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Editorial on the Research Topic 
Smart nanomaterials for biosensing and therapy applications


At present, medical science is facing many challenges in early diagnosis and effective treatment of diseases. How to carry out effective diagnosis and treatment of diseases is very important for the improvement of people’s health level (Cao et al., 2022; Diaz et al., 2022; Kathe et al., 2022; Vistain et al., 2022; Xue et al., 2022). Smart nanomaterials have received extensive attention in the field of bioengineering and biotechnology due to their unique structural and functional properties. Compared with traditional materials, smart nanomaterials with special optical, magnetic, electrical and mechanical properties show great potential for applications in biosensing and therapy (Huang et al., 2020; Liu et al., 2022a; Zhang et al., 2022a; Yi et al., 2022). The successful development of the smart nanomaterials has greatly improved the accuracy of disease diagnosis and treatment efficiency.
To present state-of-the-art research in this field, we launched a Research Topic in Frontiers in Bioengineering and Biotechnology entitled “Smart Nanomaterials for Biosensing and Therapy Applications.” A total of 20 articles have been published in this Research Topic, including 11 original research articles, 7 review articles and 2 mini review articles, which represents the recent advances in investigations on biosensing, bioimaging, nanozyme, cancer therapies and triggering immune system.
As known, biosensor is an analytical instrument composed of biological-receptors, transducers and signal-processors. The main principle of the biosensor is to combine biometric elements with sensors to produce a measurable signal proportional to the concentration of the analyte, which can be used to detect, transmit and record the physical, chemical and biological reactions of the analytes. Over the past few decades, biosensors have been used to replace traditional analytical techniques because they are reusable, specific, sensitive, and allow for rapid and multiple assays. Therefore, the biosensors have been widely used in disease diagnosis, drug analysis, environmental monitoring, food safety and other fields (Lin et al., 2021; Mei et al., 2022a; Huang Q et al., 2022). Due to the smart nanomaterials have good catalytic, conductive and optical properties, they can greatly improve the detection performance of biosensors.
Liu et al. constructed a fiber-based triboelectric nanogenerators with good stability, washability, flexibility and stretchability, which can be attached to the human body to monitor the finger, arm, and leg activities. What’s more, the fiber-based triboelectric nanogenerators can be used as the power supply of the temperature sensor in a self-powered sensing-system. This work is expected to be applied in multi-functional motion-sensors and human health monitoring.
The sensitive and accurate analysis of circulating tumor cells (CTCs) plays an important role in the early diagnosis and prognosis of cancer patients. Li et al. reviewed the application of microfluidics in detection of CTCs and the potential clinical application of CTCs. At the same time, the application prospect of microfluidics in the treatment of tumor metastasis had been prospected, the development prospect of microfluidic-biosensors had been also discussed.
Electrochemical biosensors have been applied in many fields because of their advantages of economy, environmental protection, simplicity and high sensitivity. Mei et al. summarized the detection of SARS-CoV-2 based on electrochemical DNA biosensors. The development trend of the electrochemical DNA biosensors for SARS-CoV-2 detection is prospected, which can provide reference for researchers in the establishment of different detection methods. Zhang et al. reviewed and discussed the basic principle, nanomaterials, actuality and future development trend of electrochemical biosensors for the detection of lipid hormone.
How to achieve effective treatment and prevention of disease is one of the key factors related to human health and enhance human wellbeing. With the development of science and technology, smart nanomaterials have been widely used in the treatment and prevention of diseases because of their advantages in biocompatibility, targeted-therapy, drug-delivery, photothermal-therapy, etc.
Li et al. reviewed the advances in nanomaterials for immunotherapy, including nanoparticle-based delivery systems, nanoparticle-based photothermal and photodynamic immunotherapy, nanovaccines, nanoparticle-based T Cell cancer immunotherapy and photodynamic immunotherapy, and nanoparticle-based bacterial cancer immunotherapy. Zhu et al. used self-emulsifying nanotechnology to link iodized oil and indocyanine green (ICG), then used Tween-80 and lecithin to emulsify the mixture of iodized oil and ICG to produce a new type of smart nanomaterials. Comparing with the free ICG, the fluorescence intensity of the prepared smart nano-composite is obviously enhanced, and the fluorescence stability and photobleaching resistance of the nanoemulsion were greatly improved under the shielding action of iodol, and the nanoemulsion had the ability of long-term continuous real-time in vivo imaging. In addition, the smart nanomaterial can successfully localize tumor tissue and has good tumor-to-normal contrast. Under the fluorescence guidance of the smart nanomaterial, the tumor tissues of orthotopic liver cancer mice can be clearly visualized and accurately delineated, which can achieve effective resection.
It is well-known that the level of reactive oxygen species (ROS) in the body is closely related to the related diseases of the human body. The imbalance of ROS secretion can cause cancer, dry eye disease, cardiovascular disease and so on. Therefore, it is possible to achieve the treatment of related diseases by adjusting the level of ROS in the body with appropriate therapeutic methods. Li et al. synthesized a viable and efficient tantalum-carbon nanozyme with excellent catalase-like (CAT) activity and radiosensitivity by in situ reduction of an ultra-small tantalum nanase in a metal-organic framework material (MOF)-derived carbon nanase. The above smart nanomaterials can significantly improve the CAT activity of carbon nanomases and promote the production of more ROS. By improving ROS levels, more DNA double-strand breaks were present at the cellular level, which in turn increased radiotherapy sensitivity, resulting in the excellent antitumor activity of this smart nanomaterial (Li et al.). Zha et al. successfully encapsulated the NLRP3 inhibitor in polydopamine-based microgel for the treatment of dry eye. The results showed that the smart nanomaterial had good biocompatibility, which could prolong the retention time of the drug on the ocular surface, and could effectively inhibit the corneal epithelial injury and apoptosis. In addition, due to the synergistic effects, the NLRP3 inhibitor-loaded microgels exert stronger ROS clearance at lower doses to suppress inflammation. Li et al., summarized a variety of metal-based nanozymes that regulate ROS levels in the body to achieve treatment of related inflammatory diseases, they also discussed the potential applications of metal-based nanozymes as biomedical materials. Li et al. fixed superoxide dismutase (SOD) in zeolite imidazolate framework-8 (SOD@ZIF-8) by biomimetic mineralization method to treat nerve injury by eliminating ROS . The ROS scavenging activity of SOD@ZIF-8 plays a key role in protecting SHSY-5Y cells from MPP + induced cell model damage and alleviating apoptosis, suggesting that SOD@ZIF-8 can effectively treat ROS-mediated nerve damage by removing excess ROS produced in vitro.
In order to improve the therapeutic effect of tumors, many therapeutic methods have been developed. Photodynamic therapy (PDT) and photothermal therapy (PTT) have been widely used in the treatment of many solid tumors in recent years due to its advantages of light-triggered, less trauma and high space-time selectivity. Chen et al. summarized the advantages and disadvantages of PDT based on metal nanomaterials, providing a reference for the application of nanomaterials in PDT therapy. Li et al. prepared Cu2MoS4@MXene smart nanocomposite, which has obvious photothermal conversion efficiency (η = 87.98%). Based on the electron transfer regulation effect and local surface plasmon resonance effect, a mechanism is proposed to promote non-radiation recombination and generate more heat, and the material has a very good effect in the treatment of cancer. The synthesis method, photothermal mechanism and cancer treatment scheme of the above smart nanomaterial can be extended to other photothermal agents to achieve more effective treatment of cancer.
Because of the excellent biological properties of smart nanomaterials, their applications in drug delivery are getting more and more attention. Yang et al. developed an exosome-loaded camptothecin nano-drug delivery platform as a personalized treatment modality for the treatment of cervical cancer. This method can significantly improve the sensitivity of tumors to ionizing radiation, which can improve the overall efficacy of radiotherapy without the need for higher radiation doses. Chen et al. developed a self-powered drug delivery system consisting of a disk TENG (D-Teng), a rectifying bridge and two gold electrodes. The D-Teng has good performance and provides long-term stable current. The output current of the D-Teng is converted to direct current by the rectifier bridge to stimulate the cells/tissues between the gold electrodes. In vitro experiments showed that the system can significantly improve the utilization of doxorubicin. Wang et al. summarized the opportunities and challenges of biomimetic exosomes in drug delivery systems over the past few decades. The design, synthesis, and biomedical applications of stimulus-responsive polymeric prodrugs of paclitaxel are reviewed by Zhou et al., they also summarized the opportunities and challenges of the field. Tian et al. reviewed the application of hydrogels in osteosarcoma inhibition and bone regeneration, and made some suggestions for future development.
Aluminum adjuvants have been widely used in some vaccines and can induce strong human immunity. However, deficiencies in cellular immunity limit its use in some vaccines. Therefore, there is an urgent need to develop novel adjuvants to enhance humoral and cellular immune responses. Shan et al. designed and prepared a novel nano adjuvant (PF3) by microfluidization by combining saponins (ginsenoside Rg1) with oil-in-water nanoemulsion (NE). The PF3 has a stronger humoral and cellular immune induction effect than aluminum adjuvants because of its higher cellular uptake and ability to activate immune response pathways. In addition, the size and zeta potential of PF3 did not change significantly after being stored at 4°C and 37°C for 12 weeks, indicating high stability in vitro. This study provides an adjuvant platform for the design of recombinant vaccines instead of traditional aluminum adjuvants.
Zika virus (ZIKV) seriously affects the normal development of the fetus. Visualizing the pathogenic activity of ZIKV from the route of infection to the immune process is critical. However, accurate labeling of ZIKV remains challenging due to the lack of reliable labeling techniques. Zheng et al. designed a new fluorescent quantum dots (QD)-based probe for reliable labeling and visualization of ZIKV. The probe conjugates ZIKV and QD with high efficiency by photo-activated bio-orthogonal cycloaddition. The labeling process is simple and has no effect on the permeability. The results show that the combination of ZIKV and QD probe can localize and track the function of the virus during infection. Therefore, this bio-orthogonal QD probe may be a promising method for detecting the pathogenic activity of ZIKV.
Mesoporous dopamine nanoparticles (MPDA NPs) are a kind of antitumor nanomaterials with broad clinical application prospects, but their biosecurity remains unclear. Huang et al. analyzed the toxicity of RNA-Seq-based MPDA NPs in mice following different exposure routes. The results showed that RNA-Seq-based MPDA NPs of different administration routes had no obvious or serious toxic effect on mice. The authors elucidate the toxic effect of RNA-Seq-based MPDA NPs from the molecular mechanism, which provides a new insight for the further clinical application of MPDA NPs.
Smart nanomaterials have a wide range of applications. The contributions in this Research Topic provide a variety of smart nanomaterials and their applications in biosensing and therapeutics, including biosensors, bioimaging, nanozyme, cancer therapies and triggering immune system. We believe that this Research Topic will provide new ideas and technologies for the application of smart nanomaterials in biosensing and therapy. More importantly, in order to get the latest achievements in this field, the Research Topic has launched the second Research Topic, entitled “Smart Nanomaterials for Biosensing and Therapy Applications II,” welcome to submit!
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Paclitaxel (PTX) is a broad-spectrum chemotherapy drug employed in the treatment of a variety of tumors. However, the clinical applications of PTX are limited by its poor water solubility. Adjuvants are widely used to overcome this issue. However, these adjuvants often have side effects and poor biodistribution. The smart drug delivery system is a promising strategy for the improvement of solubility, permeability, and stability of drugs, and can promote sustained controlled release, increasing therapeutic efficacy and reducing side effects. Polymeric prodrugs show great advantages for drug delivery due to their high drug loading and stability. There has been some groundbreaking work in the development of PTX-based stimulus-sensitive polymeric prodrug micelles, which is summarized in this study. We consider these in terms of the four main types of stimulus (pH, reduction, enzyme, and reactive oxygen species (ROS)). The design, synthesis, and biomedical applications of stimulus-responsive polymeric prodrugs of PTX are reviewed, and the current research results and future directions of the field are summarized.
Keywords: paclitaxel, polymer prodrug, stimuli-sensitive, drug delivery, cancer
INTRODUCTION
Paclitaxel (PTX) was first discovered in the late 1960s. It is a natural substance derived from the needles and bark of the Pacific yew tree. It is a mitotic inhibitor used primarily in cancer chemotherapy, which can be used in the treatment of various cancers, including ovarian cancer, esophagus cancer, small and non–small-cell lung cancer, multiple myeloma cancer, bladder cancer, breast cancer, head and neck cancer, colon cancer, and Kaposi’s sarcoma (Khalifa et al., 2019; Chen et al., 2021; Peng et al., 2021; Zuo et al., 2021). PTX is a microtubule stabilizing drug, which can prevent cytoskeletal microtubules from depolymerizing into free tubulin. It can also cause tubulin and tubulin dimer of microtubule to lose dynamic balance, leading to cell cycle arrest and stagnation in the G2/M phase, ultimately inhibiting cell growth (Ashrafizadeh et al., 2021; Mosca et al., 2021; Yi et al., 2022). The efficacy of PTX is primarily attributable to its side chain functionalities, A ring, oxetane ring, and C2 benzoyl group. The acyl group of the C3’ amide in the C13 chain remains active, and its function is enhanced by the hydroxyl group of C2’ (Zhang et al., 2013). PTX is insoluble in water (<0.3 mg/ml), and increasing its solubility by adjusting its pH is difficult. This greatly limits its clinical application. At present, the PTX dosage forms such as Taxol, PTX liposome, and PTX albumin binding are used in clinical treatment of breast cancer and ovarian cancer. However, the adjuvants in current clinical preparations have serious side effects. Moreover, it is difficult to achieve controlled drug release at the tumor site. Therefore, there is an urgent need to develop a novel drug delivery system that can improve the permeability and solubility of PTX and facilitate controlled targeted drug delivery, reducing side effects, and improving therapeutic efficacy.
In recent years, the use of self-assembling nanoparticles of amphiphilic polymers has become common in drug delivery as they are able to act as carriers for the hydrophobic molecules of insoluble drugs (Cabral and Kataoka, 2014; Ulbrich et al., 2016). Compared with traditional drug delivery systems, polymeric micelles have many merits such as the well-controlled size distribution, improved solubility, the enhanced permeability and retention (EPR) effect, good stability, and reduced toxicity (Chowdhury and Singh, 2020; Majumder et al., 2020). In addition, drug-targeting at the lesion site can be achieved by introducing targeted functional groups on the surfaces of the amphiphilic polymers (Roacho Perez et al., 2021). Amphiphilic polymers can load hydrophobic drugs through physical interaction or chemical bonding. Loading the drug to the polymers through physical interaction usually includes electrostatic interaction, π–π stacking, hydrogen bonding, and hydrophobic interaction (Zhai S. et al., 2017; Gao C. et al., 2021). However, the loading capacity using this approach is low, generally less than 10%, and significantly increases the metabolic burden on the body through the additional adjuvants. In addition, the weak connections between the molecules of the drug and the nanoparticles can lead to the untimely release of the drug after intravenous administration. Direct chemical bonding of the drug with the amphiphilic polymer creates a drug delivery system with high drug loading that has excellent stability in the blood circulation and can inhibit the premature release of the drug (Deng & Liu, 2020; Liu et al., 2021). Such polymeric prodrug delivery systems can not only improve drug loading significantly but can also precisely control drug loading and pharmacokinetics through chemical reaction. The construction of endogenous stimulus-sensitive polymeric prodrug nanoparticles allows the development of on-demand or triggered drug delivery.
Chemical groups sensitive to external signals (temperature, light, magnetic field, and ultrasonic wave) and endogenous signals [pH, reduction, enzyme, and reactive oxygen species (ROS)] have been extensively exploited in the design of polymeric prodrug delivery systems for triggered drug release (Li et al., 2015; Chen et al., 2018). The pH gradient in the tumor microenvironment (e.g., tumor tissue is around 6.5, endosomes are around 5.5, lysosomes are around 5.0) can act as an endogenous stimulus for controlling the drug release in tumor cells (Dai et al., 2019), whereas acidity is a specific feature of the tumor microenvironment; acid-sensitive coupling linkages are often used to construct polymeric prodrug nanoparticles with efficient transformation in tumors. It is reported that there is a significant difference in the concentration of reduced glutathione (GSH) between the microenvironment inside and outside tumor cells. The differences in GSH between intracellular (2–10 mM) and extracellular environments (2–20 μM) of tumor cells, which are often exploited for reduction-sensitive drug delivery system. Therefore, the prodrug with disulfide bonds releases the parent drug effectively in tumor cells and improves the drug utilization (Wang et al., 2020; Zuo et al., 2020). The design and study of enzyme-triggered polymeric prodrugs have potential clinical applications (Srinivasan et al., 2021; Tan et al., 2021). Phospholipases, oxidoreductases, and proteases overexpressed by tumor cells can act as selective triggers for enzyme-sensitive drug delivery vehicles. Nanodrug delivery systems with reactive oxygen species (ROS) sensitivity can also promote the drug release as the level of ROS in tumor cells is ten times higher than that in normal cells (Saravanakumar et al., 2017; Deng et al., 2020; Hong et al., 2021; Tan et al., 2021). For example, the concentration of H2O2 is 0.001–0.7 μM in healthy cells, while it is 10–100 μM in tumor cells (Li C. et al., 2021). ROS-sensitive chemical groups such as alkylene sulfides, borate esters, and thioketals (TKs) have been widely exploited to construct efficient stimulus-sensitive drug delivery systems for tumor therapy. However, due to the heterogeneity of tumor cells, the concentration of endogenous ROS is too low to trigger rapid drug release, and few ROS-sensitive drug delivery systems show sufficient sensitivity to tumor cells. Therefore, a ROS-sensitive drug delivery system with the ability to generate ROS would be a promising strategy that could improve selectivity and accelerate drug release to enhance the efficacy of tumor therapy. The construction of the stimulus-sensitive polymeric prodrug will improve the stability and drug loading of PTX, enable its controlled release at the tumor site, enhance the drug utilization, and reduce side effects.
As far as we know, much of the pioneering work on stimulus-sensitive polymeric PTX prodrug nanomedicine has not been well summarized. As shown in Figure 1, research on this subject can be categorized by the four different types of polymer-PTX prodrug stimuli: 1) pH-sensitive polymer-PTX prodrug, 2) reduction-sensitive polymer-PTX prodrug, 3) enzyme-sensitive polymer-PTX prodrug, and 4) ROS-sensitive polymer-PTX prodrug. This review focuses on the design, synthesis, and biomedical applications of stimulus-sensitive PTX polymer prodrugs and the latest research progress. Finally, the future development directions and prospects of this field were briefly discussed.
[image: Figure 1]FIGURE 1 | Four types of polymer-PTX prodrug stimuli-sensitives.
PH-SENSITIVE POLYMER-PTX PRODRUG
Compared with that of normal tissue, the tumor microenvironment is highly acidic, which is due to the high metabolic activity of tumor cells. Therefore, the development of pH-sensitive polymer-PTX prodrugs in which drug release is triggered by the acidity of tumor cells has attracted extensive attention. To achieve this, acid-sensitive organoleptic groups, such as acetals and acyclic ketals, are typically built into polymeric prodrug delivery systems to cause the release of the drug when the delivery system encounters an acidic microenvironment. For instance, Zhai et al. developed pH-sensitive polymer-PTX prodrug micelles by grafting PTX onto the main chain of poly (ethylene glycol) (PEG)-polycarbonate through an acetal-linker to accelerate drug release in tumor cells. The drug loading of PTX reached up to 33% (Zhou et al., 2020a). mPEG-PCL-Ace-PTX is a pH-sensitive PTX prodrug micelle with the PTX content as high as 23.5 wt%. This was constructed using functionalized poly (ethyleneglycol)-poly (ε-caprolactone) (mPEG-PCL) diblock polymer with an acid-cleavable acetal (Ace) linkage (Zhai Y. et al., 2017). Another pH-sensitive amphiphilic polymeric prodrug, PEG-acetal-PTX, has been constructed for the inhibition of tumor cell proliferation.
This self-assembled prodrug has excellent stability with drug loading up to 60.3% (Huang et al., 2018). Acyclic ketals are generally more acid-sensitive than acetals, so the development of pH-sensitive polymeric prodrug micelles based on acyclic ketal–coupled linkers are more desirable (Mu et al., 2020). Guo et al. constructed acyclic-ketal–based acid-sensitive PTX prodrug micelles using PEG with different lengths. They found that the length of PEG affects the hydrolysis kinetics, pharmacokinetics, biodistribution, and antitumor activity of the prodrug nanoparticles (Mu et al., 2020).
REDUCTION-SENSITIVE POLYMER-PTX PRODRUG
Due to the high expression of GSH in tumor cells, polymeric prodrugs with reduction-sensitive properties can achieve controlled intracellular drug release. Li et al. constructed a folate-targeted reduction-sensitive polymeric prodrug micelle by coupling PTX with dextrin through disulfide bond and embedded mitochondrial inhibitor of adjudin to overcome any multi-drug resistance of tumor cells (Figure 2A) (Chen et al., 2020). Liu et al. demonstrated that the reduction-sensitive PTX prodrug modified with maleimide functional groups was able to rapidly bind the circulating albumin immediately after intravenous administration (Lou et al., 2021). The albumin-bound PTX–maleimide prodrug nanoparticles exhibited longer circulation time and excellent anti-tumor efficacy in vivo. This disulfide-bridged prodrug exhibited selective cytotoxicity toward tumor cells and enhanced tumor suppression in BALB/C mice bearing 4T1 tumor. Xie et al. reported a reduction-sensitive prodrug of PTX (PTX-S-BDP) by linking PTX and BODIPY (BDP-OH) using a reduction-sensitive linker for fluorescence imaging–guided chemotherapy (Xia et al., 2021). PTX-S-BDP nanoparticles display excellent cellular imaging and good cellular selectivity, with free PTX reserving its cytotoxic effects for cancerous cells. Other studies have endeavored to produce synergistic therapeutic effects by combining two or more agents with different target signaling pathways (Zhou et al., 2020b). Gu et al. synthesized an amphiphilic reduction-sensitive prodrug of PTX-SS-TMP to deliver both PTX and the antiangiogenic agent of tetramethylpyrazine (TMP) to realize the synergistic treatment of A2780 tumor-bearing mice (Zou et al., 2021).
[image: Figure 2]FIGURE 2 | (A) Release and mechanism of the self-assembly of F-ss-P/A micelles (Chen et al., 2020). (B) Synthesis and mechanism of PTX release from polymeric prodrug of TB@PMPT (Yi et al., 2021). (C) Procedure, intracellular pH, and reduction-sensitive of programmed drug release from dimeric prodrug nanoparticles (Yi et al., 2022). (D) Release of PTX from the poly (ethylene glycol) (PEG)-protected reduction-sensitive dimeric PTX (diPTX)-loaded cationic poly (D-glucose carbonate) micelle (diPTX@CPGC) (Su et al., 2018).
In addition, chemo-photodynamic therapy is an advanced treatment method that researchers are more concerned about (Yi et al., 2018). The combination of chemotherapeutic drugs and photosensitizers can improve therapeutic effects and reduce cytotoxic effects. In the development of this drug, an amphiphilic polymeric prodrug was used as a carrier of the photosensitizer needed for the combined treatment under light irradiation. A further advantage of this synthesis is that the ROS produced by photodynamic therapy can induce lipid peroxidation, increasing the permeability of the cell membrane and enhancing the intracellular internalization of PTX (Figure 2B) (Yi et al., 2021). Dimeric prodrugs can achieve high drug loading and inhibit premature drug leakage, so this strategy based on dimeric prodrugs is of great significance for the design of novel nanomedicine (Pei et al., 2018). The nanoparticles, diPTX@Fe&TA (Figure 2C), and diPTX@CPGC Figure 2D were prepared through co-precipitation of the dimeric prodrug, PTX-SS-PTX (diPTX), with the metal-phenolic network of Fe and tannic acid (Fe&TA) or cationic poly (D-glucose carbonate) (CPGC), respectively (Su et al., 2018; Yi et al., 2022). The drug loading of diPTX was 24.7 and 40% for diPTX@Fe&TA and diPTX@CPGC, respectively. The premature release of PTX and diPTX in the physiological environment was greatly inhibited. Compared with intravenous injection, oral administration is a more preferred choice for PTX administration, which is mainly due to the more convenient, safe, and flexible administration (Du et al., 2020; Gao Y. et al., 2021). The prodrugs, PTX-Cys, PTX-SS-COOH, and PTX-SS-Val were prepared by introducing amino, carboxyl, and valine into the disulfide bond of PTX to improve the solubility and oral bioavailability (Li Y. et al., 2021). Of these three, it was found that PTX-SS-Val can effectively improve the oral bioavailability of PTX.
ENZYME-SENSITIVE POLYMER-PTX PRODRUG
Enzymes have been used extensively as prodrug release triggers for stimulus-sensitive materials due to their high selectivity toward tumor cells (Pei et al., 2021; Zeng et al., 2021). For example, cathepsin B is overexpressed in the cells of various types of tumors, which acts as a lysosomal cysteine protease and can cleave proteins containing an oligopeptide glycylphenylalanylleucylglycine (Gly-Phe-Leu-Gly, GFLG) linker (Cheng et al., 2020; Jin et al., 2020). The GFLG linker between the drug and the polymer in the construction of cathepsin B–based enzyme-sensitive drug carriers is shown in Figure 3A. Luo et al. have constructed a series of amphiphilic polymer-PTX prodrugs using the enzyme-sensitive GFLG. They also used the polymeric prodrugs as carriers to load other functional drugs for real-time monitoring, tumor diagnosis, and therapy (Li et al., 2017; Wang B. et al., 2019; Luo et al., 2021; Tan et al., 2021). For example, the enzyme-sensitive amphiphilic prodrug, Janus PEGylated dendrimer-GFLG-PTX, was prepared by conjugating the GFLG-PTX moiety to the PEGylated peptide dendrimer through click reaction (Li et al., 2017). In vitro experiments found that the cytotoxicity of the polymer prodrug on normal cells is far lower than that of free PTX, and it was able to effectively induce the apoptosis of breast cancer cells. A diagnostic and therapeutic platform was created using a PTX saccharide-based prodrug (pGAEMA-PTX-Ppa-Gd polymer) containing enzyme-sensitive GFLG oligopeptide (Wang B. et al., 2019). The T1 contrast agent of Gadolinium-tetraazacyclododecanetetraacetic (Gd-DOTA) and the NIR fluorescent molecule pheophorbide a (Ppa) were conjugated to the polymer for cancer diagnosis, treatment, and real-time monitoring. In addition, an amphiphilic block copolymer prodrug, poly [oligo (ethylene glycol) methyl ether methacry-late] (polyOEGMA)-functionalized PTX, containing cathepsin B–sensitive GFLG oligopeptide linker between the PTX and the polymer backbone was constructed (Tan et al., 2021). This was then used as a carrier to load the photosensitizer Ce6 for combined chemo-photodynamic therapy. This effectively inhibited the growth of bladder cancer patient-derived tumor xenograft models through the photochemical internalization effect. Delivering the therapeutic agent to the site of the malignancy and activating deep tissue. A polyOEGMA-functionalized dendritic polymer-PTX prodrug with a short peptide GFLG was prepared to encapsulate an imidazole derivative with high energy-transfer efficiency and synergistically enhance the effects of two-photon photodynamic therapy effect for the synergistic effect on inhibition of tumor growth in 4T1 xenograft mice by combined chemo-photodynamic therapy with increased penetration depth (Luo et al., 2021).
[image: Figure 3]FIGURE 3 | (A) Structure and synthesis of enzyme-sensitive amphiphilic Janus PEGylated dendrimer-GFLG-PTX prodrug and its released PTX from prodrug through intracellular enzymolysis after endocytosis (Li et al., 2017). (B) A DEX-TK-PTX–based self-accelerating drug release nanodrug delivery system (PLP-NPs) with pH/ROS cascade response was constructed for the treatment of multidrug resistant colon cancer (Chang et al., 2020). (C) Self-strengthened bioactivating prodrug-based NPs are fabricated via co-encapsulation of ROS-sensitive thioether-linked linoleic acidpaclitaxel conjugates (PTX-S-LA) and β-lapachone (LPC) into polymeric micelles (PMs) (Wang K. et al., 2019).
ROS-SENSITIVE POLYMER-PTX PRODRUG
It is well known that benzylboronic ester can trigger an elimination response through the high levels of ROS in tumor cells, while the benzylboronic ester linkers have demonstrated excellent stability during blood circulation. For example, Shen et al. constructed the novel ROS-sensitive prodrug micelles based on p-(borate ester)benzyl by introducing the benzylboronic ester linker between the PTX and the PEG (PEG-B-PTX) (Dong et al., 2020). The loaded quinone was able to deplete intracellular GSH with the PTX and effectively inhibit the growth of tumor cells. The TK group has excellent stability in a normal physiological environment; the high level of ROS causes the group to cleave to generate acetone and two other thiol-containing fragments. However, the level of ROS expression in tumor cells is insufficient to trigger drug release completely. A promising strategy to address this is the development of drug delivery systems able to provoke intracellular ROS generation. Menadione (VK3) is a quinoid natural molecule with anti-tumor effects in breast, lung, prostate, and liver cancers. VK3 can catalyze ROS production through the specific overexpression of NAD(P)H:quinone oxidoreductase-1 (NQO1) in tumor cells and specifically improve the intracellular ROS level (Yang et al., 2018). Lu et al. developed the dual-responsive pH/ROS polymeric prodrug of PEG-b-P(LL-g-TK-PTX)-(LL-g-DMA) by conjugating the ROS-sensitive PTX prodrug (PTX-TK) and 2,3-dimethylmaleic anhydride (DMA) into the main chain of the amphiphilic polymer, PEG-b-PLL (Xu et al., 2020). Then, they encapsulated VK3 into the core of PEG-b-P((LL-g-TK-PTX)-(LL-g-DMA)) micelles to construct a self-amplifying drug delivery system with charge reversal capability. High levels of NQO1 in tumor cells catalyze the released VK3 to produce ROS, resulting in the amplified release of PTX and reduced side effects. To overcome insufficient intracellular release of nanodrugs and multi-drug resistance (MDR) of chemotherapeutics in the treatment of colon cancer, a ROS-sensitive thioketal (TK) bond combined PTX and dextran (DEX) to synthesize the prodrug DEX-TK-PTX. Then, pH-sensitive poly (L-histidine) and beta-lapachone were loaded into prodrug micelles, creating a self-accelerating drug release nanodrug delivery system (PLP-NPs) with pH/ROS cascade response for the treatment of multidrug-resistant colon cancer (Chang et al., 2020). PLP-NPs can increase the intracellular ROS level and drug concentration and consume the level of ATP in multidrug-resistant tumor cells (Figure 3B). To increase the deep penetration ability and intracellular release of nanodrugs at the site of malignancy, Sun et al. synthesized three polymers, the ROS-sensitive (methoxyl poly (ethylene glycol)-thioketal-paclitaxel (mPEG-TK-PTX)), iRGD-PEG-TK-PTX, and the pH-sensitive polymer octadecylaminepoly (aspartate-1-(3-aminopropyl) imidazole) (OA-P(Asp-API)) (Li et al., 2020). The three amphiphilic polymers were then used as carriers to encapsulate the ROS generation agent β-Lapachone (LAP) and construct multifunctional polymeric micelles (RLPA-NPs). RLPA-NPs can penetrate the tumor tissue through iRGD, release LAP in lysosomes, and amplify the release of PTX, ultimately improving the therapeutic effect. Ether is a relatively stable substance, while thioether is easily oxidized into sulphone and sulfoxide, resulting in a strong increase in its hydrophilicity and in the hydrophilic–hydrophobic ratio of polymers. Sun et al. synthesized the ROS-sensitive prodrug of thioether-linked PTX-linoleic acid conjugates (PTX-S-LA) (Figure 3C) (Wang K. et al., 2019), and combined it with a ROS generating agent to create a self-strengthening bioactive prodrug nanosystem with powerful anticancer effects. ROS produced by photosensitizers under light can induce tumor cell death and trigger the cleavage of thioether. PTX and the photosensitizer pyropheophytin a (PPa) were linked by a ROS-sensitive thioether linkage to construct a “two-in-one dimer” that was both carrier and cargo (Luo et al., 2019). Under laser irradiation, the overproduction of endogenous ROS and the ROS produced by the PPa synergistically triggered the release of PTX.
SUMMARY AND FUTURE PERSPECTIVES
The presence of the polymer shell stabilizes the polymer-based drug delivery system. Thus, they have the advantages of controlled PTX release, reduced dosage, and reduced systemic side effects. However, polymer-based drug delivery systems have some limitations. Organic solvents or surfactants, such as those often used in the preparation of polymer nanoparticles, can disrupt biological membranes and have significant interaction with certain proteins. At the cellular level, polymer-based nanodrug delivery systems are not as biocompatible as liposomes. The structure of polymeric nanoparticles is unstable, and the encapsulation of a large amount of PTX can lead to colloidal transformation. There is a main disadvantage that polymer nanoparticles lack selectivity toward tumor cells. Although nanoparticles can passively target solid tumors through the EPR effect, the majority of polymer prodrugs nanoparticles with the size range from 100 to 500 nm will still be cleared by the reticuloendothelial system. Active targeting can achieve specific uptake of tumor cells, further improve drug utilization, and reduce side effects. Polymers are generally modified targeting functional groups by chemical reaction to achieve active targeting.
From the reviewed studies, it can be seen that a number of biocompatible polymers have been used and characterized for PTX prodrug formulation (Table 1). Amphiphilic polymer is the most widely studied material, but in fact, proteins are biodegradable, nonantigenic, and metabolizable, which provide a variety of possibilities for drug delivery and is a promising material for adjuvants. Many types of nanoscale drug delivery systems have been used to deliver PTX, including micelles, polysomes, liposomes, and fibers. From these studies, it can be concluded that tumor microenvironment stimulus-responsive polymeric prodrugs not only show outstanding stability and solubility but also have a controlled PTX release profile and biocompatibility. Therefore, prodrug nanoparticles hold exciting promise as a potential PTX delivery tool.
TABLE 1 | Summary of representative systems for PTX prodrugs.
[image: Table 1]CONCLUSION
The application of nanotechnology to cancer treatment has led to several breakthroughs previously and continues to flourish as a key component of the health care system. Abraxane is the only nano-PTX formulation approved by the FDA and EMEA for the treatment of cancer, and is the most successful PTX formulation in clinical research. In this review, we have focused on amphiphilic polymer-PTX prodrug delivery systems and their ability to provide stimulus-sensitive therapeutic nanoplatforms for intracellular on-demand drug release. Polymeric prodrug nanoparticles can not only greatly improve the drug loading and solubility of PTX but can reduce its toxicity. In the future development of more promising nano-prodrug PTX formulations, some challenges will need to be overcome. Among them, there is the need to improve the efficiency of drug enrichment and the specificity of its release at the lesion site.
Despite this, the efficacy remains low for the prodrugs developed thus far. This may be due to the multilevel and complex biological issues inherent in attempting to eliminate cancerous tissues with minimum harm to the human body. Achieving this end requires targeted nanocarriers with strong specificity. To sum up, the research discussed in this review has made advances but there are still limitations to overcome. We hope that this overview will provide some ideas for future nano-prodrug delivery systems.
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Purpose: While radiotherapy remains the leading clinical treatment for many tumors, its efficacy can be significantly hampered by the insensitivity of cells in the S phase of the cell cycle to such irradiation.
Methods: Here, we designed a highly targeted drug delivery platform in which exosomes were loaded with the FDA-approved anti-tumor drug camptothecin (CPT) which is capable of regulating cell cycle. The utilized exosomes were isolated from patient tumors, enabling the personalized treatment of individuals to ensure better therapeutic outcomes.
Results: This exosome-mediated delivery strategy was exhibited robust targeted to patient-derived tumor cells in vitro and in established patient-derived xenograft models. By delivering CPT to tumor cells, this nanoplatform was able to decrease cell cycle arrest in the S phase, increasing the frequency of cells in the G1 and G2/M phases such that they were more radiosensitive.
Conclusion: This therapeutic approach was able to substantially enhance the sensitivity of patient-derived tumors to ionizing radiation, thereby improving the overall efficacy of radiotherapy without the need for a higher radiation dose.
Keywords: cell cycle, exosome, radiotherapy, patient-derived xenograft model, camptothecin
INTRODUCTION
Cervical cancer is among the leading causes of cancer and cancer-associated mortality among women (Sung et al., 2021). In individuals with stage Ib and IIa cervical cancer, radiotherapy and radical surgery can both effectively improve patient outcomes, yielding satisfactory 5-year survival rates (Landoni et al., 1997). However, these approaches are less efficacious in more advanced cervical cancer patients in whom tumors are larger (Rose et al., 1999). To achieve the desired outcome, the utilized ionizing radiation dosage may exceed maximum normal tissue tolerance thresholds, resulting in severe adverse events (Sasieni and Sawyer 2021). To overcome this risk, other therapeutic methods including chemotherapy, afterloading therapy, and radioactive particle implantation have been explored (Flay and Matthews 1995).
