic acid), and poly (amino acids) have been fabricated (32), which exhibit excellent advantages depending on their structures and properties. PNPs protect drugs from degradation, improve loading ability, and increase stability (33). However, metal nanomaterials are not considered for cancer treatment because renal and brain toxicity and denaturation of enzymes may be caused by excessive heavy metal element in-take (34, 35).

Drug delivery plays an important role in cancer therapy, and non-conjugated polymers with intrinsic luminescence show its special advantage in drug delivery (36). Drug delivery are including passive and active targeting (Figure 2A). A crucial issue is the size of the drug. It is difficult for drugs to infiltrate the dense extracellular matrix. However, tumor induced angiogenesis promoted generation of numerous immature vasculatures and inhibited lymphatic drainage (37). Because these immature vasculatures are “leaky”, nanoparticles are small enough to penetrate the target sites. It is convenient to attach targeting peptides to the surface of PNPs because of excellent surface to volume ratio. Polysorbates surfactant effect can promote solubilization and fluidization. Coating polymers with polysorbates can improve bioavailability, thereby promoting the interaction of PNPs with endothelial cell membranes of the blood-brain barrier and facilitating endocytosis (38, 39). Compared with conventional chemical drugs, PNPS can deliver anticancer drugs to target sites and react to ultrasound. Theragnostics is a novel strategy that includes both diagnosis and therapy, in which fluorescent PNPs play a crucial role. In recent years, fluorescent PNPs with complex structures have been used as theragnostic materials. Fluorescent PNPs are typically composed of biocompatible biopolymers, fluorescent proteins, and organic dyes (40). Moreover, the anticancer effect of nanomedicine is strengthened by hydrophobic interactions or π–π bonds according to fluorescence assays (41). Radionuclides, such as I-125, can be stored in the stable core by electrophilic aromatic substitution of nanoparticles (42, 43). In addition, a self-assembling protein nanoparticle (11 nm) was developed and showed stability and biocompatibility in vivo, revealing its potential for drug delivery in cancer therapy (44). Ultrasound-sensitive PNPs are effective for cancer diagnosis and therapy. Side effects were reduced by using ultrasound in nanoparticle fabrication to overcome “obstacles” (such as endothelial blood vessels, tissue endothelium, and blood-brain barrier) associated with the traversing ability of cancer treatments, thus enhancing drug delivery (45–47). Ultrasound displays a thermal effect and can be utilized to trigger the controlled release of chemical drugs (48). However, some degraded PNPs are toxic; therefore, their fabrication and properties are still to be improved (49).




Figure 2 | Cancer therapy approaches depending on nanomaterials. (A) Targeting cancer cells by passive targeting or active targeting. (B) Targeting TME, such as anti-angiogenesis, stromal cell and extracellular matrix. Bevacizumab was loaded in liposome and conjugated with VEGF to suppress angiogenesis. HAase was fabricated onto NP surface and penetration ability of NP was increased. c IFN-γ as an immune regulator delivered by liposomes activated immune cells in cancer immunotherapy. HAase, hyaluronidase; IFN-γ, Interferon gamma; NP, nanoparticle; TME, tumor microenvironment; VEGF, vascular endothelial growth factor.





Monoclonal Antibody Nanoparticles

Because of their anticancer effect and specific targeting ability, monoclonal antibodies (mAbs) are widely used in targeted treatment. More recently, mAbs have been utilized in anticancer nanoplatforms and as frontlines in the fight against cancer. Cytotoxic drugs are conjugated with mAbs to strengthen the therapeutic efficacy of anticancer drugs, known as antibody-drug conjugates. According to the specific antigens expressed in cancer cells, less toxicity and higher specificity can be achieved (50). Different antibody-drug conjugate systems display enhanced therapeutic efficacy in breast cancer (26, 51). Based on these effects of antibody-drug conjugates, trastuzumab nanoparticles are promising and widely studied nanoplatforms for cancer treatment (52–54).



Lipid-Based Nanomaterials

Liposomes, solid lipid nanoparticles (SLNs), and nanostructured lipid carriers are three main categories of lipid-based nanomaterials. Liposomes (20 nm to >1 μm) were the first microcosmic phospholipid bilayer nanosystem (55). Both hydrophilic and hydrophobic drugs can be delivered depending on the liposome structure (56). Drugs are shielded from degradation by the central cavity of liposomes (57). Liposomes may be phagocytized by the mononuclear phagocyte system, known as human guards; therefore, liposome membranes should be modified to prolong their half-life (58). This can be achieved through polyethylene glycol conjugation. For example, PEG-liposomes carrying doxorubicin (DOX) were developed and applied to treat Kaposi sarcoma (59). Liposomes are widely applied in co-delivery and controlled release and have been combined with chemical drugs. How to load drugs and control release must be considered when designing liposome nanocarriers. Drug efficacy is affected by bioavailability in cancer chemotherapy, and DOX liposomes have a lower bioavailability than free DOX, suggesting that bioavailability should be improved during liposome design (60). A new PEGylated liposome carrying cobimetinib and ncl-240 displayed an enhanced cytotoxic effect through synergistic effects, leading to higher efficacy (61). Moreover, liposomes loaded with floxuridine and irinotecan exhibited better effects on advanced solid tumors, whereas a new liposome containing multilayer siRNA molecules and that co-delivered DOX displayed better DOX efficacy, decreasing the tumor mass in breast cancer (62, 63). Notably, specific liposomes can release drugs depending on the pH value, as cancerous regions are more acidic compared to healthy tissues (64). pH-sensitive cationic liposomes were prepared using a pH-sensitive material. The release of sorafenib was increased at pH 6.5 (65). In summary, liposomes exhibit low immunogenicity, low cytotoxicity, and high biodegradability (66). However, the disadvantages of liposomes include their rapid removal by the mononuclear phagocyte system, low stability, and obstacles in membrane transfer. Therefore, the application of liposomes remains limited.

SLNs have been acted as alternative carriers to liposomes. Because of the rigid confinement of the scale, SLNs (1–100 nm) are known as “zero-dimensional” nanomaterials compared with other larger nanomaterials. SLNs contain solid materials, in contrast to liposomes. Examples of these materials include solid lipids, emulsifiers, and water. PEGylated lipids, triglycerides, and fatty acids are utilized in SLNs (20). The outer layer and delivery function of SLNs are similar but show some differences from conventional liposomes. Some SLNs have a micelle-like structure rather than a contiguous bilayer, with drugs packaged in the core (67). Compared with liposomes, SLNs show higher stability and longer release. However, because of their crystalline structure, SLNs exhibit some limitations, such as inherently low incorporation rates and an unpredictable gelation tendency (68). Nanostructured lipid carriers (NLCs) have been fabricated to overcome the drawbacks of SLNs and termed as the second lifetime of lipid nanoparticles. Compared with SLNs, NLCs exhibit a higher loading capacity and show a less inclination of gelation (69). NLCs have received considerable attention in recent years because many drugs used in cancer therapy are lipophilic and can be administered through various routes (oral, parenteral, inhalational, and ocular) (70). NLCs are manufactured as systems that carry both liquid and solid lipids. Over the past two decades, the stability and loading capacity of NLCs have evolved.



Nanoemulsions

Nanoemulsions (NEs) are colloidal nanoparticles with an aqueous phase, emulsifying agents, and oil (71). NEs are widely utilized drug nanocarriers. They have a lipophilic surface and solid spheres; three typical NE types are water-in-oil NE systems, oil-in-water NE systems, and bi-continuous NE (71). Compared with most lipid-based nanomaterials, NEs show the advantages of optical clarity, excellent biodegradability, and improved molecule release profiles (72). In contrast to conventional delivery vehicles, nanoemulsions are superior in efficacy and stability, and a serial of routes they can use to administer (73, 74). Intranasal route was used to carry small interfering RNA to the brain by nanoemulsions. In glioblastoma, CD73 small interfering RNA was successfully carried to the brain for gene silencing in a cationic nanoemulsion and show its great potential in drug delivery (75). Co-delivery using NEs can be performed to improve the effects and bioavailability of drugs. A previous study showed that an NE carrier containing paclitaxel (PTX) and Spirulina polysaccharides displayed improved anticancer effects by regulating the TLR4/NF-κB signaling pathways (76). An NE system composed of rapamycin and bevacizumab was developed. Increased inhibition of tumor migration and angiogenesis and improved cytotoxicity against cancer cells were observed in advanced melanoma (77) (Figure 2B).

NEs can also be used in immune therapies. A modified NE loaded with interferon-γ inhibited the viability of MCF-7 breast cancer cells and enhanced the activity of phagocytes. These results indicate the potential of these NEs for cancer therapy (78) (Figure 2C). A new NE carried baicalein and paclitaxel was produced enhanced oxidative stress and decreased glutathione levels in MCF-7/Tax cells, providing a suitable approach for increasing the sensitivity of cells to paclitaxel (74, 79). Compared to conventional paclitaxel production, baicalein-paclitaxel NE displayed higher anticancer efficacy in vivo (74, 79). These studies indicate that applying elaborately fabricated NEs is useful for managing multi-drug resistance.

NEs are transitioning to clinical application but require many improvements, despite their potential advantages. A high temperature and pressure are typically needed to fabricate NEs, for which few materials are suitable. It is difficult to commercially manufacture NEs. Moreover, compared to other conventional production methods, homogenizers and microfluidizers are often used to prepare NEs, making the process more energy-efficient. Further studies of NE metabolism are needed to evaluate the safety of NEs in clinical applications (72).



Dendrimers

Dendrimers (1–15 nm) exhibit an architecture with highly branched surfaces (80, 81). Dendrimer molecules are composed of three parts: a central core, branches, and an exterior surface. A few dendrimers have been investigated for cancer therapy, including polyamidoamine (PAMAM), polypropylenimine, 5-aminolevulinic acid, and triethanolamine (82).

Depending on their unique structure, dendrimers exert specific functions, such as adjustable branches, outstanding solubility, and excellent bioavailability. Cationic dendrimers can form complexes with nucleic acids because of their positively charged surfaces. Hence, dendrimers can be utilized as efficacious nucleic acid nanocarriers. PAMAM and polypropylenimine have been extensively investigated. A PAMAM dendrimer composed of two parts was developed for simultaneously monitoring cancer cells and managing multi-drug resistance through fluorescence imaging. The first part was a carbon dot/DOX complex and the other part was composed of five PAMAM dendrimers with cyclic arginine-glycine-aspartic acid and d-α-tocopheryl polyethylene glycol 1000 succinate (TPGS). These two parts were combined via electrostatic interactions to obtain a PAMAM dendrimer. The carbon dots produced fluorescence, and arginine-glycine-aspartic acid ligands targeting αvβ3 integrin receptors induced targeting specificity; TPGS showed a remarkable ability to inhibit cancer cells (83).

Dendrimers are also useful for co-delivery. Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is an important factor in the apoptotic pathway. In addition, colon cancer is typically treated using DOX. TRAIL and DOX plasmids were carried in a dendrimer nanocarrier, which showed enhanced anticancer effects compared to modified carriers containing the TRAIL or DOX plasmids alone (84). Depending on the dendrimer, a PAMAN nanocarrier was prepared and used to treat liver cancer. PAMAN dendrimers without decoration exhibit inefficient cellular internalization, low transfection efficiency, and unstable encapsulation; however, the competitive characteristics of nanomaterials exhibit many advantages in combination therapy (85, 86).



Graphene

Because of its important mechanical and electronic characteristics, graphene has been widely studied in cancer therapy (87). Based on their composition, structure, and characteristics, single-layer and multi-layer graphene, graphene oxide (GO), and reduced graphene oxide have been defined (88). Graphene shows unique mechanical and electrochemical advantages. Optical transmittance, high density, and hydrophobicity are outstanding properties (89, 90). In addition, high drug-carrying ability and thermal conductivity are important properties in cancer theragnostic (91, 92). However, the poor solubility of graphene causes toxicity and prevents its manufacture (93). Hence, more bioavailable graphene-based nanomaterials are needed. A classical GO molecule is composed of functional oxygen groups, carbonyl groups, and epoxy groups (94). GO and the reduced derivative of GO display improved biological effects compared to graphene. Powerful hydrophilicity contributes to dispersions in aqueous solvents, avoiding aggregation induced by van der Waals and hydrophobic interactions (95). Additionally, nanosheets are a versatile platform on which hydrophilic functional groups can be combined with various materials, offering many advantages in targeted therapy and cancer diagnosis (96).