Nanomedicine-based therapeutic radiosensitization strategies represent a novel emerging approach to enhancing the efficacy of radiotherapy while minimizing normal tissue damage (Zhang et al., 2019; G.; Song et al., 2017). Nano-radiosensitizers have been developed that are capable of increasing ionizing energy deposition in target tumor tissues by enhancing the photoelectric effect. These radiosensitizers are generally composed of high-Z elements including silver (Khochaiche et al., 2021), gold (Yi et al., 2016; Laprise-Pelletier et al., 2018; Xu et al., 2019), tantalum (Song et al., 2016; Lyu et al., 2021), and hafnium (Chen et al., 2019). While promising, however, these nano-radiosensitizers exhibit intrinsic cytotoxicity, and their metabolic processing remains uncertain (Yoon et al., 2018). Other approaches have sought to leverage the tumor microenvironment (TME) to increase radiosensitivity (Jarosz-Biej et al., 2019; Chen et al., 2021). For example, catalytic agents capable of converting H2O2 to O2 within cells have been used to alleviate intratumoral hypoxia as a means of improving radiotherapeutic outcomes (Zhu et al., 2016; Lin et al., 2018; Lyu et al., 2020a). Researchers have also sought to combine radiotherapy with chemotherapy, photothermal therapy, and sonodynamic therapy in an effort to achieve synergistic benefits superior to those of either treatment in isolation (Lyu et al., 2020b; Suo et al., 2020; Yang et al., 2020). Chemotherapeutic drugs can be broadly classified into cell cycle-specific and -nonspecific agents, with the former of these inducing apoptotic cell death at a particular point in the cell cycle and the latter resulting in indiscriminate target cell death (Zhu et al., 2020; Luo et al., 2020). Chemotherapy is a systemic treatment, in contrast to radiotherapy, which is targeted. Severe off-target side effects of chemotherapy can include nausea, malaise, and alopecia (Rose et al., 1999; Bosset et al., 2006; Abraham et al., 2013; Gao et al., 2020; Khochaiche et al., 2021; Zhu et al., 2022). Careful consideration of the most appropriate drug delivery strategy must thus be considered to maximize benefit and minimize discomfort in treated cancer patients (Peeters et al., 2005).
In recent years, personalized therapeutic medicine-based approaches have emerged for the treatment of cancers (Wang et al., 2021). In most in vivo preclinical assays, researchers rely on cell-line-derived xenograft (CDX) murine models derived from purified cell lines. While informative to some extent, these models differ substantially from natural tumors. Patient-derived xenograft (PDX) models, in contrast, utilize tumor tissues derived directly from patients and thus more closely recapitulate the heterogeneity, structure, and metastatic potential of true human tumors (Sun et al., 2021). In the present study, we utilized tumor-specific patient-derived exosomes as an approach to delivering camptothecin (CPT) to tumors in PDX model mice (Bhimani et al., 2020). As shown in Scheme 1 CPT is a chemotherapeutic drug capable of reducing the frequency of cells in the S phase of the cell cycle during which DNA replicates and cells are largely resistant to ionizing radiation (Park et al., 1997). Owing to their robust tumor-targeting capabilities, patient-derived exosomes from a cervical cancer patient were utilized as a vehicle to mediate CPT delivery to the target tumor, thereby enhancing radiosensitization while minimizing normal adjacent tissue damage (Duo et al., 2021). In addition, exosomes derived from HeLa cells were used to deliver CPT, and the relative feasibility of both patient-derived exosome/CPT (EC) hybrid and HeLa cells exosome CPT (ECC) hybrid nanoplatforms were analyzed in a PDX model system using tumor tissues from the same cervical cancer patient. Remarkable, the developed EC hybrid nanoplatform strategy exhibited efficient tumor targeting together with robust radiosensitization, thus underscoring its promising biocompatibility and translational potential.
[image: Scheme 1]SCHEME 1 | Personalized treatment procedure on PDX model using EC.
EXPERIMENTAL SECTION
Animals
Six-week-old female nude BALB/c mice were purchased from Vital River Company (China). The protocols of the Institutional Animal Care and Use Committee were used to guide all animal studies discussed herein.
PATIENT TUMOR SAMPLES
Tumor tissue samples were collected from a 55-year old female patient with advanced stage IIIc cervical cancer within 1 h of surgery as per the protocols of the Institutional Review and Ethics Boards of Zhengzhou University. The patient provided informed consent for the present study.
Patient-Derived Cancer Cell Isolation
Initially, tumor tissues were minced into small ∼1 mm3 cubes, after which they were digested for 1 h using 0.1 mg/ml collagenase IV and filtered through 70 um strainers (Becton Dickinson, United States) to yield patient-derived cancer cells.
EC and ECC Synthesis
Patient-derived exosomes were prepared as per a previously described ultraviolet (UV) stimulation method (Tang et al., 2012; Wang et al., 2019). Briefly, patient-derived cancer cells were plated and exposed to UV irradiation (300 J/m2) for 1 h. Then, after 12 h, cells were centrifuged at 140,000 g for 2 min to remove any cellular debris, and supernatants were again centrifuged for 1 h at 140,000 g to pellet patient-derived exosomes. Pellets were then washed thrice and resuspended in culture media for subsequent experimental use. EC preparation was conducted by mixing patient-derived exosomes (0.5 mg) and CPT (10 μg in 10 μL DMSO) in 250 μL of PBS in a 0.4 cm cuvette (Bio-Rad), with electroporation (250 V and 350 μF) then being conducted using a Bio-Rad Gene Pulser Xcell Electroporation System. Membrane integrity was then allowed to recovery through a 30 min incubation at 37°C, after which samples were spun for 1 h at 140,000 g to remove unincorporated CPT. EC samples were then stored at 4 °C. ECC preparation was conducted via an identical approach, instead using exosomes derived from HeLa cells. Drug loading efficiency (DLE) was calculated as follows: DLE = (weight of input drug—weight of remaining drug)/weight of input drug.
Animal Model
A PDX model was established using previously reported methods. Briefly, harvested patient tumor tissues were minced into ∼5 mm3 pieces within 1 h of surgery, after which they were subcutaneously implanted in nude BALB/c mice with a trochar (termed P0). At 2–3 months post-implantation, tumors began to visibly grow. When tumors were 800–1,000 mm3 in size, mice were euthanized and tumors were collected, respected, and implanted as above to yield a subsequent generation (P1). This process was repeated two more times, with P3 mice being used for all in vivo analyses.
Antitumor Efficacy
When tumors in P3 mice were 200 mm3 in size, mice were randomized into six groups subjected to the following treatments: 1) PBS; 2) RT (6 Gy); 3) CPT (5 mg/kg, 50 μL); 4) EC (equivalent CPT dose: 5 mg/kg, 50 μL); 5) ECC (equivalent CPT dose: 5 mg/kg, 50 μL) + RT (6 Gy); 6) EC (equivalent CPT dose: 5 mg/kg, 50 μL) + RT (6 Gy). Tumor volumes and weight were then monitored every third day, with mice being sacrificed on day 19. Tumors were then collected for immunofluorescent and hematoxylin and eosin (H&E) staining.
RESULTS AND DISCUSSION
Patient- and HeLa cell-derived exosomes were initially prepared via UV stimulation and were then loaded with CPT via an electroporation approach. EC and ECC particles exhibited an expected round morphology with a visible lipid layer and a diameter of ∼115 nm (Figures 1A,B). Confocal microscopy analyses were conducted to confirm successful CPT loading into these exosomes using 3, 3-dioctadecyloxacarbocyanine perchlorate (DiO) as a fluorescent membrane probe together, with CPT also being visualized as it releases bright blue fluorescence at an excitation wavelength of 365 nm, with both of these fluorescent signals being visible in prepared revealing both blue CPT and bright green DiO fluorescence confirming the coupling reaction (Figure 1C). CLSM imaging further confirmed the loading of CPT into HeLa cell-derived exosomes (Supplementary Figure S1). Moreover, the DLE of EC and ECC were 23.5 and 21.5% respectively (Supplementary Figure S2). DLS was used to calculate zeta potential values for EC and ECC preparations in PBS (Figure 1D). Stability in response to irradiation is a key clinical concern when exploring the potential biomedical application of nano-radiosensitizing agents. To assess EC and ECC stability following radiotherapy treatment, Z-average diameter values were measured for these particles before and after treatment (Figure 1E), with the observed absence of any apparent treatment-related change being indicative of satisfactory stability. Western blotting was additionally conducted for patient-derived exosomes and ECC samples to confirm their composition. Both of the patient-derived exosomes and ECC samples exhibited high levels of expression of the exosomal marker proteins CD9 and CD63, indicating the existence of exosomes in ECC samples (Figure 1F). As such, these results confirmed the successful production of patient- and tumor cell-derived exosomes loaded with CPT.
[image: Figure 1]FIGURE 1 | Exosome characterization. (A) ECC and (B) EC exosomes were imaged via transmission electron microscopy, with the inset graph showing EC diameter distributions. (C) Confocal microscopic analysis of the colocalization of CPT (blue) and DiO (green) within the EC. (D) EC and ECC Zeta potential values; (E) EC and ECC Z-average diameter values before and after irradiation (6 Gy); (F) Western blotting analysis of patient-derived exosomes and EC.
EC and ECC biocompatibility were next assessed using the Ect1/E6E7, End1/E6E7, Vk2/E6E7 and HUCEC cervical epithelial cell line, revealing that both of these preparations were associated with negligible cytotoxicity even at high concentrations (Supplementary Figure S3). To evaluate EC- and ECC-associated radiotherapy-induced apoptosis, a CCK-8 assay was used to evaluate cell death for both HeLa and patient-derived cells treated with these preparations. While cells treated with RT or CPT alone exhibited >85% viability (Figure 2A), consistent with poor efficacy, and EC or ECC treatment alone had limited inhibitor effect, combined ECC + RT and EC + RT treatment were associated with reductions in cell viability to 54.2 and 41.2%, respectively, consistent with robust combination therapeutic efficacy. This efficacy may be attributable to the specific targeting capabilities of patient-derived exosomes. Similar results were also obtained for HeLa cells (Figure 2B), with ECC + RT treatment yielding more robust tumor inhibition than EC + RT treatment in this assay system, likely owing to the share homology between HeLa cells and exosomes derived therefrom. Even so, these results suggest that EC and ECC preparations both exhibit some degree of cross-reactive homology that is beneficial to cervical tumor targeting.
[image: Figure 2]FIGURE 2 | Assessment of in vitro therapeutic efficacy. (A) Patient-derived cell and (B) HeLa cell viability following the indicated treatments. (C) Colony formation assay. (D–G) Flow cytometry was used to assess cell cycle progression in patient-derived cells treated with (D) PBS, (E) ECC, and (F) EC, with a (G) corresponding quantitative cell cycle analysis. *p < 0.05, **p < 0.01, ***p < 0.005; Student’s t-test.
Colony formation assays were next conducted to assess the ability of ECC and EC preparations to sensitize patient-derived cells to radiotherapy, revealing clear differences in the ability of EC- and ECC-treated cells following irradiation (Figure 2C), consistent with more robust radiosensitization activity. Specifically, EC and ECC exhibited sensitivity enhancement ratio values of 1.13 and 1.35 respectively.
CPT is a cell cycle-regulating antitumor drug. As such, flow cytometry was next used to assess cell cycle progression in patient-derived cells exposed to PBS, ECC, and EC (Figures 2D−F). ECC treatment was associated with a decrease in the frequency of cells in S-phase as compared to the control group, and this difference was even more significant for EC-treated cells. Indeed, quantification of these results revealed that the percentages of cells in the S phase in the EC, ECC, and control groups were 8.1, 11.0, and 22.9%, respectively (Figure 2G). As such, these results confirmed the ability of EC treatment to enhance radiosensitivity owing to the ability of patient-derived exosomes to efficiently deliver CPT to target tumor cells in which it was able to modulate cell cycle progression. Moreover, as shown in Supplementary Figure S4, Cdk2 expression exhibited an pbvious decrease after treatment with EC while a slight decrease of Cdk2 in group treated with ECC, which indicated that EC is capable of regulating cell cycle since the content of Cdk2 raises in the S phase however decreases in G2/M phase. Both of ECC and EC group exhibite great improvement in p-H3 expression, which reflects mitotic abnormalities. It could also be found that p21 and cyclin B1 expression significantly increased in both group treated with ECC and EC, the latter of which demonstrated a more obvious enhancement, suggesting ECC and EC inhibite the activity of Cdk in G2/M.
Given the above results and to further confirm the ability of ECC to facilitate specific tumor targeting, patient-derived tumor cells were treated for 1 h with CPT, ECC, or EC preparations. CLSM was then performed, with mitochondria being stained using the MitoTracker green probe, to assess CPT uptake. EC-treated cells exhibited greater fluorescence intensity as compared to cells in the ECC group, while both of these treatments were associated with superior CPT internalization as compared to direct CPT treatment (Figure 3A), consistent with the ability of exosomal preparations to mediate drug internalization and mitochondrial accumulation. Then, a PDX mouse model was used to assess the in vivo targeting characteristics of EC preparations, with CPT biodistribution characteristics in major organs being quantified via high-performance liquid chromatography (HPLC). At 6 h post-injection, drug levels in the tumor reached ∼4.9% ID/g in the EC group (Figure 3B), with these levels being 6.1- and 1.9-fold higher than in the CPT (∼ 0.8% ID/g) and ECC (∼ 2.5% ID/g) groups, respectively. Higher tumor-to-normal tissue distribution ratios were observed for EC as compared to ECC and CPT, indicating the robust tumor selectivity of EC preparations. As such, these results confirmed that patient-derived exosomes can readily deliver CPT to target tumors in vivo.
[image: Figure 3]FIGURE 3 | Assessment of tumor-targeting capabilities. (A) CLSM images of patient-derived cells following CPT, ECC, and EC treatment, with CPT and mitochondria respectively shown in blue and green. (B) CPT biodistribution in mice intravenously administered with CPT, EC, and ECC. *p < 0.05, **p < 0.01, ***p < 0.005; Student’s t-test.
Given the excellent in vitro cytotoxicity, cell cycle regulatory activity, and tumor cell accumulation observed for the EC nanoplatform in the above studies, we next assessed its ability to mediate in vivo therapeutic efficacy in nude mice bearing PDX tumors. To that end, mice were intravenously injected with different formulations (CPT, EC, ECC; CPT dose: 5 mg/kg) prior to irradiation (6 Gy). Tumor growth and tumor weight values in these treated animals were then monitored (Figures 4A,B). While tumors grew rapidly in PBS-treated mice, weak suppression of tumor growth was evident in mice treated with RT, CPT, or EC alone. In contrast, combination EC + RT treatment resulted in significant antitumor activity, with a 94.0 and 91.8% reduction in tumor volume and tumor weight, respectively, relative to the PBS group. This suppression was also superior to that observed in the ECC + RT group, and the overall tumor inhibition rate in the EC + RT group was 3.43-, 5.48-, and 1.32-fold higher than that observed in the RT, CPT, and EC groups, respectively. While ECC + RT treatment was also effective, its efficacy was less robust than that of EC + RT owing to reductions in tumor targeting efficiency and intratumoral exosome accumulation. Both EC and ECC exhibited prolonged systemic circulation as compared to CPT. At 6 h post-injection, CPT concentrations in the ECC and EC groups were 19.3 μg/ml and 20.3 μg/ml, respectively, owing to the ability of the exosomes to protect this drug from immune system-mediated clearance (Figure 4C). Notably, none of the tested treatments were associated with any significant systemic toxicity in these PDX tumor-bearing mice as determined by measuring murine body weight (Figure 4D).
[image: Figure 4]FIGURE 4 | Analysis of antitumor efficacy. (A) Tumor volumes and (B) tumor weight values for mice in the indicated treatment groups. (C) Pharmacokinetics curves for mice injected with CPT, EC, and ECC. (D) Changes in murine body weight over the study period. (E) DHE, H&E, TUNEL, and Ki 67 staining were conducted after treatment in the indicated groups (Scale bar: 100 μm). *p < 0.05, **p < 0.01, ***p < 0.005; Student’s t-test.
Tumor tissue sections from mice in each treatment group were isolated to evaluate tumor tissue histopathological characteristics via immunofluorescent and H&E staining (Figure 4E). H&E staining revealed that PDX tumors exhibited a larger extracellular matrix component and more disordered cell distributions, thus more closely recapitulating findings observed in cervical cancer patients. Relative to the PBS, RT, and CPT groups, tumor cells in the other treatment groups (EC, ECC + RT, EC + RT) exhibited varying degrees of cellular shrinkage and nuclear pyknosis that was particularly pronounced in the EC + RT group. The reactive oxygen species (ROS) production, proliferation, and apoptosis of these cells were also assessed via DHE, Ki-67, and TUNEL, respectively. ROS levels were higher following EC + RT treatment relative to other treatments. Similarly, EC + RT treatment was associated with the greatest suppression of cellular proliferation (Ki-67 positive cells, red) and the greatest percentage of apoptosis cells (green fluorescence) relative to other tested treatments, consistent with the robust radiosensitization activity of EC.
Systemic toxicity in treated mice was assessed on day 19 post-treatment by collecting the primary organs from animals intravenously injected with PBS, CPT, ECC, and EC for H&E staining. These analyses did not reveal any serious off-target toxicity in normal organs for mice in any of the tested treatment groups (Figure 5).
[image: Figure 5]FIGURE 5 | H&E staining of tumor samples from mice injected with PBS, CPT, ECC, and EC.
CONCLUSION
In summary, we herein developed a patient-derived exosome CPT (EC) delivery platform as a personalized therapeutic modality for cervical cancer treatment. The prepared EC nanoplatform exhibited specific tumor targeting capabilities and consequent internalization owing to homology with the target cells. Hereby, the accumulation of antitumor drug CPT within these cells was enhanced. Therefore, it was able to modulate the cell cycle and thereby increase tumor cell sensitivity to radiotherapy. Through this approach, EC treatment was able to achieve marked antitumor efficacy both in vitro and in vivo when combined with radiotherapy without any concomitant systemic toxicity. As such, this therapeutic modality may offer promise as a personalized treatment for patients with a range of cancer types.
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Stretchable triboelectric nanogenerators have attracted increasing interests in the field of Internet of Things and sensor network. Therefore, great efforts have been made to realize the stretchability of electronic devices via elaborated material configurations and ingenious device designs. In this work, a flexible and stretchable TENG is developed with a coaxial spring-like structure. The unique structure allows it to generate electrical energy for different degrees of stretching deformations. Its output demonstrates good response to the strain and frequency of the mechanical deformation. At the same time, it exhibits excellent stability and washability. The TENG can be worn on the human fingers, elbow, and knee to monitor the body activities. Furthermore, a self-powered temperature sensor system is fabricated by integrating the TENG with a temperature sensor to identify the operating ambient temperature in real time. A combination of this flexible and stretchable TENG with body motions and a temperature sensor brings a novel insight into wearable functional electronics and user-friendly health monitoring, which has an important basic research significance and practical application value in biometric systems.
Keywords: stretchable triboelectric nanogenerator, biomechanical energy harvesting, coaxial fiber structure, gesture monitoring, self-powered temperature sensor
INTRODUCTION
Due to the rapid advances in electronics, computing, and integration technologies over the past decade, electronic devices have been trending toward becoming lighter, thinner, smaller, and softer. Since 2012, triboelectric nanogenerators (TENGs) have been developing with the ability of harvesting mechanical energies from the working environment and converting them into electrical energy based on coupling between triboelectrification and electrostatic induction effect (Fan et al., 2012; Zhu et al., 2012; Wang and Wang, 2019; Zhang et al., 2020a; Zhang et al., 2021). With both excellent energy conversion efficiency and possibility of using diverse materials, TENGs have been utilized in a wide range of applications such as wearable electronics, human–machine interfaces, and self-powered sensors (Lai et al., 2016; Li et al., 2016; Park et al., 2016; Bai et al., 2018; Wu et al., 2019; Zhang et al., 2020b; Li et al., 2021). The wearable TENGs can be attached or even wore on the human body to implement the biomedical health monitoring and human motions sensing through harvesting energy generated by human motions, such as walking, running, jumping, tapping, and swinging or bending the arm (Cui et al., 2015; Niu et al., 2015; Pu et al., 2016; Liu et al., 2019; Qi et al., 2020; Cheng et al., 2021). However, intimately involved in the human-body movement response, the wearable TENGs lack high-performance elasticity to properly self-expand and self-loosen. Therefore, flexible and stretchable TENGs are being one of the research hotpots to develop their potential applications in healthcare, energy, and military purposes (Lin et al., 2017; Parida et al., 2019a; Sheng et al., 2021).
Generally, a TENG is composed of three parts: the triboelectric layers to generate triboelectric charges, electrodes to extract charges, and the spacer to separate the triboelectric layers. So, to prepare the stretchable TENGs, a lot of work focused on embedding electronic conductors, such as conductive polymers, silver nanowires, carbon black/nanotubes, graphite spray, and liquid metals, into extendible matrixes to provide the elasticity as the electrode materials and electrification materials (Wang et al., 2016; Dickey, 2017; Yang et al., 2018; Parida et al., 2019b; Han et al., 2020). Under local deformation and stretching condition, these soft conductive composite materials could effectively respond to the external force, but it seems to be powerless under large deformation with irreversible damage due to uneven mixing and poor compatibility (Fang et al., 2016; Mu et al., 2016; Guo et al., 2017). Relatively speaking, the ionic conductor transfers charges through ions, which can be transported using deformable soft polymeric materials. Consequently, the stretchable and conductive hydrogel electrolyte attracted a lot of attentions with its capacity of high flexibility and high elasticity (Fang et al., 2016; Pu et al., 2017; Wang et al., 2018; Sun et al., 2019; Wang et al., 2020a; Wang et al., 2020b; Kim et al., 2020). However, in most of the reported hydrogel-based TENGs, excellent stretching, mechanical toughness, and electrical conductivity cannot be achieved at the same time due to the dehydration or evaporation of the liquid solvent, which largely limits their applications (Niu et al., 2013; Xu et al., 2013; Shuai et al., 2020). In addition to thinking from the materials’ point of view, researchers also worked hard to develop new manufacturing processes to design stretchable and deformable TENGs that integrate the structure and function simultaneously. With innate tensile properties, traditional origami and kirigami patterns have been used to fabricate the stretchable TENG, which has provided a structure design strategy using a simple and mature processing technology to make the essentially inelastic material to be available for TENGs. However, their stretchability was quite limited compared with other methods, and Young’s modulus of the paper is quite high and easily damaged by reciprocating stretching, resulting in unstable output performance (Yang et al., 2015; Guo et al., 2016; Wu et al., 2016; Lu et al., 2018).In addition, traditional sewing technologies based on textiles and fabrics, such as weaving, knitting, serpentine sewing, and spiral winding, also have advantages in texturing the stretchable structures. Thus, many kinds of two-dimensional (2D) and three-dimensional (3D) orthogonally woven TENGs have been developed to be flexible, stretchable, and comfortable using fabric fibers and conductive fibers (Kim et al., 2015; Zhao et al., 2016; Dong et al., 2017; Gong et al., 2019; Zhu et al., 2019; Cong et al., 2020). Although these TENGs are flexible and stretchable to some extent, the inherent strain constraints between the electrode materials and the electrification materials prevent them from achieving the maximum stretchability. To investigate the fundamental problems, the difficulty lies in the stretchable TENG’s working requirements to endure deformation not only in each component but also in the entire TENGs. Therefore, to design a geometric structural with high stretchability, structural integrity, and conformability plays an important role in flexible and stretchable TENGs research imposed by the increasing application requirements.
Here, we introduce a stretchable TENG with a coaxial spring-like structure via a simple and effective route, which could be utilized in personal healthcare monitoring. This TENG has excellent flexibility and stretchability and can be folded and bended into different shapes and stretched to different lengths, while it has good stability and washability. It can generate electrical energy under different external mechanical deformation. When worn on the four fingers, it could identify the finger motions. Furthermore, when worn on the elbow and knee, it could respond to the arm and leg activities. At the same time, an output voltage of 0.6 and 1.7 V, and an output current of 10.6 and 25.0 nA can be detected, respectively. Moreover, a temperature sensor is employed to build a self-powered system with the TENG, which could successfully identify the temperature under the working condition. This work may not only promote human biomechanical energy harvesting but also provide a novel design concept of the fiber-based TENG and expand their scope for wearable electronics application in the era of IoT.
RESULTS AND DISCUSSION
Figure 1A is the structural diagram of the TENG in a multi-dimensional core–shell structure. At first, an inner core is designed using four rubber fibers, which is made up of many fine fibers as shown in Figure 1B. Then, two kinds of composite fibers in the core–shell structure are enwound around the rubber fibers side by side. As for the two composite fibers, one is a nylon-coated copper wire, and another is a PTFE-coated enameled copper wire, whose detailed experimental process can be referred to our previous work (Liu et al., 2019). The two copper wires in the two composite fibers act as the positive and negative electrodes, respectively. The surface topography of the nylon fiber and the PTFE fiber that we used are observed by SEM as shown in Figures 1C,D. In this way, the elastic core substrate structure and the helical surrounding triboelectric layers structure together form the spring-like coaxial energy fiber. As demonstrated in Figures 1E–G, it can be bent into various shapes, knotted, and stretched, exhibiting excellent flexibility and stretchability, which makes it adaptable to irregular surfaces and appropriate in different human body motion situations. The operating principle of the TENG is briefly described in Figure 1H. As we all know, the electron affinity of the PTFE is higher than that of the rubber. Meanwhile, the electron affinity of the rubber is higher than that of the nylon. Under tensile force, the inner rubber fiber and the helical surrounding triboelectric layers structure are stretched, in which the surface of the PTFE and nylon fiber will be closely in contact with the rubber surface, and the electrons will transfer from rubber to PTFE on the interface of these two materials, while the electrons transfer from nylon to rubber on their interface. Therefore, the PTFE surface will become negatively charged, and the nylon surface will become positively charged eventually. Then, when the tensile force is removed, the inner rubber fiber and the helical surrounding triboelectric layers structure will shrink, in which the surface of the PTFE and nylon fibers will separate from the rubber surface, and the electron will transfer from the electrode of PTFE to the electrode of nylon to balance the electric potential. Therefore, the TENG generates electricity under this working cycle. Furthermore, COMSOL software is used to simulate the electric potential on the PTFE and the nylon fibers (Figure 1I), which is consistent with the mechanism description for electricity generation. To work steadily over time, the TENG should have high mechanical strength. Thus, the tensile strength of the TENG is studied, and the stress–strain curves of the four identical TENGs are collected in the tensile-loading test. As shown in Figure 1J, the TENG exhibits a strength of 25 MPa with a tension strain of more than 1700%, which effectively proved that the TENG has good tensile properties and great capacity to maintain long-term reliability.
[image: Figure 1]FIGURE 1 | Structure and working mechanism of the TENG. (A) Structural diagram of the TENG. (B–D) SEM images of the rubber fiber, the nylon fiber, and the PTFE fiber, respectively. Scalebar in (B–D) is 500 μm. (E–G) Photograph of the flexible and stretchable TENG in different shapes. (H) Working principle of the TENG. (I) Numerical calculation of the corresponding electrical potential distribution by COMSOL software. (J) Stress–strain curve of the four identical TENGs.
To test the output performance of the TENG, its one end is fixed at the measurement platform, and the other end is connected with the linear motor. When starting the linear motor to move back and forth at a working frequency of 0.28 Hz and displacement of 6 cm, the TENG will be stretched and loosened regularly, which generates an output voltage of 2.4 V and output current of 40.1 nA as shown in Figures 2A,B. In order to analyze the energy conversion ability toward the tensile force, the TENG is tested at a stretching frequency of 0.28 Hz. At the same time, the displacement of the TENG is adjusted to stretch the TENG to different strain lengths. As shown in Figure 2C, it can be found that under the tensile force of the linear motor, the TENG is persistently stretched. Also, when the strain increases from 10 to 100%, the current raises from −1 nA to −49 nA, the voltage raises from −0.11 V to −2.67 V, and the charge quantity raises from 0.9 to 23.3 nC, which can be attributed by the enhancement of an effective triboelectric effect. Also, when the strain increases from 10 to 60%, the output signals increase quite slowly. Further increasing the strain from 60 to 100%, the output signals increase by a greater margin, which can be attributed to a stronger triboelectric effect in a closer contact under larger strain. The tension–relaxation frequency may make a great effect on the output performance of the TENG, so we adjust the working parameters of the linear motor to stretch and release the TENG under different frequencies with a fixed tensile strain of 60%. As displayed in Figure 2D, when the tension–relaxation frequency increases from 0.035 to 0.177 Hz, the current raises from −5.8 nA to −12.6 nA due to the increase of the triboelectric charge separation rate. The voltage and the charge quantity raise quite slowly, which is mainly determined by the structure and materials of the TENG.
[image: Figure 2]FIGURE 2 | Output performance of the TENG under different conditions. (A,B) Voltage and current curves at 90% strain and 0.28 Hz. (C) Current, voltage, and charge quantity value with different strains at 0.28 Hz. (D) Current, voltage, and charge quantity value with different frequencies at 60% strain.
Mechanical endurance is very important for the supplication of the TENG, so we conducted three groups of experiments. At first, the TENG is stretched to 90% strain and then kept for a certain time (10, 20, 30, 40, 50, and 60 min). When the designed time is up, the TENG starts to work in loosing and stretching at 90% strain and 0.28 Hz driven by the linear motor. The voltage and current curves corresponding to different time periods in the 90% strain stretching state are measured and demonstrated in Figures 3A,B, which shows good resistance to mechanical tensile loading. Then, the TENG is continuously driven by the linear motor at 70% strain and 0.14 Hz for 10 h to measure if it is in a good condition. The voltage and current curves are measured every hour and displayed in Figures 3C,D, in which negligible attenuation is found and exhibits a highly stable working performance. As shown in Figure 3E, the TENG is immersed into the water, and the glass container is placed in a magnetic stirring apparatus after adding into a magneton. In this way, the TENG can be well washed. After washing and drying, the working performance of the TENG is also measured. Figures 3F,G show the voltage and current curves measured at 70% strain and 0.14 Hz after washing for six cycles. We can find that there is no reduction in the output performance after each washing, thus displaying good washing durability.
[image: Figure 3]FIGURE 3 | Mechanical endurance of the TENG. (A,B) Voltage and current curves measured at 90% strain and 0.28 Hz after holding the TENG stretching at 90% strain for different time periods. (C,D) Voltage and current curves measured with the TENG that was kept working at 70% strain and 0.14 Hz for 10 h. (E) Photograph of the TENG while washing. (F–G) Voltage and current curves measured at 70% strain and 0.14 Hz after washing the TENG for different cycles.
As can be seen from the aforementioned experimental results, the TENG possesses good mechanical properties, especially tensile properties. Therefore, the TENG can be used to monitor hand finger movements. As shown in Figure 4A, four TENGs are attached to the index finger, middle finger, ring finger, and little finger, respectively. Every time the finger bends and stretches, the TENG fixed on it is also bent and stretched. The corresponding voltage and current signals generated by the four TENGs are detected and collected by bending these four fingers in turn from the index to the little finger as shown in Figures 4B,C. When each of the middle three fingers (index, middle, and ring fingers) is in the process of bending and straightening, the adjacent two fingers on both sides also follow slight reactions, resulting in a quite wide baseline. But the motion of the designated finger is rather stronger, so the output signals can be clearly distinguished in the real-time voltage and current signals, indicating promising applications in self-powered smart gesture recognition. Furthermore, its application in monitoring human body motions is achieved by attaching the three TENGs to the elbow and the knee. When people’s arms and legs bend, the TENGs are stretched, and electrical signals can be collected. As shown in Figures 4D,E (the left), there is one up and one down output peak every time the arm bends up to an angle of about 90°. At the same time, the output voltage and current reach 0.6 V and 10.6 nA, respectively. As for the TENG attached to the knee, it also responds well to the leg activity, and each time the leg bends backward to about 90° an output voltage of 1.7 V and current of 25.0 nA can be generated as demonstrated in Figures 4D,E (the right). This result proves that this TENG has great ability in converting human body motion into electrical energy as well as monitoring the human activities.
[image: Figure 4]FIGURE 4 | Sensing features to the human-body motions. (A) Photograph of a hand with four TENGs fixed on its four fingers from the index finger to the little finger. (B,C) Voltage and current curves of the four TENGs fixed on the four fingers. (D,E) Voltage and current curves of the TENG fixed on the elbow and knee.
People may work in different scenes, and the ambient temperature may vary greatly. Taking that into account, we assemble a self-powered temperature sensing system using this TENG and a temperature sensor. The connection circuit is depicted in Figure 5A. In this system, the TENG acts as the power supply for the temperature sensor. Also, when the temperature to be measured varies, the voltage between the two ends of the temperature sensor follows the change. At first, we tested the voltage on the temperature sensor at a temperature of 36.5°C. As shown in Figure 5B, it can be found that the voltage and current stay steady at 0.37 V under this condition. Then, to explore its detection range, the working condition is changed continuously from 15 to 60°C. Figures 5C,D give the voltage on the temperature sensor at different temperatures. We can find that the voltage signal decreases with the increase of the temperature, which can be attributed to the decrease of the internal resistance of the temperature sensor under higher conditions. It can be seen that this TENG, as a power supply unit, can effectively supply energy to the temperature sensor to ensure that it works properly without other power supplies. Furthermore, this test lays the foundation of this TENG in providing power to more sensors in the future.
[image: Figure 5]FIGURE 5 | TENG-based self-powered temperature sensor. (A) Schematic diagram of the connecting circuit. (B) Stable voltage curves of the self-powered temperature sensor system working at 36.5°C. (C,D) Stable voltage of the self-powered temperature sensor at different temperatures.
CONCLUSION
In summary, we have fabricated a fiber-based TENG with excellent flexibility and stretchability, which can be folded into different shapes and stretched to different lengths. Benefiting from the ingenious structure design composed of the elastic core fiber and helically surrounding triboelectric layers, it responds well to different strains and driven frequencies. Also, its stability and washability are measured to be good. Furthermore, it can be attached to the human body to monitor the finger, arm, and leg activities. At the same time, it can be used as the power supply to drive a temperature sensor in a self-powered sensing system. This work provides great application potential in multifunctional motion sensors and user-friendly health monitoring.
EXPERIMENTAL SECTION
Measurement: a linear motor (LinMot E1100) is used to periodically drive the TENGs, and low-noise preamplifiers (SR570 and SR560) are used to measure the output voltage and current. PCI-6259 (National Instruments) is used for data collection. A software platform based on LabVIEW is used to realize real-time data acquisition and analysis. A strain gauge (Zhiqu, ZQ-990A) is used to test the stress–strain curve.
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Cancer is a major cause of incidence rate and mortality worldwide. In recent years, cancer immunotherapy has made great progress in the preclinical and clinical treatment of advanced malignant tumors. However, cancer patients will have transient cancer suppression reaction and serious immune related adverse reactions when receiving immunotherapy. In recent years, nanoparticle-based immunotherapy, which can accurately deliver immunogens, activate antigen presenting cells (APCs) and effector cells, provides a new insight to solve the above problems. In this review, we discuss the research progress of nanomaterials in immunotherapy including nanoparticle-based delivery systems, nanoparticle-based photothermal and photodynamic immunotherapy, nanovaccines, nanoparticle-based T cell cancer immunotherapy and nanoparticle-based bacteria cancer immunotherapy. We also put forward the current challenges and prospects of immunomodulatory therapy.
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INTRODUCTION
An Overview of Cancer Immunotherapy
Cancer is a major cause of incidence rate and death in the world. In 2020, there were an estimated 19.3 million new cancer cases and 10 million deaths worldwide (Sung et al., 2021). In view of its high risk and mortality, efforts have been made to develop effective treatments to combat cancer (Li Z. et al., 2017). The conventional anti-tumor treatment methods including surgery, radiotherapy, chemotherapy and molecular targeted therapy, have certain disadvantages, such as low response rate, high side effects and high recurrence rate (Gao et al., 2020). In recent years, cancer immunotherapy has achieved significant successes through the enormous number clinical trials approved by the US Food and Drug Administration (FDA). In immunotherapy, the agents are designed to trigger (activate or boost) the immune system to attack cancer cells, which is a natural mechanism in human body. These therapies can provide potent and prolonged anti-cancer responses for a subset of patients who are resistant to conventional therapy, ultimately considering as a promising strategy to cancer.
The main classes of immunotherapies are immune checkpoint inhibitors (ICIs) (Sharma and Allison, 2015; Ribas and Wolchok, 2018), chimeric antigen receptor (CAR) T cell therapies (June et al., 2018; Schultz and Mackall, 2019), lymphocyte-activating cytokines, agonistic antibodies against co-stimulatory receptors, and cancer vaccines (Schumacher et al., 2019). Since the approval of the first immune checkpoint inhibitor, Ipilimumab (CTLA-4), by the FDA in 2011, cancer immunotherapy has experienced rapid development (Rosenberg, 2005). Between 2014 and 2018, the field of immunotherapies has witnessed the approval of eight new anticancer drugs by FDA, including programmed death/ligand 1 (PD-1/PD-L1) blockade and CAR T-cell therapy (Sun et al., 2019). In the past decade, the number of cancer immunotherapy has been massively increased, many of which are in clinical trials. These breakthrough advances in immunotherapy for cancer treatment have been recognized by the world, creating a new milestone in immunotherapy. Despite the great success of immunotherapy, its clinical application in cancer treatment still faces challenges in terms of efficacy and safety.
An Overview of Nanomedicine
Nanomedicine which is referred to the application of nanotechnology in medicine has become extensively widespread because of its advantages in diagnosis and therapy (Peer et al., 2007). In biology system, nanomedicines are formulation of therapeutics with lipids, polymers or inorganic materials, and can act as carrier of pharmaceuticals to direct the particles to a specific organ or cell type (Fokong et al., 2012; Lammers et al., 2012; Beech et al., 2013; Li et al., 2013; Shin et al., 2013; Woodman et al., 2021). Nanoscale dimension typically refers to particulate described to 1–100 nm in size in drug delivery systems. Therapeutic agents can selectively accumulate in pathological regions and specifically release pharmacological effects in the site, avoid undesired off-target effects, and overcome the danger of severe immune toxicities, which occur in the case of other systemic administration (Peer et al., 2007; Morachis et al., 2012).
Tumor targeting by nanomedicines is typically mediated via two main mechanisms, including passive targeting and active targeting (Matsumura and Maeda, 1986; Mi et al., 2020). The uncover of mechanism for passive targeting dates back to the year 1986, when Matsumura and Maeda (Matsumura and Maeda, 1986) started to reveal Enhanced Permeability, as well as Jain and colleagues (Gerlowski and Jain, 1986) started to explore Retention (EPR) effect. Active targeting relies on the functionalized nanoparticles (NPs) with targeting molecules, such as antibodies or peptides, which can increase internalization of drugs at the pathological site. In this case, drug-to-antibody ratios can greatly exceed the ratio of conventional antibody-drug conjugates (Kulkarni et al., 2018). Discuss include the fact recently indicates that both strategies have difference in several perspectives, including overall targeting efficiency, specific cell delivery, formulation complexity and translational potential (Lammers et al., 2012; Lammers et al., 2016).
The field has witnessed the success of approximately 50 nanomedicine therapies approved by the FDA for cancer and other diseases (Bobo et al., 2016). Among the main future ways forward is the combination of nanomedicines with immunotherapy, a therapeutic strategy that has been extensively studied preclinically (Wang et al., 2018; Saeed et al., 2019; Sang et al., 2019; Sun et al., 2019) and is also already being explored in the clinic (Yu et al., 2021).
Opportunities of Nanomedicine in Immunotherapy
Although immunotherapy has achieved excellent results in clinical practice, there are still many problems that need to be solved. In terms of safety, immunotherapy can induce transient suppression of cancer response and severe immune-related adverse effects in patients treated with immune checkpoint inhibitors (Bowyer et al., 2016; Milling et al., 2017). As observed with chimeric antigen receptor-T cell therapy, the immune status of patients has been significantly improved. However, the large number of injected immune cells affect the homeostasis of the immune environment and overproduce cytokines, which trigger cytokine storm (Predina et al., 2013). In addition, drugs of immunotherapy are usually administered clinically by intravenous injection. This approach shortens the time of drug delivery to the tumor tissue but loses the precise control of drug distribution in vivo. As a result, utilization of the drug is significantly reduced, and meanwhile it may cause systemic random activation of the immune system and induce severe immunotoxicity (Predina et al., 2013).
The emergence of nanocarrier-based delivery systems has provided new perspectives for cancer immunotherapy. The loading of immune agents into nanocarriers, considering its promising biocompatibility and stability, can effectively improve the solubility and bioavailability of hydrophobic drugs, prolong the time of drug circulation in the body, and avoid the recognition and clearance by the immune system. It also significantly increases the utilization of immune agents in the body, achieves precise targeting of immune cells or tumor tissues, and reduces toxic side effects, etc., (Gao et al., 2019; Martin et al., 2020). Meanwhile, through the surface modification of target molecules or enhancing EPR, nanocarriers can effectively deliver drugs, antibodies, immunodulators or functional molecules to tumor tissues (Sindhwani et al., 2020). This method can achieve enrichment of drugs and antibodies, regulation of local immunity, improvement of immunosuppressive microenvironment, enhancing the effect of tumor immunotherapy (Sindhwani et al., 2020).
NP-BASED DELIVERY SYSTEMS FOR CANCER IMMUNOTHERAPY
An increasing number of nanomedicine agents have been used synergistically with immunotherapeutic agents to complement the previously singular cancer therapeutic approaches. The impact of nanoparticle-based delivery systems on tumor immunity is currently being explored (Figure 1).
[image: Figure 1]FIGURE 1 | NP-based delivery systems for cancer immunotherapy. NP (nanoparticles); ICD (immunogenic cell death); CRT (calreticulin); ATP (adenosine triphosphate); HMGB1 (high mobility group protein B1); TME (tumor microenvironment); TAM (tumor-associated macrophages). NP-based tumor targeted delivery systems deliver ICD inducing cytotoxic drugs or siRNA to tumor site, then NPs accumulate in the tumor interstitial space, further trigger ICD or change TME to induce immune response and finally lead to tumor cells death. NPs release ICD inducing cytotoxic drugs, inducing CRT translocate to cell surface, ATP release, and HMGB1 expression increase. This triggers tumor antigens process and produce cytotoxic T cells to induce tumor cells death. On the other hand, NPs delivery system could change TME through targeting TAM, immunosuppressive molecules and immunocytes respectively. Target TAM: NPs deliver drugs or siRNA to tumor cells, polarizing macrophages from M2 phenotype to M1 phenotype, and then stimulating inflammatory response, finally suppressing tumor growth. Target immunosuppressive molecules: NPs could act on TME related immunosuppressive molecules such as TGF-β and IDO, this will increase infiltration of CD8+ T cells and NK cells, resulting in tumor growth inhibition. Target immunocytes: NPs could directly act on immune cells such as macrophages and cytotoxic T cells and these cells will produce pro-inflammatory cytokines including IFN-γ and IL-2, leading to antitumor immune response increase to suppress tumor growth.
NPs Delivery System of Immunogenic Cell Death Inducing Cytotoxic Drugs
It is reported that low doses of chemotherapeutic agents can activate apoptotic pathways and trigger immunogenic cell death (ICD), which is a specific mode of cell death, as well as an important trigger and enhancer of anticancer immunity (Gupta et al., 2021). ICD in tumors induced with cytotoxic drugs produces a large number of tumor-associated antigens in situ, which active the immune system against tumors, conducting to a safe and efficient novel tumor immunotherapy (Bracci et al., 2014; Brown et al., 2018). ICD inducers identified in current studies include doxorubicin, 5-fluorouracil, gemcitabine, paclitaxel, mitoxantrone, and oxaliplatin (Bezu et al., 2015).
Classical features of ICD are damage-associated molecular patterns (DAMPs), including the translocation of calreticulin (CRT) to the cell surface, the release of adenosine triphosphate (ATP), and overexpression of high mobility group protein B1 (HMGB1) into the extracellular environment (Krysko et al., 2012; Kadiyala et al., 2019). Alerted by these features, natural antigen presenting cells (APCs) in the immune system ingest and process tumor antigens, and produce cytotoxic T cells, and then migrate to eradicate tumors and metastases. Therefore, the efficacy of immune checkpoint blockade therapies can be effectively improved by potentiating the ICD (Binnewies et al., 2018).
In general, anticancer chemotherapy frequently entails the challenge of resulting in high off-target toxicity in normal and immune cells due to its ability to simultaneously kill malignant cancer cells and other normal cells. As a result, unwanted systemic toxicity and immunosuppression can be observed in patients who have given combination therapy with cytotoxic drugs. The NP-based tumor-targeted delivery systems deliver macromolecules including NPs and nanocomplexes into the tumor interstitial space to accumulate within the tumor tissue, which effectively increases the duration of drug’s retention at the tumor site and boosts the EPR effect, yielding a maximum therapeutic effect with low toxicity (Maeda et al., 2000; Gu et al., 2018; Pusuluri et al., 2019). On the other hand, the rapid and enhanced cellular uptake of NPs enhances the tumor-specific immune response (Dai et al., 2017; Golombek et al., 2018). The NP-based drug delivery system for ICD-induced anticancer drugs achieves tumor-specific delivery of cytotoxic agents and suppresses immunosuppression in tumor tissues (Zhang B. et al., 2017).
Recent studies also show that ICD-inducing nanomedicines can be combined with immunotherapy to enhance ICD to potentiate the cancer-immunity cycle (Kuai et al., 2018). For example, Rios-Doria’s group recently showed that the combination therapy consisting of doxorubicin-loaded liposomes (Caelyx/Doxil®) and other clinically relevant immunotherapeutics substantially enhanced antitumor immune response by promoting (via ICD) the proliferation of dendritic cells (DCs) and CD8+ T cells. Frequently used immunotherapeutic agents include anti-PD-1, -PD-L1 and -CTLA4 antibodies, as well as tumor necrosis factor receptor alpha agonists. It is reported that Doxil was less potent in immunodeficient mice than in immunocompetent mice, and the experiment in vivo provided preliminary evidence of the immune potentiation effects of Doxil (Rios-Doria et al., 2015). Zhao et al. encapsulated ICD-inducing agent oxaliplatin (OXA) into nanoparticles. Compared with free OXA treatment, tumor cells treated with OXA-loaded nanoparticles released more DAMPs, inducing more antitumor immune responses produced by DC and T lymphocytes (Zhao et al., 2016). An exemplary study in this regard was published by Zhang et al., who combined doxorubicin, matrix metalloproteinase (MMP)-cleavable peptide and hyaluronic acid (HA) to a nano-sized prodrugs. The nanomedicines intensified antitumor immune response by upregulating interferon-γ (IFN-γ) and PD-L1 (Gao et al., 2018). Similar beneficial effects were reported by Zan et al. as well, who encapsulated a new type of ICD-inducing agent into nanoparticles. The nanoinducer was generated by packing curcumin (CUR) and iron oxide nanoparticles (IONPs) into disulfide-bond-incorporated dendritic mesoporous organosilica nanoparticles (DDMON) and abbreviated as DDMON-CUR-IONP. DDMON-CUR-IONP significantly amplified the oxidative stress pharmacological properties in the tumor immune microenvironment through complementary pharmacological activities, eventually triggering an effective systemic immune response and ICD. It avoids serious adverse effects compared to conventional nanoinducer (Dai et al., 2020). These improvements stemmed from that the NP-based drug delivery system can more effectively target chemotherapeutic agents to cancer tissues and overcome the lymphotoxicity effectively induced by free chemotherapeutic agents. It is anticipated that in the next couple of years, researchers will synthesize a significant number of novel nanopharmaceutical agents specifically designed to induce ICD in tumor cells without toxic effects on normal cells.
NPs Delivery System for Tumor Immune Microenvironment
The tumor microenvironment (TME) is a heterogeneous environment composed of extracellular matrix (ECM), tumor-infiltrating lymphocytes, cancer-associated fibroblasts (CAF), myeloid suppressor cells, regulatory T cells, and tumor-associated macrophages (TAM). In addition, the TME is filled with soluble proteins such as transforming growth factor beta (TGF-β), cyclooxygenase 2 (COX-2) and epidermal growth factor (EGF) (Lindau et al., 2013; Emon et al., 2018). The synergistic relationship of these components leaves the TME in an immunosuppressed state, consequently supporting the development, progression and metastasis of tumor and limiting the function of APCs and T cells (Joyce and Fearon, 2015). The utilization of nanomedicines that modulate the TME is another important strategy of promoting the efficacy of anticancer immunotherapy, especially for the “cold” solid tumor with low immunogenicity.
NPs Delivery System Targeting Tumor-Associated Macrophages
Tumor-Associated Macrophages (TAMs) are major population of immunomodulatory cells in tumors, accounting for approximately 50% of solid tumor tissues. TAM are implicated in regulating immune processes in the TME by releasing immunosuppressive cytokines, participating in tumor angiogenesis, inhibiting proliferation and activation of T cells, as well as promoting tumor cell growth, invasion and metastasis (Franklin et al., 2014). During the process from the early stage of tumor formation to tumor metastasis, TAM with M2-like phenotype (M2) typically take the dominant position to enhance the invasive and metastatic ability of tumor cells and promote the stocking and continuous growth of tumor cells, and ultimately achieve the purpose of suppressing anti-tumor immune activity (Ruffell et al., 2012; Colegio et al., 2014). In addition, TAM are generally dominated by cells with an M2-like phenotype associated with Th2 immune response, whereas the M2-like phenotype can still be repolarized into the M1-like phenotype which promotes inflammatory response and suppresses neoplasia. Accumulating evidence has confirmed that the potential of macrophage recruitment chemokines (CCL2, CCL3, CCL4, and CCL5), CSF-1 and VEGF as a clinical therapeutic target to prevent malignancy progression by interrupting the recruitment of TAMs (Halama et al., 2016; Argyle and Kitamura, 2018). To inhibit CCL2 and its cognate receptor CCR2 axis, Shen et al. synthesized siCCR2-encapsulated cationic nanoparticle (CNP/siCCR2) to inhibit primary tumor progression and further metastasis by reducing the abundance of TAMs and altering the immunosuppressive tumor microenvironment (Shen et al., 2018). In another recent study, Trac et al. designed KLAK-MCP-1 micelles, consisting of a CCR2-targeting peptide sequence and apoptotic KLAK peptide, which were effective in inhibiting tumor growth by blocking infiltration of TAMs in a subcutaneous B16F10 murine melanoma model (Trac et al., 2021). Zhang et al. loaded gemcitabine onto ultrasmall copper nanoparticles (Cu@CuO x) for PET-guided drug delivery, which could specifically target CCR2 and synergize the therapeutic effects of gemcitabine, ultimately slowing the growth of pancreatic ductal carcinoma (Zhang X. et al., 2021). Analogously, Chen et al. developed a nano-spray gel, and achieved effective clearance of residual carcinoma cells after tumor surgery via polarizing macrophages towards an M1 phenotype (Chen et al., 2019). In this regard, targeting TAM in the TME is a promising strategy for improving cancer therapy.
NPs Delivery System Targeting Immunosuppressive Molecules
Nanomedicines can also act on molecules in the TME, such as TGF-β and Indoleamine 2,3-dioxygenase (IDO), which have immunosuppressive effects. TGF-β is an important immunosuppressive factor in tumors, which contributes to the formation of promotion of tumor inflammatory microenvironment, and diminishes the efficacy of checkpoint inhibition immunotherapy (Mariathasan et al., 2018; Tauriello et al., 2018). To address the drawbacks of TGF-β inhibitors in clinical trials with poor pharmacokinetic behavior and high systemic toxicity with insufficient tumor permeability, Park and co-workers developed a novel nanoparticle for the co-delivery of TGF-β inhibitor and interleukin-2. They revealed the significant increase in infiltration of CD8+ T cells and NK cells, resulting in the significant inhibition of tumor growth and alleviation of immunosuppression (Park et al., 2012). Huang et al. developed a TGF-β siRNA-containing nanoformulation that synergized with cancer vaccination, which achieved silence of TGF-β expression, to significantly enhance its therapeutic effect on advanced tumors (Xu et al., 2014). As one of the key factors contributing to tumor immune tolerance, IDO promotes the conversion of tryptophan to kynurenine, while the former one is essential for T cell proliferation and killing and the latter one is a potent T cell suppressing metabolite (Yuan et al., 2017). A variety of small molecule IDO inhibitors have been extensively applied in (pre-)clinical trials for adjuvant cancer immunotherapy to improve outcomes of immunotherapeutic interventions. Recently, Lu and colleagues combined an IDO inhibitor indocimod with the ICD inducer OXA in lipid-coated mesoporous silica nanoparticles, achieving the inhibition of tumor growth in a mouse model of pancreatic ductal adenocarcinoma and significantly prolonging the survival period of mice with tumors (Lu et al., 2017). Han et al. developed a nanoparticle NLG-RGD NI, consisting of a peptide backbone and a targeting motif, as a carrier for the IDO inhibitor NLG919. After NLG-RGD NI was targeted to tumor tissue and taken up, it consistently inhibited IDO activity and reduced systemic toxicity caused by the non-specific distribution of NLG919 (Han et al., 2020).
NPs Delivery System Targeting Immunocytes
In addition, nanomedicines can also be used to influence the function of immune cells directly and positively such as macrophages and cytotoxic T cells in TME. To improve selective and immune-mediated eradication of cancer cells, Yuan et al. constructed a multivalent bi-specific nanobioconjugate engager (mBiNE), which could target HER2 expressed by cancer cells and pro-phagocytosis signals at the same time. In mice implanted HER2high E0771/E2 tumors treated with mBiNE, they found that the infiltration of macrophages and T cells, production of pro-inflammatory cytokines such as IFN-γ and IL-2 were substantially increased. Ultimately mBiNE elicited systemic, durable antitumour immune responses by promoting targeted phagocytosis of tumors by macrophages and enhancing T cells activation (Yuan et al., 2017). Recently, Shae et al. designed stimulator of interferon genes (STING)-activating nanoparticles (STING-NPs) that effectively encapsulated 2’3’ cyclic guanosine monophosphate-adenosine monophosphate (cGAMP), and acted as a delivery of cGAMP. Through triggering innate immune response derived by IFN-I, cGAMP could inhibit tumor growth, enhance tumor immunogenicity, and increase rates of long-term survival of patients. Treatment with STING-NPs triggers systemic antitumor immunity and enhances the efficacy of checkpoint blockade therapies (Shae et al., 2019). Li et al. constructed a novel cancer-derived magnetosome with Fe3O4 magnetic nanoclusters (MNCs) as the core, wrapped around anti-CD205-modified cancer cell membranes. Magnetic resonance imaging (MRI) enabled the magnetic nanoclusters to remain in the lymph nodes, inducing massive proliferation of cytotoxic T cells and triggering antitumor immunity (Li F. et al., 2019).
In conclusion, NP-based delivery systems can generally enhance anticancer immunity by modulating TME in two different approaches, i.e., by alleviating immunosuppression or by promoting immune activation. Depending on the target site, the delivery system will operate with different strategies to enhance the effect of tumor immunity.
NP-BASED PHOTOTHERMAL AND PHOTODYNAMIC IMMUNOTHERAPY
In recent years, phototherapy based on nanoparticles, such as photothermal therapy (PTT) and photodynamic therapy (PDT), has attracted extensive attention for tumor treatment because of its strong efficacy, minimal invasion and negligible side effects. PTT and PDT can not only kill tumor cells directly through heat and reactive oxygen species (ROS), but also induce a variety of antitumor effects. In particular, PTT and PDT lead to a large number of tumor cell deaths and trigger immune responses, including redistribution and activation of immune effector cells, expression and secretion of cytokines, and transformation of memory T lymphocytes (Figure 2).
[image: Figure 2]FIGURE 2 | Schematic illustration of NPs based PTT and PDT therapy. NPs was injected to tumor, PTT and PDT convert light energy into heat energy and induce ROS with the help of excitation light and oxygen, then cell apoptosis and necrosis were occurred and finally leading to cell death. PTT and PDT have advantages including strong efficacy, minimal invasion and negligible side effects.
NP-Based Photothermal Therapy With Immunotherapy
The application principle of PTT is to use the performance of photothermal conversion nanomaterials to convert light energy into heat energy at a specific light wavelength, thereby killing cancer cells (Figure 3). Compared with the existing tumor treatment methods, PTT has the following advantages: 1) Near-infrared (NIR) can penetrate deeper tissues with minimal damage to healthy tissues (Saneja et al., 2018). 2) In addition to superficial tumors, PTT combined with interventional technology has the potential to treat deep tumors (Hu et al., 2017). 3) Targeted molecular modified nanoparticles are used to drug or nucleic acid delivery, and tumor-specific killing can be achieved after intravenous injection (Zhu H. et al., 2017; Zhu X. et al., 2017). At present, PTT has attracted increasing attention as a non-invasive treatment.
[image: Figure 3]FIGURE 3 | NPs based PTT immunotherapy together with IDO inhibition and PD-L1 blockade. Designed NPs such as PEG-rGO-FA-IDOi, Al-BSA-Ce6, CSPM@CpG, Gold nanostar-anti-PD-L1 antibodies were injected to tumor site, and then immune responses were triggered at a specific light wavelength. Tumor antigens are produced, dendritic cells are maturated into T cells, then T cells gather and infiltrate tumor site, promoting cytokines release like IL-12, TNFα and IFN-γ to increase effctor T cells proportion. NPs release IDO inhibitor, which could inhibit IDO converting tryptophan to kynurenine. This was beneficial to T cell proliferation. What’s more, NPs combined with anti-PD-L1 antibodies could induce PD-L1 blockade and then enhance immune response to kill tumor cells.
Yan et al. achieved a combination of PTT and PD-L1 blockade by utilizing polyethylene glycol (PEG) and FA functionalized reduced graphene oxide (rGO) -based nanosheets loaded with IDO inhibitor (IDOi) (Yan et al., 2019). Cancer cells could be destroyed significantly by the hyperthermia produced by PTT. After treating with PEG-rGO-FA-IDOi nanosheets, CD45+ leukocytes, CD3+ CD4+ T cells and CD3+ CD8+ T cells in the distant tumor would increase. Zhu et al. prepared bovine serum albumin nanosystems (Al-BSA-Ce6 NPs) by albumin-based biomineralization with photosensitizer E6 (Ce6) chloride and immune adjuvant aluminum hydroxide (Zhu et al., 2020). When injected intravenously, nanoparticles not only effectively destroyed tumor cells, but also protected animals from tumor re-invasion and metastasis by strongly inducing an anti-tumor immune response. After photoablation, Al-BSA - Ce6 NPs triggered a systemic anti-tumor immune response that T cells gathered in lymph nodes and infiltrated the tumor sites, increasing the levels of serum antibodies and cytokines, and the proportion of IFN-γ+ CD8+ T cells, TNF- α+ CD8+ T cells and IFN- γ+ CD4+ Th1 cells. Zhou et al. constructed a multifunctional tumor treatment platform by successively coating the surface of Cu9S5 nanocrystals with mesoporous silica shell and manganese dioxide shell, and then adsorbing immune adjuvant (CpG) for synergistic phototherapy and immunotherapy (Zhou et al., 2020a). Under 650 nm laser irradiation and 808 nm NIR laser irradiation, CSPM@CpG nanocomposites could effectively produce ROS and a large amount of heat, leading to cancer cell deaths. In addition, it was found that the nanocomposites can promote the uptake of CpG, and promote the generation of IL-12, TNF- α and IFN- γ. Liu et al. revealed a synergistic immuno-PTT combined therapy strategy (SYMPHONY) that completely eliminated primary tumor and distant untreated tumors in mice carrying MB49 bladder cancer cells, which combined immunosuppression point suppression, anti PD — L1 antibodies and gold nanostar (Liu et al., 2017). Gold nanostar provided mild hyperthermia under NIR radiation, which triggered local and systemic immune responses. Wang et al. combined indocyanine green (ICG)–loaded magnetic silica NIR sensitive nanoparticles (NSNP) to develop temperature activated engineered neutrophils (NE) (Wang et al., 2021). The combination of neutrophil targeting and magnetic targeting increased the accumulation of photothermal agent (PTA) in tumor sites. Under NIR irradiation, NSNP can cause local temperature rise and NE thermal stimulation at the tumor site. High temperature can directly kill tumor cells and also lead to the death of neutrophils. In the case of neutrophil death, it will release active substances with tumor killing effect and kill residual tumor cells, so as to reduce tumor recurrence. Moreover, the composite can significantly enhance the killing effect of photothermal therapy and has no recurrence in animal models with pancreatic tumors.
Heat shock proteins (HSPs) are protective proteins which will be over expressed when cells are stressed by heat, ischemia, heavy metals and toxins. They can repair protein damage and prevent cell apoptosis (Horowitz and Robinson, 2007; Calderwood and Gong, 2016). HSP70 and HSP90 are members of HSP family, participating in the folding and function of a variety of proteins. By regulating the expression of carcinogenic client proteins such as Ras, p53 and Akt, HSP70 and HSP90 are very important for the survival of tumor cells (Cavanaugh et al., 2015). In addition, due to the tolerance of tumor cells to heat stress, overexpression of HSP at tumor sites would lead to low efficiency of PTT (Chen et al., 2017). Therefore, reducing HSP70 and HSP90 in tumor cells not only promotes apoptosis, but also improves the thermal sensitivity of tumor cells (Jego et al., 2013; Ali et al., 2016; Lin et al., 2016). Tang et al. constructed a treatment system (MPEG-AuNR@VER-M) composed of methoxy-polyethylene-glycol-coated-gold-nanorods (MPEG-AuNR) and ver-155008 micelles (VER-M). VER-M promoted tumor cell apoptosis by specifically reducing the expression of HSP70 and HSP90 (Chatterjee et al., 2013; Li H. et al., 2017; Zhang H. et al., 2017; Fan et al., 2017). It is found that in vitro study increasing the concentration of VER-M and elevating the temperature of MPEG-AuNR@VER-M can improve the effect of growth inhibitors on human colon cancer (HCT116) cells (Tang et al., 2018). Yang et al. designed a simple strategy to prepare PEG-modified one-dimensional nano coordination polymer (1D-NCPs), and then loaded with gambogic acid (GA), a natural inhibitor of HSP90, which could effectively induce tumor cell apoptosis and achieve low-temperature PTT under mild near-infrared trigger heating (Yang Y. et al., 2017). Wu et al. designed a hollow mesoporous organosilicon nanocapsule (HMONs) nano platform which had an excellent tumor destruction effect after loading indocyanine green (ICG), HSP90 inhibitor and 17AAG were modified with polyethylene glycol (NH2-PEG) (Wu et al., 2018). Zhong et al. designed QE-PEG-Ag2S by self-assembly of hydrophobic Ag2S nanodots (Ag2S NDs), amphiphilic pH-reactive PEG5k-PAE10k polymer, and an HSP70 inhibitor quercetin (QE) (Zhong et al., 2020). QE-PEG-Ag2S achieved complete tumor ablation without recurrence when irradiated with NIR light for 10 min. It provides a new way for the therapeutic application of Ag2S NDs. Wu et al. designed nano catalyst (G/A@CaCO3-PEG) which is composed of calcium carbonate (CaCO3) — supported glucose oxidase (GOD) and 2D antimonene quantum dots (AQDS), and further surface modified by lipid bilayer and PEG (Wu et al., 2022). The integrated GOD effectively catalyzes the consumption of glucose, thereby reducing the supply of ATP and subsequently downregulating the expression of HSP. Under the irradiation of NIR light, this effect enhances the efficacy of photothermal hyperthermia induced by 2D AQDS by reversing the heat resistance of cancer cells.
Small interfering RNA (siRNA), as an effective carrier of RNA interference, suppressed the heat shock response and made cancer cells more sensitive to PTT by inhibiting the expression of specific genes and silencing the expression of heat shock proteins. Liu et al. successfully synthesized flower-like gold nanoparticles (GNFs) using CTAC as a soft template, and then loaded siRNA, which was called GNFs-siRNA (Liu Y. et al., 2019). In vivo studies showed that due to the synergistic effect of GNF mediated PTT and siRNA triggered inhibition of heat shock response, GNFs-siRNA showed a significant anti-tumor effect in the irradiated HepG2 tumor model. Gold nanorods (GNRs)-siRNA platform with gene silencing ability was fabricated by Wang et al. to improve the efficiency of PTT (Wang et al., 2016). After surface modification, GNRs could deliver siRNA oligomers targeting BAG3, a gene that effectively blocked heat shock response. In vitro and in vivo experiments showed that GNRs-siRNA nanocomposites increased and promoted apoptosis by down-regulating BAG3 expression under moderate laser irradiation, making cancer cells sensitive to PTT. A folate (FA)-modified polydopamine (PDA) nanodrug for photothermal therapy was designed by Zhang et al. for siRNA delivery to knock down the ROC1 oncogene (Zhang Z. et al., 2021). In vitro and in vivo experiments show that gene nano drugs combined with PTT can effectively inhibit the proliferation and promote the apoptosis of liver cancer cells. Liu et al. developed a novel multifunctional nanostructure GAL-GNR-siGPC-3, which uses galactose (GAL) as the targeting part of hepatocellular carcinoma (HCC) and gold nanorods (GNR) as the framework to destroy tumor cells under laser irradiation, and the siRNA of Glypican-3 (siGPC-3) which induces specific GPC-3 gene silencing in HCC (Liu Y. et al., 2021). GAL and siGPC-3 can induce targeted silencing of GPC-3 gene in hepatoma cells. The results in vivo and in vitro showed that GAL-GNR-siGPC-3 could significantly induce the downregulation of GPC-3 gene and inhibit the progression of HCC.
NP-Based Photodynamic Therapy With Immunotherapy
The anti-tumor principle of PDT is that in the presence of molecular oxygen and activated by specific wavelength excitation light, photosensitizers (PSs) are selectively retained in tumor tissues to produce singlet oxygen and other ROS, leading to tumor cell apoptosis and necrosis (Zhang et al., 2018). PDT has the advantages of small trauma, low toxic and side effects, good selectivity and good reproducibility (Park et al., 2017). It is an effective method for clinical treatment of various diseases (Figure 4).
[image: Figure 4]FIGURE 4 | NPs based PDT immunotherapy. In the presence of specific wavelength excitation light, designed nanoparticles like HAS-MnO2, AuNC@MnO2 and H-MnO2-PEG/Ce6&DOX transport oxygen into tumor or in situ generation of O2 inside the tumor from endogenous H2O2 with catalysts, which improves tumor oxygenation level and changes tumor microenvironment, increases ROS levels, leading to tumor cell apoptosis and necrosis.
Wu et al. developed an immunotherapy method composed of natural immune activator Astragaloside III (AS) and photodynamic therapy (PDT) reagent chloroe6 (Ce6) [(As + Ce6) @ MSNs-PEG] for colon cancer (Wu et al., 2021). The results showed that in vitro (As + Ce6) @ MSNs-PEG could effectively activate NK cells and inhibit the proliferation of tumor cells. Furthermore, it can effectively reach the tumor site in vivo, induce immune cells to infiltrate into the tumor, and enhance the cytotoxicity of natural killer cells and CD8+ T cells. In Liu’s recent work, they designed a nanocomposite called CE6/MLT@SAB, after light treatment, and the ability of CE6/MLT@SAB-treated cells to activate DCs were significantly increased (Liu H. et al., 2019). Xing et al. constructed a multifunctional nano platform reasonably by pre saturating oxygen fluorinated polymer nanoparticles and encapsulating PS (Ce6) and indoleamine 2,3-dioxygenase (IDO) inhibitor (NLG919) (Xing et al., 2019). The combination of PDT and NLG919 can enhance IFN- γ positive CD8+ T cells significantly, producing effective synergistic antitumor immunity. Liang et al. developed a AuNC@MnO2 (AM) nanoparticles for oxygen enhanced PDT combined with immunotherapy in the treatment of metastatic triple-negative breast cancer (mTNBC) (Liang et al., 2018). The oxygen enhanced PDT effect of AM can not only effectively destroy the primary tumor, but also induce immunogenic cell death (ICD), release damage related molecular patterns (DAMPs), and then induce DC maturation and effector cell activation, thus effectively stimulating the systematic antitumor immune response against mTNBC.
Tumors are usually exposed to hypoxia. After PDT damages blood vessels, it will cut off the blood supply, further worsen the hypoxic environment, and seriously affect the therapeutic effect, especially in deep tumors (Ma et al., 2019; Zhang Y. et al., 2020). Therefore, it is very important to slow the rapid deterioration of hypoxic environment. pH/H2O2 dual-responsive nanoparticles were designed by Chen et al. using albumin-coated MnO2 (Chen et al., 2016). When MnO2 penetrated the tumor, it reacted with H2O2 and H+ to produce oxygen. By alleviating hypoxia, the effect of PDT was enhanced. Yang et al. synthesized MnO2 nano-platform which can regulate the hypoxic TME to and enhance the therapeutic effect of PDT (Yang G. et al., 2017). A carbon nitride (C3N4)-based multifunctional nanocomposite (PCCN) was used by Zheng et al. to improve hypoxia (Zheng et al., 2016). In vitro studies showed that the obtained PCCN could increase the intracellular oxygen concentration and improve the production of reactive oxygen species in hypoxic and normoxic environments. In vivo experiments also show that PCCN had good anti-tumor hypoxia ability. Xiong et al. designed a nano platform (IR775@Met@Lip) whose structure is that the liposome is loaded with metformin (MET) and IR775 (Xiong et al., 2021). It can reverse tumor hypoxia, enhance the production of ROS, reduce the expression of PD-L1 and reduce T cell failure. Furthermore, reversing tumor hypoxia successfully inhibited the growth of primary and distal tumors of bladder and colon cancer, respectively.
Combination Therapy of NP-Based Photothermal Therapy and Photodynamic Therapy Immunotherapy
In the previous discussion, we introduced the research progress of PTT/PDT immunotherapy mediated by different nanomaterials in tumor treatment. The combination of the two methods can not only kill tumor cells through high heat, but also promote the transformation of free radical initiators to toxic free radicals, which further kill tumor cells (Chen et al., 2013). Li et al. designed a nano system composed of ER-targeting pardaxin (FAL) peptides modified-, indocyanine green (ICG) conjugated-hollow gold nanospheres (FAL-ICG-HAuNS) and oxygen-delivering hemoglobin (Hb) liposome (FAL-Hb lipo) to realize PTT and PDT immunotherapy (Li W. et al., 2019). ER-targeted nanosystems induced endoplasmic reticulum stress and calreticulin (CRT) exposure on the cell surface under NIR light irradiation. As a marker of immunogenic cell death (ICD), CRT stimulated the antigen-presenting function of DCs. This activated a series of immune responses, including the proliferation of CD8+ T cells and the secretion of cytotoxic cytokines. Chang et al. deposited plasma gold nanoparticles on CMS nanosheets to construct Cu2MoS4 (CMS)/Au heterostructure (Chang et al., 2020). CMS and CMS/Au can be used as catalase to effectively alleviate tumor hypoxia and enhance the therapeutic effect of O2 dependent PDT. It was found that CMS/Au-induced PTT-PDT can induce a strong immune response by promoting dendritic cell maturation, cytokine secretion and activating the response of anti-tumor effector T cells, thereby eliminating primary and metastatic tumors. Yan et al. coated the PDA nanoparticles with UCN and found that in the process of synergy, phototherapy can trigger mature DCs and then activate cytotoxic T lymphocytes cells (CTL) and T memory cells, thus inhibiting tumor metastasis and recurrence. These studies showed that the combination of PTT and PDT can obtain an ideal synergistic effect and start a strong immune response. Liu et al. reported a core shell nanoplatform for enhanced PTT/PDT in the treatment of metastatic breast cancer. The nano system is composed of photosensitizer E6 chloride (Ce6) and rapamycin (RAP) pure drug core and polydopamine (PDA) shell, with the surface is PEGylated (Liu P. et al., 2021). Both in vitro and in vivo studies showed that coloaded can sensitize PDA based PTT and Ce6 based PDT by inhibiting HSP70 and hypoxia inducible factor-1α (HIF-1α) respectively. In addition, mainly because RAP inhibits matrix metalloproteinases-2 (MMP-2), tumor metastasis is also inhibited.
Although PTT and PDT immunotherapy based on nanoparticles have been widely studied, these studies are still in the laboratory stage and face multiple challenges. For example, there are individual differences in the therapeutic effect of nanomedicines. Furthermore, in vivo, the immune responses induced by PTT and PDT are complicated, and their specific manifestations and mechanisms have not been fully understood.
NANOVACCINES FOR CANCER THERAPY
Cancer therapeutic vaccine is a promising class of cancer immunotherapy. However, the effect of cancer vaccines in clinical performance have not been good so far. Nanomaterials provide a unique opportunity to improve the therapeutic effect of cancer vaccines. In vivo, nanovaccines have the unique characteristics of improving vaccine efficiency and regulating immune responses (Irvine et al., 2013; Smith et al., 2013). Compared with traditional nano platforms, nanovaccines have some basic advantages. First, coating antigen with nano-carrier can prevent antigen degradation and improve antigen stability. Second, the co-embedding of antigen and adjuvant in nanovaccine can make the antigen and adjuvant co-deliver, thereby enhancing the immunogenicity and therapeutic effect of the vaccine. Furthermore, the multivalent presentation of surface antigens of nanovaccines allow B-cell receptor cross-linking to enhance humoral immune response (Cai et al., 2019). Nanovaccines are usually composed of antigens, molecules or nano adjuvants and/or nano carriers. At present, various nanovaccines based on nanomaterials have been studied, such as those based on cancer neoantigens, mRNA vaccines and biomimetic nanobiomaterials vaccines (Table 1).
TABLE 1 | Nanovaccines for cancer therapy.