Direct immunogenicity is exhibited in graphene compared to in other nanomaterials, and the extent of the immunostimulatory capability can be modulated by changing the lateral size (97). Macrophages and dendritic cells can be activated by graphene, revealing their potential for cancer therapy. TNF-α was remarkably increased by 6-armed GO in RAW264.7 macrophages without altering IL-1β and IL-6 levels (98). Graphene can also suppress some cancer cells. Treatment of human osteosarcoma cells and normal osteoblasts with GO displayed significant cytotoxicity against osteosarcoma, and the apoptosis rate of osteosarcoma cells was remarkably higher than that of hFOB1.19 normal osteoblast cells (99). Cancer stem cells (CSCs) are cancer cells with self-renewability and high tumorigenic potency; these cells are associated with multi-drug resistance and interact with the TME (100). Hence, damage to CSCs is vital for preventing malignancy. GO can distinctively target CSCs and suppress several pivotal signaling pathways, such as Notch and STAT signaling. Moreover, GO can induce CSC differentiation (101). This effect was named as differentiation-based nanotherapy. However, the anti-CSC phenomenon are still to be evaluated.



Nanomaterials for Cancer Immunotherapy

Nanomaterials exhibit great potential in promoting the efficacy of cancer immunotherapy. Cancer immunotherapy include two aspects: cancer vaccines and TME modulation. Cancer vaccines are developed to present cancer antigen to DCs and promote robust effector T-cell response, while TME modulation aims to expand the ability of cytotoxic T cells for killing cancer cells (102, 103). Moreover, nanomaterials preloaded with targeting ligands can be taken up by specific cells (104). Interestingly, a recent research reported that a D-enantiomeric supermolecule nanoparticle was fabricated and its p53-dependent antiproliferative activity was exhibited and therefore antitumor immunity was enhanced (105). Immunotherapy will be benefited from delivery of tumor antigens by nanomaterials and the immune response can be also modulated by nanomaterials because of their specific characteristics (106, 107). Of note, the stimulator of interferon genes pathway was activated by the PC7A nanoparticles and therefore contribute a robust response in anti-tumor immunotherapy (108).



Bioinformatics in Cancer Research

Recently, bioinformatics gained lots of interest in the medicine and especially in the field of cancer research. The best cancer therapy depends largely on the right identification of the origin of cancers. With the developments of bioinformatics, machine learning methods have been used to predict the origin of cancer, depending on the mRNA expression, or miRNA expression. An interesting publication showed that tissue specific miRNA and DNA methylation markers have been used to detect the origin of cancer and classifiers based on DNA methylation are more powerful than miRNA-based classifiers (109). Moreover, multimodal deep learning was successfully used in the identification of choroidal neovascularization activity (110). The above classifiers and relevant biomarkers (such as mRNA) will promote the specific therapy of cancer in the future.



Discussion

Nanomaterials display different properties, such as composition, structure, and immunogenicity. Cancer treatment based on these nanomaterials have been widely studied. Diverse modification can be obtained on nanomaterials and anti-tumor drugs can be preloaded into nanocarriers. Both the characteristics of the nanoplatform and agents are of vital importance. The efficacy, targeting ability, and biocompatibility are based on the modification of the nanomaterials. Drugs, peptide and small molecules can be carried by nanomaterials in targeted delivery and non-targeted delivery. In this mini-review, we focused on the properties of common nanomaterials and evolution of their applications in cancer treatment. Of note, we summarized the categories of nanomaterials used in cancer therapy and diverse cancer therapy approaches depending on nanomaterials. Nanoplatforms can also be designed to target the TME environment. With further studies of the pathophysiology of cancer genesis and multi-drug resistance germination, additional nanomaterial-based therapies will be explored. Although extensive research has been conducted, few nanomaterial-based therapies are currently in clinical use, and thus further studies are needed to address this issue. Overall, the development of nanobiotechnology will lead to progress in clinical translation. Nanomaterial-based drugs can lead to beneficial effects in patients with cancer.
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The tumor microenvironment (TME) plays an important role in the development, progression, and metastasis of cancer, and the extremely crucial feature is hypoxic and acidic. Cancer-associated fibroblasts (CAFs), extracellular matrix (ECM), mesenchymal cells, blood vessels, and interstitial fluid are widely recognized as fundamentally crucial hallmarks for TME. As nanotechnology briskly boomed, the nanoscale drug delivery and imaging platform (NDDIP) emerged and has attracted intensive attention. Based on main characteristics of TME, NDDIP can be classified into pH-sensitive delivery and imaging platforms, enzyme-sensitive delivery and imaging platforms, thermo-sensitive delivery and imaging platforms, redox-sensitive delivery and imaging platforms, and light-sensitive delivery and imaging platforms. Furthermore, imageology is one of the significant procedures for disease detection, image-guided drug delivery, and efficacy assessment, including magnetic resonance imaging (MRI), computed tomography (CT), ultrasound (US), and fluorescence imaging. Therefore, the stimuli-responsive NDDIP will be a versatile and practicable tumor disease diagnostic procedure and efficacy evaluation tool. In this review article, we mainly introduce the characteristics of TME and summarize the progress of multitudinous NDDIP as well as their applications.
Keywords: stimuli-responsive nanoscale drug delivery, imaging platform, nanomaterials, TME, cancer therapy
INTRODUCTION
Cancer is the most common cause of death worldwide threatening human health seriously. According to cancer statistics in 2021, approximately nearly one million new cancer deaths and six hundred thousand cancer deaths were reported. The incidence and mortality rates of cancer have continuously increased for the past few years (Siegel et al., 2021). Despite traditional therapies for cancer, surgery, radiotherapy, chemotherapy, and all kinds of other therapy have made significant and remarkable achievements. These also lead to many systemic side effects such as 1) although cancer resection greatly prolongs patients’ survival time, it reduces the survival quality (Nam and Shin, 2021); 2) chemotherapy drug is known to have adverse side effects such as drug resistance, nonspecific toxicity, and short circulating half-life (YAN et al., 2020); 3) in view of the conventional radiotherapy with many restrictions lead to long-term destruction of normal organ functions as well as the immune system (Zhang et al., 2019). In consequence, novel and efficient therapeutic methods (Naidoo and Chuturgoon, 2021) with fewer side effects, high efficiency, and low toxicity still urgently need to be explored.
With the remarkable and rapid progress of nanotechnology, the nanomaterial is gradually emerging and has become a global research spotlight (Bhutta et al., 2021). Based on their unique advantages, such as extremely small size, high stability performance, and favourable biocompatibility properties, nanomaterials have attracted intensive attention, giving rise to the novel bellwether as nanomedicine, especially in noninvasive diagnosis, precise therapy (Jiang et al., 2021), and prevention of cancer (Xiang et al., 2020; El-Sayed and Kamel, 2020; Wang et al., 2021; HE et al., 2015). Nanomaterials can be produced into a variety of spatial structures, morphology, forms, and surface modification based on their intrinsic thermal, electrical, magnetic, and optical physical properties. Nanomaterial is widely used as a theranostic agent in PTT (photothermal therapy) (Huang et al., 2021), PDT (photodynamic therapy) (Bharathiraja et al., 2018; Wu et al., 2021), CDT (chemodynamic therapy) (Wang et al., 2022; Yang et al., 2022), and NDDS (Bai et al., 2021; Foglietta et al., 2021) to overcome the limitations of standard cancer treatments.
A variety of nanomaterials have attracted a lot of research attention as diagnostic and therapeutic tools to promote the exploration of nanomedical cancer therapy. As a typical paradigm, Liu et al. have synthesized NaYbF4:Tm@NaGdF4:Yb-PVP nanoparticles to serve as the most attractive candidates to achieve UCL/MRI/CT tri-modal imaging and improve the detected rate of early-stage tumor (Wang et al., 2017). In another representative work, Li et al. constructed a magnetic composite nanoplatform using cancer PTT, by coating with the PDA on the surface of Fe3O4 nanoparticles. Such a well-designed composite therapeutic nanoparticles exert its cancer therapeutic effect, promoting the application of nanomedical in cancer therapy (Li et al., 2020). In a significant work in 2018, Liu et al. further demonstrated the protective effects of CFNs, integrated PDT, CDT, PTT, and MRI imaging capabilities, achieving synergistic cancer treatment. The “all-in-one” nanoplatform has tremendous potential in cancer theranostics (Liu et al., 2018). In light of this, Deng et al. prepared targeted multifunctional UCHNs-PAMA nanocarriers that offered the enhanced T1-weighted MRI, CT, and upconverting luminescence (UCL) imaging. Meanwhile, the nanoparticle-loaded Pt(VI) has effective inhibition for combinational therapy of cancer via the in vitro and in vivo experiments confirmed. In consequence, UCHNs-PAMA-Pt(IV) possesses a multifunctional platform for trimodal imaging and therapeutic applications (Deng et al., 2015). Further experimental results manifest that such nanocarriers are capable of exerting significant therapeutic efficacy in cancer. In conclusion, many research studies have certified that nanomaterials represent excellent and remarkable merits in the therapy of cancer.
Herein, we categorize the diversity of NDDIP based on stimulus and emphasize the most recent treatment research for cancerous diseases. Simultaneously, we discuss the latest application and development trends of NDDIP in the future.
CHARACTERISTICS OF THE TUMOR MICROENVIRONMENT
TME is of crucial effect on cancer generation, progression, invasion, metastasis, and drug resistance. It is composed of CAFs, ECM, mesenchymal cells, blood vessels, and interstitial fluid (Barati Bagherabad et al., 2017; Anderson and Simon, 2020). CAFs, as the main components of the tumor stroma, are mainly located in the perivascular or peripheral interstitial fibers, secreting cytokines and related enzyme molecules. ECM deposition can produce a dense fibrous interstitium that encapsulates the tumor, making the tumor tissue more fragile and stiffer than normal tissue, forming a physical barrier to immune cell infiltration and inhibiting the targeting of antitumor drugs. Meanwhile, CAFs secrete proteases that remodel the ECM and release chemokines, growth factors, and proangiogenic factors, promoting the malignant transformation of tumors (Jiang et al., 2020). With rapid tumor growth and vascular anisotropy, the intratumor blood supply is often inadequate, causing the tumor microenvironment in a long-term hypoxic environment (Wang et al., 2018a; Chamundeeswari et al., 2019). Additionally, aerobic glycolysis significantly enhanced, further aggravating the acidification in the tumor microenvironment. Generally, the extracellular pH of normal tissues fluctuates within an appropriate range of 7.2–7.4. But the pH value in the majority of tumor extracellular sites is typically lower than that of normal tissue, within the scope of 6.2–6.9 (Ma et al., 2018). Therefore, novel pH-sensitive NDDIPs as a target are promising in the therapeutic efficacy of cancer therapy.
Glutathione (GSH), as an antioxidant, is one of the most important enzymatic platforms which keep the intracellular redox balance in cancer cells. Cysteine, glutamic acid, and glycine compose of GSH exist in two interconvertible and active forms: reduced form (GSH) and oxidized form (GSSG). Intracellularly, a large proportion of GSH is existed in the cytosol with more than 90%, while mitochondria exist at nearly 10% and the endoplasmic reticulum contains an extremely small amount (Rozanov et al., 2015). Many malignant tumor cells are especially dependent on elevated GSH. Therefore, the GSH system has attracted the intensive attention of pharmacologists as a hope target for medical intervention against cancer progression (Nunes and Serpa, 2018; Marengo et al., 2019).
ROS, as byproducts of incomplete aerobic respiration, refer to a series of the highly reactive substances, existing in two forms of radical and nonradical, which include hydrogen peroxide (H2O2), singlet oxygen (1O2), peroxide (O22-), superoxide (O2−), and hydroxyl radical (•OH) (Sai et al., 2021; Zhu et al., 2022). ROS functions as a double-edged sword in vivo (Zhao et al., 2022; Chen et al., 2021). Some research confirmed that ROS has the capability of stimulating physiological cellular proliferation, and the substances can be utilized by a tumor to promote survival and differentiation. However, high levels of ROS can have deleterious effects, breaking down lipids, proteins, and genetic material DNA. Furthermore, many research studies have confirmed that ROS regarded as an effective tumor inhibitor to achieve potent cancer treatment (Ming et al., 2020; Malla et al., 2021). In conclusion, concentrations of ROS in tumor tissues and intracellular cancerous cells are enormously higher in comparison with normal cells (Weinberg et al., 2019).
NANOSCALE DRUG DELIVERY AND IMAGING PLATFORM
NDDIP is one of the most spectacular and significant prospects in the targeted drug delivery therapeutics and efficacy evaluation agents (Aminu et al., 2020). It has been used to deliver multitudinous chemotherapeutic drugs, inhibitors, vaccines, and proteins. Among them, the most tremendous promise of nanotechnology is NDDIP complexes.
Smart NDDIP combined with stimuli-sensitive properties that can either respond to physical or biological stimuli has recently become the center of attention. According to special characteristics of the diseased microenvironment, NDDIP for drug delivery and imaging platforms can be classified into pH-sensitive delivery and imaging platforms, enzyme-sensitive delivery and imaging platforms, thermo-sensitive delivery and imaging platforms, redox-sensitive delivery and imaging platforms, and light-sensitive delivery and imaging platforms as seen in Table 1 and Figure 1.
TABLE 1 | Illustrative examples of NDDIP and their biomedical applications.
[image: Table 1][image: Figure 1]FIGURE 1 | Graphical summarization of five different types of stimuli put into the design of stimuli-sensitive nanocarriers for drug delivery and imaging platforms: pH-sensitive delivery and imaging platforms, enzyme-sensitive delivery and imaging platforms, thermo-sensitive delivery and imaging platforms, redox-sensitive delivery and imaging platforms, and light-sensitive delivery and imaging platforms.
pH-Sensitive Delivery and Imaging Platforms
In the midst of the various sensitive nanoscale drug delivery platforms, pH-sensitive delivery and imaging platform is known as the most comprehensive strategy as a result of the acidification in the solid tumor microenvironment obviously. It is known that the pH value of the tumor extracellular microenvironment is approximately 6.5, lower than that of normal tissue. Therefore, pH-sensitive delivery and imaging platforms are capable of generating physicochemical property variations at a mild acidic tumor microenvironment for their structure or conformation characteristics, resulting in anticancer drugs or contrast enhancement at the desired site. Then, multiple imaging methods were used to observe the changes in lesion size and evaluate the therapeutic effect of the tumor (Yang et al., 2019).
On account of this sensitive reaction, Chen et al. developed a multifunctional mesoporous silica nanoparticle system for drug delivery and magnetic resonance imaging (MRI) by a classic method (Chen et al., 2015) (see Table 1). The pH-responsive MS@S-NPs are the essential component of the mesoporous silica nanoparticle system. DOX hermetically loaded into the holes of MS, and then the holes were sealed with S-NP to prevent premature drug release. As the experiment proves, MS@S-NPs were stable under conditions similar to physiological status (pH = 7.4), and the DOX release generally ignored. On the contrary, the DOX release markedly increased with the reduction of pH. This is principally because the acid–labile acetal bridges the gaps between MS and S-NPs, and the hydrolysis of the acetal at acidic pH as triggers could generate physicochemical property variations to remove the S-NPs achieving the DOX specific-targeting and controlled release. Due to the presence of Gd3+, MS@S-NPs, as an efficient contrast agent, realized T1-weighted MR images successfully at the tumor site for image-guided drug delivery and efficacy assessment. Hence, MS@S-NPs, as high effective NDDIP, play important roles in tumor therapy and real-time monitoring (Hrubý et al., 2005; Devalapally et al., 2007).
On this point, a new study has claimed that Lim et al. (see Table 1) designed HER-DMNPs as pH-triggered NDDIP through employing α-pyrenyl-ω-carboxyl poly(ethylene glycol) (Py-PEG-COOH or pyrenyl-PEG) to encapsulate magnetic resonance (MR)-sensitive MnFe2O4 nanocrystals (MNCs) and doxorubicin (DOX). In this research, the authors demonstrated that the π–π interactions between DOX and pyrene groups could be decreased at acidic pH to release DOX. Meanwhile, the loaded DOX could be effectively conveyed to tumor tissues reducing toxicity to normal tissues, which realizes targeted cancer therapy. In addition, the authors verified that the MnFe2O4 nanocrystals possessed T2-weighted MR imaging capability through experiments that could be monitored by MRI to guide personalized cancer regimens. In summary, HER-DMNPs, as high effective nanoparticles, have a good T2-weighted MRI imaging effect for tumor therapeutic effect evaluation (Lim et al., 2011).
Enzyme-Sensitive Delivery and Imaging Platforms
Enzymes often play pivotal roles in metabolism and their intimate connection with human health greatly. However, there are several enzymes with specific chemical properties overexpressed in the tumor microenvironment, such as hydrolases, cathepsins, kinases, esterases, and gelatinase (Lou et al., 2021; Dhaval et al., 2022; Wang et al., 2018b; Zhang et al., 2018a). Therefore, overexpression of dysregulated enzyme as a favorable potential biological target is of new innovations. In brief, smart NDDIP stimulated by enzymes has a tremendous and excellent foreground to develop as one of the promising cancer therapies (Chau and Zhong, 2011; Rastegari et al., 2017).
Cathepsin B overexpression has been related to more premalignant lesions playing an important role in adjusting the tumor microenvironment in a wide variety of cancer types. Hence, the cathepsin B-sensitive delivery platform has been conceived, using enzyme as triggers, to deliver the drug to the targeted diseased site where the cathepsin B is overexpressed. Wei and coworkers developed functional polyHPMA copolymer-loaded DOX as enzyme- and pH-sensitive delivery platforms with favorable promising efficiency for breast cancer therapy (Wei et al., 2016) (see Table 1). HPMA was prepared by RAFT polymerization, possessing cathepsin B sensitive moiety (GFLGK) loaded to branched copolymers. Then, obtained copolymer covalently bound to the DOX via pH-sensitive hydrazine bond. In this study, an enzyme complex based on cathepsin B could develop rapid and efficient cleavage. Moreover, the DOX release lies on the pH of the tumor environment. Therefore, the conformational changes of HPMA take place in DOX releasing from the conjugate under a higher concentration of cathepsin B and lower pH value. The novel HPMA copolymer had successfully applied to 4T1 tumor models with enhanced antitumor efficacies. In conclusion, the enzyme-sensitive delivery platforms are regarded as a safe and high effective nanoparticle for breast cancer therapy.
Fan et al. designed gelatin nanoparticles containing PAMAM dendrimer-loaded MTX to improve antitumor efficiency (see Table 1). The high concentration of matrix metalloproteinase-2 enzymes in TME effectively promoted gelatin nanoparticle cracking, which achieved PAMAM dendrimers release and improved intracellular uptake into tumor cells. Meanwhile, the results demonstrate that the multistage nanocarrier guaranteed the therapeutic effect of antitumor drugs. Nanocarriers have ascendancy in fluorescence imaging to assess drug distribution in real time (Fan et al., 2017).
Thermo-Sensitive Delivery Platforms
Thermal is one of the most-explored external stimuli-sensitive for NDDIP, which is delicately sensitive to the thermal within an imperceptible transformation, especially in cancer therapy and diagnosis. The normal body temperature is about 37°C, while the temperature rises in the existence of pyrogens or pathogens, diverging from the normal temperature, which can be exploited to motivate the release of active ingredient pharmaceutical compounds for thermo-sensitive drug delivery platforms. Favorable thermo-sensitive delivery platforms stably reserve therapeutic drugs at physiological temperatures, and they merely released them to the targeted diseased site where the temperature is higher than the critical temperature of drugs. In addition, admired NDDIPs possessed favorable biocompatible and well-stable loading capacity (Qian et al., 2013; Limjeerajarus et al., 2020).
Recent research by Enaam et al. demonstrated that Fe3O4@P(MEO2MA60-OEGMA40)NP is equipped with reversible aggregation in response to the temperature used to make a targeting drug-carried platform (Jamal Al Dine et al., 2017). (see Table 1). Fe3O4@P(MEO2MA60-OEGMA40)NP, as targeted drug carriers, was composited by a mild method, and then the nanoparticles encapsulated DOX by noncovalent interactions bounding to thermo-responsive polymers which possessed a critical temperature of around 41°C. The properties of DOX drug release increase from the nanocarriers above 40°C was proved by a series of experimental investigations. It was found that the drug release efficiency of the nanocarriers might be concerned with thermo-responsive polymers. The main cause for the release of DOX is that the polymer chains shrunk when the temperature is higher than the critical temperature. In brief, the favorable thermo-sensitive delivery platforms of Fe3O4@P (MEO2MA60-OEGMA40)NP with precisely regulated might provide great significance and potential for drug delivery.
Masoud and coworkers synthesized multifunctional pH- and thermo-sensitive delivery platforms (M-MNCs) through a multistep, and then mesoporous silica successfully connected to polymers as an anticancer drug payload to realize release of loaded medicine in specific circumstances (see Table 1). The authors prove by experiment that the M-MNCs showed pH- and thermo-sensitive release behavior which the released amount was highest (92.3%) at pH 5 and 40°C. Therefore, the multifunctional delivery platforms have excellent capability in drug loading and releasing. Besides, the study results showed that M-MNCs retained superparamagnetic characteristics as promising T2-weighted contrast agents to evaluate the therapeutic effect (Farshbaf et al., 2018).
Redox-Sensitive Delivery and Imaging Platforms
Redox-sensitive delivery platforms have moved into the spotlight based on the high concentrations of redox agents such as ROS and GSH in the solid tumor microenvironment, compared with their concentration in normal sites sharply. It has extensively enormous potential utilized as favorable potential triggers to controlled drug-specific release contenting in response to intracellular conditions for cancer therapeutic strategy without damaging the other normal sites surrounding the tumor mass. Herein, redox-responsive NDDIPs are promising in realizing efficient intracellular stimulus-responsive drug platforms (Zhao et al., 2016).
As is known to all, the GSH concentration in tumor cells is typically higher than the values of healthy cells (Mirhadi et al., 2020). Sun and colleagues took advantage of this characteristic to explore a redox-sensitive delivery platform (mPEG-ss-Tripp) used for controlled drug delivery and simultaneous AIE imaging (Sun et al., 2021) (see Table 1). By the self-assembled method, mPEG-ss-Tripp was synthesized and simultaneously loaded doxorubicin via a disulfide bond. Disulfide bonds are sensitive to reductive substance GSH, which is quickly cleaved through thiol-disulfide exchange, especially in the cancer intracellular environment under a higher concentration of GSH. On the contrary, disulfide bonds have fixed construction in normal tissues at a lower level of GSH. In vitro cytotoxicity of micelles experiments proved that the toxicity of DOX-loaded micelles to 293 T cells is extremely low. However, DOX-loaded micelles can prevent 4T1 cell growth and show great cell toxicity. Therefore, mPEG-ss-Tripp has good tumor selectivity between cancer cells and normal cells. At the same time, the mPEG-ss-Tripp with AIE property achieved cellular imaging for monitoring the distribution of the drug as seen in Figure 2.
[image: Figure 2]FIGURE 2 | | Malignant tumor cells are characterized by intracellular high concentrations of GSH. Advantage is taken from this in developing the redox-responsive drug delivery platform. Sun and colleagues explore redox-sensitive delivery platform (mPEG-ss-Tripp). Synthesized mPEG-ss-Tripp was loaded with doxorubicin via a disulfide bond, which is sensitive to reductive substance GSH and then quickly cleaved through thiol-disulfide exchange, in order to release the DOX at targeted sites without damaging normal tissues (Sun et al., 2021).
Chen et al. explored an effective NDDIP for multipurpose cancer theranostics (see Table 1). Obtained MSN-ss-GHA could not only achieve medicine transportation under a strong reducing condition but also dramatically improve 4T1 intracellular uptake. With the assistance of an ultrasonic bath, anticancer drugs were successfully loaded into MSN-SS-GHA to further synthesize DOX@MSN-ss-GHA. A higher concentration of GSH prompted the disulfide linkage in MSN-ss-GHA to cleave occurring in the cancer cellular environment which achieved anticancer drug efflux rapidly. Moreover, the presence of Gd component is the basis of excellent T1-weighted MRI imaging. In conclusion, the new redox-sensitive delivery platforms with accurately cleaved disulfide linkage revealed enormous meaningful and promising for neoadjuvant chemotherapy. At the same time, redox-sensitive delivery and imaging platforms are regarded as high effective nanoparticle in tumor precision therapy and real-time monitoring by MRI. (Chen et al., 2016).
Zhang et al. synthesized FCCP NPs (Fe3O4@CS/CuS NPs) nanoclusters to achieve multimodal imaging and synergetic therapy (see Table 1). As obtained, Fe3O4@CS/CuS NPs performed important functions in improving intrinsic peroxidase to generate •OH and O2 from endogenous H2O2, in which the generation of •OH as a therapeutic agent suppresses the cancerous cells and the concurrent production of O2 as a conditioning agent modulates the hypoxic microenvironment of tumors with remarkable efficiency. In conclusion, ROS is regarded as an effective tumor inhibitor to achieve potent cancer treatment. Due to the presence of Fe, the nanoparticle is a potential T2 contrast agent for MRI which is proportionate to the increase of the Fe concentration. In vivo and in vitro experiments proved that FCCP NPs inhibiting tumor growth were remarkably improved. T2-weighted MR imaging was achieved to effectively evaluate the targeting of nanoparticles. In summary, FCCP NPs could apply in the precise diagnosis and efficient therapeutic and are expected to contribute to personalized medicine (Zhang et al., 2018b).
Light-Sensitive Delivery and Imaging Platforms
Innocuous electromagnetic radiation contained ultraviolet (UV), visible light (VIS), and near-infrared light (NIR), as light-sensitiveness stimuli have moved into the considerable spotlight due to favorable biocompatibility and tissue penetration. Novel light-sensitive delivery platforms based on electromagnetic radiation with an external light source have been recently exploited to achieve more drug delivery at well-delimited sites of the body, guaranteed selective drug accumulation and reduced drug side effects, and improved pharmacokinetics and pharmacodynamics, to realize secure and efficient cancer therapy. Taking advantage of light-sensitive delivery platforms, external stimuli can be used to develop light-sensitive delivery platforms to improve a range of applications.
At present, multifarious NIR-sensitive delivery platforms using different responsive mechanisms have been generated and investigated for the treatment of cancer (Chamundeeswari et al., 2018).
In a recent study, Andy and colleagues investigated the NIR-light-triggered drug delivery approach (Hernández Montoto et al., 2019) (see Table 1). AuNSt with a thiolated photolabile molecule was firstly acquired via a simple and mild method, and then the thiol groups were connected AuNSt and MSNP@DOX together in order to synthesize the satisfying NIR-sensitive drug delivery. The principle of AuNSt-MSNP is that thiolated photolabile molecule is sensitive to the NIR light leading to the formation of succinic acid which is triggered to controlled DOX specific release based on irradiation with NIR-light. In vitro cytotoxicity of AuNSt-MSNP experiments proved that DOX-loaded nanoparticles revealed nontoxicity to HeLa cells without NIR light, while under NIR laser, AuNSt-MSNP severely inhibited HeLa cells viability by effectively releasing DOX. In conclusion, this novel NIR-light-triggered drug delivery platform has provided a promising potential for achieving the synchronism of treatment to strengthen the efficiency of combination therapy (Xiang and Chen, 2020).
In another study, Yoon et al. have developed a multifunctional anticancer-drug carrier containing GNR, IONP, and DOX, with a desirable small size (see Table 1). GNR is efficiently able to transform light into heat energy under NIR. IONP serves as an MRI contrast agent monitoring with the MRI T2 imaging precisely. Experiments have proved that the temperature increase from laser irradiation to achieve drug release precisely, reducing damage to normal surrounding tissue. Meanwhile, the workers proved the property of drug release via MTT which utilized HeLa cells as a stable cell model. The result reflects that DOX is released from the multifunctional anticancer-drug carrier by laser stimulation to effectively kill cancer cells. In conclusion, the multifunctional light-sensitive delivery and imaging platforms could not only resoundingly release DOX into the cancer cells under NIR but also achieve MRI T2 imaging (Yoon et al., 2019).
FUTURE OUTLOOKS
With the therapeutic strategy of carcinoma flourishing, and life-span lengthening, the solicitude for the patients’ quality of life appears to be more significantly momentous. The current modalities of traditional cancer therapies comprise surgery, chemotherapy, radiotherapy, and their combinations and is extremely effective to make tumor shrink or disappear, simultaneously inevitably damaging the other normal sites surrounding the tumor mass. Therefore, probing into how to suppress tumor growth and prolong the survival, while simultaneously not injuring the human organism, is a crucial and aggressive cancer treatment protocol. Nanomedicine, especially NDDIP, has recently promoted immense and innovative preclinical and utility progress in health care. NDDIP as efficient and favorable drug delivery and diagnostic tools would witness deep involvement of various diseases, with targeted and stimuli-responsive ability to deliver drugs. Synchronously, it has solved side effects caused by the traditional therapeutic strategies of carcinoma and achieved the development of precision medicine via reduced systemic cytotoxicity, improved cancerous tissue permeability, and prolonged circulation time.
As we have evidenced by the studies in this review, the performance of NDDIP is verified via substantial preclinical studies, which possesses promising efficiency to suppress the growing progress of cancer (Wu et al., 2016). In this field, plenty of nanoparticles, possessing the characteristics of responding to pH, enzyme, thermal, redox, and light, have been prepared and developed to achieve precise and targeted therapy. Not long afterward, abundant and varied NDDIPs with specific tumor targeting and on-demand antitumor efficiency will appear soon in the clinical application (Zhao et al., 2018).
In conclusion, scientists continuously look for opportunities to improve favorable and profound ways to treat many kinds of cancer by optimizing and innovating nanoparticles and technologies. Therefore, the appearance of smart NDDIP platforms would enable to perform therapy and diagnostics of oncology patients at a totally new and advanced level, maximizing the therapeutic effects, and improving the patients’ quality of life.
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Glucosylated Active GLUT-1  dasatinib RMS cell line Rh30. In vitro: a 9-fold decrease of the half maximal (55)
polymeric targeting Patient-derivedglucose- inhibitory concentration of dasatinib in a RMS cell
nanomicelles avid Rh30 xenograft line, Rh30.
In vivo: selective accumulation of dasatnib in a
patient-derived RMS model
LPR Active PAX3- SiIRNA Human RMS cell lines. Significant tumor growth delay and inhibition of (56)
nanoparticles targeting FOXO1 Rh30 cells xenograft tumor initiation
(P3F)
4-arm-PEGgk- Passive / Paclitaxel S180 sarcoma-bearing Significantly improved tumor growth inhibitory (57)
TPGS targeting mice effect
nanoparticles
CP nanoparticles  Passive / Doxorubicin MPNST and UPS CP-Dox formulation was superior to free (58)
targeting sarcoma mouse models  doxorubicin in MPNST models, but not in UPS
models.
Cerium oxide Anticancer / / Murine fibrosarcoma cells ~ Significant toxicity on WEHI164 cells comparing (59)
nanoparticles effect (WEHI164) with L929 cells.
ROS generation in the cancer cells but scavenges
it in the normal L929 cells.
Anticancer / / Mice bearing WEHI164 Dominantly accumulation in tumor cells. (11)
effect cells (mouse fibrosarcoma  Significantly decrease tumor growth and volume.
cells)
Gold Antimnigration  / / Human fibrosarcoma No toxic effects on HT-1080 cells proliferation; (60)
nanoparticles effect cancer cell ine HT-1080  Inhibition of cell migration
Passive / N- Rats bearing sarcoma M Extended circulation time in the blood and (61)
targeting aminobacteriopurpurinimide 1 enhanced tumor uptake
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AuNRs/mSiO, Multy modal ~ / ICG-Der-02 HT-1080 human More damaging to HT-1080 cells and enhanced ~ (62)
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PTX/GEM LB-
MSNPs