[image: Table 1]Neoantigen Vaccines
Neoantigens are expressed only in tumor cells and not in any normal cells. So, these new antigens provide an opportunity to use cancer new antigen vaccine to produce a tumor-selective antitumor immune response. Kuai et al. proved that HDL simulated nanodisk binding antigen (Ag) polypeptide and adjuvant can significantly improve the codelivery of Ag/adjuvant to lymphoid organs and maintain the presentation of Ag on DCs (Kuai et al., 2017). Nanodisk-based neoantigen vaccines can induce high levels (∼30%) of antigen-specific CTL responses, especially when combined with immune checkpoint blockade, showing significant tumor therapeutic effects in mouse tumor models. STING pathway is an endogenous mechanism produced by the innate immune system, which can activate and mobilize neoantigen-specific T cells. Because of its key role in tumor immune monitoring, Zhou et al. demonstrated an acid reactive polymeric nanovaccine that activated the STING pathway and improved cancer immunotherapy (Zhou et al., 2020b). Nanovaccines effectively aggregated in lymph nodes, promoted the uptake of DCs and facilitated the release of neoantigens from the cytosol. At the same time, STING agonists activated the STING pathway in DCs and induced interferon-β secretion and promoted the activation of T cells and neoantigens. The study indicated that the development of neoantigen vaccines is particularly useful for enhancing immunity in tumor treatment. Yu et al. demonstrated a self-assembled melittin lipid nanoparticle without additional tumor antigen (α-melittin-NP) can promote the release of tumor antigen in situ and lead to the activation of APCs in lymph nodes (LNs) (Yu et al., 2020). Compared with free melittin, α-melittin-NPs significantly increased the activation of APCs, resulting in a 3.6-fold increase in antigen-specific CD8+ T cell response. In addition, in the bilateral B16F10 tumor model, α-Melittin-NPs significantly inhibited the growth of primary and distant tumors. Min et al. found that antigen-capturing nanoparticles (AC-NPs) enhanced the presentation of tumor-derived protein antigens (TDPA) by APCs, resulting in stronger activation of CD8+ T cells (Min et al., 2017). Luo et al. designed self-assembled polymer NPs with the functions of new antigen capture and self adjuvant. They found that these NPs obtain new antigens from dead cells to form self-adjuvanted molecular activator (SeaMac) nanovaccines, which finally can induce DC maturation, efficiently present new antigens to CD8+ T cells, and enhance the effect of CD8+ CTL activation (Luo et al., 2017).
mRNA-Based Vaccines
Combined with the ideal immune stimulation characteristics, mRNA vaccines have outstanding safety and flexibility of gene vaccine. mRNA has been investigated as an attractive vector for the delivery of tumor antigens to DCs. Kranz et al. used liposomes and mRNA to form RNA liposomes (RNA-LPX) complex (Kranz et al., 2016). LPX protected RNA from the influence of extracellular ribonuclease and triggered plasmacytoid DCs and macrophages to release interferon-α (IFN-α). A lipid nanoparticles library (LNPs) was developed by Oberli et al. for the delivery of mRNA vaccines (Oberli et al., 2017). The effectiveness of the vaccine was tested in the invasive B16F10 melanoma model. It was found that CD8+ T cells were strongly activated after a single immunization. Miao et al. developed a combinatorial library of ionizable lipid-like materials to facilitate mRNA transmission in vivo and to provide an effective and specific immune activation (Miao et al., 2019). These results suggested that in these RNA-loaded ionizable lipid nanovaccines (LNPs), A2-LNPs induced approximately 20-fold stronger secretion of tumor-infiltrating antigen-specific T cells and IFN-γ in a B16F10 mouse melanoma model. Sayour et al. found that the non-targeted tumor RNA encapsulated in lipid NPs are derived from the whole transcriptome and carried excess positive charge, which could initiate the response of peripheral and intratumoral environment to immunotherapy (Sayour et al., 2018). In the immune-resistant tumor model, these RNA NPs activated high levels of PDL1+ CD86+ myeloid cells, indicating that extensive immune activation of tumor-loaded RNA-NPs, accompanied by inducible PD-L1 expression, could be used for treatment. These studies showed that mRNA nanovaccines have prospective applications in cancer immunotherapy. Zhang et al. developed a minimalist nanovaccine C1 LNP, which can effectively deliver mRNA to APCs, activate toll like receptor 4 (TLR4) and induce strong T cell activation (Zhang H. et al., 2021). In addition, C1 lipid nanoparticle itself induced the expression of inflammatory cytokines such as IL-12 by stimulating the TLR4 signaling pathway of DCs.
Biomimetic Nanobiomaterials-Based Nanovaccines
As mentioned above, the development of nanotechnology offers a unique approach to facilitate the development of nanovaccines for cancer immunotherapy. To improve the safety and effectiveness of nanovaccines, the use of biomaterials to fabricate multifunctional nanomaterials is emerging (Kang et al., 2018; Li X. et al., 2020).
In recent years, nanocarriers based on cell membrane camouflage have become a biomimetic platform for drug delivery (Guo et al., 2015). Kroll et al. encapsulated CpG adjuvant into poly (lactic-co-glycolic acid) (PLGA) nanoparticles, and then integrated with melanoma cell-derived membrane materials to develop personalized cancer nano vaccine (CpG-CCNP) (Kroll et al., 2017). After vaccination, the T cell proliferation level in the treatment group was the highest. Liu et al. demonstrated a concept of using the biological reprogramming cell membrane of fusion cells (FM) as a tumor vaccine, which was extracted from DCS and cancer cells (Liu W.-L. et al., 2019). In addition, due to the strong passive targeting ability and long cycle profile of metal-organic framework (MOF), they developed a nanovaccine (MOF@FM) using MOF as the carrier of FM. Compared with untreated control group, inoculation MOF@FM can induce increased IL-6 and IFN-γ secretion in experimental groups. Xiao et al. proposed a method for preparing biomimetic cytomembrane nanovaccines (named CCMP@R837) is encapsulated by antigenic cancer cell membrane (CCM)-capped PLGA nanoparticles loaded with imiquimod (R@837) (Xiao et al., 2021). It was found that CCMP@R837 enhanced the uptake and maturation of bone marrow derived DCs and increased the antitumor response to breast cancer 4T1 cells in vitro. Zhang et al. have developed a new nano vaccine, which is made by polyethyleneimine (PEI) modified macrophage membrane for co-delivery the antigen (ovalbumin, OVA) and immunostimulant (dendrobium polysaccharides, DP) (Zhang Z. et al., 2020). They found that vaccine can promote antigen uptake and proliferation, and finally trigger the effective activation of T cells and strong T cell specific immune response.
Artificial antigen-presenting cells (aAPCs) are considered as a new bionic nanovaccine which mimics the cellular function of natural APCs to induce tumor-specific immune responses, but does not need to deliver specific antigens and adjuvants required for the activation of natural APCs (Kosmides et al., 2018; Cheng et al., 2020). Cheung et al. described a system simulating natural APCs composed of liquid lipid bilayers supported by mesoporous silica micro rods (Cheung et al., 2018). It was found that APC-simulated scaffolds (APC-MS) could promote the polyclonal expansion of mouse and human T cells. In Kosmides’s group, they found that aAPC can also be directly used for T cell activation in vivo during tumor immunotherapy (Kosmides et al., 2017). Sun et al. designed a unique aAPC system based on red blood cell (RBC) by engineering antigen polypeptide loaded main histocompatibility complex -I (MCH- I) and CD28 activated antibody on the surface of RBC, combined with interleukin-2 (IL2) as proliferation and differentiation signal (Sun et al., 2017). The RBC-based aAPC-IL2 (R-aAPC-IL2) can not only provide a flexible cell surface with appropriate biophysical parameters, but also simulate cytokine paracrine. Similar to the function of mature DCs, R-aAPC-IL2 cells can promote the proliferation of antigen-specific CD8+ T cells and increase the secretion of inflammatory cytokines to kill tumor cells.
Although many encouraging achievements have been made in the field of cancer nanovaccines in recent years, there are still many challenges to be solved before their clinical transformation and application. As a key step in the development of personalized vaccines, it is still difficult to identify patient specific antigens efficiently and accurately.
NP-BASED T CELL CANCER IMMUNOTHERAPY
Adoptive cell transfer (ACT) therapy, the infusion of T cells into patients after in vitro amplification, has achieved remarkable success in clinical cancer treatment. In particular, chimeric antigen receptor (CAR) T cell therapy, which uses genetically engineered T cells to express tumor antigen recognition receptors, has shown impressive therapeutic effects in patients with hematological malignancies (Neelapu et al., 2017; Brudno and Kochenderfer, 2018; Shah and Fry, 2019). Adoptively transferred T cells recognize cancer cells and kill cancer cells by releasing effective cytotoxic molecules. However, T-cell therapy, including CAR T-cell therapy, has many challenges to be solved in wide application. The key challenges include: 1) Due to insufficient stimulation signals, therapeutic T cells cannot expand in vivo to produce a sufficient number of effector cells (Gilham et al., 2012). 2) Due to physical barriers (Caruana et al., 2015) and immunosuppressive environment (Motz et al., 2014), the transport efficiency of T cells to tumor sites is low. 3) Malignant TME leads to therapeutic T cell failure and death (Ren et al., 2017; Bollard et al., 2018). 4) Target gene mutation caused the loss of antigen expression (Hamieh et al., 2019). Among these challenges, the use of nanomaterials may be particularly beneficial to solve the shortage of T cell trafficking and overcome the inhibitory tumor microenvironment.
Schmid et al. designed a PLGA and PEG (PLGA–PEG) nanomaterial modified with antibody for programmed cell death protein 1 (anti-PD-1) to target exhausted T cells (Schmid et al., 2017). This nanomaterial loaded with TGF- β receptor inhibitor compound SD-208 successfully reversed the depletion of T cells in vivo. Furthermore, TGF-β delivery of signal inhibitors to PD-1 expressing cells can prolong the survival time of tumor bearing mice. Ou et al. describe the combined delivery of tLyp1 peptide modified regulatory T (Treg) cell-targeted hybrid NPs (tLyp1-hNPs) for targeting neuropilin-1 (Nrp1) receptors on Treg cells and well-known anti CTLA4 immune checkpoint inhibitors (Ou et al., 2018). The Treg cell inhibitory drug IMT was encapsulated in tLyp1-hNPs. In vivo studies have shown that the synergistic antibody of tLyp1-hNPs loaded with IMT and anti CTLA4 can activate the strong immune response against tumor by down regulating immunosuppressive Treg cells and activating CD8+ T cells. Huang et al. reported a dual-mechanism based cytotoxic T cells (CTL) infiltration enhancer Nano-sapper, which can simultaneously reduce physical obstacles in TME and recruit CTL to enhance immunotherapy of immune-excluded tumor (IET) (Huang et al., 2020). Nano-sapper can reverse the abnormally activated fibroblasts, reduce collagen deposition, normalize the blood vessels in the tumor, and stimulate the expression of chemical attractants of recruited lymphocytes in situ, so as to reshape the TME.
Although T-cell cancer immunotherapy based on nanomaterials has made great progress in recent years, how to control the behavior of adoptive transfer T cells in vivo needs to be solved urgently.
NP-BASED BACTERIA CANCER IMMUNOTHERAPY
Bacteria based tumor immunotherapy has attracted academic attention because of its unique mechanism and rich application in triggering host anti-tumor immunity. Furthermore, it is considered that the integration of bacteria and nanomaterials for multifunctional synergistic therapy is a promising treatment (Toussaint et al., 2013). Due to the different synthetic methods and encapsulated drugs, nanomaterials can achieve a variety of functions in cancer treatment (Xu et al., 2020; Yang et al., 2020). Therefore, it seems more direct to integrate nanomaterials and other functions on the outer membrane of bacteria.
Liu et al. integrated photosensitizer-encapsulated nanoparticles on the bacterial surface through amide bonds to engineer photosynthetic bacteria (Synechococcus 7942, Syne) (Liu et al., 2020). Under 660 nm laser irradiation, Syne can continuously produce oxygen through photosynthesis, which greatly improves tumor hypoxia and produces more ROS. PDT promoted by photosynthesis not only can inhibit the growth of primary tumors, but also can reverse the TME of immune suppression to immune response, and prevent tumor recurrence even in the triple-negative breast cancer (TNBC) mouse model. Li et al. designed pathogen mimicking nano-pathogenoids (NPNs) containing pathogen-associated molecular patterns (PAMPs) through cloaking NPs with outer-membrane vesicles (OMVs), which can be recognized by pattern recognition receptors (PRRs) on neutrophils (Li M. et al., 2020). Neutrophils move to the inflamed tumor, exude through blood vessels and penetrate the tumor. After inflammatory stimulation, neutrophils rapidly release NPN, which is then absorbed by tumor cells to exert anticancer effects. Chen et al. designed a eukaryotic–prokaryotic vesicle (EPV) nanoplatform by fusing melanoma cytomembrane vesicles (CMVs) and attenuated Salmonella OMVs (Chen et al., 2020). In vivo prophylactic trials have shown that EPV nanoparticles can act as a prophylactic vaccine, stimulating the immune system and triggering an anti-tumor immune response against tumorigenesis.
The biggest advantage of integrating nanomaterials on the surface of bacterial outer membrane is easy preparation and low cost, but there are also some shortcomings. First of all, if a dense and continuous shell is formed when nanomaterials are integrated on the outer membrane of bacteria, the bacteria will be completely surrounded, so as to weaken the targeting ability of bacteria. Furthermore, appropriate functions should be selected in combination with the bacterial body to produce synergistic rather than antagonistic effects.
CONCLUSION AND OUTLOOK
Over the past decades, cancer immunotherapy has achieved tremendous clinical success and become a potential mainstay therapy for cancer treatment. However, due to the low responsiveness of tumor antigens and numerous escape mechanisms in the immunosuppressive microenvironment, the clinical application of immunotherapy is frequently accompanied by low response rates, short durations, and the induction of severe immunotoxicity. The emergence of nanomedicine offers a new way of thinking for cancer immunotherapy, and plays an important role in modulating tumor immune responses. Nanomaterials can be used to modulate the tumor suppressive microenvironment by targeting immunosuppressive cells, immunosuppressive factors or effector T cells. Nanomaterials usually involve in the following roles: 1) activating cellular immunity by enhancing tumor immunogenicity and promoting antigen presentation, and 2) promoting the activation of tumor-infiltrating NK cells to achieve local activation of the immune system. NP-based PTT and PDT can lead to a large number of tumor cell deaths and trigger immune responses, including redistribution and activation of immune effector cells, expression and secretion of cytokines, and transformation of memory T lymphocytes. Furthermore, the combination of two methods can obtain ideal synergistic effect and start a strong immune response. But in vivo, the immune responses induced by PTT and PDT are complex, and the specific performance and mechanisms are not fully understood. Nanovaccine is another application based on NPs, which recognizes and attacks tumor cells by activating adaptive immune system, thereby triggering anti-tumor immune response. Compared with traditional nano platforms, nanovaccines have some basic advantages, such as coating antigen with nano-carrier to prevent antigen degradation, co-embedding of antigen and adjuvant to enhance the immunogenicity and therapeutic effect of the vaccine. However, there are still many challenges that need to be solved before their clinical transformation and application. As a key step of personalized vaccine development, it is still difficult to identify patient specific antigens efficiently and accurately. T-cell cancer immunotherapy based on nanomaterials has made great progress in recent years. However, how to control the behavior of adoptive transfer T cells in vivo needs to be solved urgently in the future. Integrating nanomaterials on the surface of bacterial outer membrane is easy preparation and low cost, but there are also some shortcomings that need to be overcome.
In summary, most nanomaterials for cancer immunotherapy are still in the experimental stage and are still far from clinical application on account of safety, reproducibility, and individual differences. In order to achieve the clinical applications of nanomaterials, it is essential to further develop nanoparticles. First, optimize the carrier materials to achieve good biodegradable and biocompatibility to provide safe drugs for clinical patients; then optimize the production process of nanomedicines to achieve high-volume production and stable quality control to provide stable drug pathways for clinical patients; third, optimize the different ratios of various drugs in combination to achieve the best therapeutic effect; optimize the targeting effect of drugs to achieve precise control of drug release and clarify the timing of activating immunotherapy. It is believed that with the development of nanotechnology and the continuous research on the mechanism of tumor immunotherapy, nanomaterials will play a powerful role in promoting tumor immunotherapy in clinical.
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Superior Fluorescent Nanoemulsion Illuminates Hepatocellular Carcinoma for Surgical Navigation
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Hepatocellular carcinoma (HCC), the fifth most common cancer worldwide, poses a severe threat to public health. Intraoperative fluorescence imaging provides a golden opportunity for surgeons to visualize tumor-involved margins, thereby implementing precise HCC resection with minimal damage to normal tissues. Here, a novel-acting contrast agent, which facilely bridges indocyanine green (ICG) and lipiodol using self-emulsifying nanotechnology, was developed for optical surgical navigation. Compared to clinically available ICG probe, our prepared nanoemulsion showed obviously red-shifted optical absorption and enhanced fluorescence intensity. Further benefiting from the shielding effect of lipiodol, the fluorescence stability and anti-photobleaching ability of nanoemulsion were highly improved, indicating a great capacity for long-lasting in vivo intraoperative imaging. Under the fluorescence guidance of nanoemulsion, the tumor tissues were clearly delineated with a signal-to-noise ratio above 5-fold, and then underwent a complete surgical resection from orthotopic HCC-bearing mice. Such superior fluorescence performances, ultrahigh tumor-to-liver contrast, as well as great bio-safety, warrants the great translational potential of nanoemulsion in precise HCC imaging and intraoperative navigation.
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INTRODUCTION
Surgical resection remains the paramount treatment option for liver tumor, such as hepatocellular carcinoma (HCC), and metastases of gastroenterological cancers (Siegel et al., 2019). Successful oncologic surgery is predicated on accurate visualization of the neoplastic tissue so as to precise removal with minimal damage to normal tissues (Hasegawa and Kokudo, 2009). However, in clinical practice, surgeons usually cannot discriminate the intraparenchymal tumor accurately only by visual inspection and tactile feedback. Their failure to pinpoint the tumor margins results in positive surgical margins, which are correlated with poor prognosis, locoregional recurrence and low patient survival. Promisingly, intraoperative fluorescence imaging provides a golden opportunity for surgery guided due to its high contrast, low cost, real-time feedback, and good availability of imaging whole organs with the potential to zoom in from macroscopic scale to microcosmic structures (Verbeek et al., 2012; Gao et al., 2018; Ren et al., 2020). More importantly, it is easily integrated into the workflow of intraoperative surgery and endoscopy, significantly augmenting the visualization ability of surgeons in identifying tumor-involved margins (Mochida et al., 2018; Wang et al., 2018). As the only near-infrared (NIR) fluorophore approved for surgery intraoperative guidance, indocyanine green (ICG), which emits at ∼800 nm, effectively minimizes photo scattering, absorption and tissue autofluorescence while maximizing tissue penetration depths to several centimeters (Zhang et al., 2017). With the aid of ICG-guided intraoperative imaging, a fluorescent edge of the cancerous tissue can be observed during surgery for margin delineation between cancer and adjacent healthy tissue (Gotoh et al., 2009; Hirche et al., 2010; Xu et al., 2020). Although it holds great promise in improving intraoperative decision-making, this untargeted small-molecule dye still suffers from non-specific binding and usually high background noise. Moreover, fast clearance from tumor site further limits the time window of ICG for surgical applications, and the severe photobleaching and degradation issues also frequently reduce its detectability or observation time (Mindt et al., 2018; Sakka, 2018; Chen et al., 2020a). Consequently, a more efficacious fluorophore that allows tumor-targeted imaging, long-lasting HCC retention, and stable fluorescence signal, is urgently desired.
In the fluorescence-guided surgical navigation, the signal to noise ratio (SNR) of ICG relies on its accumulation and retention in liver cancerous tissues (Ai et al., 2018). Lipiodol (Andre Guerbet, Aulnay-sous-Bois, France), an iodized poppyseed oil, has been most commonly used as an embolic material for transcatheter arterial chemoembolization against HCC in clinic (Lencioni et al., 2016; Chen et al., 2020b). It demonstrates a preferential uptake by hypervascular tumor compared to surrounding liver tissue, which can be used as a vehicle for the targeted delivery of cytotoxic drug or contrast agent (Kawaoka et al., 2009; Jeon et al., 2016; Gruber-Rouh et al., 2018). When combination with these functional agents, the lipiodol is expected to act as a shelter to protect internal agents from dilution and degradation by adverse external environment. Moreover, the high viscosity of lipiodol makes it prone to deposit in the anomalous vessel of HCC, which is a great help for internal agents resist blood flow clearance (Cheng et al., 2020). Further benefiting from the reduced molecular movement, the functional agents inside highly viscous lipiodol expectantly possess increased stability. Some potential problems such as fluorescence quenching of ICG is therefore promisingly relieved (Chen et al., 2020c). However, the task to integrate lipiodol with ICG using a safe and facile platform remains a major challenge. Ideally, the functional agents should be “loaded” inside the droplets of lipiodol (water-in-oil emulsion) for an optimal tumor uptake (De Baere et al., 1996). Stabilization of the emulsion is also a key for lipiodol to serve as a vehicle to carry and localize the ICG inside the cancerous tissue. Thus, solutions for ICG-guided surgical navigation, in the long-run, require a multipronged cooperation.
Nanotechnology has revolutionized medicine including fluorescence-guided intraoperative imaging (Ai et al., 2018). Unlike small molecular designs, the cooperative behaviors of nanosystems, which take advantage of well-developed material engineering and the enhanced permeability and retention (EPR) effect, can be exploited for the development of highly efficient nanoemulsion to amplify pathological signals, and further improve the accuracy of intraoperative imaging (Li et al., 2018; Li et al., 2019). Here, a facile route to bridge lipiodol and ICG was proposed using self-emulsifying nanotechnology (Scheme 1). As a proof-of-principle, Tween-80 and lecithin, the clinically available surfactants, were introduced to emulsify the mixture of lipiodol and ICG. Strikingly, the developed nanoemulsion obviously shifted excitation and emission peaks and produced enhanced fluorescence intensity compared with free ICG, which suggests superior potential for NIR intraoperative imaging. With the aid of shielding effect by lipiodol, the fluorescence stability and anti-photobleaching ability of nanoemulsion was greatly improved, indicating the capacity for real-time in vivo imaging continuously for long periods. Moreover, this nanoemulsion could successfully localize to neoplastic tissue with excellent tumor-to-normal contrast. Under the fluorescence guidance of ICG-lipiodol nanoemulsion, the tumor tissues from orthotopic HCC-bearing mice were clearly visualized, accurately delineated and then effectively resected.
[image: Scheme 1]SCHEME 1 | Scheme illustration of our developed nanoemulsion for FL imaging-guided surgical resection of HCC. The nanoemulsion was facilely prepared with clinically approved materials, including ICG, lipiodol, lecithin, and tween-80. By taking advantage of superior FL performances and ultrahigh tumor accumulation, the tumor tissues were clearly delineated, and then underwent a complete surgical resection from orthotopic HCC-bearing mice.
EXPERIMENTAL SECTION
Materials
ICG, Lipoid and Tween-80 were obtained from Aladdin (China). 4′,6-Diamidino-2-phenylindole (DAPI) and 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) were obtained from Sigma-Aldrich. Fetal bovine serum (FBS) and high glucose DMEM were purchased from Hyclone (United States). Penicillin and streptomycin were obtained from GIBCO BRL (United States).
Preparation of Nanoemulsion
5 mg ICG was dissolved in 5 ml chloroform, and then mixed with 500 μL iodinated oil. The mixture was removed chloroform by rotary evaporation. 100 mg Lipoid was dissolved in 300 μL ethanol. 400 μL Tween-80 was dispersed in 20 ml distilled water and brought to a boil. Subsequently, the Lipoid solution and the mixture were added into the above-mentioned boiling liquid dropwise under continuous stirring (700 rpm). The preparation was concentrated to 10 ml. Finally, the crude emulsion was homogenized for 15 min using a sonicator tip (Sonics, United States) to form uniform nanoemulsion. The final nanoemulsion was obtained by using dialysis (30 KDa) and stored in dark at 4°C.
Characterization of Nanoemulsion
The morphology of nanoemulsion was observed by transmission electron microscopy (TEM). The dynamic light scattering (DLS) and surface zeta potential of nanoemulsion were captured using a Nano Particle analyzer (SZ-100, Horiba Scientific). UV–vis–NIR absorbance spectra of ICG and nanoemulsion were recorded using a microplate reader (Thermo). Fluorescence emission spectrum of ICG and nanoemulsion were recorded using fluorescence spectrometer (LS55, Perkin Elmer), the excitation wavelength was 780 nm. The FL images of ICG and nanoemulsion (gradient concentration) were acquired using a IVIS Lumina imaging system (Caliper, United States) (Ex/Em = 740 nm/ICG). The fluorescence intensity of nanoemulsion and ICG solution (10 μg/ml) were measured after different laser irradiating time (808nm, 2 W/cm2) or at different storage time. The nanoemulsion with different iodine concentration were scanned by a micro-CT imaging system. The PA images of nanoemulsion were acquired using a preclinical PA imaging system (Endra Nexus 128, Ann Arbor, MI) under 808 nm laser. The stability of nanoemulsion in PBS solution and DMEM were evaluated at different time points by DLS.
In vitro Cell Uptake and Cytotoxicity Study
HepG2 and normal hepatocytes (LO2) were purchased from the cell bank of the Chinese Academy of Sciences in Shanghai. Cells were cultured in DMEM containing with 10% (v/v) FBS and 100 µg/ml of penicillin/streptomycin at 37°C under 5% CO2. The HepG2 cells were seeded into 6-well microplates at a density of 5 × 105 cells per plate, and incubated for 12 h. Then, the culture media was replaced by fresh media containing ICG or nanoemulsion (1 ml, at the equivalent ICG dose of 10 µg/ml in DMEM), respectively. After co-incubation for different time points, the cellular uptake was analyzed by fiow cytometry equipment. Furthermore, the CLSM was applied to study the cell uptake of nanoemulsion. Briefiy, HepG2 cells were seeded into a CLSM-specifc dish at a density of 1 × 105 cells per dish, and incubated for 12 h for adherence. Then, the culture media were replaced by fresh media containing nanoemulsion or ICG (1 ml, at the equivalent ICG dose of 10 µg/ml in DMEM) and incubated for 12 h. For locating the cell, 10 µL of DAPI was added into each dish to stain the cell nuclei for 15 min followed by observation with CLSM.
The cytotoxicity of the ICG and nanoemulsion was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The HepG2 and LO2 cells were seeded into 96-well microplates and cultured overnight. Then, the culture media were replaced by fresh media containing ICG and nanoemulsion with gradient concentrations of ICG and cultured for 24 h. Finally, the cell viability was detected by MTT assay.
Animal Model Establishment
All animal experiments were performed according to the protocol approved by the Animal Care and Use Committee of Xiamen University, China. For the establishment of tumor model, the female Balb/c nude mice (5–6 weeks, 22 ± 2 g) were supplied by the Center for Experimental Animals, Xiamen University, China. Orthotopic liver tumor models were established by inoculation of suspended HepG2 cells (25 µl, 1 × 107 cells/ml) at the left lobe of liver. The models were used for further experiments when the tumor grown up.
Orthotopic Liver Tumor PA and Fluorescence Imaging
After the model of tumor-bearing mice was established, the mice were randomly divided into two groups: ICG and nanoemulsion. The dose of ICG (2 mg/kg) was administrated by intravenously injection in each group. PA signals in the liver and tumor were observed using Endra Nexus. The FL images were acquired before and at different time points (1, 3, 6, 9, 12, and 24 h) after administration using IVIS Lumina imaging system (Caliper, United States) (Ex/Em = 740 nm/ICG). At 24 h post injection, the mice were sacrificed and their major organs (heart, liver, spleen, lung, and kidney) and the tumor were harvested for ex vivo FL imaging. The fiuorescence signal intensity was quantified by analyzing the signals at the region of interests.
The mice were randomly divided into two groups, After i.v. administration of nanoemulsion and ICG (2 mg/kg), the mice were sacrificed at scheduled time (0, 1, 3, 6, 12, 24, and 36 h) and were taken for in vitro FL imaging. The fiuorescence signal intensity of liver and tumor were quantified, and the signal-to-noise ratio (SNR) of FL imaging was calculated:
[image: image]
Surgical Resection of Orthotopic Liver Tumor
Orthotopic liver tumor mice were performed surgical excision at 24 h with i.v. administration of nanoemulsion (2 mg/kg). Surgeons were asked to remove tumor tissues with maximum protection of the normal tissue based on real-time fluorescent surgical navigation. If tumor tissue remained, the surgeons continued the resection with FL imaging guidance until removing all tumor tissues. The resected tissues were also analyzed by H&E staining.
In vivo Biocompatibility Assessment
Healthy BALB/c nude mice (20–22 g) were intravenously injected with PBS, ICG or nanoemulsion at a ICG identical dose of 2 mg/kg, respectively. At 24 h post-injection, the blood samples were collected and followed by sacrificing the mice. The blood samples were used to detect the RBC, PLT, WBC, HGB, ALT, AST, BUN, and CREA parameters. The major organs, including heart, liver, spleen, lung, kidney, were dissected for H&E staining.
RESULTS AND DISCUSSION
The ICG-lipiodol nanoemulsion was prepared via a self-emulsifying method with proper modification (Figure 1A), and further characterized with morphology, optical performances, and stability. As observed from the transmission electron microscopy (TEM) image shown in Figure 1B, the developed nanoemulsion had a well-defined spherical structure with a narrow size distribution. The hydrodynamic diameter and ζ-potential of nanoemulsion was about 60 nm and -5 mV by the dynamic light scattering (DLS) analysis (Figure 1B insertion). Compared to free ICG solution, the nanoemulsion showed obvious enhanced and red-shifted absorption with a maximum absorption peak of 805 nm (Figure 1C). Similarly, a significant red-shift of fluorescence emission spectra between ICG (810 nm) and nanoemulsion (840 nm) was also observed (Figure 1D). Such shifted absorption and emission peaks may be attributed to the different external mediums of ICG that the nanoemulsion disperses ICG molecules in oily lipiodol instead of direct dispersion in water like free ICG solution. When imaging in vivo, the red-shifted optical performances of nanoemulsion are conducive to overcome the tissue absorption and scattering, implementing accurate intraoperative navigation. In addition to fluorescence imaging, the potential ability of nanoemulsion as a photoacoustic (PA) imaging and computed tomography (CT) imaging contrast agent was also evaluated. As expected, the PA and CT signals steadily enhanced with the concentration of nanoemulsion increasing, which can be clearly visualized in photographs (Figures 1E, Supplementary Figure S1).
[image: Figure 1]FIGURE 1 | (A) Schematic illustration of the preparation process of nanoemulsion. (B) TEM image and size distribution of nanoemulsion. (C) NIR-UV−vis spectra and (D) FL spectra of free ICG solution and nanoemulsion. (E) PA imaging signals of nanoemulsion with different ICG concentrations. (F) FL intensity comparison of free ICG solution and nanoemulsion at different concentrations. (G) FL intensity change of ICG and nanoemulsion after laser (2 W/cm2, 808 nm) irradiation. (H) FL intensity change of ICG and nanoemulsion after different storage times.
Fluorescence performance of contrast agent is an important factor governing the outcomes of intraoperative imaging. Successful surgical resection of HCC closely relies on strong FL intensity, great anti-photobleaching ability, and excellent FL stability (Nagaya et al., 2017). In this study, we systemically investigated the FL performance of prepared nanoemulsion. It was found that nano-emulsification did not disrupt the FL characteristics of ICG (Figure 1F). On the contrary, the FL intensity of ICG from nanoemulsion was remarkably higher than that from free ICG solution, which suggests great potential in improving SNR of intraoperative imaging. Upon laser irradiation (808 nm, 2 W/cm2, 10 min), the ICG solution reduced its FL intensity to almost 50%, while 80% of FL intensity was remained in the group of nanoemulsion (Figure 1G). Moreover, after 60 min light exposure, the nanoemulsion still exhibited FL imaging performance, but the ICG solution has completely photobleached without any FL signal. Such potent anti-photobleaching ability is expected to prolong the working period of ICG-mediated FL imaging, as a result, the time window of surgical navigation promisingly extends. In clinical practice, the ICG solution should be freshly prepared when using due to its self-quenching phenomenon. However, in our study, the ICG molecules after nano-emulsification showed highly enhanced FL stability (Figure 1H). Different from ICG solution whose FL signal rapidly declined to zero on the fifth day, the FL intensity of nanoemulsion stored for 6 days was still more than 50%. The great FL stability can be explained by the strong viscosity of lipiodol, which significantly restricts the movement of ICG molecules and therefore reduces molecular packing-induced FL quenching (Zweck and Penzkofer, 2001). Further morphology stability evaluation also demonstrated the great stability of nanoemulsion (Supplementary Figure S2). Its diameter stayed pretty constant during 2 months. Benefiting from the red-shifted optical spectra, superior fluorescence performances, and enhanced stability, the nanoemulsion could serve as a novel-acting contrast agent for FL-guided intraoperative imaging.
Efficient uptake by tumor cells is the fundamental step for contrast agent in the optical surgical navigation and can lead to a more precise and effective HCC resection. To validate the internalization ability of nanoemulsion in the cellular environment, the human hepatoma cell line (HepG2) was selected. As shown in Figures 2A,B, both ICG solution and nanoemulsion exhibited a time-dependent internalization by HepG2 cells. With increasing co-incubation time, the cellular uptake of ICG became enhanced. Comparatively, the ICG after nano-emulsification performed dramatically higher cellular internalization efficiency than its free state. After 8 h co-incubation, the uptake rate of nanoemulsion was 68.23%, more than twice that of pristine ICG solution (32.44%). This result was also supported by confocal laser scanning microscopy (CLSM) assay in which the nanoemulsion-treated HepG2 cells presented bright red fluorescence in cytoplasm, but the red ICG signal was almost invisible in the cells incubated with ICG solution (Figure 2C). Such efficient cellular uptake of nanoemulsion may be attributed to the combination of good cell membrane affinity provided by lecithin carrier and deposition effect of lipiodol. For future biomedical applications, toxicity testing of nanoemulsion is a critical requirement. Its cytotoxicity was studied in a human hepatic cell line (LO2) and HCC line (HepG2). MTT assays showed no significant toxic effect on the two cell lines after incubation with nanoemulsion for 24 h (Figures 2D,E). When the ICG concentration from nanoemulsion is up to 50 μg/ml, the viability of both cell lines still maintained higher than 80%. This good cellular safety, coupled with efficient tumor cell uptake, greatly supports the bio-application of nanoemulsion for intraoperative imaging of HCC.
[image: Figure 2]FIGURE 2 | (A) Flow cytometry profiles, (B) quantitative analysis, and (C) CLSM images of ICG and nanoemulsion internalization by HepG2 cells. Cell viability of (D) LO2 cells and (E) HepG2 cells treated with nanoemulsion at different ICG concentrations.
Accurate diagnosis of HCC is imperative to guide surgical resection and control the metastasis of this disease (Alam et al., 2018; Pang et al., 2020). Considering the unique imaging properties of ICG (Chu et al., 2020), the nanoemulsion is expected as a powerful contrast agent to reveal the tumor margins. We evaluated multi-modality cancer visualization by prepared nanoemulsion in orthotopic HCC-bearing mice (Figure 3A). The PA images were acquired before and after intravenous injection of nanoemulsion for 24 h. As shown in Figures 3B,C, the PA signal was notably stronger in the tumor than in healthy hepatic tissue, indicating the great potential of nanoemulsion in HCC PA imaging in vivo. To verify the in vivo targeting ability of nanoemulsion and the optimum time point for intraoperative imaging, we then compared and analyzed the FL imaging results at different time points after administration. Figure 3D shows that free ICG was rapidly accumulated to the abdomen within 1 h. No obvious FL signal from liver region was detected during the entire monitoring period. However, after being packaged into nanoemulsion, the ICG showed a different biodistribution behavior, with gradual FL attenuation in normal sites but a time-dependent FL enhancement at the liver tissue. At 24 h post-injection, the FL signal was completely cleared from abdomen, only concentrating to the liver area. Subsequently, the main organs and tumor of mice were isolated for distribution analysis (Figures 3E,F). Obviously, mice treated with free ICG solution exhibited weak FL signal intensity, suggesting the fast metabolism and clearance of ICG from body. By contrast, the FL signal from nanoemulsion-treated mice was only weak in the organs, but was rather strong in the tumor tissue. The higher FL signal of nanoemulsion can be explained by the enhanced FL intensity and stability of ICG after nano-emulsification, and the efficient tumor accumulation is attributed to the tumor-associated EPR effect. Figure 3G shows the tumor-to-normal liver tissue ratio of the FL signal at different time points. It can be seen that the maximal tumor signal over liver contrast was only 2-fold at 6 h post-injection of free ICG solution, which is nearly one-third of that from nanoemulsion-treated mice (5.7-fold at 24 h post-injection). Such significant positive contrast enhancement in the tumor site, but gradually reduced signal in healthy liver tissue, greatly ensures a clear visualization of tumor margin. Observed by the FL and bioluminescence imaging (Supplementary Figure S3), the resected tumor by nanoemulsion-mediated FL guidance was exactly coincident with the tumor formed by luciferase-transfected HepG2 cells, revealing the potent ability of nanoemulsion in pinpointing tumor margin.
[image: Figure 3]FIGURE 3 | (A) Schematic illustration of the optical diagnosis of nanoemulsion in orthotopic HCC-bearing mice. (B) PA images and (C) intensity analysis of tumor sites from nanoemulsion-treated mice. (D) FL images of orthotopic HCC-bearing mice model after tail vein injection of ICG solution or nanoemulsion. (E) Ex vivo tissue FL image and (F) FL intensity (I: ICG group; II: nanoemulsion group) of HCC-bearing mice after different treatments at 24 h post-injection. The a, b, c, d, e, and f represent heart, liver, spleen, lung, kidney, and tumor. (G) FL signal ratio of tumor-to normal liver tissue at various time points.