PTX/TET-CTAB@
MSNs
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MSN-2NH,/CpG

MSNs-NH,/dsDNA

MSNPs-PEI-DOX/
MDR1-siRNA
PEG-PEI@MSNs@
SIRNA
KIT-6-MSNs@
SIRNA
LPMSNS@TRAF3-
shRNA
MONs-PTAT@
pDNA

CP-MSNPs@
SIRNA
CM/SLN/Ce6
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RLAY
CS(DMA)-PEG
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YSPMOs(DOX)
@Cus

HMSIO,-FA-CuS-
PEG/DOX
PSINPs@
PELA-PEG
CuS@MSNs-
TRC105

MSNP-CYS-5FU-
FA-BA@DOX-CD

Ru@MSNs

DTX-Lac-MSN
MSNs-FA-Q

MSNs-FA-TAN-MB

MSR-MSNs

Trp2@HMSNs

LB-MSNs-OVA
Gd@SiO,-DOX/
ICG-PDC

MSNs-DOX-Ag>Se

Apt-PTPA-MSHNs

Mn-DTPA-MSNSs

Fe40,@MSi0,/
PDDA/BSA-G,0s

MSNs-GTMC-
PMMA

GTMG/TBMC/
MSN/Simplex-P

SI0,-PMMA

PDG-MSNPs

OST-MSNs-PA@
PEI-siRNA

Ag@Vm-ge

colchicine MSNs/
chitosan-puluian
hydrogel

Ce@MSNs

Purpose of
treatment

Improving the efficacy and
reducing the side effects of
anticancer drugs

Inhibiting solid tumor growth under
near-infrared (NIR) irraciation by
synergistic photothermal therapy/
chemotherapy

Improving the efficacy and
reducing the side effects of
anticancer drugs

Inhibiting MDR tumor growth

Synergistically suppressing
pancreatic cancer stromal volume
and tumor size

Combining drugs for antitumor
activity and the reversal of MDR
activties

Highly efficient transfection of
plasrmid DNA and reducing
cytotoxicity

CpG oligodeoxynucleotide delivery

Enhancing the delivery efficiency of
immunostimulatory DNA drugs
MDR cancer

SIRNA delivery
High nucleic acid loading capacity

Inhibiting the mRNA and protein
expression of TRAF3

Highly efficient intranuclear gene
delivery

Delivering SIRNA for cancer
therapeutics.

Tumor-targeted PDT of gastric
cancer

Enhancing photodynamic and
photothermal tumor therapy

Tumor-targeted positron emission
tomography (PETYnear-infrared
fluorescence (NIRF) dual-modality
imaging

Multtifunctional triple-responsive
platform for chemo-photothermal
therapy

Nanopiatform for targeted chemo-
photothermal therapy

Synergistic effects and MOR
inhibition

Photothermal ablation properties
and tumor vasculature targeting
Augmented the innate and
adaptive immune defense
mechanisms, Significantly recuced
the tumor load and enhanced the
survival of the animals

Extibited high in vivo antitumor
activiy, the nanosystems at 20 nm
exhibited low toxicity, the larger
(80 nm) showed superior potential
for overcoming MDR

A hepatoma-targeting drug
delivery system

Targeted delivery with enhanced
bioavailabilty

Uttrasound response property,
tumor targeting and imaging in
tumor therapy

Dual-scale vaccine transport into
host dendiic cells (OCs) to
enhance cancer immunotherapy
Improved the antigen-loading
efficacy, sustained drug release
profies, enhanced the
phagocytoss efficiency, enabled
DCs maturation and Thi immunity,
sustained immunological memory,
and enhanced the adjuvant effect
Intradermal antigen delivery system

Cancer treatment and magnetic
resonance imaging

Chemo-photothermal therapy

Highly efficient MRI contrast agents

Liver-specific postive MRI contrast
agent

T,-T, molecular magnetic
resonance imaging of renal
carcinoma cells

Functionalization for orthopedic:
surgery to prevent post-surgery
infection

The combination of excellent
mechanical properties and
sustainable drug delivery efficiency
demonstrates the potential
applicabilty for orthopedic surgery
to prevent post-surgery infection
Mimicking the mechanical
properties of human enamel and
hardness compatibilty with human
enamel

Improved the engraftment of islets
(., enhanced revascularization
and reduced inflammation), re-
establishment of glycemic control
Increase expression of osteogenic
related genes improving the bone
microarchitecture

Combined with the gentarmicin
delivery, the pathogenic bacteria in
diabetic wound can be completely
eradicated

Enhanced the drug skin
permeation and therapetic activity
in comparison to conventional free
colchicine

Stimulated osteoblast cels to
produce bone matrix and
demonstrated antioxidant
properties in a co-culture cells
without osteogenic supplements

Nanodrug
size

198 nm

160 nm

200 nm

70 nm

112 nm

125 nm

174.5-215 nm

178 nm

190 nm
150 nm
113 nm
200-400 nm
170 nm

160 nm

106 nm

115 0m

200 nm

150 nm

222.6nm

155 nm

286 nm

65 nm

110 nm

20 nm, 40nm,
80 nm

100 nm
200 nm

2,608 nm

150 nm

200 nm

213 nm

214nm

130 nm

200 nm

116 nm

345 nm

100-400 nm

400 nm

7nm

120 nm

100 nm

145 nm

167.1 +
51.36 nm

80 nm

Cargo

DOX

DOX

DOX

DOX/siRNA

GEM/PTX

PTXTET

0Q; pDNA

CpG ODN

dsDNA

DOX MDR1-
SIRNA
siRNA
siRNA
shRNA-

TRAF3
PDNA

siRNA

Ceb

ICG AuNR

640y

DOX

DOX
Afatinib,
rapamycin,
docetaxel
cus

Dox; 5-FU

Ru

DTX
Quercetin

Tanshinone
1IA (TAN)