After verifying the maximal tumor-to-liver tissue ratio of nanoemulsion, orthotopic hepatic tumor-bearing mice (n = 3) were subjected to laparotomy with general anesthesia and subsequent luminescence imaging liver-resection guidance at 24 h post-injection of nanoemulsion (Figure 4A). With the guidance of nanoemulsion-mediated FL imaging, some tissues in the liver region showed bright fluorescence signal and then were removed (Figures 4B–D). Strikingly, the FL signal at the resection area disappeared after the surgery (Figure 4D), which could provide a timely feedback to the surgeon regarding the surgical outcome. Under the guidance of nanoemulsion-mediated FL imaging, the delineated tissues were resected (Figure 4E). Postoperative histological analysis of the excised tissues showed disordered structure and mass tumor cell infiltrating (Figure 4F), suggesting that the tumor tissues, even small volumes, could be illuminated and removed completely. Further safety examination revealed that the nanoemulsion was nontoxic to organs (Supplementary Figure S4), and showed negligible changes in peripheral blood (Supplementary Figure S5), liver functions (alanine transaminase and aspartate transaminase), and renal functions (creatinine and blood urea nitrogen) (Supplementary Figure S6). All of these demonstrated that the developed nanoemulsion could be competent for an effective and safe platform to accurately highlight tumor lesions, guiding HCC intraoperative resection.
CONCLUSION
In this study, we reported a novel-acting nanoemulsion for NIR FL imaging-guided HCC surgery. This highly potent nanoemulsion was prepared using self-emulsifying nanotechnology to facilely bridge ICG and lipiodol, and shows three primary advantages as follows: 1) superior FL performances, including red-shifted optical spectra, enhanced FL intensity, great anti-photobleaching ability and excellent FL stability; 2) distinguished HCC targeting and accumulation, achieving an ultrahigh tumor-to-liver FL signal ratio of 5.7 for precise surgical navigation; 3) great biosafety that all of the materials prepared for nanoemulsion are clinically approved. Under the guidance of nanoemulsion-mediated NIR FL imaging, the tumor margins were clearly delineated and resected from orthotopic HCC-bearing mice. Such fluorescent nanoemulsion could represent a promising real-time imaging platform to improve clinical intraoperative quality, reduce the risk of postoperative complications, and even potentially shift the current paradigm of optical surgical navigation.
[image: Figure 4]FIGURE 4 | (A) Schematic illustration of nanoemulsion for FL imaging-guided surgical resection of HCC. (B) Post-mortem FL images of orthotopic HCC-bearing mice under surgical navigation imaging system. Image was taken 24 h after injection of nanoemulsion. I, II, and III represent tumors with different sizes. (C) Pre-operative and (D) Post-operative white light images of orthotopic HCC-bearing mice. Insertions are the FL images of liver region under surgical navigation imaging system. (E) White light and FL images of resected tissues under the nanoemulsion-mediated FL guidance. (F) Histological analysis of tumor specimens from the resected tissues.
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Mesoporous polydopamine nanoparticles (MPDA NPs) are promising nanomaterials that have the prospect of clinical application for multi-strategy antitumor therapy, while the biosecurity of MPDA NPs remains indistinct. Here, transcriptome sequencing (RNA-Seq) was performed to systematically reveal the toxicity of MPDA NPs to five categories of organs after three different exposure routes, including intravenous injection, intramuscular injection, and intragastric administration. Our results uncovered that MPDA NPs could be deposited in various organs in small amounts after intravenous administration, not for the other two exposure routes. The number of differentially expressed genes (DEGs) identified in the heart, liver, spleen, lung, and kidney from the intragastric administration group was from 22 to 519. Similarly, the corresponding number was from 23 to 64 for the intramuscular injection group and was from 11 to 153 for the intravenous injection group. Functional enrichment analyses showed 6, 39, and 4 GO terms enriched for DEGs in intragastric administration, intramuscular injection, and intravenous injection groups, respectively. One enriched pathway was revealed in intragastric administration group, while no enriched pathway was found in other groups. Our results indicated that MPDA NPs produced only slight changes at the transcriptome level in mice, which provided new insights for further clinical application of MPDA NPs.
Keywords: transcriptome sequencing, MPDA NPs, intravenous injection, intramuscular injection, intragastric administration
1 INTRODUCTION
An increasing number of nanotechnologies are being developed for medical applications, including drug and gene delivery, clinical diagnostics as well as improved imaging agents, and several nanoparticle-based delivery systems have entered clinical trials (English and Aloi, 2015; Verma et al., 2015; Stidl et al., 2016). In parallel, the potential harm to public health and the environment brought by nanotechnologies has caught the attention of researchers. In the past decade, the biosafety of nanomaterials has been one of the major obstacles to the further use of nanoparticles in medical applications (Greish et al., 2018).
It was reported that polydopamine (PDA) had been widely utilized in tumor nanodrug delivery systems (Wang et al., 2018; Zeng et al., 2018; Li et al., 2020), which could significantly improve the drug distribution in the body, enhance the curative benefits as well as reduce toxic and side effects. However, traditional PDA nanoparticles have a finite specific surface area, and the loaded drugs are easily separated under complex physiological conditions, limiting the drug-loading efficiency and tumor suppression efficiency. To solve these problems, Tang et al. (2015) synthesized mesoporous polydopamine nanoparticles (MPDA NPs) based on a preparation procedure for mesoporous carbon material using high-molecular-weight block copolymers as templates (Tang et al., 2015), which provided new insight into high drug-loading capacity, multimodal anticancer treatment, and visual therapy of nanoparticles. Despite the fascinating applicability of MDPA NPs, the toxicity and safety of MDPA NPs remained unknown, which prevented further clinical application.
The exposure route of the nanomaterials is a key factor in the interaction between nanomaterials and the human body. More specifically, various exposure routes could affect the toxicity, distribution, metabolism as well as their performance as nanomedicine of nanomaterials in the human body. For example, Elbrink et al. (2021) evaluated the impact of drug loading and the administration routes for solid lipid nanoparticles (SLNs) and revealed that the subcutaneous injection performed better than the intramuscular injection and intravenous administration owing to lower blood perfusion in the subcutaneous tissues (Elbrink et al., 2021). In addition, Yu et al. (2017) systematically studied the distribution of polyethyleneimine-modified NaYF4:Yb, Er upconversion nanoparticles (PEI@UCNPs) in mice under different exposure routes and observed that a large number of PEI@UCNPs were deposited in the spleen within 30 days in the intraperitoneal administration group while PEI@UCNPs via intragastric administration exhibited an accumulation that decreased with time in various body tissues (Yu et al., 2017). Hence, it was necessary to systematically assess the biosafety of MPAD NPs undergoing various administration routes, which was one of the important steps before clinical application.
To understand and predict the toxicity of a compound at a systems level, global transcriptome sequencing (RNA-Seq) is undoubtedly the most optimal approach. For instance, Yang et al. (2020) revealed the modulation of gene expression in the liver and lungs after treatment with ZnO quantum dots (QDs) by using RNA-Seq, and the changed transcripts were used to infer the potential toxicity of ZnO QDs (Yang et al., 2020). On the one hand, RNA-Seq detects unknown transcripts, while the DNA microarrays could only detect specific transcripts since the probes are designed with specific nucleotide sequences (Kaliyappan et al., 2012; Casamassimi et al., 2017). On the other hand, RNA-Seq enables the quantification of gene expression levels and allele-specific expression in a single experiment, as well as the identification of novel genes, splice isoforms, and fusion transcripts (Casamassimi et al., 2017).
In this study, we systematically examined the toxicity of MPDA NPs with three different exposure routes, including intravenous injection, intramuscular injection, and intragastric administration. After injection of MPDA NPs to female mice for 7 days, histopathology observation was performed to measure the degree of deposition of MPDA NPs and morphological changes at the cell level on five categories of tissues including the heart, liver, lung, kidney, and spleen. Next, with the application of RNA-Seq technology, differentially expressed genes (DEGs) were acquired between the MPDA NP injection group and the control group. At last, the gene ontology (GO) and Kyoto encyclopedia of genes and genomes (KEGG) pathways annotation of DEGs were used to access the possible toxicity of the MPDA NPs at the transcriptome level. This study will be helpful for exploring the possibility of MPDA NPs in further clinical application, and especially for selecting the appropriate exposure routes.
2 MATERIAL AND METHODS
Materials
Dopamine hydrochloride and 1,3,5-trimethylbenzene (TMB) were purchased from Aladdin Reagent (Shanghai, China). Ammonia aqueous solution (NH3·H2O, 30 wt%) was purchased from Macklin (Shanghai, China). Pluronic F127 was purchased from Sigma-Aldrich (MO, United States). Phosphate buffered saline (PBS) was bought from Gibco (Shanghai, China). Anhydrous ethanol was bought from Aladdin Reagent (Shanghai, China). Chloral hydrate was bought from Xiya (Chengdu, China). Dopamine hydrochloride was bought from Aladdin Reagent (Shanghai, China).
Synthesis and Characterization of MPDA NPs
MPDA NPs were synthesized according to the procedure which had been previously reported (Chen et al., 2016). The structural and elemental distribution of MPDA NPs were detected by transmission electron microscope (TEM). The morphology of MPDA NPs was measured by scanning electron microscope (SEM). The particle size and zeta potential of MPDA NPs were determined by dynamic light scattering (DLS). The crystal structure was analyzed by X-ray powder diffraction (XRD). The surface area and pore diameter were determined by Brunauer–Emmett–Teller (BET).
Animals and Experiments
Twelve BALB/c mice (female, aged 4 weeks old, weight 20 ± 2 g) were supplied by the Guangdong Medical Laboratory Animal Center (Guangdong, China). To get mice to acclimate to the new environment, they were fed in rearing rooms for a week before intervention. The temperature in the rearing room was controlled at 20 ± 3°C and the relative humidity was from 30 to 73%. The animals were housed (3/cage) and they were allowed to walk around the cage, eat and drink freely. The animal studies were approved by IACUC of The Eighth Affiliated Hospital, Sun Yat-sen University (2022-002-01).
After 1-week acclimation, 12 female BALB/c mice were randomly divided into 4 groups of 3 mice each (Table 1), and the mice of experimental groups were accepted MPDA NPs treatment for one time. In the following 7 days, the mice were allowed to walk around the cage, eat and drink freely, and their weight was recorded every day. On day 7, all mice were taken under anesthesia for cervical dislocation, and then organs were weighted and collected, including the heart, liver, spleen, kidney, and lung.
TABLE 1 | Basic administration information of the mice exposed by the intragastric (i.g.) administration, intramuscular (i.m.) injection, and intravenous (i.v.) injection.
[image: Table 1]Organ Indexes
After the dissection of mice, the fat and fascia adhered to the exposed organs were carefully removed with surgical forceps, and then the organs were subsequently placed in cold PBS to wash away residual blood. After carefully drying, the organs were weighed immediately with an electronic balance. The following formula was used to calculate the organ indexes.
[image: image]
where W1 is the weight of the organ and W2 is the weight of the corresponding mouse.
Histopathological Examinations
After weighting, the needed tissues were immediately fixed in a 10% formalin solution. The fixed tissues were embedded in paraffin blocks and then sectioned into 5 mm sections and mounted on the slides. The slides were observed after hematoxylin and eosin staining (HE). Using a light microscope, the images were observed at a magnification of 100X.
RNA Extraction, cDNA Library Construction, and Sequencing
RNA Extraction
The TRIzol reagent (Invitrogen, Carlsbad, CA, United States) was used to extract total RNA from tissues of mice. First, RNA degradation and contamination were detected by agarose gel electrophoresis. The purity and concentration of RNA were assessed with Nanodrop. Second, to get more accurate information, the concentration and integrity of RNA were measured with a Qubit 2.0 Fluorometer (Life Technologies, Carlsbad, CA, United States) and an Agilent 2100 bioanalyzer (Santa Clara, CA, United States), respectively.
cDNA Library Construction
After RNA extraction, sequencing libraries were generated using the NEBNext® UltraTM RNA Library Prep Kit for Illumina® (NEB, United States), and each sample was labeled with an index code at the beginning.
First, mRNA was separated from total RNA using poly-T oligo-attached magnetic beads. Next, using divalent cations under elevated temperature, mRNA was fragmented in NEBNext First Strand Synthesis Reaction Buffer (5X). Then, the first-strand of cDNA was synthesized using a random hexamer primer and M-MuLV Reverse Transcriptase (RNase H). The second-strand cDNA was subsequently synthesized using DNA Polymerase I and RNase H. The remaining overhangs were converted into blunt ends via exonuclease/polymerase activities. After adenylation of 3′ ends of DNA fragments, NEBNext Adaptor with hairpin loop structures were ligated to prepare for hybridization. Then, the library fragments were purified with the AMPure XP system (Beckman Coulter, Beverly, United States) to select cDNA fragments of specified length interval 250–300 bp. Next, 3 μl USER Enzyme (NEB, United States) was used with size-selected, adaptor-ligated cDNA at 37°C for 15 min, followed by 5 min at 95°C before PCR. Then PCR was performed with Phusion High-Fidelity DNA polymerase, Universal PCR primers, and Index (X) Primer. Finally, PCR products were purified (AMPure XP system), and library quality was assessed on the Agilent Bioanalyzer 2100 system.
Sequencing
The library preparations were sequenced on an Illumina Novaseq 6000 platform (Novogene, Beijing, China) and 150 bp paired-end reads were generated.
Trimming, Transcriptomic Assembly, and Gene Annotation
The raw sequencing data obtained from the Illumina platform contained sequence artifacts, including reads containing adapter contamination, low-quality nucleotides, and unrecognizable nucleotide (N), which would cause errors in the following data analyses steps. Therefore, the downstream analysis was based on clean data which was transformed from raw data using Fastp software (Chen et al., 2018) according to the following standard: 1) Discarding a paired-end reads if either one end contains adapter contamination; 2) discarding a paired-end reads if more than 10% of bases are uncertain in either one end; 3) discarding a paired-end reads if the proportion of low quality (Phred quality <5) bases is over 50% in either one end. Next, the paired-end were mapped to the mouse genome [mm10, Genome Reference Consortium Mouse Build 38 (GCA_000001635.2)] using HISAT2 software (Kim et al., 2019). Counts for each gene were obtained using HTSeq software (Anders et al., 2015). Sequencing statistics for each sample were summarized in Supplementary Table S1.
Analyses of Differentially Expressed Genes
The differentially expressed genes between each treated group and the control group (n = 3 per group) were determined by the DESeq2 R package (Love et al., 2014), which is a popular method for differential analysis of count data. The DEGs were determined based on two criteria: 1) |log2 (fold change) | > 1 and 2) adjust p value <0.05. FPKM (fragments per kb per million reads) were transformed from count data in R (https://www.r-project.org/). To visualize the overall distribution of the DEGs, the volcano plots based on count data and the heatmaps based on FPKM data were created in R.
Functional Annotation of DEGs
To determine the functional annotation, GO enrichment (Harris et al., 2004), and KEGG pathway (Kanehisa and Goto, 2000), enrichment analyses were performed for the DEGs using the clusterProfiler R package (Yu et al., 2012). Moreover, three categories were included in enriched GO terms, which are biological processes (BP), cellular components (CC), and molecular functions (MF). The enriched GO terms were selected based on two standards: 1) adjust p value <0.05 and 2) the number of unique genes in each GO term was more than one. Similarly, the enriched KEGG pathways were selected based on two standards: 1) adjust p value <0.05 and 2) the number of unique genes in each KEGG pathway was more than one.
3 RESULTS
Characterization of MPDA
Both TEM and SEM observations displayed spherical morphology and mesoporous structure with a clear arrangement and uniform size distribution of MPDA NPs (Figure 1A, Supplementary Figures S1A, B, C). As shown in Figure 1B, the DLS measurements showed that the average hydrated particle size was roughly 223 nm, and the zeta potential was approximately -30 mV, indicating that the MPDA NPs surface had a negative charge. At the same time, the element mapping of MPDA NPs showed that C, N, and O elements were evenly distributed throughout the nanoparticles, with the C skeleton forming the core structure of MPDA NPs (Supplementary Figure S2), which was consistent with the XRD results. As shown in Figure 1C, the XRD spectrum of MPDA NPs exhibited a wide peak centered at approximately 2θ = 22°, and the corresponding crystal plane was (002), which verified that the main composition of MPDA was carbon element (Chen et al., 2016; Peng et al., 2019; Wang et al., 2019). The broad peak also indicated that MPDA NPs did not belong to crystalline materials (Ili Balqis et al., 2017). In addition, the MPDA NPs showed a BET surface area of 28.882 m2 g−1 (Figure 1D), which enabled them to load the drug efficiently. According to the BJH model, the pore diameter of MPDA NPs was about 1.75 nm and its pore volume was 0.311 cm3 g−1 (Supplementary Figure S1D).
[image: Figure 1]FIGURE 1 | (A) TEM image of MPDA NPs. (B) Size distribution and zeta potentials of MPDA NPs. (C) XRD spectrum of MPDA NPs. (D) N2 adsorption-desorption isotherms of MPDA NPs.
Mortality, Body Weight, and Organ Indexes of Mice
In intravenous and intramuscular injection groups, mice were administrated with MPDA NPs suspended in PBS at 40 and 8 mg for a single time, and in the intragastric administration group, mice were administrated with MPDA NPs suspension at 50 mg at two points in time, 6 hours had passed between them. It was noticeable that the maximum tolerated dose (MTD) of intragastric administration was higher than that of other exposure routes. During the 7-day period, no mouse deaths were observed. Furthermore, no abnormal behaviors including vocalizations, labored breathing, difficulties moving, hunching or unusual interactions with cage mates were observed as well.
As shown in Figure 2A, the weight of mice in each group was relatively stable, but the weight of mice in the intramuscular injection group saw a slight decrease in the first 3 days. Organ indexes analysis was performed on the hearts, liver, spleen, lung, and kidneys of mice, and it was found that organ indexes did not alter significantly after different exposure routes to MPDA NPs (Figures 2B–F).
[image: Figure 2]FIGURE 2 | (A) Body weight curve of mice. (B–F) Organ indexes of tissues from the mice exposed by intramuscular (i.m.) injection, intragastric (i.g.) administration, and intravenous (i.v.) injection, for the liver, spleen, lung, kidneys, and heart, respectively.
Histopathological Examinations
MPDA NPs did not induce any changes in both the shape and volume of the organs on day 7 by different exposure routes, while the color of the spleen and liver in the intramuscular injection group and spleen, liver, and lung in the intravenous injection group became darker than the control group (Supplementary Figure S3). Furthermore, Figure 3 depicted the micromorphology of the organs of mice in each group after exposure to MPDA NPs. It could be observed that a small amount of MPDA NPs deposited in the liver, spleen, and lungs in the intravenous injection group, while no nanoparticles were observed in the organs of mice in the other two treated groups. It meant that some MPDA NPs could deposit in tissues passing through biological barriers and could not be excreted within 7 days. In addition, compared to the control group, the organs of mice in each experimental group did not display any histopathological changes.
[image: Figure 3]FIGURE 3 | Histological examination of tissues (heart, liver, spleen, lung, and kidneys) from the mice exposed by intramuscular (i.m.) injection, intragastric (i.g.) administration, and intravenous (i.v.) injection at day 7. The scale bar is 100 μm.
Analysis of Differentially Expressed Genes
The number of DEGs between the treated groups and control group were list in Table 2 and Supplementary Table S2. Furthermore, Figure 4 display the heatmaps and volcano plots of DEGs between the intragastric administration group and control group, for the five tissues, including heart, liver, spleen, lung and kidney separately. Also, the DEGs of intramuscular group and intravenous group were shown in Supplementary Figure S4 and Supplementary Figure S5. For the intragastric administration group, the organ with the largest number of DEGs was liver, up to 519. The rest of the organs had close numbers of DEGs, which were 37, 29, 52 and 22 identified in heart, spleen, lung and kidney separately. For the intramuscular injection group, the organ with the least number of DEGs was lung, down to 23. And 58, 64, 32 and 34 DEGs were identified in heart, liver, spleen, and kidney separately. For intravenous group, the organ with the least number of DEGs was lung, down to 11. And 124, 52, 153 and 93 DEGs were identified in heart, liver, spleen and kidney respectively. Furthermore, the number of up-regulated and down-regulated DEGs were close for each comparison (Supplementary Tables S3–S5).
TABLE 2 | The number of DEGs of tissues (heart, liver, spleen, lung, and kidneys) from the mice exposed by the intragastric (i.g.) administration, intramuscular (i.m.) injection, and intravenous (i.v.) injection. (|log2 (fold change) | > 1, adjust p value <0.05).
[image: Table 2][image: Figure 4]FIGURE 4 | (A–E) The volcano plots of DEGs between the intragastric (i.g.) administration group and control group, for the heart, liver, spleen, lung, and kidneys, respectively. (F–J) The heatmap of DEGs.
Functional Annotation of DEGs
To determine the function of DEGs and metabolic pathway enrichment, GO (Table 3) and KEGG pathway analyses (Table 4, Table 5) were performed on DEGs in each group. For intragastric administration group, we obtained 6 enriched GO terms, including regulation of cellular response to androgen receptor binding (GO:0050681), polymerase activity (GO:0003899, GO:0034062, GO:0097747), and GTPase binding (GO:0017016, GO:0031267) (Figure 5, Supplementary Table S6). Only one enriched KEGG pathway was observed, which is calcium signaling pathway (mmu04020). For intramuscular injection group, we obtained 39 enriched GO terms, including transmembrane transporter activity (GO:0008509, GO:0046943, GO:0051184, GO:0046873, GO:0072349, GO:0005342, GO:0022803, GO:0015081), channel activity (GO:0015267, GO:0022836, GO:0005217, GO:0005216, GO:0022839, GO:0099094, GO:0022834, GO:0015276, GO:0022838) and so on (Supplementary Figure S6, Supplementary Table S7). No enriched KEGG pathway was observed in this group. For intravenous injection group, we obtained 4 enriched GO terms, including catenin complex (GO:0016342), apical junction complex (GO:0043296), mismatch repair complex binding (GO:0032404), and catalytic activity, acting on RNA (GO:0140098) (Supplementary Figure S7, Supplementary Table S8). No enriched KEGG pathway was found in this group as well.
TABLE 3 | The number of enriched GO terms of tissues (heart, liver, spleen, lung, and kidneys) from the mice exposed by the intragastric (i.g.) administration, intramuscular (i.m.) injection, and intravenous (i.v.) injection. (adjust p value <0.05, # of unique gene >1).
[image: Table 3]TABLE 4 | The number of KEGG pathway of tissues (heart, liver, spleen, lung, and kidneys) from the mice exposed by the intragastric (i.g.) administration, intramuscular (i.m.) injection, and intravenous (i.v.) injection. (adjust p value <0.05, # of unique gene >1).
[image: Table 4]TABLE 5 | Information of the enriched KEGG pathway.
[image: Table 5][image: Figure 5]FIGURE 5 | The enriched GO terms of tissues (heart and liver) from the intragastric administration group. No GO term is enriched for the spleen, lung, and kidney.
4 DISCUSSION
In the past few years, researchers mainly focused on the application of MPDA NPs, especially its application in tumor treatment. For example, Zhang et al. (2019) discovered an MPDA-based synthetic for chemo-photothermal therapy, polyethylene glycol-modified MPDA (PEG-MPDA), which had not only photothermal conversion efficiency but also high paclitaxel (PTX) loading content (Zhang et al., 2019). According to their result, the tumor ablation could be observed after MPDA-PEG-PTX treatment combined with 2 Wcm-2 laser irradiations for 5 min. In addition to chemo-photothermal therapy, MPDA could also be applied to immuno-photothermal, a combination of photothermal therapy and photodynamic therapy/chemodynamic therapy, as well as cancer theranostics (Hu et al., 2019; Huang et al., 2021; Wu et al., 2021). However, few studies have illustrated the potential toxicity of MPDA so far, which blocked further clinical application. In this study, we adopted RNA sequencing-based strategy to discover the toxicity of MPDA NPs.
In our pre-experiment, we exposed mice to MPDA for different durations (7 and 30 days) and then stained the heart, liver, spleen, lung, and kidney with HE staining. Figure 3 displays the tissues examined at day 7, while Supplementary Figure S8 (Supplementary Figure S8) displays the tissues examined on day 30. We did not observe any changes in the tissues with the different time periods of administration. Therefore, we decided to examine the tissues on day 7. As mentioned above, on day 7, the mice from the intramuscular injection group weighed approximately 2 g less than they did on day 1 while the weight of mice from the other two experimental groups did not significantly change. We assumed that the abnormal phenomenon was likely caused by the injection of a large volume of suspension rather than the toxicity of MPDA NPs. It was necessary to point out that the volume of MPDA suspension for this group was up to 1.6 ml, which was a lot for mice around 20 g. However, it was difficult to reduce the volume of suspension because the solubility of MPDA NPs was limited. Furthermore, we observed some MDPA NPs deposition in several tissues in intravenous group, which indicated the material has not been completely metabolized. In the intravenous injection group, deposited MPDA NPs were not observed in the heart and kidney, but could be observed in the liver, spleen, and lung of the same mouse. This phenomenon supported the different metabolic capacities of different visceral tissues to MPDA. The photographs we presented above just showed the result on day 7 and it might take more time to metabolize.
No enriched KEGG pathway was found in both intramuscular injection and intravenous injection groups. In parallel, only one KEGG pathway was identified in kidneys in the intragastric administration group, which was the calcium signaling pathway. Calcium ions are abundant in the human body, regulating significant physiological activities as an important signaling molecule. It is reported that the concentration of Ca2+ plays an important role in the regulation of nervous system excitability, the contraction of muscles, intestinal microbial activity, the activity of enzymes, and the biological clock (Simpson et al., 1995; Kon and Fukada, 2015). As shown in Table 5, two down-regulated genes were included in this pathway, suggesting the calcium signaling pathway might be inhibited after MPDA NPs intragastric administration. In other words, calcium concentration in the human body should be of concern when receiving MPDA treatment.
In conclusion, we investigated the toxicity of MPDA NPs on global gene expression of important organs by RNA-Seq. The DEGs detected in each organ were quite a few and only several GO terms, and one KEGG pathway were enriched for these DEGs. The results suggested that MPDA NPs did not cause great or serious changes in mice from three different administration routes, which shed light on the toxicity of MPDA NPs at the molecular mechanism level.
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Recombinant protein vaccines, with highly pure ingredients and good safety, are gradually replacing some attenuated and inactivated vaccines in clinical practice. However, since their low immunogenicity of the recombinant proteins, adjuvants are often needed to enhance immune response after vaccination. Aluminum adjuvant has been widely used in some vaccines for decades, it can induce strong humoral immunity, but the deficiency of cellular immunity limits its application for some vaccines. Therefore, it is urgently needed to develop novel adjuvant to increase not only humoral but also cellular immune response. To address this, we designed and prepared a new nano adjuvant (PF3) through microfluidization by the combination of saponin (Ginsenoside Rg1) and oil-in-water nano emulsion (NE) in the present study. As compared to aluminum adjuvant, PF3 had stronger humoral and cellular immune induction effect because of high cellular uptake and activization of immune response pathways. Furthermore, PF3 showed better immune enhancement and acceptable biosafety equivalent to that of aluminum adjuvant. In addition, no obvious changes of PF3 were observed in size and zeta potential after 12 weeks storage at 4 and 37°C, demonstrating its high stability in vitro. This study provided an adjuvant platform to replace traditional aluminum adjuvant in design of recombinant vaccines.
Keywords: PF3, nano adjuvant, ginsenoside Rg1, aluminum adjuvant, hepatitis B surface antigen
INTRODUCTION
The importance of adjuvants to vaccines such as recombinant proteins is self-evident. In clinical settings, adjuvants are often incorporated within vaccine formulations through physical or chemical association with antigens (Lee et al., 2020). Aluminum has been on the market for nearly 90 years as a vaccine adjuvant, however, it tends to attach on the membrane rather than entering the dendritic cells (DCs), leading to the absence of intracellular transfer and process of the antigens, and thus limits T-cell-mediated immunity (Peng et al., 2020). The development trend of adjuvants clearly shows that single components, such as aluminium adjuvants, cytokine or chemokine adjuvants and TLR (Toll-like receptor) agonists, often fail to meet the needs of various infectious diseases. Thus, combined adjuvants show great promise in the development of adjuvants in the future. For example, AS01B is one type of combined adjuvant that is composed of a liposome, MPL and QS21 and AS01B has been employed in a recombinant herpes zoster vaccine, Shingrix. It reduced the risk of herpes zoster infection by 97.2% in an elderly population aged 50 years and older and by 96.6–97.9% for all age groups (Syed, 2018). However, the efficacy of the marketed live attenuated herpes zoster vaccine Zostavax was only 69.8% in the population aged 50–59 years, and it was even lower in the elderly population aged over 60 years (James et al., 2018). Therefore, combined adjuvants showed the tremendous potential in boosting immune response of vaccines.
The safety of combined adjuvants is also very important. However, the saponin QS21 in AS01B adjuvant can cause injection-site pain and myalgia (Syed, 2018). Saponins are natural glycosides of steroid or triterpene which exhibited many different biological and pharmacological activities (Sun et al., 2009). Panax ginseng is an edible plant with medicinal effects, such as antitumour, anti-fatigue, immune boosting and anti-aging (Lee and Lau, 2011; Patel and Rauf, 2017). Ginsenoside is an important component of Panax ginseng, and it is a type of immunomodulator that has a wide range of pharmacological activities and significant effects on cardiovascular, central nervous system, endocrine and immune systems (Shin et al., 2015; Ni et al., 2016). Ginsenosides are divided into three types according to the chemical structure of their aglycone: 1) ginsenediol saponins, including Ra1, Ra2, Ra3, Rb1, Rb2, Rb3, Rc and Rd; 2) ginsentriol saponins, including Re, Rf, Rg1, Rg2, Rh1 and notoginsenoside; and 3) ginsenoside of oleanolic acid as a glycoside (Li et al., 2019). Rg1 (Figure 1A) is the main component of ginseng, and it belongs to the protopanaxatriol type (PPT), which has antitumour and steroid hormone effects and improves the non-specific immune function of mice via an unclear mechanism of action. Rg1 plus oil significantly upregulated TLR2 expression but decreased the level of NF-κB in splenocytes. Rg1-oil adjuvant may increase the levels of IL-2 and IL-4 by upregulating TLR2, thus enhancing the immune effect of B. bronchiseptica vaccine in rabbits (Chenwen et al., 2021).
[image: Figure 1]FIGURE 1 | Preparation and characterization of PF3. (A). Chemical structure of ginsenoside Rg1. (B). Schematic illustration of PF3 preparation process. (C,D). Size and Zeta potential of PF3 after 0, 3, 8 and 12 weeks of storge at the indicated temperature. (E). Appearance of aluminium hydroxide and PF3 after 0 or 12 weeks of storge at the indicated temperature. (F). TEM images of aluminium hydroxide (a) and PF3 (b). Scale bar represents 100 nm.
Although the traditional hepatitis B vaccines with aluminum adjuvants can induce high titers of anti-HBs, they cannot cause an adequate cellular immune response to effectively protect hepatocytes from hepatitis B virus (HBV) invasion (Xu et al., 2015). The immune response initiated by the T-cell response to viral antigens is thought to be fundamental for viral clearance and disease pathogenesis in HBV infection (Jung and Pape, 2002). With the development of nanotechnology, nano adjuvants have more advantages, such as enhancing the ability of helping more antigens to enter lysosomes of innate immune cells, or achieving step-by-step multiple stimulus-responsive drug delivery which is similar to that of nanoparticle development in tumor treatment (Yi et al., 2022). In order to overcome weak cellular immunity of aluminum adjuvant, a new nano adjuvant (PF3) was constructed by dynamic high-pressure microfluidization in the present study (Figure 1B). The PF3 is stored at 4°C in solution form as a kind of oil-in-water nano adjuvant. The PF3 consists of ginsenoside Rg1, a natural plant-based immune stimulant, and the MF59-like NE, a nano emulsion which has been marketed and used safely for many years (O'Hagan et al., 2012; O'Hagan et al., 2013; Orsi et al., 2013; Schaffner et al., 2018). Similar to aluminum adjuvant, MF59 induced weak cellular immunity (Del Giudice et al., 2018). The prepared nano adjuvant provided a more comprehensive and balanced humoral and cellular immunologic response and an expected better choice of compound adjuvant for hepatitis B virus than traditional aluminum adjuvant. Moreover, PF3 displayed synergy with Hepatitis B surface antigen (HBsAg) which enhanced cell-mediated immune response. Additionally, PF3 performed excellent biocompatibility in vivo with well-controlled immunogenicity and it has good accessibility, low cost and high purity. We anticipate that the new nano PF3 may serve as a safe, accessible and efficient adjuvant.
MATERIALS AND METHODS
Adjuvants Preparation, Antigen, Reagents and Sample for Immunization
Aluminium hydroxide was purchased from Beijing Institute of Biological Products Co., Ltd. (Beijing, China). PF3 (3.9% squalene, 0.47% polysorbate 80 and 0.47% sorbitan trioleate, 0.01% Rg1) was prepared through dynamic high-pressure microfluidization (Microfludics, USA) with the pressure of 10000psi by 7 cycles. Specifically, the oil phase containing squalene and sorbitan trioleate and the water phase containing polysorbate 80 and Rg1 were prepared respectively, then the two were mixed into coarse emulsion, and then the PF3 was prepared through dynamic high-pressure microfluidization. Each batch of PF3 can be up to 20 L in production scale. Squalene, polysorbate 80 and sorbitan trioleate were purchased from Nanjing Weir Pharmaceutical Co., Ltd. (Nanjing, China) and they are all medicinal grade. Ginsenoside Rg1 (purity 99.44%, HPLC) was purchased from Chengdu MUST Bio-Technology Co., Ltd. (Chengdu, China).
Hepatitis B surface antigen (HBsAg) was purchased from the Beijing Institute of Biological Products Co., Ltd. (Beijing, China). HRP Conjugated Goat anti-Mouse IgG1 and IgG2a were purchased from Bethyl Laboratories, Inc. (Montgomery, TX, USA). Anti-HBs kit was purchased from Beijing WANTAI Biotech CO., Ltd. (Beijing, China). Flow cytometry kit was purchased from BD (BD, USA). All other chemical reagents are products of analytically pure grade.
For the preparation of samples for immunization, PF3 (100 μg/ml target concentration of Rg1) was mixed 1:1 v/v with HBsAg antigen (5 μg/ml target concentration).
Physiochemical Characteristics and Stability of PF3
The particle size, PdI and Zeta potential of PF3 at different time points (weeks 3, 8, and 12) at 4 and 37°C were determined to delineate the physical characteristics and stability. Particle size, PdI and Zeta potential were determined using the ZetaSizer Nano ZS90 dynamic light scattering instrument (Malvern Instruments, United Kingdom). For transmission electron microscopy (TEM,JEOL, Japan) images of PF3 and aluminium hydroxide, first, put a drop of sample (about 30 μl) to the supporting film, stay for about 10min, then put the dried supporting film on the sealing film, put a drop of uranium dioxy acetate dye, stay for 90s, and then dry on the filter paper for 3 h for observation.
Mice and Method of Euthanasia
Eight-week-old, specific pathogen free (SPF) female BALB/c mice were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China) and randomly divided into several different groups, with starting weights between 16 and 18 g. The experiment personnel are blind to each immunized group. The Animal Ethics Committee of the National Vaccines and Serum Institute (AECNVSI) approved the animal experiments and all procedures. Mice were euthanized via an intraperitoneal injection of 80 mg/kg sodium pentobarbital (Serva, Germany) and blood or spleens were collected.
Grouping of Mice and Immunization Procedures
The mice were divided into 3 groups of 10 mice: S(HBsAg), S + Al(OH)3 and S + PF3. Mice were immunized at weeks 0 and 3 via intramuscular injection, 0.5 μg/100 μl HBsAg per mouse for one dose, and blood was collected from 5 mice per group 3 weeks after immunization for the quantitative detection of anti-HB antibodies and IgG1 and IgG2a antibody subclass detection using enzyme-linked immunosorbent assay (ELISA). One week after booster immunization, the spleens of 5 mice per group were collected for enzyme-linked immunospot assay (ELISpot) and intracellular cytokine staining (ICS) testing using fluorescence-activated cell sorting (FACS).
Determination of Serum Anti-HBs and IgG1 and IgG2a Antibody Response
Serum anti-HBs and IgG1 and IgG2a antibody levels were determined using indirect ELISA kits. Serum was collected 3 weeks after immunization. Quantitative detection of anti-HBs (mIU/ml) antibodies was performed using commercially available ELISA kits. For IgG1 and IgG2a (ng/ml) antibody determination, ninety-six well plates were coated with 1 μg/ml HBsAg overnight, and the plate was blocked with 2% bovine serum albumin (BSA) for 1 h then washed 5 times with 1‰ Tween 20-PBS. The initial series of diluted mouse serum was added and incubated at 37°C for 1 h. After washing, HRP-labelled sheep anti-mouse IgG1 or IgG2a antibodies (1:10,000 dilution) were added, and incubated at 37°C for 1 h. A chromogenic solution (containing substrate A hydrogen peroxide and substrate B tetramethylbenzidine (TMB)) was added and incubated at 37°C for 10 min and the termination solution was added. The absorbance value at dual wavelengths of 450/630 nm was read. Four Parameter Logistic (4 PL) Regression was used to calculate the IgG1 and IgG2a antibody concentration (ng/ml).