OVA, CpG-
ODNs

Trp2

OvA
DOX, ICG
Gl

DOX

PTPA

BSA-GA,0s,
FesO4
a™™MC

GTMC TBMC

Glutamine

Osteostatin
SOST siRNA

Gentamicin

Colchicine

Modification

PEG-PDA

Liquid metal HA

PEG

Lipid-coated

CTAB

PEI

NH , -TES, 2NH
2 -TES, 3NH

2 -TES

NH2

PEI

PEI-PEG

PTAT

cP

Celuiar
membrane (CM)

RLA/
CS(DMA)-PEG

TRC105

Cus

FA Cus

PELA-PEG

TRC106

FA

FA

Lactose
FA

FAMB

PB

Lipid bilayer

PDC

AgzSe QD

EpCAM

M

AS1411

PMMA

PMMA

PMMA

Polydopa-mine

alendronate

(AN
modified PEG

Carboxyethyl
chitosan/
oxidized pullulan

Modification
function

PEGiincreases the stabillty and
biocompatibilty; PDA
functions as a pH-sensitive
gatekeeper

Synergistic photothermal
therapy/chemotherapy

PEG increases the stability and
biocompatibilty

Facilitate coentrapment of
hydrophobic drugs

pH-responsive release
property

Protect the pDNA from
nuclease degradation

Larger loading capacity,
significantly enhance the
serum stabilty of CpG ODN
Higher efficiency of cel uptake

Efficient transfection into KBV
cells

Good synthesis reproducibiity
and scalabiity

High loading capacity,
improved protection for the
loaded gene, enhanced
transfection efficiencies of
EGFP plasmid

Positive charge for the loading
of SANA

High biocompatibilty and
inheritance of the merits of the
source cells

Tumor targeting and pH
response

Target tumor vasculature

Avoid premature leakage n the
delivery process, provide the
photothermal therapy (PTT)
ability

Target cancer cells Chemo-
photothermal therapy
Achieve high biocompatibiity
and low permeabilty

Target tumor vasculature

Active targeting by folic acid
directs drugs in the close
proximities of the tumor cells,
causing efficient kiling and
significant growth inhibition
Faciltate selectivity toward
hepatocelular carcinoma cells

Specifcally target ASGPR
Target breast cancer cells

Tumor targeting, high
biocompatibilty

Acted as an etching agent,
protecting agent, soft
template, and promoter

Significantly improve the
coloidal stabity and reduce
the premature release of OVA
Protect from quick release of
drugs and increase cellular
uptake

Enhance photothermal
properties and act as
“gatekeepers”

Anti-EpCAM aptamer was
conjugated with epoxy-
functionalized PTPA MSHNs
to improve selectivity toward
the cancerous cells

MRI contrast agent

Specifically combine with
nucleolin on the surface of the
tumor cel

Gitical weight-bearing
mechanical properties

Ciitical weight-bearing
mecharical properties,
bending modulus and
compression strength of bone
cement

Achieve hardness compatible
with that of hurman enameland
an elastic modulus similar to
that of human dentin
Resulted in a delay in the
release of glutamine

Confer the nanoparticles good
colloidal stability and bone
targeting capacity

Efficient transdermal delivery
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Category

High efficient O,-supplied
radiotherapy

Non-O, dependent
radiotherapy

Photothermal-enhanced
radiotherapy

Nanomaterials

PEG-Bi,Se,@PFC@O, NPs
BSA-BI,Sy-CAT NSs
Bi,Ses-MnO,-BSA

BSA-Bi,S;-MnO,

Schottky-type heterostructure of Au-Bi,Sg
Bi,S,@BSA-Au-BSA-MTX-CUR hybrid system

Bi,S5-Au-BSA-FA hybrids

Bi,S nanorods
BSA-capped BixSs NPs

BSA-Bi,Se, nanodots

PVP-Bi,Se,@Sec NPs

HA-functionalized gambogic acid (GA) loaded
Bi,Se hollow nanocubes

(HNC-5-5-HA/GA)

Heterogeneous

B1,S:-MoS; NPs
MoS,/BiuS;-PEG composite nanosheets

Core-Shell MnSe@Bi,Ses-PEG

FeSe,/Bi,Se;-PEG composite nanostructures

Advantages of nanomaterials

Efficient oxygen carrying capacity; powerful radiosensitization
performance
Effective tumor homing and tumor hypoxia relief

Excelent CAT-like catalytic activity; high coloidal stabilty and
biocompatibiity
Remarkable radiotherapeutic enhancement effect; without obvious toxic
and side effects

Significant electron-hole separation efficiency, high-efficiency
radiosensitization properties

Efficient electron-hole separation efficiency and synergistic anti-tumor
effects of radio-chemotherapy

Effective radiosensitization and tumor targeting

Remarkable radio-photothermal synergistic therapeutic effect

Ultra-small size; remarkable X-ray and photothermal response properties
(n=51%)

High photothermal conversion efficiency (= 50.7%); effective
radiosensitization ratio (6%)

Effective biodegradabilty; promoting the body's immune function
Effective accumulation and uptake by CD44 overexpressing cancer cells;
specifical drug releasing; avoiding heat damage

satisfactory photothermal performance; enhanced radiosensitization
effectively inhibit the TNBC metastasis

Desirable photothermal performance, colloidal stabilty and
biocompativilty

Additional MRI performance; photothermal-enhanced RT efficiency

Excellent compatibility, remarkable synergistic tumor destruction effect; no
appreciable toxic side effect

Ref

Song et al.
(2016)
Zhang et al.
(2018)
Yaoetal.
(2021b)
Zhang et al.
(2019)

Wang et al.
(2019)
Nosrati et al.
(2022)
Abhari et al.
(2020)

Cheng et al.
(2017)

Wang et al
(2016)

Mao et al.
(2016)

Duetal. (2017)
Song et al.
(2019)

Fei Gao et al.
(2020)

Wang et al
(2015)
Song et al.
(2015)
Cheng et al.
(2016)
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PTAs Nanomaterials Wavelength PCE Applications Reference
Inorganic photothermal nanomaterials aAuYSs 808nm - PTT+CT (30)
BSA-Silver NPs 690nm - PTT (1)
Pd nanosheets 808nm - PTT (32)
DPCN 808nm - PTT+CT (33)
USPIO-PEG-sLe” 808nm - PTT (34)
FA-BSA-PEG/MoOx@DTX 808nm 43.41% PTT+CT (35)
‘WOj3 nanosheets 808nm 41.6% PTT (36)
Z@CD/P 808nm = PTT+CT (37)
mBMNI NPs 808nm 45.9% PTT+PDT+CDT (38)
NB/CuS@PCM NPs 1060nm = PTT+CDT (39)
MoS,@DOX/MnO,-PEG 808nm 33.7% PTT+CT (40)
TiS, nanosheets 808nm 46.82% (808nm) PTTHT 41)
1064nm 45.51% (1064nm)
HMC-SS-PDA@CDs 808nm 35.9% PTT+CT 42)
CdTeSe/ZnS@QDs 457nm 1% PTT+PDT 43)
CNTs-PS/siRNA 808nm 59.3% (SCNT-PS) PTT+GT (44)
57.8% (MCNT-PS)
HPP 1064nm 45.1% PTT (45)
mGOG 808nm = PTT+CT (46)
DOX-Feg04@CGA 808nm - PTT+CT (47)
Nb,C@PDA-R837@RBC NPs 1064nm 27.6% PTT+HT (48)
BP NS-PAMAM@DOX-HA 808nm = PTT+CT (49
Co-P@mSio,@DOX-MnO, 808nm - PTT+CT (50)
UCNPs@mSiO,FePc-MC540 808nm PTT+PDT (51)
PCM+PTX@mPBs/PEG 808nm 16,9% PTT+CT (52)
Organic photothermal nanomaterials Cy5.58ICG@ZIF-8-Dex 780nm 27.9% PTT (53)
PPor NPs 808nm 70% PTT+HT (54)
T-MPs 808nm 16.8% PTT+Operation (55)
BBDP 690nm 54.2% PTT+PDT (56)
DTPADPP/TPADDPP 635nm 48.1% (DTPADPP) PTT (57)
41.7% (TPADDPP)
CMC/CS@PPy-+5Fu NPs 808nm 21.6% PTT+CT (58)
PANITG 808nm 55% PTT+Starvation therapy (59)
NIRb14 NPs 808nm 31.2% PTT (60)
MNP@PEDQT : PSS NPs 808nm = PTT 61)
Cu-PDA-FA NPs 808nm 46.84% PTT+CDT+T (62)
OMCNs 808nm 37.3% PTT (63)
MNPs 808nm 87.65% PTT+PDT (64)
Organic-inorganic hybrid photothermal Fe,0;@PEDOT-siRNA NPs 808nm 54.3% PTT+GT (65)
nanomaterials RCDS@MIL-100 660nm 31.2% PTT+CDT (66)

PCE, photothermal conversion efficiency; PTT, photothermal therapy; CT, chemotherapy; CDT, chemodynamic therapy; IT, immunotherapy; GT, gene therapy.
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No

Design

Radiotherapy combined with immunotherapy

PLGA nanoparticle co-loaded with catalase and Tolklike receptor-7
agonist R837 combined with anti-CTLA-4 therapy

RGD modified trianguiar star tellurium nanomaterials combined with anti-
PD-1 therapy

Metal-organic layers composed of Hi-oxo clusters and porphyrin-based
bridging ligands, combined with anti-PD-1 polypeptides

Nanoparticles comprised of CpG and pH-responsive polymer

PC7A coated with bacterial membrane and modified with maleimide

Photodynamic/photothermal therapy combined with immunotherapy
Pd nanosheets loaded with CoG ODNs

FePSe wrapped in CT26 membrane, loaded with anti-PD-1
polypeptides

Catalase-Ce6 mixed with polymeric matrix polyethylene glycol diacrylate
to form an in-situ hydrogel, loaded with R837 and combined with anti-
CTLA-4 therapy

pH-sensitive dextran-hyaluronidase nanoparticles followed by
application of Ceb@Iposome, combined with anti-PD-L1 therapy
NaGdF,: Yb/Er upconversion layer-coated PDA nanoparticles loaded
with Ce6, combined with anti-PD-1 therapy

AwAg nanorod combined with anti-CTLA-4 therapy

Activity

Decomposed H;0, and increased the oxygen in the tumor to enhance
efficacy of radiotherapy, triggered a stronger tumor immune response
effectively and inhibited the growth of distant tumors

Increased the acoumulation of ROS and improved radiotherapy effect,
promoted the polarization of M2 to M1 phenotype macrophages
Enhanced the radiotherapeutic effects and the generation of ROS,
efficiently triggered strong immune response and antimetastatic effects
The nanoparticle can capture cancer neoantigens following radiotherapy,
enhance the cross presentation and effectively activate T cell response
and anti-tumor immune memory

Increased the levels of TNF-a and IL-6 and induced a strong CTL
response, significantly improved the survival rate of tumor-bearing mice
Improved the accumulation at the tumor site, induced the activation of
T cels, and significantly prolonged the survival time of tumor-bearing mice
Inhibited the growth of distant tumors, and provided effective immune
memory protection

Degraded hyaluronic acid in the extracellular matrix to alleviate the hypoxic
environment and effectively inhibited the growth of distant tumors
Increased the levels of IL-6 and TNF-a and decreased the level of IL-10,
activated CTLs and T memory cells and inhibited tumor metastasis and
recurrence effectively

Induced a strong immune memory effect and prevented tumor recurrence

Ref

Chen et al
(2019)

Huang et al.
(2020)

Patel et al.
(2019)

Nietal. (2019)

Ming et al.
(2020)
Fang et al
(2021)
Meng et al.
(2019)

Wang et al.
(2019a)
Yan et al.
(2019)

Jineta.
(2021)
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Category Nanodrugs Factors that induce Tumor/ER-targeting Ref.