Determination of Cell-Mediated Immune Response
Specific T-cell responses to HBsAg were measured using ELISpot and ICS. One week after the booster immunization, mice were sacrificed. Splenocytes were isolated from the spleen and stimulated with a specific S peptide (S28-39, IPQSLDSWWTSL, H-2d restricted). Briefly, for ELISpot, mice spleen cells were isolated and added into each well with 50,000 cells and 1 μg stimulating peptide per well. ConA was used as positive control. After incubation at 37°C for 20 h, biotin-labeled antibody (Mabtech, Sweden; IFN-r or IL-2) was added, followed by substrate coloration, water washing terminated, and plate reading counting after drying. For ICS, 250 μl of flow fluid (2% FBS PBS) was added to each well of the 96-well cell plate, and centrifugation was performed at 200 g for 5 min. Then, 50 μl of FITC-CD8 (BD, USA) and PerCP-CD3 (BD, USA) dyes were added to each well for surface dyeing. After centrifugation at 200 g for 5 min, 250 μl of flow fluid was added to each well, and 100 μl Fixation/Permeabilization solution (BD, USA) was added each well. The reaction was performed at 4°C for 20 min in the dark. Then, 50 μl of PE-IFN-γ and APC-IL-2 dyes (BD, USA) diluted in Perm/Wash buffer (BD, USA) were added to each well. After washing, 200 μl of flow solution was added to each well, and the results were detected using flow cytometry (BD FACS Canto™ II, USA). PMT voltages are as follows, P2 385V, P3 607V, P4 565V, P5 557V, P7 668V. Data are presented as the means ± SD and are representative of one of two independent experiments with similar results.
Safety
The safety of the new nano adjuvant PF3 was evaluated using changes in body weight and histopathological changes of heart, liver, spleen, lung and kidney by HE staining of sections 7 days after injection. Meanwhile, histopathological changes at the intramuscular injection site were observed at 4 and 72 h. The injection dose for safety was the same as the immunoassay.
Statistical Analysis
GraphPad Prism 8.0 software (GraphPad Software Inc., San Diego, CA, USA) was used for data analyses and statistical tests. The data were measured with mean standard deviation. Means were compared using Student-t test and one-way analysis of variance (ANOVA) followed by a Tukey-Kramer post hoc test using a 95% confidence interval. p values of less than 0.05∗, 0.01∗∗, 0.001∗∗∗ and 0.0001∗∗∗∗ were considered as statistically significant.
RESULTS
PF3 has Stable Physiochemical Characteristics
In order to evaluate the physicochemical stability of PF3, particle size and Zeta potential were measured at 4 and 37°C, the latter is a destructive condition for acceleration. The tolerance and stability of PF3 formulation were investigated to provide data supporting for long-term storage at 4°C. The particle size of PF3 was 168.1 nm and the Zeta potential was -22.8mV at 4°C. The results of particle size and Zeta potential at 37°C at different time (3, 8 and 12 weeks) showed that PF3 displayed relatively stable physicochemical characteristics (Figures 1C,D). There was no obvious change in appearance of aluminium hydroxide and PF3 after 0 or 12 weeks of storge at 4°C or 37°C. These results suggest that PF3 may be stored stably at 4°C for a much longer time. The results of TEM showed that PF3 presented uniform nanoparticles, while the aluminum hydroxide presented irregular particles of uneven size (Figure 1E), which is similar to the DLS results (particle size 168.1 ± 2.483nm, PdI 0.128 ± 0.007 for PF3; particle size 12,980 ± 289.9nm, PdI 0.395 ± 0.006 for aluminum hydroxide).
PF3 Enhanced the Antibody Responses to HBsAg
It is well known that the aluminum adjuvant has a strong humoral immunity enhancing effect, and the anti-HBs antibodies play an important role in clearing viral infection. For the immunopotentiation of the PF3 adjuvant to HBsAg, the humoural immunity results 3 weeks after 1 dose showed that the PF3 had a significantly higher mean serum antibody level than aluminium hydroxide (1552.74 vs. 268.35, 5.79 times;p < 0.01; Figure 2A). IgG1 and IgG2a level in serum showed similar results, the serum IgG1 (1623923.00 vs. 587,830.25, 2.76 times) and IgG2a (209,790.85 vs. 5344.41, 39.25 times) level of the PF3 was significantly higher than aluminium hydroxide (p < 0.01 and p < 0.0001, respectively; Figures 2B,C). Therefore, PF3 showed a higher humoral immune-enhancing effect than aluminium hydroxide for the hepatitis B virus, and the higher IgG2a levels suggested that the Rg1 in the PF3 may play an enhanced cellular immunity role as a stimulus molecule for HBsAg to a much higher extent (Figure 2C).
[image: Figure 2]FIGURE 2 | Serum anti-HBs and IgG1 and IgG2a antibody levels of mice and specific T-cell responses measured using ELISpot and ICS immunized with HBsAg combined with different adjuvants. BALB/c mice (n = 5) were immunized intramuscularly with HBsAg (5 μg/ml) combined with Al (500 μg/ml), PF3(50 μg/ml) or Rg1 (50 μg/ml). (A). anti-HBs (mIU/ml); (B,C). IgG1 and IgG2a (ng/ml); (D,E). ELISpot IFN-r and IL-2; (F–H). ICS IFN-r and IL-2. Data are presented as the means ± SD and are representative of one of two independent experiments with similar results. Note: ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 and ∗∗∗∗p < 0.0001.
PF3 Enhanced the Cell-Mediated Immune Response to HBsAg
Although aluminum adjuvant has a strong humoral immunity enhancing effect, it has a weak cellular immunity effect. To assess the ability of PF3 to elicit a cellular immune response when administered intramuscularly with HBsAg, PF3-induced IL-2 and IFN-γ (as markers of the Th1 response) secreting cells in the spleen were detected using ELISpot and ICS. As shown in Figures 2D,E, mice vaccinated with PF3 produced significantly higher counts of specific IFN-γ and IL-2-expressing cells (SFCs, Spot Forming Cells) than aluminium hydroxide (978.50 vs. 113.75, 8.60 times for IFN-γ; 715.50 vs. 62.00, 11.54 times for IL-2; p < 0.0001 and p < 0.0001, respectively). The results of ICS were similar to ELISpot. IFN-γ, IL-2 and IFN-γ/IL-2 expression in CD8+ T cells of the PF3 group showed a significantly higher enhancement than the aluminium hydroxide (0.35 vs. 0.05%, 6.87 times for IFN-γ; 0.71 vs. 0.01%, 94.00 times for IL-2; 0.33 vs. 0.05%, 6.89 times for IFN-γ/IL-2; p < 0.01, p < 0.01 and p < 0.01, respectively. Figures 2F–H). These results suggest that PF3 can significantly improve the cellular immunity against HBsAg compared with aluminum adjuvant.
PF3 is Safe in Mice
Changes in morphology and inflammatory cell infiltration of the major organs including the heart, liver, spleen, lungs, and kidneys were observed 7 days after injection of the PBS, Alum or PF3. The histopathological results showed that PBS group were normal and almost no inflammatory cell infiltration 72 h after intramuscular injection. No evident pathology was found in the major organs and no significant difference was observed between the PF3 group and the aluminum hydroxide group (Figure 3A). No significant differences were observed of histopathological change at the intramuscular injection site at 4 and 72 h between the PF3 group and the aluminum hydroxide group (Figure 3B). As indicated in Figure 3C, the body weight of mice showed a steady increase trend among the three groups, and no significant difference was observed. Therefore, PF3 exhibited well-controlled immunogenicity and acceptable biosafety as a kind of HBV vaccine adjuvant candidate.
[image: Figure 3]FIGURE 3 | PF3 is Safe in Mice. (A) Representative images of biocompatibility evaluations via H&E staining of vital organ sections. Scale bar represents 100 µm. (B) HE staining of muscle at different time after intramuscular injection. (C) Change of the body weight of BALB/c mice (n = 3).
DISCUSSION
Hepatitis B is a kind of infectious liver disease caused by hepatitis B virus, mainly including acute hepatitis and chronic hepatitis. While HBV may also cause cirrhosis and primary liver cancer. Hepatitis B has become a major global health problem, infecting nearly 350 million people worldwide and killing about 60,000 of them each year (Rein et al., 2012). Hepatocellular carcinoma (HCC) accounts for 70–90% of primary hepatic carcinoma cases (Yu and Yuan, 2004). It is the third leading cause of cancer-related deaths worldwide and is expected to get worse in the coming years (Venook et al., 2010). So far, hepatitis B Vaccine (HepB) is the most effective way to prevent HBV infection and transmission, with an effective rate of 85–95%. However, there are still 5–10% of the population with no response or low response. The risk groups for poor response include those with immunosuppression or dialysis-dependent or end-stage renal disease. Therefore, immunogenicity enhanced vaccines are needed to protect them from hepatitis B infection (Saco et al., 2018). In addition, the level of anti-HBs decreased with the increase of time after vaccination, with the fastest decline in the first year after immunization and gradually decreased thereafter. The persistence of antibody was positively correlated with the peak response after the initial vaccination (Honorati et al., 1999). Cellular immunity is also important for hepatitis B virus clearance, and one reason for the weak cellular immunity of aluminum adjuvants is that antigens are processed through the lysosomal pathway and presented via major histocompatibility complex II (MHC-II), instead of cross-presentation for MHC-I-mediated cellular immunity (Peng et al., 2020). To achieve the complete clearance of HBV, it is vital to augment strong cellular immunity and cytotoxic T lymphocytes (CTLs) (Hu et al., 2020).
Although there are a variety of new adjuvants developed, they also have some inevitable shortcomings, such as the need to improve the stability of liposomes, some adjuvants have strong adverse reactions, some are poor in water solubility, and some cost too much and are complicated to prepare.
The present study showed that PF3 induced stronger humoral immunity and cellular immune response than aluminium hydroxide when combined with the HBsAg antigen. Besides, it induced higher IgG2a, IFN-γ and IL-2 levels, which means that it may induce a more balanced Th1/Th2 response that compensates for the weak Th1-type response induced by aluminium hydroxide. Moreover, PF3 also showed a strong cellular immune enhancement on VZV (varicella zoster virus) recombinant gE antigen, demonstrated by the method ELISpot and flow cytometry ICS (data not shown), which suggest that PF3 can be a potential candidate adjuvant for recombinant herpes zoster vaccine. In addition, PF3 had no obvious inflammation in the major organs, exhibiting comparable safety to aluminium hydroxide. In terms of ginsenosides, they have strong efficacy and good safety in antitumour and other aspects (Huang et al., 2017). Moreover, it is easy to extract and purify with very high purity and lower costs for Rg1. In terms of safety, the PF3 infiltration of inflammatory cells at the intramuscular injection site recovered better at 72 h than at 4 h compared with aluminum hydroxide (Figure 3B). These results suggest that PF3 have a faster inflammatory recovery at the site of intramuscular injection than aluminum hydroxide.
In conclusion, our data demonstrated that the new nano adjuvant PF3 produced a range of immunological adjuvant effects in HBsAg immunized mice and better humoral and cellular immunity than aluminum adjuvant. PF3 also showed favourable safety characteristics and acceptable stability. Because of easy preparation, low cost, simple dosage form and water soluble, PF3 could be combined with other antigen to construct novel vaccines to induce strong immune response.
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Tumor metastasis is one of the main causes of cancer incidence and death worldwide. In the process of tumor metastasis, the isolation and analysis of circulating tumor cells (CTCs) plays a crucial role in the early diagnosis and prognosis of cancer patients. Due to the rarity and inherent heterogeneity of CTCs, there is an urgent need for reliable CTCs separation and detection methods in order to obtain valuable information on tumor metastasis and progression from CTCs. Microfluidic technology is increasingly used in various studies of CTCs separation, identification and characterization because of its unique advantages, such as low cost, simple operation, less reagent consumption, miniaturization of the system, rapid detection and accurate control. This paper reviews the research progress of microfluidic technology in CTCs separation and detection in recent years, as well as the potential clinical application of CTCs, looks forward to the application prospect of microfluidic technology in the treatment of tumor metastasis, and briefly discusses the development prospect of microfluidic biosensor.
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1 INTRODUCTION
Despite decades of deepening understanding of cancer, cancer is still one of the leading causes of death worldwide. It is estimated that the number of cancer cases may increase by 60% in the next two decades. Among them, the growth rate of low—and middle-income countries may be as high as 81% (Wild et al., 2020). The burden of cancer is increasing in all countries, and the cancer burden in low—and middle—income countries is expected to double in the next decade. Without further action, millions of people will die prematurely from cancer in the next decade. Cancer metastasis refers to cells spreading from the primary focus to the distal organs. It is one of the main causes of cancer death (Suhail et al., 2019). Circulating tumor cells (CTCs) are defined as cancer cells that depart from solid tumor lesions and enter the blood, originally discovered by Ashworth (Shen et al., 2017). CTCs are not the only tumor derivative in the circulation, but they contain many metastatic precursors, which is very important for disease progression (Castro-Giner and Aceto, 2020). Clinical circulating tumor cells mainly refer to diverse tumor cells in peripheral blood. Understanding CTCs is helpful to explore the mechanism of primary tumors and metastatic lesions. Early diagnosis of circulating tumor cells (CTCs) can effectively identify patients who need further systemic treatment after initial tumor resection. CTCs detection mainly detects the content of various tumor cells in peripheral blood through capture to detect the changing tendency of CTCs type and quantity and subsequently monitor the dynamic evaluation of tumor treatment effect in real-time. The circulating tumor cells in peripheral blood can be used to help judge the cancer complications of patients. However, the content of CTCs in human blood is infrequent. The contents of red blood cells, white blood cells, and platelets can reach 5 × 109/ml, 4 × 106/ml, and 3 × 108/ml, while CTCs are usually only 0–10/ml (Yu M. et al., 2013). Moreover, tumor cells can constantly transform their characteristics through epithelial mesenchymal transformation and interstitial epithelial-transformation in metastasis. Due to its scarcity, heterogeneity and the interference of complex matrix in blood, the precise detection of CTCs has become an enormous issue.
Currently developed CTCs detection methods, including immunofluorescence (Ramirez et al., 2019; Lin and Chang, 2021), fluorescence in situ hybridization (Cheng et al., 2019), reverse transcription-polymerase chain reaction (RT-PCR) (Yang et al., 2017; Tong and Wang, 2019), real-time fluorescence quantitative PCR (Guo et al., 2015), flow cytometry (Galanzha and Zharov, 2013; Ruiz-Rodríguez et al., 2021), immunofluorescence in situ hybridization and immunohistochemical staining (Yu et al., 2020; Guo et al., 2019; Wu et al., 2020a), are challenging to meet the requirements of direct detection in detection limit and sensitivity. Therefore, some sample pretreatment methods are usually used to separate and enrich CTCs before detecting CTCs in peripheral blood. In the process of sample pretreatment to realize the separation and enrichment of CTCs, as these methods are discontinuous, it is inevitable to cause the loss of cells in adsorption, elution, and transfer. Additionally, the scarcity of CTCs can easily lead to false-negative results. Moreover, most CTCs detection technologies are time-consuming, require skilled operators and high-tech instruments. Moreover, the detection of CTCs is still challenging due to their low concentration and heterogeneity in blood samples. Therefore, there is an urgent need to develop novel technologies to make the separation and detection of CTCs more convenient, accurate, and noninvasive.
In recent years, microfluidic technology has attracted considerable interest in CTCs detection. Microfluidic technology is characterized by a micro-manufacturing structure, which usually manipulates the fluid with high flux and sensitivity on the micron scale (Cao et al., 2021). With the remarkable progress of micro-machining methods, the microfluid platform has significant advantages such as low cost, good micro-structure, reduced sample consumption, rapid fluid processing, good detection sensitivity, and so on, and is applied to the primary and applied research of oncology (Lin et al., 2020; Pei et al., 2020a). Microfluidic technology makes it possible for rapid and reliable sample separation and high selectivity and sensitivity detection of CTCs. This paper looks forward to the microfluidic CTCs detection system, which is significant for biomedicine and its application in early cancer diagnosis.
2 MICROFLUIDIC TECHNOLOGIES FOR CTCS SEPARATION
Microfluidic technology is a new technology used in the primary and applied research of cancer metastasis for decades. A microchannel with a small size is used to accurately control a small volume of liquid or process multiple samples in an integrated bioreactor simultaneously. Compared with traditional methods, it has the advantages of automatic operation, reasonable sensitivity, and throughput, which makes it possible to construct structures on the cell scale. In the past decade, microfluidic platforms based on functional microchannel have been developed to separate CTCs. As a miniaturized analysis, it realizes the one-step process of sample collection, loading, separation, and analysis to significantly reduce the processing time and improve the opportunity to capture CTCs. A microfluidic platform can hinder the interaction between cell and antibody by accurately controlling the direction and speed of fluid flow, which directly impacts the capture efficiency. In addition, it is a simple tool to integrate other technologies/materials (such as ceramics, metals, and polymers) to improve the analysis efficiency of CTCs.
With the growth of solid tumors and specific changes in the surrounding microenvironment, some tumor cells will obtain abnormal activity ability, that is, epithelial-mesenchymal transformation (EMT). These cells shed from the primary tumor and find a new foothold in the body. These tumor cells will be brought to various body parts through the blood system or lymphatic system, and the tumor cells shed through the blood circulation are CTCs. When they reach an appropriate target, they will become malignant reproductive machines. This is the hematogenous metastasis of the tumor from the primary site to the secondary tumor. Therefore, after obtaining the patient’s blood, we first need to separate and enrich the CTCs, analyze the characteristics of these CTCs, and then give the appropriate treatment strategy. However, the content of CTCs in the human circulatory system is shallow (Zou and Cui, 2018). There are only 1∼10 CTCs per ml of the whole blood in patients with tumor metastasis. Therefore, to realize the detection of CTCs, sorting, and enrichment are crucial steps. CTCs’ separation and enrichment will directly affect subsequently detection effect. Therefore, CTCs sorting and enrichment with high purity, high sensitivity (without losing CTCs), fast and high cell activity is the focus and difficulty of CTCs clinical application.
The enrichment of CTCs can be divided into the positive enrichment method of capturing CTCs and the negative enrichment method of removing leukocytes. The positive enrichment method mainly includes affinity and physical enrichment methods. The affinity enrichment method mainly utilizes a specific antibody to combine with tumor cell surface antigen to enrich CTCs specifically. The physical enrichment method mainly screens out CTCs according to their physical characteristics, such as size, density, mechanical and dielectric properties. Due to the slight size difference between leukocytes and CTCs, leukocytes are often the chief interference factor in sorting CTCs in blood. Therefore, leukocytes can be selectively isolated to achieve the purpose of CTCs enrichment, that is, the negative enrichment method.
2.1 Positive Enrichment
2.1.1 Enrichment Based on Biological Affinity
The affinity enrichment method mainly separates target cells through the antigen expression on the cell surface, tissue-specific membrane antigens or peptides, and aptamers to capture CTCs.
2.1.1.1 EpCAM Specific Recognition
CTCs can be divided into epithelial CTCs, mesenchymal CTCs, and mixed phenotype CTCs (Pan et al., 2019), in which epithelial markers are expressed on normal epithelial cells and epithelial tumors but not on interstitial leukocytes. Therefore, they are often distinguished between cancer cells and normal blood cells. Epithelial cell adhesion molecule (EpCAM) is a transmembrane glycoprotein expressed in most solid cancers, so it is one of the most widely used surface markers for CTCs enrichment (Eslami-S et al., 2020; Ahmed et al., 2017; Thege et al., 2014). The EpCAM antibodies can be immobilized on the surface of microchannels, micropores, or other nanostructures to achieve positive capture of CTCs. In 2007, the Toner group reported the first Immunocapture platform CTCs chip, which consists of a series of EpCAM coated micropores and can separate CTCs from whole blood with high sensitivity and high activity. It can be used to capture CTCs from peripheral blood of patients with lung, breast, prostate, pancreatic, and colon cancer metastases (Nagrath et al., 2007). Since then, the microfluidic platform based on EpCAM has developed rapidly. Subsequently, the above group developed a herringbone chip (HB chip), whose unique structure maximizes the collision between cancer cells and the EpCAM coating surface in the microchannel (Stott et al., 2010). Further, Nagrath et al. designed graphene oxide nanosheets on the EpCAM antibody coating for positive CTCs selection (Figure 1A). The improved CTCs chip obtained an average of 73% CTCs capture efficiency from whole blood samples of lung, breast, and pancreatic cancer patients (Yoon et al., 2013). However, a technical challenge of the microfluidic platform is that blood cells pass through the platform in a straight-line streamline with a low Reynolds number, resulting in limited interaction between CTCs and antibodies coated on the surface of the microchannel, thus reducing the capture efficiency. Although the microcolumn array in the CTCs chip developed by Nagrath et al. effectively destroys the laminar flow to improve the interaction between CTCs and antibodies, it is still challenging to capture and target CTCs at different heights along the microcolumn. Therefore, geometric enhancement attracted people’s attention to increase the contact probability between cells and antibody functionalized surfaces. For example, the Soper group proposed a curved microchannel structure coated with EpCAM antibodies to improve the isolation performance of CTCs (Jackson et al., 2014). In addition, an integrated microfluidic platform composed of a triangular microcolumn array allows CTCs to be captured with continuous throughput, efficiency, and purity (Liu et al., 2013) (Figure 1B). Combining the deterministic lateral displacement (DLD) chamber and the anti-EpCAM based capture method, more than 90% capture rate and 90% purity of live CTCs were observed in the added blood samples.
[image: Figure 1]FIGURE 1 | Schematic illustration of the EpCAM specific recognition chips. (A) The GO chip (Yoon et al., 2013); (B) The deterministic lateral displacement (DLD) chip (Liu et al., 2013); (C) The NanoVelcro CTC chip (Lu et al., 2013); (D) The microchip designed for immunomagnetic detection of cancer cell (Hoshino et al., 2011); (E) The magnetic nanospheres (MNs) based microfluidic device (Tang et al., 2016); (F) The wavy-HB microfluidic device (Shi et al., 2017)
Due to the high surface area volume ratio, compatible capture and release ability, nanomaterials provide a high collision probability for antibodies and CTCs (Park et al., 2017; Wu C. et al., 2019; Shi et al., 2022; Yi et al., 2022; Liu et al., 2022; Liu J. et al., 2021), which can help improve the sensitivity and specificity of capture, and have attracted extensive attention in the separation of CTCs (Wongkaew et al., 2018; Wu and Qu, 2015; Zhu G. et al., 2021; Naskar et al., 2020; Chandankere et al., 2020). So far, carbon nanotubes (CNTs) (Cho H. et al., 2018; Zhang P. et al., 2019; Poudineh et al., 2017), graphene oxide (GO) (Chen et al., 2012; Yoon et al., 2013; Yu X. et al., 2013; Yoon et al., 2016), gold nanoparticles (AuNP) (Park et al., 2017), nanocolumns (Lin et al., 2014; Shi et al., 2022) and TiO2 nanofibers (Zhang et al., 2012) have been widely used in affinity group capture methods (Zhao et al., 2016; Cai et al., 2017; Wongkaew et al., 2018). NanoVelcro CTCs chip is a representative nanostructure microfluidic platform. It uses siliceous nanowire substrate (SINS), so that the interaction between SINS and cells can be similar to Velcro (Wang et al., 2011; Jan et al., 2018). The results demonstrate that compared with a planar siliceous substrate, the capture efficiency of anti-EpCAM coated SINS is significantly improved. Fan group has developed a microfluidic platform with gold nanoparticles assembled with multivalent DNA aptamers to efficiently separate CTCs from blood (Sheng et al., 2012). In addition, the Zhao group also developed an antibody functionalized electrospun TiO2 nanofiber (TiNF) matrix for CTCs capture (Zhang et al., 2012). Lu et al. introduced a nanovelcro CTCs chip containing silicon nanowires and a pattern substrate to enumerate CTCs in prostate cancer (Lu et al., 2013) (Figure 1C). They proved its clinical utility in continuous CTCs enumeration of prostate cancer patients and the effectiveness of continuous CTCs enumeration in monitoring cancer progression.
Immunomagnetic enrichment is also a widely used CTCs separation method in a microfluidic platform, which enriches CTCs from blood cells using magnetic particles labeled with anti-EpCAM. With the introduction of a microchip based on Polydimethylsiloxane (PDMS), the Hoshino group proposed an immunomagnetic-based microchip to capture CTCs under a magnetic field (Figure 1D), which combines the dual advantages of magnetophoresis enrichment and microfluidic technology (Hoshino et al., 2011). Continuous operation and improved throughput make PDMS-based immunomagnetic microchannel promising to capture cells. Zhang group has developed a microfluidic device based on magnetic nanospheres (MNS) to capture tumor cells (Figure 1E). The device integrates the functions of the magnetic microfluidic chip and immunomagnetic nanospheres (IMN), forming a new and stable IMN mode (Tang et al., 2016). Liu group has developed a microfluidic device with a wavy HB structure (Figure 1F). Under the external magnetic field, the magnetic particles of anti-EpCAM coating are fixed on the wavy HB surface to capture tumor cells (Shi et al., 2017). Poutine et al. used magnetic grading cytometry to analyze CTCs according to the surface expression phenotype of CTCs. Whole blood samples were processed using microfluidic chips, and then CTCs subsets were captured by controlling magnetic field strength and fluid flow rate based on the number of magnetic nanoparticles labeled on a single cell. The higher EpCAM expressing cells are captured in the higher linear velocity region, while the lower EpCAM expressing cells with fewer magnetic nanoparticles are captured in the lower linear velocity region (Poudineh et al., 2017). By using magnetic nanoparticles to separate and release recovered CTCs, the loss of live CTCs can be reduced without adding biotin. At the same time, this technology can reduce the damage to CTCs in the isolation process and maintain the high throughput of capture performance (Qian et al., 2015).
2.1.1.2 Tissue Specific Membrane Antigen Recognition
In addition to the EpCAM specific recognition, other approaches based on tissue-specific membrane antigens, such as prostate-specific membrane antigen (PSMA) of prostate cancer and epidermal growth factor receptor 2 (HER2) of breast cancer, have been designed to uniquely separate tissue-specific tumor cells from blood (Santana et al., 2012). In 2010, the Kirby group developed a geometrically enhanced differential immune capture chip (GEDI), used to separate prostate CTCs using PSMA. Its purity is higher than EpCAM coated CTCs chip and opens up a stage for capturing CTCs using tissue-specific antibodies other than EpCAM (Gleghorn et al., 2010). Subsequently, the group combined EpCAM and mucin 1 (MUC1) in a GEDI (Figure 2A), which was shown to be more effective than a single marker (Thege et al., 2014). Different antibodies or antibody mixtures used to capture CTCs can obtain populations that a single capture ligand may miss, so this method is becoming increasing popular. It is reported that another geometrically enhanced differential immune capture (GEDI) microfluidic platform designed by Kirby et al. can promote the collision frequency between CTCs and antibody functionalized microcolumn and reduce nonspecific leukocyte adhesion to enhance the enrichment of CTCs (Kirby et al., 2012) (Figure 2B). In this platform, prostate-specific membrane antigen (PSMA) introduces cross barriers to effect size-dependent cell trajectories to increase capture opportunities. The results showed that the capture efficiency of the GEDI microfluidic platform coated with anti PSMA was 97 ± 3%.
[image: Figure 2]FIGURE 2 | Schematic illustration of membrane antigen and aptamer recognition based chips. (A) A GEDI device combined EpCAM and MUC1 detection (Thege et al., 2014); (B) A GEDI microfluidic device for whole blood detection (Kirby et al., 2012); (C) A FET chip for CTC trapping by bonding CTCs to specific aptamer (Chen et al., 2019).
2.1.1.3 Aptamer Recognition
Compared to antibodies, the aptamer is a small oligonucleotide (such as DNA, RNA and polypeptide), which is easy to bind to molecular and cellular components (Song et al., 2019). They can also be used to specifically recognize target molecules on the cell surface and further integrate into CTCs capture (Bai et al., 2014; Wu L. et al., 2019; Wu et al., 2020b,). Systematically evolved through the exponential enrichment (SELEX) process, the ligands are easy to synthesize and separate. They have high sensitivity and specificity, which is the key feature of aptamers for separating CTCs (Zamay et al., 2019). For example, Lee Group has developed a new microfluidic platform that integrates field-effect transistors (FETs) and chambers for automatic detection and counting of CTCs (Figure 2C). Only target cells bound to a specific aptamer on the FET sensor array can be enumerated (Chen Y. H. et al., 2019). In addition, aptamer functionalized nanostructures were introduced to increase the topographic interaction between targeted CTCs and the surface of specific antibody coating to restore the separation of CTCs. It has satisfactory capture efficiency (Cai et al., 2017; Yu et al., 2019; Fraser et al., 2019).
Although the positive separation method of biological affinity can separate CTCs with a high efficiency and purity, due to the heterogeneous expression of specific surface markers, the ability to target CTCs is limited, and the potentially important CTCs subsets are lost. In addition, affinity-based strategies require sufficient time to prepare samples and sufficient interaction between cells and antibodies, resulting in reduced cell viability and throughput.
2.1.2 Enrichment Based on Physical Screening
According to the differences between CTCs and other blood cells in physical properties such as cell size, density, charge, and deformation ability, CTCs can be screened without biomarkers. Compared with the biological affinity method, the experimental operation of the physical screening method is often simpler without chemical modification and biomarkers; therefore, it has little effect on cell activity. Physical screening methods include active separation methods using external physical fields, such as dielectrophoresis (Augustsson et al., 2012; Alshareef et al., 2013; Aghaamoo et al., 2019), surface acoustic wave (Antfolk et al., 2015; Magnusson et al., 2017), optical tweezers technology (Hu et al., 2019), and passive separation methods with or without external force intervention using inertial effect (Tanaka et al., 2012; Sollier et al., 2014; Warkiani et al., 2014) and viscoelastic effect (Tian et al., 2018; Lim H. et al., 2019) in microscale hydrodynamics.
2.1.2.1 Active Separation Methods
The active separation mainly separates CTCs by imposing an external field source manipulating cells. The interaction between dielectric particles and the electric field (Dielectrophoresis, DEP) can be used for cell separation, sorting, and capture (Kwizera et al., 2021). Due to the difference in dielectric properties, such as polarization constant between different kinds of cells, cells can be distinguished by applying an appropriate electric field. Jahangiri et al. (2020) completed the separation of CTCs and blood cells from different kinds of breast cancer by applying a low-frequency alternating current (AC) electric field on the chip (Figure 3A). Gascoyne et al. (2009) separated and screened CTCs in blood under the condition of an external AC electric field (Figure 3B), realized the enrichment of CTCs, and obtained more than 90% cell capture rate with a fast processing time and much higher separation efficiency than biological affinity method. Montoya et al. developed a label-free dielectrophoresis microfluidic platform to promote the enrichment of circulating hybrid cells (CHCs) in a high-throughput and rapid manner by consuming healthy peripheral blood mononuclear cells (PBMC). 75% of the clinical samples were enriched, which proved that this method is a promising non-invasive method for analyzing tumor cells of patients (Montoya Mira et al., 2021).
[image: Figure 3]FIGURE 3 | Active enrichment methods based on physical screening (A) The CTCs detection chip based on AC electric field (Jahangiri et al., 2020); (B) The DEP flow fractionation (depFFF) configuration in CTCs detection (Gascoyne et al., 2009); (C) The acoustic CTC separation device (Wu et al., 2018); (D) Size insensitive isolation of CTCs from PBMCs (Karthick et al., 2018); (E) The microfluidic device on a glass slide with anti-EpCAM modification on the micropost in the device (Sun et al., 2019); (F) The two-step acoustophoresis (Undvall Anand et al., 2021).
Manipulating cells, droplets, and particles by sound waves in microfluidic chips is a rapidly developing field that is widely used in cell and particle sorting, blood separation, droplet transportation, and rare or cancer cell enrichment (Yiannacou and Sariola, 2021). Wu et al. (2018) realized the sorting of CTCs in peripheral blood by using surface acoustic waves (Figure 3C), adding sound field and surface acoustic wave sensor according to the arrangement of cells with different sizes, densities, and shapes in the standing wave field. The recovery rate of more than 86% CTCs can be obtained at the flux of 7.5 ml/h. Karthick et al. reported a combined sorting method based on acoustic impedance contrast and cell size for separating CTCs from peripheral blood mononuclear cells (PBMC) using acoustic electrophoresis in a microchannel (Figure 3D). By controlling the acoustic impedance contrast of the liquid in the channel, the CTCs whose acoustic impedance is higher or lower than PBMC are isolated. Hela and MDA-MB-231 cells were isolated unlabeled from PBMC (collected from 2.0 ml of blood) within 1 h, and >86% recovery and >50 times enrichment was obtained (Karthick et al., 2018). Sun et al. realized the efficient detection of CTCs in human blood by creating a separate capture area and flow area in the microfluidic device (zone chip) (Figure 3E) and using the patterned dielectrophoresis force to guide the cells from the flow area to the capture area (Sun et al., 2019). Antfolk et al. Introduced a simple cell separation instrument based on acoustic electrophoresis for continuous flow, unbiased and label-free separation of cancer cells and leukocytes based on acoustic electrophoresis. The cells were acoustically pre-aligned using ultrasound before separation, while the cells were maintained in the initial suspension medium. Even if the transverse displacement of particles in the sound field is less than 50 μm, the platform can still separate cells and particles with high precision. The system can separate the particles directly in the suspension medium without matching the acoustic characteristics of the sample with the system of multiple laminar flows (Antfolk et al., 2015). Undvall et al. presented a new two-step acoustic electrophoresis (A2) method for separating unfixed live cancer cells from whole blood lysed by red blood cells (RBC) (Figure 3F). The method uses the initial acoustic flow pre-separation step to separate the cells according to the acoustic mobility of the cells (Undvall Anand et al., 2021). Magnusson et al. used a clinical scale acoustic microfluidic platform to enrich paraformaldehyde-fixed or living cancer cells. The platform can be adjusted to meet the requirements of high cancer cell recovery or higher purity and can process 5 ml of blood in about 2 h. It opens up a broader field for the post-separation analysis and characterization of CTCs in patient samples in the future (Magnusson et al., 2017).
Using tumor cell targeting molecules to bind homologous red blood cells (RBC) to tumor cells shows a significant difference in optical constants (size and average refractive index) between red blood cell-bound CTCs and other blood cells. Then, the modified CTCs can be accurately separated under laser irradiation in the optical jet system. Experiments showed that CTCs effectively modified with red blood cells were finally separated from blood with high purity (more than 92%) and high recovery (more than 90%). Throughout the process, CTCs were shown to maintain membrane and functional integrity. This method provides a convenient tool for early diagnosis and treatment monitoring of cancer, which performs well in the non-invasive and accurate separation of CTCs (Hu et al., 2019).
2.1.2.2 Passive Separation Methods
Despite the external field source method having high efficiency in cell separation, it is difficult to integrate it into the chip, so Lin et al. (Lin et al., 2010) designed a straightforward CTCs separation chip according to the principle of pore screen filtration (Figure 4A). By adjusting the size of the filter hole, the separation of CTCs can be completed according to the difference in cell size, and the recovery rate is more than 90%. Zheng et al. reported a new three-dimensional microfiltration device (Figure 4B), which can enrich living circulating tumor cells from the blood. The device consists of two layers of palling film, and the holes and gaps are accurately defined by lithography technology. The position of the hole moves between the top and bottom membranes. The bottom membrane supports the captured cells, minimizes the stress concentration on the cell membrane, and maintains cell viability during filtration (Zheng et al., 2011). After that, various functional microfluidic platforms have been optimized to enhance the isolation of CTCs. Ren et al. (2018) designed a high-throughput CTCs capture chip according to cell size and deformability (Figure 4C). The chip has multiple channels, and the channels are connected by multiple rows of miniature shrink tubes, in which there is a capture cavity designed according to the size of CTCs. When the blood flows through the intersection of the main channel and the miniature systolic tube, the capillary action generated by the surface tension will drive the fluid through the systolic tube. At this time, CTCs will be trapped in the capture chamber, and other components in the blood can pass smoothly and then enter the adjacent channel. In order to ensure a high capture rate of CTCs, the process can be repeated between multiple channels, and the capture rate of CTCs could exceed 95%. Chen et al. (2021) constructed a pore sieve chip system based on the biomimetic splenic sinus microstructure. The filter hole of the fissure structure has lower flow resistance than the traditional circular structure. Through the optimization of flow velocity and slit width, it can ensure the high cell activity of CTCs while realizing efficient separation. However, because the size of leukocytes and CTCs is the same, the screening accuracy of this method is low, which may produce false-positive results. In addition, setting a filter hole on the cell flow path is easy to increase the negative pressure due to blockage, which affects the separation efficiency. Qin et al. (2015) used the resettable cell trap (RCT) mechanism to separate cells by using an adjustable pore size that can be removed regularly to prevent blockage according to the size and deformability of cells. Inspired by the antifouling membrane, Kim et al. (2017) used an independent onboard laboratory system equipped with fluid-assisted separation technology (fast) to separate live CTCs from whole blood without prior sample processing. Numerical simulation and experiments show that under 1 kPa, this method provides uniform, non-clogging, and ultrafast cell enrichment, and the pressure drop is much lower than the traditional size-based filtration.
[image: Figure 4]FIGURE 4 | Passive enrichment methods based on physical screening (A) A functional microdevice consists of parylene membrane filter (Lin et al., 2010); (B) Filtration process and forces on a trapped cell of the three-dimensional microfiltration device (Zheng et al., 2011); (C) Sequential Size-Based Microfluidic Chip (Ren et al., 2018); (D) The OncoBean Chip (Murlidhar et al., 2014); (E) A schematic illustration of the chip combining microscale hydrodynamics and pore sieve principle (Lu et al., 2020); (F) Schematic representation of the Cluster-Chip operation (Sarioglu et al., 2015).