or amplify ER strategies
stress
ER stress-inducing nanodrugs for cancer treatment
In situ formation-based ER-targeted Phosphotetrapeptide (1P}based  \ d-phosphotyrosine Feng et al. (2018)
nanoparticles assemblies
branched peptide (1)-based \ KYDKKKKDG substance  Kim et al. (2021)
assemblies
1-Nap nanofiber \ RVRR substance Fu et al. (2020)
Nanocarriers with small-molecule drugs Cc/Glt NM Curcumin \ Cheng et al. (2020)
PRNGMSN Propranolol; \ Wu et al. (2020)
Mesoporous siica nanoparticle
GNS@MSNs-FA/LY Gold nanostars; Folate Hu et al. (2021)
Lycorine
Multifunctional photosensitizer-based Ru-1@TPP-PEG-biotin SAN Ruthenium complex 1; Biotin Purushothaman et al.
nanodrugs Tetraphenylporphyrin (2020)
RDDG/DC 2-deoxy-glucose; ROS-sensitive bond Dong et al. (2019)
Dithiophene-benzotriazole
groups
Nanodrug-based strategies to amplify ER stress for immunotherapy
ER-targeting nanodrugs based on ICD Ds-sP/TCPP-TER NPs Meso-tetra(d-carboxyphenyl) Reduction-sensitive Deng et al. (2020)
inducers porphyrin polymeric;
FAL-ICG-HAUNS Indocyanine green; ptoluene sufforyl group  Li et al. (2019)
Gold nanospheres Pardaxin peptides
ER stress-inducing nanodrugs combined  3-NPs Cisplatin; pH sensitivty; Liu et al. (2019)
with ICD inducers Adjudin; GSH sensitivity
WKYMVm
ETP-PtFeNP Oxaliplatin; a-enolase targeting peptide  Chen et al. (2019)

Magnetic nanoparticle





OPS/images/fbioe-10-831288/fbioe-10-831288-g003.gif





OPS/images/fphar-13-949001/fphar-13-949001-g001.gif





OPS/images/fbioe-10-831288/fbioe-10-831288-g002.gif





OPS/images/fphar-13-949001/crossmark.jpg
©

|





OPS/images/fphar-13-915822/fphar-13-915822-t006.jpg
Genes SNPs Subgroups Additive Dominant Recessive

OR (95%Cl) p value OR (95%Cl) p value OR (95%Cl) p value
TNFRSFIA  1s4149570  Age (>56) 0.73 (0.46-1.16) 0.180 0.48 (0.23-0.99) 0048 0.97 (0.45-2.10) 0934
Stage (IIl/IV/ED) 0.70 (0.48-1.00) 0049* 058 (0.34-1.00) 0.049" 069 (0.37-1.29) 0240
XRCC3 rs1799794 SCLC 2.27 (1.01-6.13) 0.048" 2.28 (0.71-7.30) 0.164 447 (0.97-20.71) 0.055
XPC 152228000 Non-smoker 1.70 (0.94-3.09) 0081 2.53 (1.13-5.64) 0.023* 099 (0.27-3.69) 0992
FASN rs4246445 Non-smoker 0.72 (0.41-1.25) 0.242 0.43 (0.19-0.97) 0.043* 1.18 (0.45-3.08) 0.735

Addliive model: comparison between minor allele subjects and major allele subjects. Dominant model: comparison between minor allele carriers and major homozygous subjects.
Recessive model: comparison between major allele carriers and minor homozygous subjects. OR, 0dds ratio; CI, confidence interval; p, p-value for binary logistic regression analysis; Ref.,
reference. "p < 0.05.
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Genes SNPs

BRCA2 rs206118
XRCC3 rs1799794
NFKB1 rs230529

151585215
RADS2 rs7963551
NFKBIA rs2233406

TNFRSF1A rs4149570

Subgroups

Age (<56)

Age (>56)

Age (>56)
scLC

Male

Stage (I/IV/ED)
Stage (II/IV/ED)

Additive Dominant Recessive
OR (95%Cl) p value OR (95%Cl) p value OR (95%Cl) p value
0.56 (0.33-0.97) 0039* 052 (0.27-0.97) 0041 0.41 (0.08-2.05) 0279
1.38 (0.93-2.04) 0.112 203 (1.05-3.92) 0.036" 147 (0.61-2.25) 0641
1.36 (0.90-2.06) 0.150 0.94 (0.48-1.82) 0.854 240 (1.21-4.74) 0.012*
1.78 (0.72-4.41) 0216 1.13 (0.35-3.67) 0840 14.66 (1.06-203.6) 0.045*
1.49 (1.01-2.22) 0.046* 1.52 (0.96-2.43) 0.077 2.29(0.73-7.17) 0.154
6.73 (1.22-37.16) 0020 6.73 (1.22-37.16) 0.029*
0.63 (0.28-1.43) 0.271 0.26 (0.07-1.00) 0.049* 1.19 (0.30-4.68) 0.803

Additive model: comparison between minor allele subjects and major allele subjects. Dominant model: comparison between minor allele carriers and major homozygous subjects.
Recessive model: comparison between major allele carriers and minor homozygous subjects. OR, 0dds ratio; CI, confidence interval; p, p-value for binary logistic regression analysis; Ref.,

reference. "p < 0.05.
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Gene Polymorphisms ~ Genotype  MST (year) Additive Dominant Recessive
OR (95%Cl)  pvalue  OR(95%C)  pvalue  OR(95%Cl)  p value

TNFRSF1A rs4149570 T 5.32 0.74 (0.63-1.04) 0.084 0.57 (0.34-0.95) 0.030 0.86 (0.48-1.52) 0.594
TG 3.53
GG 4.66

MST, median survival time; OR, odds ratio; Ci, confidence interval; Aditive model: comparison between minor allele subjects and major allele subjects, Dominant model: comparison
between minor alile carmiars and maior homozygous subjects, Racessive modal: companison belwesn major alele camiars and minor homozygous subjects.
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Gene Polymorphisms ~ Genotypes  MPFS (year) Additive Dominant Recessive

OR(95%Cl)  pvalue  OR(95%Cl)  pvalue  OR(95%Cl)  p value
MAD2L2 1746218 GG 584 1.26(0.84-190) 0263  1.12(0.7-1.78) 0633  531(1.09-259)  0039"
GA 367
AA 325

MPFS, median progression-free survival; OR, 0dds ratio; Ci, confidence interval; aditive model: comparison between minor allele subjects and major allee subjects. Dominant model:
comparisan between minor aliele carmiers and maor homozygous subjcts. Recessive model: comparieon between major aliele carriars and minar homozygous subjacts.
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Variable Patients (N%) Death (N%) MST-OS (vear) MST-PFS (year)

Age
<55 197 (49.4) 153 (77.6) 375 2.94
55 202 (50.6) 168 (83.2) 467 437
Gender
Male 317 (79.4) 256 (80.8) 4.39 387
Female 82 (20.6) 65 (79.3) 411 321
Histology
NSCLC 311(77.9) 256 (82.3) 4.34 326
scLe 88 (22.1) 65 (73.9) 432 4.48
Smoking status
Non-smoker 152 (38.1) 120 (78.9) 402 312
Smoker 247 (61.9) 200 (81.0) 4.45 391
Stage
Vo 48 (12.0) 36 (75.0) 5.00 438
V/ED 351 (88.0) 281 (80.1) 4.31 334

MST. median survival time: LD, limitation disease: ED, extensive disease.
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Gene

ERCC1
ERCC2

ERCC4
ERCC6

XPC

XRCC1
XRCC3

BRCA1
BRCA2
BRCA2
RAD51

RAD52

POLH

MAD2L2

NFKB1

NFKBIA
TNF
TNFRSF1A

TNFRSF1B
FASN

SNP

rs2298881
rs1062655
rs238406
rs1799801
52228627
rs3793784
rs2228000
rs2228001
r$25489
151799794
rs861539
rs799917
rs543304
rs206118
rs12693359
rs1801320
rs1801321
rs1061669
rs7963651
rs6941583
rs2233004
rs746218
rs2233006
rs230529
rs1585215
rs4648068
rs2233406
rs1800629
rs4149670
rs2234649
rs1061622
151140616
rs2228309
rs4246445
rs4485435

MAF., minor allele frequency.

Alleles

CAGT
G/A
TG

TC
T/AC
G/C
G/A
G/CT
C/AGT
T/C
G/A
G/ACT
T/CG
ACG
T/ACG
G/C
G/CT
cr
TG

AT
G/A
G/A
TA
AG
AG
AG
(48
G/A
TG
AC
TG
(8
T/C
AG
G/C

Call Rate (%)

96.24
100
96.24
98.50
100
98.25
96.24
98.50
99.75
97.24
99.50
97.49
96.74
98.25
97.74
96.49
97.24
96.24
99.75
99.75
99.25
92.48
94.99
95.99
95.99
99.75
99.75
95.74
95.74
99.50
99.50
97.49
96.74
97.99
99.25

MAF

0.402
0.143
0.471
0.298
0.118
0.337
0.340
0.411
0172
0.470
0.008
0.423
0.240
0.246
0.266
0.226
0.124
0.245
0.273
0.079
0.090
0.211
0.447
0.491
0.420
0.474
0.196
0.102
0.487
0.147
0.247
0.372
0.246
0.453
0.216
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Tumor

Lung cancer

Lung cancer

Bladder cancer

Human Prostate
Cancer

Pancreatic
ductal
adenocarcinoma

Gastric cancer
Oral squamous
cell carcinoma
Malignant
mesothelioma
Hepatocellular

carcinoma

Pancreatic
Cancer

Glioblastoma
Colorectal
cancer

Breast Cancer

Myeloid
leukemia

Breast cancer

Digestive
system tumors

Source of
exosomes

Bovine milk

tLyp-1-lamp2b
transfected
HEK293T cell
Bone marrow
derived
mesenchymal
stem cells
Human bone
marrow-derived
MSC (BMSC)
Human umbilical
cord
mesenchymal
stromal cells
HEK293T cells

T cells
HUVECs

Plasma

Bone Marrow
Mesenchymal
Stem Cell
293T cell

THLG-293T or
LG-293T cells

Mesenchymal
Stem Cells

Human bone
marrow
mesenchymal
stem cells
Breast cancer
cells

Milk

Cargos

siRNA

siRNA

microRNA-
9-3p

microRNA-
143

miR-145-
5p

miR-374a-
Sp
inhibitor
miR-138

MiR-126

miR-31
and miR-
451a
MicroRNA-
126-3p

microRNA-
21

miR-21
inhibitor

LNA-
antimiR-
142-3p

miR-222-
3p

siRNA
(siS100A4)

bel-2
siRNA

Loading methods

Electroporation and
chemical transfection
(Exo-Fect) methods.
Electroporation

Chemical transfection
(Exo-Fect)

Chemical transfection
(Exo-Fect)
Chemical transfection
(Exo-Fect)
Chemical transfection

(Exo-Fect)
Middle electroporation

Electroporation

Electroporation

Electroporation

chemical transfection
(Exo-Fect)

incubation and
extrusion method

Uttrasound method

“/" represents that information was not mentioned in the original article.

Drug
loading
(%)

30

1.68 +
0.23
5-FU:
3.1
miR-21i:
0.5

66.9 +
4.5

Encapsulation
efficiency (%)

61.53 +0.32

31.63 £ 5.94

57

86.70 £ 1.22

Zeta

potential

(mv)
/

-10 and

-1+
2.7

-33.61 =
0.81

Particle
size
(nm)

/

~100

~120 nm

132.5 +
37.4

19

50 - 200

100

15 - 50
110 +
1.3

103

173.63
+0.77

60 - 90

Improvements

More stale, higher drug delivery
efficiency, higher cellular uptake.

Desirable targeting efficacy.

Desirable inhibition of tumor
growth and metastasis.

Desirable targeting efficacy.

Higher delivery efficiency.

More stale, higher drug delivery
efficiency, lower toxicity and
immunogenicity.

Desirable targeting efficacy,
lower toxicity.

Desirable therapeutic efficacy to
cancer stroma.

Less enzymatic degradation of
miRNA, desirable targeting
efficacy.

Desirable targeting efficacy.

Higher BBB transportation and
delivery efficiency of AMO
Higher cellular uptake, desirable
targeting efficacy.

Desirable ability to penetrate the
cancer stem cells

Desirable targeting efficacy.

Less degradation in blood
circulation, desirable inhibition of
tumor growth and metastasis.
Higher cell membrane crossing
efficacy and less degradation in
serum.