There are usually many physical barrier microstructures in the chip screened for CTCs according to the cell size, and the processing of these precise structures is often difficult. With the development of fluid mechanics theory on a micro-scale, based on the study of particle motion law in microfluid, the separation and enrichment of CTCs can be realized just by regulating the fluid without any microstructure. A microfluidic separation device with the asymmetric bifurcation of laminar flow around obstacles is used to separate particles. Particles determine their path based on their size. All particles of a given size follow an equivalent migration path to obtain high resolution (Huang et al., 2004). Murlidhar et al. reported an ultra-high throughput oncogene chip (Figure 4D) that can isolate live CTCs even at a high screening rate. The platform uses radial flow to produce different shear on the chip so that CTCs can be effectively captured under a high flow rate (Murlidhar et al., 2014). The results showed that at a high flow rate of 10 ml/h, the recovery rate of rare CTCs (cancer cell lines MCF7 and h1650) was 93%, and the capture efficiency was more than 80%, which increased the chance of CTCs recovery in subsequent downstream analysis. Ahmed et al. (2017) described a new device, a size-controlled immune capture chip, for efficient, sensitive, and spatial resolution CTCs capture and detection. The size-controlled immune capture chip can make CTCs interact selectively, frequently, and widely with the surface of immunocoated microcolumn optimized by fluid dynamics. CTCs with different antigen expression levels can be effectively captured and spatially resolved around the microcolumn. The capture efficiency is greater than 92%, and the purity is 82%. Wu et al. (2020c) designed a fluid multivalent nano interface and decorated the microfluidic chip with aptamer functionalized leukocyte membrane nanovesicles to efficiently separate CTCs. This fluid biomimetic nano interface with an active supplement combination provides significant affinity enhancement of four orders of magnitude and shows seven times the capture efficiency compared with the monovalent aptamer functional chip in blood. At the same time, this soft nano interface inherits the biological advantages of natural biofilm, minimizes the adsorption of background blood cells, and maintains good CTCs activity (97.6%). Kulasinghe et al. (2019) designed a square channel chip with a straightforward structure based on the inertial effect on the micro-scale. Due to the action of the dean and the center point of the square pipe, the vortex will gather preferentially near the center point of the large diameter pipe. Therefore, CTCs will be enriched near the center of the channel while other components are arranged on the outside. There is no microstructure or capture cavity in the chip to increase the negative pressure, so there can be a higher breakthrough in the processing flux. In addition, without the influence of any other external effects, the cells can better retain their physiological activity and morphological characteristics. Lim S. B. et al. (2019) also introduced tangential flow at the T-shaped channel to screen the blood cells close to the tube wall according to the inertial effect to realize the separation of CTCs. Zhang et al. (2018) and Tian et al. (2018) used the viscoelastic effect to complete the separation of CTCs. Using the fluid with low viscosity and no shear thinning can achieve an effect similar to the inertial effect. Moreover, the theoretical convergence model of this method is relatively simple, which is convenient for more accurate numerical simulation analysis. Zhu Z. et al. (2021) used a polymer film as material and constructed spiral microfluidic chips of trapezoidal channels through jigsaw puzzle technology. Using the combined action of inertial force and Dean eddy current in trapezoidal channel, the separation of CTCs can be realized at a high flux of 3 ml/min, and the experimental recovery rate is 90%–94%. The microfluidic chip system designed by Lu et al. (2020) combines microscale hydrodynamics and the pore sieve principle (Figure 4E). First, the preliminary separation of blood cells is completed through the inertial effect, and then the capture of CTCs is realized by the triangular microcolumn array. Ensuring a high capture rate of 94.8%, the flux can reach 40 ml/h. Liu Z. et al. (2021) combined filtration with deterministic lateral displacement (DLD) and designed a cascaded DLD microcolumn array chip to achieve 96% recovery of CTCs at a high throughput of 1 ml/min and eliminate 99.99% white blood cells. Cancer cells metastasize in the blood in single migrating circulating tumor cells (CTC) or multicellular clusters (CTC clusters). Sarioglu et al. Designed a chip with a triangular micro column structure to sort CTCs clusters with high precision (Figure 4F). When the CTCs cluster flows through the triangular microcolumn, it will be captured at its apex due to the intercellular connection, and a single cell will pass directly along the side waist surface of the microcolumn. This method requires that the flow rate should not be too high; otherwise, the large shear force will destroy the structure of the CTCs cluster, resulting in capture failure. The chip was used to separate the actual samples, determine the heterogeneity of CTCs clusters, and find that they may contain tumor-associated macrophages (TAMs), which is of great significance for the study of the interaction between TAMs and CTCs (Sarioglu et al., 2015).The label-free physical screening strategy is characterized by the CTCs integrity and fast sample processing. However, due to the heterogeneity of CTCs and the overlapping of CTCs and background cells, the observed recovery and purity of targeted CTCs are not satisfactory.
2.1.3 Enrichment by Combining Biological Affinity With Physical Screening
CTCs separation chips based on biological affinity and physical screening methods have advantages. The former is more specific, while the latter has higher separation efficiency. However, both of them also have shortcomings. For example, the biological affinity method depends on exogenous markers, which often affect the cell activity of CTCs, while the physical screening method has low separation accuracy and is easy to produce false-positive results. Therefore, the researchers tried to combine the two methods (Pei et al 2019; Lee, et al., 2017), effectively remove leukocytes using a label-free method, and then separate CTCs with high efficiency and purity using an affinity-based method. Song et al. (2019) designed a deterministic lateral displacement (DLD) pattern microfluidic chip modified with multivalent aptamer functionalized nanospheres (AuNP-syl3c) based on the principle of deterministic lateral displacement (Figure 5A). When cells with different sizes and elasticity flow through the angular triangular microcolumn array area, they choose different paths due to the collision with the microcolumn. By adjusting the size and spacing of microcolumn, CTCs can produce lateral displacement when colliding with microcolumn, and other blood cells flow out along the original path. In addition, the microcolumn is modified with AuNP-syl3c, the multivalent aptamer antigen-binding efficiency is increased by 100 times, and the capture performance of CTCs is significantly improved. Compared with the monovalent nucleic acid aptamer modified chip, the capture efficiency of this method is increased by more than 3 times. Chen K. et al. (2019) used the chip with lateral microcolumn array structure, modified EpCAM antibody on the microcolumn (Figure 5B), combined size based separation with immunoaffinity based separation to improve the capture efficiency of CTCs and reduce the nonspecific geometric capture of normal cells. Using the same principle, Su et al. (2019) developed a functional antibody microsphere integrated microchip (Figure 5C) by integrating cell size and tumor cell surface-specific antigen and introducing surface-functionalized modified zinc oxide microsphere, which greatly improved the effective capture area.
[image: Figure 5]FIGURE 5 | CTCs Enrichment by combining biological affinity with physical screening (A) The Octopus chip for cell capture (Song et al., 2019); (B) The LFAM device consisting of four serpentine main channels (Chen et al., 2019); (C) The antibody functional microsphere integrated filter chip (Su et al., 2019).
2.2 Negative Enrichment
Although high capture purity can be obtained by positive selection of CTCs by affinity methods such as anti-EpCAM, anti PSMA, and aptamer due to the specificity of tumor markers, the main disadvantage of this technology is that it may not be conducive to the integrity and vitality of CTCs recovered in the separation process. Therefore, the negative enrichment or selection of CTCs has been widely used. Due to the small size difference between leukocytes and CTCs, leukocytes are often the most interfering factor in sorting CTCs in blood. Therefore, leukocytes can be selectively isolated to achieve the purpose of CTCs enrichment, that is, reverse enrichment (Jiang et al., 2021). Hematopoietic cells were removed by negative selection targeting antigens (CD45) that do not express CTCs (Sun et al., 2018; Tan et al., 2018). The recovered high-purity CTCs were trapped on the platform surface, while most other blood cells were washed away. The reverse enrichment strategy can not only effectively realize the separation of CTCs; moreover, CTCs whose EpCAM expression is down-regulated due to EMT, even non-epithelial tumor cells, can be enriched. At the same time, it can also avoid the effect of direct labeling on the activity of CTCs cells.
Liu et al. used the commercial easysep system to deplete leukocytes through magnetic nanoparticles and tetramer antibody complexes targeting CD45 and then collected rare CTCs from peripheral blood samples of cancer patients (Liu et al., 2011). According to the results of low cell analysis, capture efficiencies of 56% (47 of 84 samples) and 53% (17 of 32 samples) were obtained from patients with cancer and melanoma, respectively. In contrast, flexible microfluidic platforms (e.g., microfluidic magnetically activated cell sorters (MACS) and CTCs-iChip) have been introduced for negative capture (Giordano et al., 2012; Ramirez et al., 2019; Cheng et al., 2019). In addition, the negative selection of the microfluidic platform can isolate CTCs with no or less EpCAM expression, while the recovered CTCs are complete and have relatively good survivability. It is reported that geometrically activated surface interaction chips can improve the capture efficiency of labeled leukocytes by enhancing the interaction between leukocytes and the chip surface (Hyun et al., 2013) (Figure 6A). In addition, Sajay et al. Proposed an upstream immunomagnetic removal technology to remove CD45+ labeled leukocytes and then use a specially designed micro fabrication filter membrane to remove chemical-free erythrocytes and separate targeted CTCs (Sajay et al., 2014) (Figure 6B). The results showed that about 90% of targeting MCF-7 and NCIH 1975 cells could restore blood samples at the peak. Karabacak et al. (2014) designed an integrated dual-chip separation system (Figure 6C). Firstly, leukocytes and CTCs were quickly separated from the blood through two physical screening methods of DLD and inertial effect, and then magnetic beads modified with CD45 and CD66b composite antibodies were used to bind leukocytes selectively, and then the accurate screening of leukocytes and CTCs was realized under the induction of external magnetic field. Ensuring a high capture rate of CTCs, this method can also achieve high flux, and it only takes 2 h for 8 ml blood samples processing. Wang et al. (2019) used a similar DLD-MACS method to analyze the clinical samples of patients with liver cancer (Figure 6D). The capture rate of CTCs under the flow rate of 60 μl/min is 85.1% ± 3.2%, and the experiment shows that this method still has a good separation effect for tumor cells with low expression of EpCAM. Chu et al. (2019) developed an integral 3D microfluidic device (Figure 6E), which combines immune removal and post-filtration to enrich CTCs directly from whole blood negatively. Blood samples first flow through the immune capture area modified with CD45 antibody, selectively screen out leukocytes, and then pass through 3 μM pore size filter membrane to remove the small volume of red blood cells and platelets to realize the separation of CTCs. The CTCs separation chip designed by Mishra et al. (2020) combines immunomagnetic separation with inertial effect (Figure 6F) and uses immunomagnetic beads modified with a variety of antibodies to label leukocytes. Under the external strengthening of the magnetic field and fluid regulation, it can realize the efficient separation of CTCs and leukocytes. The enrichment of CTCs can reach 105 times, and the flux is up to 168 ml/h. Overall, the advantage of the negative enrichment strategy over positive selection is that the rate of recovered CTCs is higher. However, the separation purity is usually lower than that of the positive method, requiring multiple separation processes (Kang et al., 2019; Civelekoglu et al., 2022).
[image: Figure 6]FIGURE 6 | Negative enrichment methods for CTCs (A) Pictorial presentation of negative enrichment of the GASI chip (Hyun et al., 2013); (B) Illustration of immunomagnetic WBC depletion in which magnetic particles bound to WBC through Tetrameric antibody complex in whole human blood (Sajay et al., 2014); (C) The CTC-iChip schematic (Karabacak et al., 2014); (D) The capture platform integrating a DLD structure with a MACS separator for inline operation (Wang et al., 2019); (E) A schematic showing the tumor cell enrichment process in the 3D-printed microfluidic device (Chu et al., 2019); (F) A schematics illustrating the microfluidic approach for untouched CTCs isolation from leukapheresis products (Mishra et al., 2020).
For the negative selection of CTCs (strategy based on biological affinity), it usually has a recovery rate of more than 90%. However, the purity of recovered CTCs is less than 10% because some background cells are not labeled by antibodies against leukocytes surface markers and avoid subsequent depletion.
3 ON-CHIP DETECTION OF CTCS
For the detection of CTCs, cell staining is usually carried out first and then observed by a fluorescence microscope (Qian et al., 2015). However, the sensitivity of this method needs to be improved, and the reproducibility is poor, which requires manual operation and manual counting. In recent years, researchers have optimized and improved the imaging analysis method of CTCs on-chip. Watanabe et al. (2014) developed a cell capture platform using on-chip sorting (on-chip Biotechnology) and used anti-CD45 coated magnetic beads to negatively enrich remove leukocytes, and then fixed and labeled the samples. Then, the enriched and labeled samples were sorted according to the expression of cytokeratin, vimentin, and CD45. The captured cells were immediately subjected to genome-wide amplification, followed by a mutation analysis using deep targeted sequencing and copy number analysis using quantitative polymerase chain reaction (qPCR). Deng et al. (2014) developed an integrated microfluidic system specially used to simplify the separation, purification, and single-cell secretory omics analysis of whole blood CTCs (Figure 7A). The first is to capture CTCs through antibody conjugate encoded by photodegradable single-stranded DNA and microfluidic chip producing fretting protein. The captured CTCs are then photochemically released from the chip by brief ultraviolet irradiation and then negatively consume red blood cells (RBC) and white blood cells (WBC). The high-purity CTCs are then delivered to the single-cell barcode chip (SCBC), which integrates the enhanced polylysine (PLL) barcode mode and can capture a very small number of target cells on the chip. A single CTC is isolated in a microchamber and used to analyze a group of functional proteins secreted by a single CTC. The microfluidic system can process 1 ml of whole blood samples in less than 2 h, and the separation efficiency is more than 70%. The platform can also classify CTCs into specific phenotypes through the characteristics of surface markers and conduct single-cell secretory omics analysis on these subsets. Watanabe et al. (2018) successfully stained the CTCs of patients with metastatic non-small cell lung cancer isolated by a chip with a fluorescent-labeled antibody targeting tumor cell markers. The desktop on-chip cell sorter is equipped with disposable microfluidic equipment to detect and isolate rare tumor cells for subsequent molecular analysis. Wang et al. (2020) used immune microspheres modified with CD45 antibody to label leukocytes. After a wedge chip completes the preliminary sorting of blood cells, CTCs can be directly distinguished under bright-field microscopic imaging, and automatic counting can be realized through image processing software. Lee et al. (Lee and Kwak, 2020), through multi-channel fluorescence imaging, simultaneously characterizing the expression of estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2) on CTCs, completes the rapid diagnosis and typing of breast cancer. Wang J. et al. (2021)) introduced a gas driving device into the integrated CTCs separation, immunofluorescence staining, and imaging system, which greatly reduced the time and reagent consumption and was able to capture and recognize CTCs within 90 min. The smart chip developed by Pahattuge et al. (2021) integrates CTCs sorting, cell counting, and immunofluorescence imaging modules, which realizes the fully automatic operation of the separation and detection of CTCs in blood and avoids human interference (Figure 7B).
[image: Figure 7]FIGURE 7 | On-chip detection of CTCs (A) Overall strategy for CTC isolation and single-cell secretome analysis (Deng et al., 2014); (B) A system modularity chip for the analysis of rare targets (SMART-Chip) (Pahattuge et al., 2021); (C) A 3-step process for blood sample solutions with RANs labeled CCSCs and CTCs (Cho et al., 2018); (D) A multifunctional nanosphere-mediated microfluidic platform for multiplex biomarker profiling of heterogeneous CTCs (Wu et al., 2020); (E) The working principle of the aptamer-conjugated PtNPs with volumetric bar-chart chip readout for quantifiable visual detection of CTCs (Abate et al., 2019).
In addition, some common spectral detection methods, represented by fluorescence spectroscopy, are also widely used in the detection of on-chip CTCs. Shen et al. (2018) designed a chip based on the gold film, sorted CTCs by immunomagnetic separation, and then observed and detected CTCs by near-infrared fluorescence method based on surface plasmon resonance. Because the light absorption and spontaneous fluorescence intensity of the biological sample matrix in the near-infrared region are very small, and the fluorescence signal intensity is greatly enhanced by the surface plasmon resonance effect, the detection sensitivity of this method is nearly 10 times higher than that of ordinary fluorescence analysis method. Cho H. et al. (2018); Cho H. Y. et al. (2018) used gold nanoparticles modified with antibodies and Raman signal molecules to label CTCs (Figure 7C). The CTCs captured on the chip can be characterized and detected in situ by surface-enhanced Raman technology. This method has high sensitivity and can distinguish common CTCs and circulating tumor stem cells (CTSCs) according to the difference in Raman signal peaks. Dhar et al. (2018) wrapped the CTCs obtained after inertial vortex separation in the droplets containing matrix metalloproteinase (MMP) reaction system through droplet microfluidic technology. Due to the high MMP reaction activity of the target CTCs, the detection and counting of CTCs can be realized by the resonance fluorescence transfer phenomenon generated by the enzymatic reaction system. Wu et al. (2020d) labeled the target protein on CTCs with magnetic nanoparticles loaded with antibody and fluorescence coding at the same time, captured CTCs with a chip under an external magnetic field (Figure 7D), and characterized the contents of epidermal growth factor receptor (EGFR), HER2 and EP-CAM on a single CTC through fluorescence intensity.
In addition to optical analysis methods, researchers also realized the direct digital reading or visual analysis of CTCs chip detection results by using sensing elements. Chen Y. H. et al. (2019) used Al-GaN/GaN with high electron mobility as the material to make field-effect transistors (FETs), set the FETs sensor array on the chip, and modify the specifically recognized nucleic acid aptamer of EpCAM on its surface, to realize the continuous capture and counting of CTCs. The high transconductance gain of FETs makes the bioelectronic sensor have high detection sensitivity. Experiments show that this method can realize the rapid and automatic detection of CTCs in a wide dynamic range and provide accurate cell count data. Niitsu et al. (2018) first proposed a fully integrated CMOS circuit based on a vector network analyzer and transmission line for CTCs and exosome analysis and detection. A fully integrated architecture is introduced to eliminate unwanted parasitic components and achieve high sensitivity to analyze very low concentrations of CTCs in blood. Kim et al. (2021) introduced a one-time intelligent microfluidic platform called “DIS-μ Chip”, in which microfluidic flow sensors are integrated. Due to integration, the flow between the flow sensor and the microfluidic function is significantly reduced without a pipeline connection. Isolated CTCs from the blood of patients with pancreatic cancer using the DIS-μ chip can further be extracted the cancer-specific gene information by the digital droplet PCR, proving that the DIS-μ chip is effective. Chang et al. (2015) isolated and detected CTCs from blood samples using a microchip system integrating immunomagnetic, high-throughput fluidics, and size-based filtration. Magnetic beads with antibody functionalization were used to target CTCs in samples. Then, the mixture passes through a micro-machined chip fluid chamber containing an 8 μM-diameter aperture array. The fluid runs parallel to the microchip and generates a magnetic field below it, pulling the beads and cells bound to it to the surface of the chip to detect CTCs larger than pore diameter and remove free beads and other smaller particles bound to it. The system allows high volumetric flow rate detection and allows the sample fluid to circulate multiple times through the system in a short time. An average of 89% MCF-7 of breast cancer cells was detected. Gao et al. (Gao et al., 2018) combined CTCs chip screened by composite immunomagnetic beads with droplet digital PCR chip to improve the detection sensitivity through PCR amplification. Abate et al. (2019) added Pt nanoparticles (Pt NPs) modified with nucleic acid aptamer to the blood sample to be tested, obtained the target CTCs bound with Pt NPs through immunomagnetic separation, and introduced them into the detection chip pre-loaded with H2O2 and dye. Because Pt can catalyze the decomposition of H2O2, the generated oxygen gas will lead to the rise of the dye liquid column, to the content of CTCs in the blood can be judged according to the height of the liquid column (Figure 7E). Jian et al. (2020) labeled CTCs with magnetic metal-organic frameworks (MOF) nanoparticles modified with glucose oxidase. After the TiO2 nanotube array on the chip captured CTCs by magnetic force, Fe2+/Fe3+ in MOF was reduced to FeO through the photocatalytic action of TiO2 and the electrochemical signal was obtained by differential pulse voltammetry to realize the quantitative detection of CTCs.
4 CLINICAL APPLICATION PROSPECT AND CHALLENGE OF CTCS MICROFLUIDIC BIOSENSOR
CTCs have attracted extensive attention in tumor research as a new tumor biomarker, and their clinical application is also being widely studied. The emerging microfluidic technology has become a general tool for basic and applied tumor metastasis research because of its relatively low cost, simple operation, small volume, and accurate fluid control. With the progress of micromachining technology, the microfluidic platform is thriving. The functional microfluidic platform will contribute to an in-depth understanding of cancer biology and multiple drug screening. Based on the large amount of information provided by CTCs, the use of CTCs includes early screening and cancer diagnosis, treatment and drug resistance monitoring, drug evaluation, disease progression, and prognosis. It is reported that a detectable tumor lesion contains at least 109 tumor cells (Steeg, 2006; Lawson et al., 2015). Although high-resolution imaging techniques such as CT, PET and MRI (Wang Q. et al., 2021) have been widely used in the clinical detection of tumor lesions, their ability to detect early tumor formation is limited. The detection of non-invasive CTCs has been explored for early tumor screening and diagnosis (Ilie et al., 2014). It can detect early events before the formation of primary tumors (Pantel and Alix-Panabières, 2010; Alix-Panabières and Pantel, 2016; Zhang et al., 2016; Austin et al., 2018; Moon et al., 2018; Poudineh et al., 2018), which provides a basis for early cancer detection (Nagrath et al., 2007; Zahirović et al., 2022).In addition, CTCs count is helpful to predict tumor progression and overall survival (Gorin et al., 2017). The level of CTCs in many cancer patients is highly correlated with tumor progression. CTCs Count is helpful to identify tumor progression. For patients with breast cancer who had a CTCs count below 5 CTCs/mL in blood, the overall survival rate of patients with a CTCs count over 5 CTCs/mL was lower (Krebs et al., 2010; Krebs et al., 2011). In addition, the phenotype of CTCs is related to the tumor stage (Jordan et al., 2016), which can be used as a good indicator to evaluate tumor progression. CTCs can provide information about tumor progression before and during treatment and provide information about the molecular evolution of tumor cells during treatment (Kidess-Sigal et al., 2016). For example, as cancer patients develop resistance to treatment, CTCs show more mesenchymal-like CTCs (Yu et al., 2013). CTCs analysis was used to determine the maximum tolerated dose and guide the optimal dose selection of anticancer drugs (An et al., 2021; Guo et al., 2021). Through the simultaneous monitoring of EMT biomarkers and apoptosis of CTCs, the results show that even if they act on the same tumor type, there are significant differences in the optimal drug dose, indicating that tumor heterogeneity has an impact on the drug use of patients (Pei et al., 2020b). CTCs counts can monitor treatment and help clinicians make the best chemotherapy decisions. CTCs count decreases with the continuation of effective treatment. CTCs count may become an effective tool to monitor the early effect of cancer treatment (Sheng et al., 2014). Tracking and detecting the CTCs of patients in real-time during the treatment can predict the treatment results faster and more accurately, which can be used to evaluate the efficacy of clinical drugs (Bruna et al., 2016; Stevens et al., 2016; Praharaj et al., 2018), and customize the treatment scheme for individual patients (Weinstein et al., 2018; Kozminsky et al., 2019).
At the same time, in the transformation and application of clinical tumor diagnosis and treatment, the detection of tumor biomarkers of CTCs still faces many challenges: first, the content of tumor biomarkers in the blood is rare, and there is tumor heterogeneity, which makes it very difficult to isolate and purify them. To overcome this challenge, it is necessary to develop a microfluidic platform that fully uses the physical and biological characteristics of tumor biomarkers. Secondly, the high-precision and fully automated systems based on microfluidic separation and purification of tumor biomarkers are mostly in the scientific research stage and have not been widely used in the clinic. Moreover, the integration between circulating tumor biomarkers and the microfluidic platform needs to be improved. In order to further promote the development of the microfluidic system with high sensitivity and good repeatability, a large number of clinical trials need to be carried out on a variety of cancer patients. In addition, our understanding of tumor biology is still in its infancy. With the in-depth study of the role of various circulating tumor biomarkers in tumor formation and development, more powerful and effective commercial microfluidic systems will emerge as the times require.
5 CONCLUSION
In this paper, we reviewed the separation strategy, technical principle, and research progress of microfluidic chip separation of CTCs. The separation strategy can be divided into positive enrichment and negative enrichment. The technical principle is also mainly divided into biological affinity and physical screening. At the same time, the main technical methods and optimization strategies of CTCs on-chip detection are introduced. The application prospect of microfluidic chips in tumor diagnosis and treatment and the development direction of microfluidic chips in tumor detection are analyzed. With the rapid development of microfluidic chip technology, its ability for microscale fluid manipulation, microstructure processing, and integrated sensing and detection has been greatly improved, which further promotes the development of CTCs separation microfluidic chip technology. Using a microfluidic chip as a platform to separate and detect CTCs in peripheral blood can give full play to the advantages of micro, high efficiency, easy automation, and integration of the chip itself, and finally realize the rapid and accurate analysis of CTCs in clinical blood. It has important application space in many fields such as early tumor diagnosis, recurrence, metastasis monitoring, and anti-tumor drug evaluation (Ankeny et al., 2016; Pei et al., 2020; Sun et al., 2021; Kelley et al., 2014; Farshchi and Hasanzadeh, 2021; Dong et al., 2019).
Although microfluidic devices have successfully achieved the capture performance of CTCs through various affinity-based or label-free methods, no method has satisfactory separation results of high efficiency through porosity, purity, recovery, and throughput at the same time. At this stage, the CTCs chip still has great room for improvement in screening accuracy and screening efficiency. In response to this challenge, because it is difficult to have both accuracy and efficiency, future chip design should focus more on realizing a single goal. On the one hand, we should focus on improving the cell purity and the cell activity of CTCs screening for basic research. Firstly, separate the blood roughly using the inertia effect and screen out the larger white blood cells and CTCs. Then, screen CTCs accurately adopting droplet sorting (Joensson and Andersson Svahn, 2012; Dong and Fang, 2020) through immunomagnetic separation (Chen et al., 2013). Droplet sorting technology can achieve the accuracy of single-cell analysis, which has been reported for tumor cell screening (Popova et al., 2019). On the other hand, in clinical testing, the researchers focus to realize the high-throughput analysis of clinical samples. The electrical analysis method can be used to set the appropriate threshold according to the difference in specific membrane capacitance and cytoplasmic conductivity of different kinds of cells to realize the rapid analysis of CTCs passing through the detection window (Lannin et al., 2016; Chiu et al., 2017; Zhao et al., 2018; Zhang Y. et al., 2019). In addition, microfluidic chip technology belongs to an interdisciplinary field. The development of CTCs chips also benefits from technological breakthroughs in fields such as microelectromechanical systems (MEMS), materials science, hydrodynamics, and biomedicine. In the future, the microfluidic platform designed for multi-step CTCs separation will be integrated with advanced functions to minimize the shortcomings of the complex sample preparation process. With the development of related technologies, the CTCs chip is expected to become an important platform for basic tumor research and early clinical diagnosis of cancer in the future.
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Using photothermal therapy to treat cancer has become an effective method, and the design of photothermal agents determines their performance. However, due to the major radiative recombination of a photogenerated electron in photothermal materials, the photothermal performance is weak which hinders their applications. In order to solve this issue, preventing radiative recombination and accelerating nonradiative recombination, which can generate heat, has been proved as a reasonable way. We demonstrated a Cu2MoS4@MXene nanocomposite with an obviously enhanced photothermal conversion efficiency (η = 87.98%), and this improvement can be attributed to the electron migration. Then, a mechanism is proposed based on the electron transfer regulatory effect and the localized surface plasmon resonance effect, which synergistically promote nonradiative recombination and generate more heat. Overall, our design strategy shows a way to improve the photothermal performance of Cu2MoS4, and this method can be extended to other photothermal agents to let them be more efficient in treating cancer.
Keywords: photothermal conversion, MXene, heterostructure, nanocomposite, electron migration
INTRODUCTION
In the 21st century, the cancer problem has become more dominant and malignant, which is one of the most threatening public health questions and causes over 9.6 million deaths annually in the world (Massagué and Obenauf, 2016; Steeg, 2016). However, there is still a method that can rapidly and completely treat cancer because of metastasis; meanwhile, the traditional treatments, for e.g., radiotherapy and chemotherapy, may induce severe side effects which are traumatic for patients (Yilmaz et al., 2007). In recent decades, the optical treatment has been considered an efficient and less traumatic approach to treat primary and metastatic tumors, and the photothermal therapy (PTT) has been synergistically used with traditional methods and has shown a satisfied treatment effect (Chang et al., 2019; Yuan et al., 2020). In brief, under optical irradiation, photothermal reagents can generate localized hyperthermia and treat cancer. However, most of the existing photothermal materials lack photothermal performance due to the minority nonradiative recombination of the photogenerated electron. The low photothermal conversion determines that more materials or higher laser power will be used to achieve the heat temperature, which can easily cause damage to patients (Zhou et al., 2018; Xi et al., 2020). So, the suitable photothermal materials with high photothermal performance are urgently needed.
Ternary chalcogenide, Cu2MoS4, is a representative material that has been exploited in photothermal therapy (Chen et al., 2014; Chang et al., 2019). However, the photothermal performance of Cu2MoS4 is weak which is common for simplex phototherapy reagents and can be explained by the band theory that the photothermal effect of Cu2MoS4 is mainly induced by the nonradiative recombination (producing phonon) of photogenerated electron–hole pairs, but this recombination is low compared with the radiative recombination (Zhang et al., 2015; Cheng et al., 2018; Zhang et al., 2018; Lv et al., 2021). Hence, it is highly desirable to improve the photothermal performance of Cu2MoS4 to make it a suitable photothermal reagent that achieves better anticancer outcomes.
In order to accelerate the probability of nonradiative recombination in the electron transfer process and prevent radiative recombination, which can efficiently enhance the photothermal effect of Cu2MoS4, constructing a heterostructure of noble metal or graphene and Cu2MoS4 has been proved as a reasonable method (Zhang et al., 2016; Chang et al., 2020). The high conductivity can lead the electron to migrate from Cu2MoS4 to noble metal or graphene when they come into contact with Cu2MoS4, and then the radiative recombination can be prevented while the probability of nonradiative recombination increases, thus enhancing photothermal performance (Rameshbabu et al., 2017). Nevertheless, the composite process of Cu2MoS4 and noble metal (usually nanoparticles) or graphene is difficult, and the interface resistance of metal nanoparticles may hinder the transfer of electrons, weakening the migration. Hence, MXene, a new member of 2D materials considered 2D transition metal carbides or nitrides with metallic conductivity, has become a substitute for noble metal and graphene, and the abundant surface termination groups on MXene’s surface provide a large number of sites for Cu2MoS4 to anchor on (Guo et al., 2021; Mohammadi et al., 2021; Qiu et al., 2021). Meanwhile, owing to the high work function, superior electron conductivity, and lower interface resistance (compared with noble metal nanoparticles) of MXene, the caused electron transfer regulatory effect can enhance the photothermal performance of composites, which is similar to the aforementioned noble metal (Mariano et al., 2016; Chang et al., 2020; Li et al., 2021). More interestingly, under visible light radiation at 800 nm (1.5 eV), the MXene can produce the localized surface plasmon resonance (LSPR) effect which is a novel method to assist the separation of electrons and further stimulate the generation of heat (Mariano et al., 2016; Demellawi et al., 2018; Lioi et al., 2019).
We introduced Ti3C2Tx MXene nanosheets to improve the photothermal performance of Cu2MoS4, and a Cu2MoS4@MXene nanocomposite was synthesized (Scheme 1). The results of the photothermal conversion experience confirmed our hypothesis, and the best performance of the nanocomposite obtained can increase the temperature by more than 55 °C under NIR radiation (1.0 W/cm−2 at 808 nm) with an obviously enhanced photothermal conversion efficiency (87.98%) compared with pure Cu2MoS4 (72.07%). Using the absorption spectrum and photoluminescence (PL) spectrum, the electron transfer process can be verified, and the obvious quenching phenomenon, i.e., weakened radiative recombination, reflects the rapid separation and transfer of photogenerated electrons. Based on the experimental results and band theory, we proposed a mechanism of enhanced photothermal performance that is mainly caused by promoted separation and transfer of electron and nonradiative recombination, owing to the electron transfer regulatory effect and LSPR effect. Therefore, these results suggest that the Cu2MoS4@MXene nanocomposite with enhanced photothermal performance could be used to treat cancers.
[image: Scheme 1]SCHEME 1 | Process of synthesizing Cu2MoS4@MXene nanocomposites.
EXPERIMENTAL SECTION
Preparation of Ti3C2Tx MXene Nanosheets
Using a minimally intensive layer delamination (MILD) method as previously reported (Halim et al., 2014), the Ti3C2Tx MXene nanosheets were prepared from commercial Ti3AlC2 MAX purchased from Forsman Scientific Co. In detail, first, the etching agent was prepared by gently adding 1.5 g LiF into 20 ml of 9 M HCl with continuous stirring. After LiF was totally dissolved, 1 g Ti3AlC2 MAX powder was slowly added to the etching agent, and the mixture was continuously stirred at 35°C for 30 h. Afterward, the product was washed several times with deionized water (DI water), and when the pH of the supernatant reached 6, the supernatant was ultrasonicated for 1.5 h with N2 atmosphere protection in an ice bath. Then, the Ti3C2Tx MXene nanosheets were obtained after centrifugation (3,500 rpm for 1 h).
Preparation of Cu2O Precursor
The Cu2O precursor was synthesized by reducing copper hydroxide. NaOH (30 ml 3.75 M) solution was added dropwise in CuSO4 (30 ml 0.5 M) solution with continuous stirring to prepare Cu(OH)2 colloid; meanwhile, glucose (C6H12O6, 30 ml 0.75 M) solution was prepared and kept at 60°C. Then, the Cu(OH)2 colloid was heated to 60°C and added into glucose solution drop by drop at 60°C by placing in a water bath. Then, the mixture color gradually turned brick-red which indicates the successful preparation of Cu2O. After allowing the colloid to react at 60°C for 30 min, the precursor was obtained through filtrating colloid and vacuum drying.
Synthesis of Cu2MoS4@MXene Nanocomposites
To synthesize Cu2MoS4@MXene nanocomposites, 0.02 g MXene was first dissolved in 30 ml DI water, and (0 g, 0.14 g, 0.42 g, 0.70 g, 0.98 g, and 1.3 g) thioacetamide (TAA) was added into MXene colloidal solution. Meanwhile, (0 g, 0.17 g, 0.51 g, 0.85 g, 1.2 g, and 1.6 g) MoO3 and (0 g, 0.12 g, 0.36 g, 0.60 g, 0.84 g, and 1.1 g) Cu2O were ultrasonically dispersed into 5 ml DI water, respectively. Then, three dispersion solutions were transferred into a 100-ml tailor-made Teflon reactor, and using a microwave, the reaction temperature could be rapidly elevated to 150°C within 3 min. Afterward, the reaction temperature was maintained at 150°C for 2 h, and the Cu2MoS4@MXene nanocomposite (marked Cu2MoS4, Cu2MoS4@MXene-1, Cu2MoS4@MXene-3, Cu2MoS4@MXene-5, Cu2MoS4@MXene-7, and Cu2MoS4@MXene-9 for different ratios) products were obtained after washing and drying.
Photothermal Effect of Cu2MoS4@MXene Nanocomposites
In the following photothermal performance experiment, a series of concentration (0, 50, 100, 200, 500, and 1,000 μg/ml) solutions (1 ml) of six samples were prepared in an Eppendorf tube, respectively, and a NIR laser (1.0 W/cm2) at 808 nm was used to irradiate the samples (Zhang et al., 2021). Then, during 600 s of irradiation, the temperature change of samples was monitored using an infrared thermal imaging camera and recorded on a computer connected to the camera in real-time. The photostability was tested (500 μg/ml) by repeating the heating (laser on for 600 s)/cooling (laser off for 600 s) processes three times (power density is 1.0 W/cm2). Furthermore, the laser was modulated for 0.5 W/cm2, 1.0 W/cm2, and 1.5 W/cm2 to evaluate the influence of power density.
Calculation of Photothermal Conversion Efficiency
Based on the results of the photothermal experiment, the photothermal conversion efficiency can be calculated according to Equation 1:
[image: image]
where η is the photothermal conversion efficiency, h (Wcm−2 K−1) is the heat transfer coefficient, S (cm2) is the surface area of quartz cuvette, Tmax (K) is the highest equilibrium temperature, T0 (K) is the surrounding temperature, Qdis (W) is the heat loss which is approximate to 0, W is the power density of the laser, and A808 is the absorbance of samples at 808 nm. Moreover, the Tmax, T0, and A808 can be measured, while the hS is calculated through Equation 2:
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where mW and CW represent the total mass and the specific heat capacity of solvent and water, respectively, and τs is the time constant which can be obtained through Equation 3:
[image: image]
Using the recording temperature T, the τs can be calculated, and then the photothermal conversion efficiency is calculated (Chen et al., 2019).