Ref

(69)

(70)

(71)

(72)

(73)

(74)

(75)
(76)

7)

(78)

(79)

(80)

1)

82)

@®3)

84)
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Source of
exosomes

Bovine milk

Bovine milk

Bovine milk

FBS

Macrophage

LIM1215 cells

MCF7,
Caco2, PC3
and HepG2
cell lines
J774A1 cells

Breast and
colorectal
cancer cells
Bone marrow
mesenchymal
stem cells

Autologous
pancreatic
cancer

Drugs

Paclitaxel

Curcumin

Bilberry-derived anthos

Curcumin

Paclitaxel

Doxorubicin

Bioactive compounds from
black bean extract

Doxorubicin

Aspirin

Pancreatic ductal
adenocarcinoma, paclitaxel
(PTX) and gemcitabine
monophosphate (GEMP)
Gemcitabine

Tumor Drug
loading (%)
Lung 8
cancer
Cervical 18-24
cancer
Lung 20
cancer
Breast /
cancer
Lung 33
cancer
Colorectal 2.60
Cancer
Gastric Soyasaponin
cancer o 17.31
soyasaponin
B: 16.08
Breast 99
cancer
Breast and /
colorectal
cancer
Pancreatic = GEMP: 8.78
cancer PTX: 1.25

Pancreatic  11.68 + 3.68
cancer

Encapsulation
efficiency (%)

Particle
size
(nm)

75+ 0.6

93 +6

83+ 17

122.7 +
6.5

280.8 +
3.1

187.83
+6.76

142.80
+23.67

177 +
21

50-150

755 £
1.4

70 - 150

Improvements

Improve oral bioavailability

Improve low water solubility, rapid
intestinal/hepatic metabolism, oral
bioavailability

Improve low solubility, low permeability,
and poor oral bioavailability

Cross the BBB and facilitate accurate
glioma recognition and improvement of
the curative effect

High loading capacity, profound ability to
accumulate in cancer cells, and improved
therapeutic outcomes.

Improve the therapeutic effect of Dox and
reduce its systemic toxicity.

Improve low solubility, poor penetration
into cells, hepatic disposition, narrow
therapeutic index, and rapid uptake by
normal tissues

Higher drug accumulation in target cells
and improve small molecule stability and
blood circulation time

Improve the poor water-solubility of
aspirin

Surpass the restrictions of pathological
ECM and increase the accumulation of
therapeutics in the tumor site.

Facilitate cellular uptake of GEM and
contributed to significantly increased
cytotoxic effect of GEM

Ref

(99)

(108)

(109)

(110)

(111)

(112)

(118)

(114)

(115)

(116)

(117)

“/" represents that information was not mentioned in the original article.
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Source of exosomes Tumor Size Characteristics Ref
Ovalbumin (OVA)-pulsed / 153 1. Exosomes carry high levels of OVA and induce a more potent antigen-specific response.
dendritic cells nm 2. Induce antigen-specific CD8+ T cells. (129)
3. Induce antigen-specific IgG production.
4. Facilitate interferon gamma production in mouse splenocytes.
Natural killer (NK) cells Neuroblastoma  less 1. The exosomes secreted by NK cells exposed to NB cells showed efficient cytotoxicity against NB
exposed to the NB cell than  tumors. (130)
100 2. The exosomes, capable of transferring their content into naive NKs, exerts a powerful cytotoxic effect
nm on target cells.
3. Overcome the immune resistance of malignant cells.
HEK293T cells transfected ~ Colon 100 1. Tumor-derived exosomes enhance the effectiveness of CD47-targeted therapy.
with plasmid DNA adenocarcinoma  nm 2. Tumor-derived exosomes induce innate and adaptive anti-tumor responses. (131)
encoding SIRPa variant
Glioblastoma cells Glioblastoma 30 - 1. Exosomes derived from tumor cells are effective antigens, which are convenient to store and extract,
50 nm  and can be used to load DCs. (132)
2. DC loaded with exosomes presents highly efficient uptake, prolonged storage presentation and long-
lasting processing.
3. Exosomes efficiently transfer antigens from professional antigen-presenting cells (APCs) to other
APCs, facilitating antigen-specific immune responses.
Dendritic cell Hepatocellular 50- 1. DEXAFP elicited a strong antigen-specific immune response.
carcinoma 150 2. The tumor microenvironment was significantly improved following DEXAFP treatment, resulting an (133)
nm increase in CD8+ T lymphocytes and a decrease in regulatory T (Treg) cells.
Pancreatic cancer cells Pancreatic / 1. TEX carries tumor-associated antigens.
cancer 2. Because TEX are preferentially recruited to the MHCII loading compartment it is rarely degraded by (134)
lysosomes
3. TEX is enriched in newly delivered MHCII molecules and preferentially activates CD4 helper T cells.
Dendritic cells Cervical cancer  / 1. Dendritic cell (DC)-derived exosomes (Dexo) are capable of inducing anti-tumor immune responses.
2. Dexo effectively induced cytotoxic activity of CD8+ T cells against TC-1 tumor cells. (135)
3. Dexo promoted the immune response to in vitro restimulation induced by antigen E7 in inoculated
mouse splenocytes.
Hepatocellular carcinoma  Hepatocellular ~ 30- 1. After DC-TEX treatment, the number of T regulatory cells decreased and the number of CD8+ T cells
tumor cells carcinoma 100 increased. (136)
nm 2. After DC-TEX treatment, the number of PD-1+ increased significantly.
Cell- and serum-derived / ~140  Fetal bovine serum-derived exosomes (bo-EXO), which have the ability to reach the surface zone
exosomes nm (macrophage zone) and the paracortical zone (T-cell zone) of lymph nodes, are effective in delivering (137)
immunostimulatory molecules to antigen-presenting cells and T cells.
Natural Killer cells Glioblastoma ~100 1. Natural killer (NK)-exosomes have antitumor activity against glioblast cells.
nm 2. Natural killer (NK)-exosomes have the ability of tumor targeting. (138)
3. Natural killer (NK)-exosomes can be loaded with other anticancer drugs, enhancing their antitumor
effects and tumor specificity and facilitating their passage through the BBB.
RenCa cells Renal cell 30- 1. Exosomes carry high levels of OVA and induce a more potent antigen-specific response.
carcinoma 100 2. Induces antigen-specific CD8+ T cells. (139)
nm 3. Induces antigen-specific IgG production.
4. Facilitate interferon gamma production in mouse splenocytes.
Fetal bovine serum Breast cancer 109 1. The exosomes secreted by NK cells exposed to NB cells showed efficient cytotoxicity against NB
nm tumors. (140)
2. The exosomes, capable of transferring their content into naive NKs, exerts a powerful cytotoxic effect
on target cells.
3. Overcome the immune resistance of malignant cells.
Tumor cell / 7 1. Tumor-derived exosomes enhance the effectiveness of CD47-targeted therapy.
2. Tumor-derived exosomes induce innate and adaptive anti-tumor responses. (141)
Bone marrow Pancreatic 140 + 1. BM-MSC-derived exosomes significantly improve tumor targeting and increase drug accumulation at
mesenchymal stem cell ductal 37.6  the tumor site. (142)

adenocarcinoma nm

2. Protect the cargo gene.

“/" represents that information was not mentioned in the original article.
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Patent/Application
Number

EP3548005

CN106943432

W02017223186

CN107119015

CN109432427

US20180193266

W02019128952

CN110075122

W02018151445

CN110051833

CN109675032

Title

Exosomes for delivery
of therapeutic agents

Umbilical cord
mesenchymal stem
cells-derived exosome
and application of
exosome in preparation
of medicine for treating
liver cancer
Exosome-guided
treatment of cancer

Exosome as well as
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pH- and
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sensitive
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Light-sensitive

Imaging

T-weighted MRI

T-weighted MRI
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imaging
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Application

Tumor tissue

Tumor tissue

Breast cancer

Tumor tissue

Tumor tissue
Lung cancer
cel

Tumor tissue

Tumor tissue

“Tumor tissue

“Tumor tissue

Tumor tissue

Characteristic

The acetal at acidic pH could generate physicochemical
property variations to the removal of the S-NPs to
release DOX in the cancer sites

The n-n interactions between DOX and pyrene groups
could be decreased at acidic pH to release DOX

The conformational changes of HPMA take place in DOX
releasing from the conjugate under the high
concentration of cathepsin B and lower pH value
Gelatin NPs could be degraded when exposed to a
higher concentration of matrix metalloproteinase-2
enzymes in the TME, achieved PAMAM dendrimers
release, and improved intracellular uptake into tumor
cells

The drug release is accelerated based on the high
temperature which is raised above the GST, inducing
polymer chains to shrink to release DOX.

M-MNGs possessed pH- and thermo-sensitve release
behavior in which the released amount was highest

Disulficle bonds are sensitive to reductive substance
GSH, which quickly cleaved through thiol-disulfide
exchange to release DOX

A higher concentration of GSH prompted the disulfide
linkage in MSN-ss-GHA to dleave ocouring in the
cancer celluiar environment which achieved drug efflux
rapidly

The generation of ®OH as a therapeutic agent and the
concurrent production of O as a conditioning agent for
cancer theranostics

Thiolated photolabile molecule is sensitive to the NIR
fight, leacing to the formation of succinic acid which
triggered controlled DOX-specific release based on
irradiation with NIR-light

The temperature increases from laser irradiation for
precise control of the DOX release
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MSCs
CAR-T cells
4T1 cells
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TAMs
Expi293 cells
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293T cells
HEK293T

cells
Tumor cells

Carrier construction methods

an effective targeted delivery system by transduced MSCs
engineered to secrete EVs enriched with miR-379
miR-34a-overexpressing DPSCs were prepared using
XMIRXpress-34a lentivectors

a feasible nanovesicles to deliver RNA-based therapeutics

MSLN-targeted CAR-T cells with MSLN-CAR construction
using miRNA-containing exosomes for therapeutic strategy
siPGRN-TAMs exosomes and PGRN-/- tumor tissue

developed an exosome platform termed synthetic multivalent
antibodies retargeted exosome (SMART-Exo)

Introduced miRNA-381-3p mimics to ADSC-exosomes by
electroporation

transfected with lentiviral vectors of miR-145-pLenti-ll-enhanced
green fluorescent protein (eGFP)

Loading into exosomes of sIMTA1 with electroporation.
HEK293T cells were transduced by a lentiviral vector and
seperated the exosomes to loaded with SIRNA

FAP gene-engineered tumor cell-derived exosome-like
nanovesicles (eNVs-FAP) as a tumor vaccine

Functions

selectively targeted HER2+ cell lines
innovative therapy for metastatic breast cancer
as a therapeutic carrier in BC cells in vitro

inhibited clone-formation and tumor-initiating abilities of the MCF7-derived
cancer stem-like cells

inhibited the growth of both endogenous and exogenous MSLN+ TNBC cells
by perforin and granzyme B

repolarization of M2 macrophages to M1 phenotype against tumor invasion
and metastasis in breast cancer.

inhibited invasion, migration, and EMT of breast cancer cells through their
exosomes

dually targeted T cell CD3 and HER2 receptors and exhibited highly potent and
specific anti-tumor activity both in vitro and in vivo

inhibited proliferation, migration, and invasion capacity of MDA-MB-231 and
promoted their apoptosis in vitro

caused an improved anticancer property of miR-145 to inhibit BC

increased the gemcitabine-mediated tumor growth inhibition effect in vivo
bound specifically to HER2/Neu and were capable of delivering siRNA
molecules against TPD52 gene into SKBR3 cells

suppressed tumor growth by reprogramming TME and promoting tumor
ferroptosis
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Classify Morphology or structure Characteristics or deficiency
Organic Liposomes A hydrophobic phospholipid bilayer, and a central Low toxicity, good biocompatibility, easy degradation;
Nanomaterials hydrophilic cavity poor stability in vitro, and in vivo, and unstable drug
Polymer capsules A hydrophobic wall, and a hydrophilic cavity release kinetics
Polymer micelles “Core-shell” structure, hydrophobic cores, and
hydrophilic shell
Nanogels Colloidal particles, with an internal cross-linked structure
Dendrimers Spherical structures of multi-branched polymers, central
cores, branches of repetitive units, and an outer layer of
multivalent functional groups
etc.
Inorganic Carbon Graphene Network structure from zero-dimensional to three- Good biocompatibility, electrical conductivity, optical
Nanomaterials nanoparticles Carbon nanotubes  dimensional, and at least one dimension of the properties, and photothermal properties;
Fullerenes dispersion size is less than 100 nm carrier surface modification is very important
Carbon quantum
dots
etc.
Silica nanoparticles Mesoporous silica nanoparticles, a large number of pore  The ordered arrangement of pores, tunable pore size,
structures, the aperture is in the range of 2-50 nm pore volume, and surface chemistry, high chemical
stability, and biocompatibility; rely on surface
modification to achieve the controlled release of drug
molecules
Metallic Gold nanoparticles  Core (metal), and shell (functional material) Gold nanoparticles have a wide range of applications,
nanoparticles  Silver nanoparticles controllable particle size, easy surface modification,
Iron nanoparticles good biocompatibility, excellent photothermal
etc. properties, and enzyme activity
eftc.
Composite Metal-Organic Frameworks An infinitely extended network-like structure, organic Large surface area, adjustable performance, a large
Nanomaterials bridging ligands linked to metal ions (clusters) by self- amount of drug encapsulation, and sustained release

Metal-Phenolic Networks

etc.

assembly or coordination bonds

A network structure formed by the coordination of
phenolic hydroxyl groups with various metal ions in
polyphenols

effect
Good biocompatibility; poor biological antifouling
performance
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Types of
strategies

Incubation

Electroporation
Transfection

Ultrasound

Extrusion

Types of cargos

Drugs, nucleic acids, proteins,
peptides, nanomaterial

Drugs, nucleic acids, proteins,
peptides, nanomaterials
Nucleic acids, proteins, peptides

Drugs, proteins, peptides,
nanomaterials

Drugs, nucleic acids, proteins,
peptides, nanomaterial

Advantages

Easy operation;

Does not require special equipment;
Minimal destruction to carrier exosome
High loading efficiency;

Loading large biomolecules

High loading efficiency for nucleic acids,
proteins, and peptides; Stability

High loading efficiency;

Effective method of loading different types of
cargo

High loading efficiency

Disadvantages

Low loading efficiency;

Difficult to control;The amount of drug that diffuses into the cells
and loads into the exosome is unpredictable

Influence exosome integrity;

Cargo aggregation

Time- and financial consuming;

Hard to quantitate

Disruption of exosome integrity;

Attachment of drugs to the surface of exosome

Disruption of exosome integrity
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Classification

Nano-aggregation-
induced LMP

CDT-induced LMP

Magnetic field-
induced LMP

Nanomaterials
[+/-] NPs
Py-Ypiyso
TPE-Py-
PYK(TPP)pY
LDH-CuS NCs
GP nanodot

nano pKa/NCP

SPIONs
Ang—LMNVs

Gastrin-MNP

Size

5.3 0.7 nm of Au NPs ~200 nm
aggregates
746 + 11.6 nm aggregates

310 nm of aggregates

20 nm (TEM)
.0 nm (TEM) = 16.3 nm
(hydrodynamic diameter)

<90 nm (TEM) = 100 nm
(hydrodynamic diameter)

0 nm (hydrodynamic diameter)
=179 + 3 nm (hydrodynamic
diameter)

=37-50 nm

Targeting Strategy
Mixed-charge modification for lysosomal targeting

Alkaline phosphatase guides for tumor targeting; 4-(2-
aminoethyl) morpholine for lysosomal targeting

Alkaline phosphatase guides for tumor targeting; Proper surface
charge and nanosize for lysosomal endocytosis

LDH plate-like morphology for lysosomal endocytosis

Angiopep-2 guides for tumor targeting

Gastrin guides for tumor targeting

Sources

Borkowska et al.
(2020)

Wu et al. (2021)
Jietal. (2021)

Liu et al. (2020)
Lin et al. (2019)

Deng et al. (2022)

Lunov etal. (2019)
Pucci et al. (2020)

Clerc et al. (2018)
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Nanomaterial

Liposomes

hyaluronic

PLA

PLGA

PEG
Poly(anhydride)
Chitosan

carbon nanotubes

Silica Nanoparticles

Au nanorods
ZnO nanoparticle

Quantum dots

Modification

No

Anti-GD2 antibodies

NGR peptides

Chitosan

No

methoxy poly (ethylene glycol)
PEG

Chitosan and PEG

FesO4

Cyclodextrins

No

Folate (covalent)

Fluorescent probe labeled single
strand DNA (non-covalent)

Econazole

5’ thiol end
PEG

No

Boron nitride

Anti-cancer drug

Luteolin

Doxorubicin

Bortezomib

Paclitaxel

Tamoxifen

verapamil and doxorubicin
Anastrozole

curcumin

doxorubicin
Camptothecin
Chlorambucil

Doxorubicin and cell impermeant
propidium iodide

No

Fluconazole

Doxorubicin and platinum
Doxorubicin

Ibuprofen

Doxorubicin

Results

Improve solubility and bioavailability
of Luteolin and obtain better
anticancer effect

Improve the targeting of drugs to Human
Neuroblastoma

Reduce side effects and improve
anti-tumor effect

Improve the targeting and stability

of drug

Reduce side effects and improve anti-
tumor effect

Reduce drug resistance and improve
anti-cancer effect

Effectively deliver Anastrozole to
target cells

Improve the targeting of drug
Improve the therapeutic effect
Improve bioavailability of Camptothecin
Reduce the abnormal toxicity and
enhance the uptake of tumor cells
Improve the drug loading and stability

Improve the targeting response ability

Enhance targeting and permeability and
reduce side effects

Improve the targeting and response activity
Increase blood concentration and anti-
tumor efficiency

Reduce dissolution rate and improve anti-
tumor ability

Improve drug activity and

anti-tumor ability

Reference

@)

®
©
(10)
(1
(12)
(13
(14)
(15)

(16)
a7
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Category Nucleus-targeting Nanomaterials Nucleus- Size (nm) Therapy

strategies targeting
groups

Passive Nucleus-targeting  Size/hycrophilcity adjustment  CDcf Nasrin et al. (2020) - 8 PDT

nanodiugs 1-CDs @FA Xu et al. (2021) 4.8(-CDs) PDT
Se/N-CDs Xu et al. (2020) 3606 PDT
D-KCD/A Hailong Yang et al. (2021) -10 PDT
Hf-HI-4COOH Jiang et al. (2020) 30 PTT
G-CD/TiO, Phuong et al. (2020) ~25 (Z-CD) PTT

Active Nucleus-targeting ~ Modification of nucleus- TPE-TTMN-TPA NPs (T4-NPs) Zhang ~ TAT 50-70 PDT

nanodrugs targeting groups etal. (2021)
Pd-TAT Gao et al. (2019) TAT 19719 PTT
TID NPs Wan et al. (2020) TAT 108 PTT/

Chemotherapy (CT)
Ir-R/T NCs Wang et . (2019) TAT <5 PDT/Radio-
therapy (RT)
CuS@MSN-TAT-RGD Li et al. (2018)  TAT -40 PTT
V,C-TAT@Ex-RGD Yu Cao et al TAT 7 PTT
(2019)
GOPRy Tu et al. (2020) CPPs ~20 PTT/CT
DIR825@histone Guo et al. (2022) Histone 375 PDT/CT
CACH-PEG Yang et . (2018) AS1411 ~65 (pH6.5) ~70  PDT/CT
(pH7.4)
Light-controlled nuciear °TRCD Ziyang Czo et al. (2019) TAT 636+ 96 PDT/CT
delivery BCCGH Hua et al. (2018) - -79 PDT/PTT

PrPNP Cheng et al. (2019a) NLS 1576+25  PDT
ChiP-Exo Cheng et al. (2019b) NLS 1326 PDT
PPR NPs Zhu et al. (2018) - -75 PDT
Ce6-Cy-PEG/'?%1-Cur Shiyi Qinetal.  — 10-30 POT

(2021)
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Advantages

Nanoscopic size

Low immunogenicity

High biocompatibility

Encapsulation of various cargos

The ability to overcome biological barriers

Challenges

A large-scale purification method for clinical use is still missing

Efficient cargo loading methods without damaging EV integrity are lacking

The exact mechanism of interaction between exosomes and targeted cells needs elucidation
In vivo data yet less studied

Clinical translation for therapeutic delivery is lacking
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Quality Aim Parameter Assessed Method Requirements REF
Assessed
Identity/Purity  Comprehensive cellular Gell morphology Electron microscope Gells grown in 2D conditions shall  Gherghiceanu and
identification of different exhibit growth as colonies with  Popescu (2010)
donors and different types clear boundaries, high nuclear-
of stem cells cytoplasmic ratios and uniform
morphology. Within each colony,
cell-cell contact should be tight.
Zhang et al. (2022)
Genetics RT-qPCR, Flow cytometry ~ ND Jo HY et al. (2021)
Single-Cell RNA Sequencing
Surface markers Flow cytomery Cell surface markers: >70.0% of ~ Jo HY et al, (2021),
the cell population express any  Zhang et al. (2022)
two of the following genes:
SSEA3, SSEA, TRA-1-60, TRA-
1-81, for example, TRA1-
81-positive rate >70.0% and
SSEA4-positive rate 270.0%;
intracellular markers: OCT4-
positive rate 70.0% and
NANOG-positive rate 270.0%
Specific gene wB ND Zhang et al. (2022)
expression products RT-GPCR
Viability Testing for cell activity and ~ Sunvival rate Trypan blue staining Gellviability shall be > 90% before  Kamalfar et al. (2020),
growth status MTT cryopreservation, and >60% Zhang et al. (2022)
post-thaw.
Telomerase activity PCR, High-resolution optical - ND Patrick et . (2020)
tweezers
Gell prolferation rate MTT ND Kamalifar et al. (2020)
Cell cyde Flow cytometer, ND Fendrik et al. (2019)
Fiuorescence Detection
Clone forming efficiency ~ Trypan blue staining ND Dutta et al. (2011)
Flow cytometer
Organelle activity Catalase activity ND Liu et al. (2021b)
Membrane potential
Nap/Kp-ATPase, Ca2p/
Mg2b-ATPase
Integrity of ND ND Yahata et al. (2017)
mitochondrial DNA
Exosomes TEM and immunoblotting ~ ND Ain et al. (2018)
Sterilty Testing for the presence of  Mycoplasma; bacterium;  Turbicity testing, Negative Golay et al. (2018), Hao
mycoplasma, bacterium  fungi Chemosensitivity testing, et al. (20200), Hartnett
and fungi MALDI-TOF MS etal. (2021)
Adventiious  The viruses to detect HBV, HCV, HCMV.  PCR, Gytopathic eflect Negative Hao et al. (20200),
viruses should be evaluated case  HIV, HSV. TP, etc Fernandez-Mufioz et al.
by case by risk analysis (2021)
Endotoxins Elimination of the effects of Endotoxins Limulus amebocyte lysate <2 EU/ml Guo etal. (2011)
endotoxins Nomura et al. (2018)
Avoiding Tumors from Animal experiments Invivo tumor formation assay  ND Gowing et al. (2014)
Tumorigenicity ~ Stem Cell Therapy in athymic mice
Tumorigenic ND ND Sato et al. (2019)
transformed cells
Karyotype Resuscitating and culturing 46, XY, or 46, XX Andrews et al. (2017);
samples for 48-72 h prior to Hao et al. (2020b),
cell harvesting and
karyotyping.
CGH array GGH ND Andrews et al. (2017)
Colony-forming assays ~ ND ND Fernandez-Mufioz et al.
in soft agar (2021)
migration rate Scratch test ND Matiuobi et al. (2018)
Potency Determining the biological  Tri-ineage differentiation  ND ND Fernandez-Murioz et al.
effectiveness of stem cell  potential (2021)
preparations in refationto  Cytokines MB-FIA ND Sane et al. (2018)
therapy Differentiation potential  ELISA, RT-PCR ND Matluobi et al. (2018)
Specific genes and WB, ELISA ND Kang et al. (2019)
proteins
DNA Fingerprint  To distinguish the origin of  DNA Fingerprint STR, WNTR ND Blau et al. (1999)
stem cells after
transplantation
Stem cell- To assist in assessing the  Anti-oncogene PCR ND Huang et al. (2013)
related genes  ativity and effectiveness of ~ Proto-oncogene PCR ND Daekee et al. (2019)
stem cells Stem cell-related genes  PCR, NGS ND Mendes Oliveira et al.
(Oot3/4, Nanog, Sox2) (2018)
Daekee et al. (2019)
Culture medium  Removal of residual Bovine serum protein,  ELISA ND Zhang et al. (2011)

ingredients

antibiotics, cytokines

ND: Not determined, VNTR: variable number of tandem repeats, ELISA: enzyme linked immunosorbent assay, PCR: Polymerase chain reaction, WB: Western blot, CGH: Comparative
Genomic Hybridization, RT-PCR: reverse transcription PCR, MB-FIA: Magnetic-bead fluorescent immunoassays, MS: mass spectroscopy, MALDI-TOF: Matrix-assistedlaser desorption/
jonization-time of fight MS, NGS: next generation sequencing, TEM: transmission electron microscopy, HBV: Hepatitis B Virus, HCV: Hepatitis C Virus, HCMV: Human Cytomegalo virus,
HIV: Human immunodeficiency virus, HSV: Herpes simplex virus, TP: treponema pallidum.
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