Characterization and Measurement
The morphologies and compositions of precursors and composites were characterized using the transmission electron microscope (TEM, JEOL-2100F), the X-ray diffraction spectrometer (XRD, Bruker D8 Advance), Raman and photoluminescence (PL) spectroscopy (Renishaw inVia), and UV-vis-NIR spectra (JASCO V-570). Infrared thermal imaging was monitored using an IR thermal camera (TELEDYNE FLIR Exx) and recorded using a computed connected to the camera.
RESULT AND DISCUSSION
Characterization of Precursors and Cu2MoS4@MXene Nanocomposites
As illustrated in Scheme 1, we have prepared Cu2MoS4@MXene nanocomposites through the in situ hydrothermal method (see details in Experimental Section). In brief, the prepared MXene nanosheets were first mixed with thioacetamide (TAA) in water; meanwhile, the MoO3 and Cu2O were ultrasonically dispersed in water. Then, the reaction fluid prepared by mixing three dispersions was poured into a microwave hydrothermal reactor and allowed to react using a microwave. After washing with DI water, the Cu2MoS4@MXene nanocomposites can be obtained. More importantly, this process allows Cu2MoS4 nanoplates to uniformly grow on MXene nanosheets which cannot be reached by the physical mixing method. Furthermore, due to the high quality of Cu2MoS4@MXene nanocomposites and the unique effect caused by composite processes, such as band engineering and high electron conductivity of MXene, a more excellent photothermal conversion performance can be achieved than than that of pure Cu2MoS4 nanoplates.
As for the basics of nanocomposites, the MXene nanosheets were first prepared using the MILD method (Halim et al., 2014). The Ti3AlC2 (MAX) precursor was etched with LiF and HCl. During the etching process, the Al layer in the MAX phase was selectively etched and Ti3C2Tx nanosheets remained. As shown in the XRD pattern (Figure 1A), both the diffraction peaks at 39°, which can be indexed to the (104) plane of Ti3AlC2 MAX, disappear, and the (002) peak left shifts to 6.5°, indicating successful preparation of Ti3C2Tx nanosheets (Lipatov et al., 2016). According to the pattern of the Raman spectrum (Figure 1B), the vibration modes of MXene nanosheets can be divided into two types: out-of-plane mode (A1g) and in-plane mode (Eg), and the vibration peak at 198 cm−1, 715 cm−1 and 253 cm−1, and 502 cm−1 can be well assigned to these two modes, respectively (Hu et al., 2015). Using TEM, the monolayer Ti3C2Tx nanosheets can be seen with a size of approximately 1 μm, as shown in Figure 1C. The results of these characterization methods show that the high-quality MXene nanosheets have been successfully produced and can be used in the next composite process.
[image: Figure 1]FIGURE 1 | Characterization of precursor and Cu2MoS4@MXene nanocomposites. (A) XRD pattern of Ti3C2Tx MXene and Cu2MoS4@MXene. (B) Raman spectra of Cu2MoS4, MXene, and Cu2MoS4@MXene. TEM images of (C) MXene nanosheets and (D) Cu2MoS4@MXene. (E) EDS mapping of Ti, C, F, O, Cu, Mo, and S of Cu2MoS4@MXene.
Because of many hydrophilic terminations planted on the surface of MXene nanosheets during the liquid etching process, the MXene can be well dispersed in water, as shown in Supplementary Figure S1, which ensures the stability of MXene solution in the hydrothermal process. After the hydrothermal process, the morphology of MXene nanosheets has undergone an obvious change (Figure 1D), and there are many nanoplates anchored on the surface of unimpaired MXene nanosheets. In Figure 1E, the distribution of elements reflected by EDS shows that the MXene is still intact, and the Cu2MoS4 nanoplates are only synthesized on the surface of MXene nanosheets which meets our expectations. Interestingly, it can be seen that the size of Cu2MoS4@MXene nanocomposites appears bigger than that of pure MXene nanosheets, and this phenomenon may be a combination of several nanosheets, which is caused by some anchored Cu2MoS4 that can connect adjacent MXene nanosheets. In order to further confirm the successful synthesis of Cu2MoS4@MXene nanocomposites, the XRD and Raman spectra were used. In Figure 1A, the XRD result of Cu2MoS4@MXene nanocomposites illustrates that the Cu2MoS4 on the MXene nanosheets has good crystallinity, and the major peaks at 6.1°, 16.3°, 28.8°，37.4°, and 47.9° are well indexed to the MXene and tetragonal-phase of Cu2MoS4 (P [image: image] 2m, JCPDS 81–1,159) (Lipatov et al., 2016; Zhang K. et al., 2017). Moreover, no evident diffraction peak of TiO2 is consistent with the aforementioned verdict that the MXene nanosheets are unimpaired during the hydrothermal process which is because of a reductive environment made by the hydrolytic process of TAA. This conclusion can also be proved by the Raman spectrum in Figure 1B, where there is no peak at 150 cm−1 assigned to TiO2 (Zhang C. J. et al., 2017). In addition to this, the peaks of Cu2MoS4@MXene nanocomposites at 200 cm−1, 233 cm−1, and 415 cm−1 represent the coexistence of Cu2MoS4 and MXene (Kim et al., 2017). In the microscopic image, the size of tetragonal Cu2MoS4 nanoplates that anchored on the MXene surface is about 20 nm (Figure 2A). Furthermore, the high-resolution TEM image in Figure 2B shows the crystal lattice spacing between 0.27 and 0.26 nm, which can be ascribed to the (200) plane of Cu2MoS4 and the (0,110) plane of MXene, and the FFT images (inset of Figure 2B) illustrate the tetragonal and hexagonal structure of Cu2MoS4 and MXene, respectively (Zhang K. et al., 2017; Agresti et al., 2019). Thus, according to the spectrum analysis and microscopic analysis, it can be confirmed that the Cu2MoS4@MXene nanocomposites have been successfully prepared with high quality.
[image: Figure 2]FIGURE 2 | Characterization of different Cu2MoS4@MXene nanocomposites. (A,B) HRTEM of Cu2MoS4@MXene (inset in B is the FFT of Cu2MoS4 and MXene, respectively). (C) Raman spectra of Cu2MoS4@MXene-1, Cu2MoS4@MXene-3, and Cu2MoS4@MXene-5. (D–F) TEM images of Cu2MoS4@MXene-1, Cu2MoS4@MXene-5, and Cu2MoS4@MXene-9, respectively.
Considering the ratio of Cu2MoS4 and MXene in Cu2MoS4@MXene nanocomposites may affect their performance, we prepared a series of nanocomposite samples with a gradient ratio. There is a regular variation in the Raman spectrum (Figure 2C and Supplementary Figure S2), and with the increased ratio of Cu2MoS4, the vibration peak of MXene becomes decrescent and that of Cu2MoS4 becomes stronger. Moreover, the microscopic morphology of Cu2MoS4@MXene-1, Cu2MoS4@MXene-5, and Cu2MoS4@MXene-9 prove the result of the Raman spectrum, which shows that the observed coverage ratio of anchored Cu2MoS4 nanoplates on MXene nanosheets increases, but when the ratio of Cu2MoS4 is too high (Cu2MoS4@MXene-9), the excessive aggregation occurs which is unfavorable in application (Fang et al., 2020). In addition, when the ratio of Cu2MoS4 becomes high, there are more evident signals of Cu and Mo elements in EDS mapping (Supplementary Figure S3) compared with the low ratio sample. Also, an evident aggregation of Cu2MoS4 can be seen, which further verified the aforementioned point. However, even if the ratio is excessively increased, there are still no Cu2MoS4 nanoplates lying outside the MXene nanosheets because of the anchoring effect mentioned earlier, which ensures the contact of Cu2MoS4 with high conductivity MXene and the electron transfer regulatory effect.
Optical Properties of Cu2MoS4@MXene Nanocomposites
As introduced earlier, the MXene can affect the photothermal performance of nanocomposites through band engineering and regulatory effect, so to make clear the role of MXene in this process and whether the nanocomposite will gather an improved performance, the following optical properties of nanocomposites are enumerated: the result of the PL spectrum suggests that the nanocomposites’ PL intensity is different from pure Cu2MoS4, and the samples marked as Cu2MoS4@MXene-1, Cu2MoS4@MXene-3, and Cu2MoS4@MXene-5 have a lower intensity. According to the band theory, the PL intensity is associated with the recombination of photogenerated electron–hole pairs, and the more radiative recombination occurs, and the higher PL intensity will be received (Feng et al., 2021; Li et al., 2021). Thus, it is obvious that the radiative recombination rate of samples with lower PL intensity is slower than that of pure Cu2MoS4 because the MXene with high electron conductivity can separate and transfer electrons from photogenerated exciton which prevents the radiative recombination and increases the concentration of carriers. Moreover, the separated carriers can efficiently facilitate crystal lattice vibrations after interacting with hot carriers produced by MXene because of the NIR-induced LSPR effect, thus leading to elevated temperatures (Zhou et al., 2020; Wang et al., 2021). However, when the ratio of Cu2MoS4 is excessive, the PL intensity becomes stronger and more radiative recombination occurs, which could be caused by aggregation issues and may weaken the photothermal performance.
Figure 3B is the UV-vis-NIR absorption spectrum of Cu2MoS4 and Cu2MoS4@MXene nanocomposites, and the pattern illustrates that the nanocomposites exhibit a stronger absorption than the pure Cu2MoS4 in a nearly full band spectrum, which is another cause of high photothermal performance. As shown in Figure 3B, the absorption spectra of pure MXene shows a weak absorption intensity in visible and near-infrared region compared with Cu2MoS4@MXene nanocomposite. Furthermore, according to Tauc’s formulation (Wood and Tauc, 1972; Tauc, 1974), the optical band gaps can be calculated as around 1.60 and 1.57 eV for pure Cu2MoS4 and Cu2MoS4@MXene nanocomposites, respectively (Figure 3C). The narrowing band gap can be explained by the band theory that when the high work function MXene nanosheets come in contact with Cu2MoS4, the electrons will be drawn from a higher Fermi level of Cu2MoS4 to MXene, and when this process achieves a balance, the Fermi level of Cu2MoS4 will be brought down. So the band gap of nanocomposites is narrower than that of pure Cu2MoS4. In addition, this band gap engineering can promote the separation of photogenerated exciton and improve the photothermal performance, thus conforming to the result of the PL spectrum mentioned previously.
[image: Figure 3]FIGURE 3 | Optical properties of Cu2MoS4@MXene nanocomposites. (A) PL spectra (excited by a 325-nm laser from 500 to 630 nm) of Cu2MoS4 and Cu2MoS4@MXene nanocomposites. (B) UV-vis-NIR absorption spectra of Cu2MoS4, Cu2MoS4@MXene, and MXene. (C) Tauc plots of Cu2MoS4 and Cu2MoS4@MXene.
Photothermal Performance
On account of the previously mentioned results, we forecast that the high-quality Cu2MoS4@MXene nanocomposites possess better photothermal performance than pure Cu2MoS4 due to the novel effects caused by the composite process, e.g., band engineering, electron transfer regulatory effect, and anchored effect. Thus, the NIR thermal conversion performance of Cu2MoS4 and Cu2MoS4@MXene nanocomposites was tested to verify this forecast. As shown in Figure 4A, under NIR light (1.0 W/cm2 at 808 nm) for 10 min, the temperature of each sample (500 μg/ml) has an obvious increase, and the highest ΔT can reach more than 55°C with two samples, i.e., Cu2MoS4@MXene-1 and Cu2MoS4@MXene-5, which is higher than pure Cu2MoS4 (50°C). However, the photothermal performance of samples marked as Cu2MoS4@MXene-7 and Cu2MoS4@MXene-9 is worse, which may be caused by the aggregation issue mentioned earlier. In addition, the temperature change is also dependent on concentration and laser power density which further demonstrates the distinguished photothermal conversion property of Cu2MoS4@MXene nanocomposites (Figure 4B and Supplementary Figure S4) (Hao et al., 2021). Taking into account the photostability of Cu2MoS4@MXene-1 and Cu2MoS4@MXene-5 (Supplementary Figure S5), Cu2MoS4@MXene-5 has the best performance, which matches the microscopic morphology and optical properties. When compared with the corresponding NIR thermal time constants (τs) and conversion efficiency (η) of pure Cu2MoS4 (292.12 s and 72.07%), the better τs and η of Cu2MoS4@MXene-5 are calculated as 242.44 s and 87.98%, respectively (Figure 4C and Figure 4D) (Chang et al., 2019; Chen et al., 2019; Li et al., 2021). Therefore, based on all of these experimental data, it is evident that the composite process efficiently promoted the photothermal conversion ability.
[image: Figure 4]FIGURE 4 | Photothermal performance of Cu2MoS4 and Cu2MoS4@MXene. (A) Photothermal activity of Cu2MoS4 and Cu2MoS4@MXene nanocomposites. (B) Concentration-dependent temperature change curves of Cu2MoS4@MXene-5. (C,D) Heating–cooling curves and linear time constant curves of Cu2MoS4@MXene and Cu2MoS4.
Mechanism of Photothermal Performance
To reveal the reasons for the enhanced performance of Cu2MoS4@MXene nanocomposites, their photothermal mechanism is proposed based on the previously analyzed experimental data. As reported in other previous work, under NIR irradiation, the electron in the photogenerated exciton will transit to the conduction band; then, the major electron in the excited state will recombine with the hole through radiating fluorescence; meanwhile, only a minority of electron–hole pairs have a photothermal effect due to nonradiative recombination, which can be described as the photothermal mechanism (Li et al., 2021). However, when the high work function (5.28 ± 0.03 eV) MXene is introduced, the heterojunction formed between Cu2MoS4 and MXene should be regarded as the transfer barrier (Regulacio et al., 2018; Lin et al., 2019; Yang et al., 2019; Prabaswara et al., 2020; Li et al., 2021). Referring to the band theory, the excited electron will irreversibly migrate from the Cu2MoS4 to MXene until their Fermi level reaches equilibrium; then, this migration can be accelerated because of the high-electron conductivity of MXene, and this process is defined as the band engineering caused by electron transfer regulatory effect. Obviously, the major excited electron of Cu2MoS4 in Cu2MoS4@MXene nanocomposites will migrate to MXene instead of radiatively recombining with the hole, so the probability of nonradiative recombination can multiply which improves the photothermal performance (Li et al., 2021).
Meanwhile, the UV-vis spectrum and Raman spectrum indicate an LSPR effect of MXene at 800 nm (1.5 eV) which can be attributed to an out-of-plane transverse plasmonic resonance, and owing to the LSPR effect, the MXene can generate the hot carriers under vis-NIR irradiation. Then, the injected hot carriers can further assist the separation and transfer of electrons and prevent the radiative recombination which is another crucial reason for improved photothermal performance.
In brief, after the hydrothermal process, Cu2MoS4 was anchored on the surface of MXene nanosheets, and the electron spontaneously migrates across the transfer barrier (electron transfer regulatory effect and band engineering). Then, with the synergy of MXene’s LSPR effect, the nonradiative recombination, i.e., the performance of photothermal conversion, can be efficiently accelerated.
CONCLUSION
In summary, in order to improve the photothermal performance of Cu2MoS4, the MXene nanosheets were introduced, and the Cu2MoS4@MXene nanocomposite was successfully synthesized. Due to the superior electron conductivity and high work function of MXene, the motion of the electron was changed at the heterostructure of Cu2MoS4 and MXene, and the electron can migrate from Cu2MoS4 to MXene which promotes the nonradiative recombination and generates heat. Also, the experimental results show that the radiative combination was evidently prevented, indicating an accelerated nonradiative combination, and the enhanced photothermal conversion efficiency of Cu2MoS4@MXene nanocomposite can reach 87.98% compared with the pure Cu2MoS4 (η = 72.07%). Then, a mechanism was proposed based on the electron transfer regulatory effect and LSPR effect. Finally, this work provides an efficient method to enhance the photothermal performance of phototherapy reagents and make them play a great role in cancer treatment.
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Most of the naked drugs, including small molecules, inorganic agents, and biomacromolecule agents, cannot be used directly for disease treatment because of their poor stability and undesirable pharmacokinetic behavior. Their shortcomings might seriously affect the exertion of their therapeutic effects. Recently, a variety of exogenous and endogenous nanomaterials have been developed as carriers for drug delivery. Among them, exosomes have attracted great attention due to their excellent biocompatibility, low immunogenicity, low toxicity, and ability to overcome biological barriers. However, exosomes used as drug delivery carriers have significant challenges, such as low yields, complex contents, and poor homogeneity, which limit their application. Engineered exosomes or biomimetic exosomes have been fabricated through a variety of approaches to tackle these drawbacks. We summarized recent advances in biomimetic exosomes over the past decades and addressed the opportunities and challenges of the next-generation drug delivery system.
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1 INTRODUCTION
During the past several decades, naked therapeutic agents, including small molecule drugs and biomacromolecule drugs, were used to prevent, diagnose, or treat different diseases. However, some limitations such as low solubility, poor stability, short circulating half-life, and poor biodistribution of these drugs contributed to limited efficiency (Zhao et al., 2021). In order to solve the aforementioned problems, a wide variety of delivery systems have been constructed in recent years to enhance the therapeutic effect and reduce side effects (Wang et al., 2021; Yi et al., 2022). Among them, nanotechnology was introduced into medicine and, therefore, improved treatment. Various synthetic nanoparticles, such as liposomes (Sur et al., 2014; Dammes et al., 2021), micelles (Gong et al., 2012; Kataoka et al., 2012), and self-assembled peptides (Cully, 2015; Worthington et al., 2017), and inorganic materials, such as graphene (Xiaoming et al., 2008; Panwar et al., 2019) and graphene-like 2D materials (Huang et al., 2021), are used to carry different cargo (Kuang et al., 2020; Zhou et al., 2021). Over the past few decades, nanocarriers for drug delivery have found applications in clinical use (Wicki et al., 2015; Min et al., 2015). The approved nano-drugs Doxil, Lipusu, and Abraxane mainly utilized liposomes as carriers. With the outbreak of COVID-19, liposome-based mRNA vaccines (Flemming, 2021; Gebre et al., 2021) were applied against COVID-19 (Flemming, 2021; Gebre et al., 2021); liposomes have drawn wide concern. However, these exogenous nanomaterials encountered several biological barriers and were quickly cleared from the blood upon delivering drugs to targeted locations (Peng et al., 2013). Studies have shown that less than 1% of nanomedicine reaches the target tissue (Huang et al., 2020). The failure of clinical trials of synthetic nanomedicine is mainly due to the difference in the biological barrier and immune system of humans and animals (Foulkes et al., 2020). By coupling with PEG to nanoparticles to prolong the circulation time of nanomedicine in the blood (Tam et al., 2013; Suk et al., 2016), antibodies (Sun et al., 2014), peptides (David, 2017), and aptamers (Subjakova et al., 2021) were modified at the surface of nanocarriers to increase the targeting ability and improve biodistribution. Nevertheless, the delivery efficiency of modified nanoparticles to targeted locations was still limited. This was because repeated injections of PEGylated nanomedicine caused faster blood clearance and a significant increase in the amount of aggregation in the liver and spleen (Ishihara et al., 2009). The long cycle capability of nanomedicine was therefore dramatically decreased, which was endowed by introduction of PEG onto nanoparticles. In addition, serious toxic and side effects in the body were caused for the encapsulated drug on account of the change of its pharmacokinetic behavior.
In order to tackle these issues, numerous biological carriers have recently been applied to achieve intracellular delivery of nanomedicine. Biological sources of carriers have received widespread attention due to their ability to alter biological distribution, uptake, and cause controllable responses (Bu et al., 2019). These vectors included membrane fragments (Park et al., 2021), exosomes (Liang et al., 2021), and viruses (Sokullu et al., 2019), while further applications of these virus were restricted due to strong immunogenicity (Bulcha et al., 2021). Exosomes were one kind of vesicles which were secreted from the cell membrane by cells with a particle size in the range of 40–160 nanometers. Since vesicles were derived from cells, exosomes have similar structures and properties to those of cells (Antimisiaris et al., 2018). Exosomes contained phospholipid bilayers and cytoplasmic proteins, membrane proteins, RNA, DNA, and other components similar to parent cells, but exosomes have no organelles. Exosomes played key roles in many biological processes under a variety of physiological and pathological conditions, and were considered to be a new mechanism for cell-to-cell communication (EL Andaloussi et al., 2013). Exogenous materials, including proteins, lipids, and genetic materials, could be delivered into recipient cells through exosomes. As a consequence, exosomes can be used as biomarkers for disease diagnosis (Ge et al., 2020) and prognosis (De Rubis et al., 2019). In addition, the large capacity and efficient ability of exosomes to exchange protein genes with cells give them the potential to be used clinically as a carrier for gene and drug delivery (Jie et al., 2021). Exosomes showed higher biocompatibility and lower toxicity in comparison to synthetic vehicles (Li et al., 2019). The surface of the exosome membrane contains all sorts of proteins that interact with integrins, allowing exosomes to overcome various biological barriers in the body, including clear monocytes, cell adhesion, permeation of tissues, spreading into the blood, and even passing through the blood–brain barrier. Thus, exosomes were regarded as natural vehicles to transport not only RNA but also DNA toward cells.
Although exosomes show great potential in treatment, their targeting capability of natural exosomes was relatively low, limiting further clinical applications (Liang et al., 2021). Over the years, a series of engineered exosomes have been developed to increase drug loading rates and improve the ability to target sites (Sterzenbach et al., 2017). By means of chemical modification, genetic engineering, and physical method, the exosomes were endowed with more functions and improved the targeting efficiency.
There were some major drawbacks of exosomes before clinical applications. For exosomes, it was virtually impossible for the preparation of vesicles with the exact duplicate for biomedical applications owing to the complex structures (De La Peña et al., 2009). In addition, the exact working mechanism was hard to elucidate due to its intricately pathophysiological functions. As a consequence, their development of extracellular vesicles may be hampered by their short- and long-term side effects caused by the unknown components for clinical practice. Furthermore, no standard methodologies existed to produce pure exosomes which met clinical applications to date. On account of different methods of preparation, the characteristics and functions of generated extracellular vesicles were also alike (Yong-Jiang Li et al., 2021). Thus, there is an urgent need to develop a common strategy to fabricate exosomes by researchers in the near future. Furthermore, extracellular vesicles which originated from organisms comprised of a mixture of a variety of extracellular vesicles derived from cell types of sorts, causing difficulty for the isolation of a single vesicle population to determine the dominant inducer of a particular function. Furthermore, they were not sufficient to generate at a large scale because of the low production yield in naturally secreted extracellular vesicles, which limited their further application (Antimisiaris et al., 2018).
In an attempt to overcome the shortcoming of exosomes which acted as cargo, artificial exosomes have been developed as vehicles to different delivery agents. In this review, the progress of biomimetic exosomes for drug delivery over the past decades was reviewed (Scheme 1). First, we introduced the preparation methods of biomimetic exosomes including chemical methods and genetic engineering methods. Second, we introduced the application scenarios of biomimetic exosomes. Finally, we summarized the advantages and challenges of biomimetic exosomes, aiming to provide inspiration in developing delivery systems for cell-free therapy.
[image: Scheme 1]SCHEME 1 | Scheme illustration of the route for the preparation of biomimetic exosomes and its application to deliver therapeutic agents.
2 PREPARATION OF BIOMIMETIC EXOSOMES
2.1 Strategies for Biomimetic Exosome Preparation
Compared to exosomes, biomimetic exosomes with high-titer production were used to import therapeutic agents into cells. With the rapid development of nanotechnology, a great deal of research efforts has been made to develop strategies of preparation methods for constructing novel functional materials. For the fabrication of materials at nanoscale, the materials were prepared with minimum dimensions with particle size ranging from 1 to 100 nm. A series of approaches have been used to fabricate nanoscale biomimetic exosomes with different functions from cells and small molecules. Currently, the method for artificial exosome preparation could be divided into three categories: top-down, bottom-up, and biological strategies.
2.1.1 Top-Down Approach
The top-down approach for the preparation of materials at nanometer scale was that larger materials were broken into nanoscale structures. The exosome was secreted by various kinds of cells, with similar components to cells such as proteins and lipids. Therefore, cells were usually used as bulk materials for the preparation of artificial exosome via the aforementioned strategy. Cell membrane sheets were obtained by breaking cells to form vesicles. The composition of the fabricated nanovesicle membrane showed high similarity with natural exosomes because both of them were produced from cells. The generated artificial exosomes contained proteins, nucleic acids, and lipids. These artificial exosomes possessed the same biological complexity of exosome, whereas little heterogeneity was observed. On the basis of this approach, several strategies have been used to produce nanovesicles, including extrusion, filtration, microfluidic device, sonication nitrogen cavitation, and chemical-induced cell blebbing.
2.1.1.1 Extrusion-Based Strategies
Filter extrusion (using polycarbonate membrane filters) was extensively applied with dimension reduction. This method was ready to operate and produced nanomaterials with controllable size. For the preparation of nanovesicles, cells at the micron level were extruded by polycarbonate membranes of defined pore size with sequential extrusion, obtaining homogeneous nanovesicles with nanoscale size. Generally, a commercial liposome extruder was used to accomplish the extrusion process. In addition, several devices have been used for preparing artificial exosomes at large scale.
In 2014, nanosized vesicles loaded with chemotherapeutic drugs were developed by the GHO Group utilizing sequential extrusion through polycarbonate membrane filters with a decrease in pore sizes, starting at monocytes or macrophages in the presence of doxorubicin (Figure 1A) (Jang et al., 2014). As compared with the yield of natural exosomes from an identical number of cells, the bioinspired nanovesicle yield was increased 100-fold. The obtained nanovesicles ranged in size from 120–130 nm, and exosome marker proteins such as moesine, CD63, and TSG101 also existed in nanovesicles. These nanovesicles were similar to natural exosomes in particle size, morphology, and protein contents. Owing to endothelial CAMs as raw materials, the generated nanovesicles which maintained the topology of plasma membrane protein showed the targeting ability toward tumor site. By means of the obtained nanovesicles, chemotherapeutic drugs could be efficiently delivered to the site of the tumor with less adverse effects. Importantly, the curative effect of nanosystems reduced obviously as plasma membrane proteins were removed. Importantly, the plasma membrane proteins of the nanovesicles were removed by trypsin to reduce their therapeutic effects. Taken together, the bioengineered nanovesicles as novel exosome-mimetics were successfully transferred chemo drugs toward malignant tumors.
[image: Figure 1]FIGURE 1 | (A) Schematic illustration of the procedure for the generation of NV and chemotherapeutics-loaded NV (Jang et al., 2014). (B) Schematic process of nanovesicle generation (Jo et al., 2014). (C) Schematic illustration of the procedure for generation of ghost nanovesicles (ghost NVs) and dexamethasone-loaded ghost NVs (Go et al., 2019). (D) Schematic shows a process to generate a uniform size of nanovesicles including cell disruption, differential centrifugation, and extrusion (Gao et al., 2016). (E) Production and drug loading of NIbS derived from cancer cells and efficient therapeutic efficacy against murine EL4 tumors by EL4-derived NIbS/DOX (Ingato et al., 2018).
Although extruding cell via microchannel was successfully employed to generate nanovesicles, the critical challenge for clinical applications was both the delivery efficiency and the scale-up production. The fabrication processes should be well controlled in large-scale nanovesicle preparation with uniform quality. Recently, the Park group developed a method to prepare a massive range of artificial exosome with culture cells through utilizing a common centrifuge (Figure 1B) (Jo et al., 2014). Compared with hand extruder, the extrusion force by centrifugation could be controllable to extrude cells. Once the centrifuge worked, cells were directly broken into nanovesicles by hydrophilic micro-size pores. Two much of the intracellular contents in the generated nanovesicles were observed when compared with natural exosomes. In addition, the nanovesicles could be selected to deliver their contents, including Oct3/4 and Nanog, to recipient cells and used for activation of the signaling pathway. A huge amount of nanovesicles, which were produced by using a centrifuge and polycarbonate structure with the filter, could be utilized for practical applications including drug delivery. The source cell which expressed specific targeting molecules endowed the produced nanovesicles with a targeting capability.
In addition to cells being raw materials, the lysed cell membrane could be used to form nanovesicles, which has the capability to replicate the functionalities of cell. With the development of the cell membrane coating technology, nanovesicles were prepared by coating various types of cell membranes onto nanoparticles. The generated nanovesicles have been demonstrated to efficiently deliver the drug because of their abilities to prolong circulation time. In addition, proteins on the cells endow that biomimetic nanovesicles could interact with a series of disease substrates, leading to the home capability toward disease. Additional functions were provided by nanoparticles in the nanovesicles to enhance their effect in nanomedicine. A series of nanovesicles based on cell membrane–coated nanoparticles have been constructed to treat multiple diseases (Rao et al., 2017; Rao et al., 2018; Ai et al., 2021; Meng et al., 2021). For example, Rao et al. (2020a) developed hybrid cell membrane nanovesicles from cancer cells and macrophages to restrain tumor recurrence and metastasis after surgery. Cancer cell membranes with high-affinity SIRPα variant overexpression, platelet, and M1 macrophage–derived nanovesicles were sonicated and extruded through 100-nm pores. SαV-C-NVs, M1-NVs, and P-NVs have endowed the hybrid nanovesicles with long systemic circulation time, specific targeting, and activation to combat cancer. The hybrid nanovesicle could act as a platform to deliver bioactive molecules. In addition, a biomimetic exosome as nanodecoy for COVID-19 was produced by the extrusion of both 293 T-cell membranes with overexpressed ACE2 and human monocytes (Rao et al., 2020b). ACE2 on the surface of biomimetic exosomes was capable of hijacking the S protein–mediated viral infection. Meanwhile, biomimetic exosomes showed that the neutralization capability toward inflammatory cytokines significantly suppressed immune disorder and lung injury against COVID-19.
2.1.1.2 Sonication-Based Strategies
Sonication was a widely spread method that used a strong bath sonicator or ultrasonic probe to reduce particle size to yield nanosized particles. Sonication was another common approach for making liposome. Cells could be broken into cellular fragments in the preparation of artificial exosomes at the beginning. Then, the cell fragments were subjected to sonication to assemble into nanosized vesicles. In 2019, Go et al. (2019) constructed a novel approach to synthesize artificial exosomes by removing the unwanted cellular content. First, the cells were treated with alkaline solution, fragmented, and disassembled into membrane sheets (Figure 1C). Meanwhile, cellular contents including cytoplasm protein, nucleoprotein, and nucleic acids were completely released into an aqueous solution. Second, the cell membrane fragments in aqueous media were harvested by ultracentrifugation. Finally, membrane sheets were subjected to sonication with or without the addition of dexamethasone. These vesicles showed high efficiency in the treatment and production yield. In addition, undesired luminal cargos were separated, resulting in the reduction of potential adverse effects and facilitating drug loading. Moreover, artificial exosomes could be generated from various types of cells loading other drugs for the treatment of other diseases, expanding its practical application in clinical environment.
2.1.1.3 Nitrogen Cavitation-Based Strategies
Membrane proteins play significant roles in selectively delivering therapeutic agents into the site of lesion. A series of membrane proteins was involved in signal pathways to trigger the pathway activation or inhibition. The activity of membrane proteins should be retained in the process of generating nanovesicles. The nitrogen cavitation method was an effective approach for the disruption of cells and maintained the biological function of membrane proteins. Nitrogen cavitation referred that nitrogen could be dissolved in the cytoplasm of the cells under high pressure. Subsequently, nitrogen bubbles were formed in the cytoplasm cell suspension, which was abruptly exposed to atmospheric pressure such that nitrogen bubbles were formed in the cytoplasm, leading to fragmentation of cells. Gao et al. (2016) proposed a general approach to prepare cell-derived vesicles by employing nitrogen cavitation (Figure 1D). To generate nanovesicles with the capability of reducing acute lung inflammation and injury, active neutrophils were used as source cells. In comparison with extracellular vesicles, 100-fold was achieved in the production yield of nanosized vesicles loaded with dexamethasone. This proposed strategy showed great potential for the development of personalized nanomedicine to treat the given disease.
2.1.1.4 Cellular Blebbing–Based Strategies
Cellular blebbing was a large and spherical outgrowth of cell membrane, which occurred throughout the lifecycle of different cell types. Cell blebbing was observed in the presence of chemical or multiple mechanical stimulations. Although giant plasma membrane vesicles had been used, a wide size range caused a barrier for the practical application. To address the aforementioned drawback, the chemical stimulation method was used by Ingato et al. (2018) to efficiently produce nanovesicles induced by sulfhydryl-blocking (NIbS) (Figure 1E). Intracellular and extracellular osmotic pressure was used to control the blebbing process. The resulting nanovesicles could deliver chemotherapeutic agents to the tumor, improving cellular uptake and facilitating drug release in the cells. Furthermore, the accumulation in major organs was avoided by employing the nanosystem as compared to commercial liposomal formulation. The drug-loaded nanosystem obviously reduced the growth rate of tumor, resulting in the increase of the survival of tumor-bearing mice. Nanosized chemical-induced vesicles could be considered for mass production of nanovesicles with efficient, quick, and simple harvest and purification. In addition, NIbS were utilized in various therapeutic scenarios such as immunotherapy, gene therapy, and cell therapy.
2.1.2 Bottom-Up Approach
To date, the bottom-up approach was that small molecules were dissolved in an organic solvent and then precipitated on addition of an anti-solvent in the presence of a stabilizer. There are a variety of strategies of this approach including liposome conjugated with specific peptide, liposome coupled with antibody, NPs embedded with specific protein, liposomes modified with membrane proteins, and fully synthetic nanovesicles.
2.1.2.1 Liposomes Coupled With Peptides
Peptides could perform a lot of functions such as the targeting capability, the ability to penetrate cellular membrane, the stimuli responsive ability, and the therapeutic ability because of these specific sequences. Thus, the function of exosomes could be mimicked by liposomes after modification by peptides with specific sequences. It was an easy way to construct biomimetic exosomes with various functions owing to its highly modular design. Liposomes modified with MHC Class I/peptide complexes served as biomimetic exosomes to activate and expand functional antigen-specific T cells at sufficient cells (De La Peña et al., 2009). As shown in Figure 2A, the peptide was conjugated on the maleimide group in the liposome and sulfhydryl group, which was introduced to peptides with Tarut’s reagent. Interestingly, the sulfhydryl group was introduced via the reaction between Tarut’s reagent and primary amines without altering charge characteristics. The fabricated biomimetic exosomes have a similar size as that of exosomes as well as similar functions for activation and expansion toward T cells. Moreover, the fluorescent and magnetic elements were introduced into biomimetic exosomes, which endow the targeting and traceable capability. In addition to covalent modification of liposome with peptides, peptides could be inserted into liposomes at 60°C. Moreira et al., 2002 inserted a peptide (antagonist G) into a liposome through the postinsertion technique. Compared with antagonist G-liposome using the conventional coupled technique, the generated antagonist G-liposome exhibited high binding under the same number of peptides, resulting in higher cytotoxicity toward H69 cell line.
[image: Figure 2]FIGURE 2 | (A) Schematic of immuno-magnetoliposomes as artificial exosomes. (B) Scheme of a dual-targeting immunoliposome encapsulating TMZ and mechanism for the delivery of TMZ to GSCs in dual-targeting immunoliposome formulation (Moreira et al., 2002). (C) Scheme of leukosome synthesis and formulation (Molinaro et al., 2016). (D) Schematic illustration of the preparation procedure for the construction of exosome mimetic Cx43/L/CS-siRNA NPs (Lu et al., 2019). (E) Schematic illustration of the fsEV formation process inside w/o droplet compartments produced by mechanical emulsification (Staufer et al., 2021).
2.1.2.2 Liposomes Coupled With Antibody
In addition to peptides, antibodies and proteins were composed of a variety of amine acids, which could also be covalently modified through different groups. As a consequence, both antibodies and proteins could be modified onto the surface of liposome via coupling and the postinsertion technique. Kim et al. (2018) developed angiopep-2 (An2) and anti-CD133 monoclonal antibody (CD133 mAb) conjugated liposomes, which could be used to deliver temozolomide for the treatment of glioblastoma multiforme (Figure 2B) (Moreira et al., 2002). An2 showed high targeting to low-density lipoprotein receptor-related protein on the blood–brain barrier (BBB), while anti-CD133 was capable of targeting toward CD133, which was highly expressed on the cancer stem cells of glioblastoma multiforme. Dual targeting liposomes endowed them to deliver drugs across BBB and reach the cancer stem cells. Much better therapeutic efficacy and fewer side effects were observed after treatment with dual targeting liposome. The system provided a convenient approach to fabricate biomimetic exosomes with dual function.
2.1.2.3 Liposome Embedded With Membrane Proteins
The bottom-up strategy has offered a novel solution to mimic the function of natural nanoparticles. Nevertheless, the complexity of membranes which was on the surface of liposomes was still not reproduced. In order to mimic the function of natural NPs, the complex synthetic route was required to add multiple elements onto the surface of liposome. Although the top-down strategy has provided a simple way to endow NPs with several bioactive functions, several limitations still existed by utilizing these approaches in the control of physical parameters, various kinds of cargo loading, and standardized preparation and storage approaches. In view of this, Molinaro et al. (2016) developed a biomimetic vesicle for the first time which incorporated membrane proteins into a lipid bilayer. As can be seen in Figure 2C, the nanovesicle could be fabricated by using the thin layer evaporation approach and integrating proteins derived from the leukocytes’ plasmalemma into a synthetic phospholipid bilayer. Not only primary but also immortalized immune cells were used to extract the membrane proteins, which were utilized onto the surface of biomimetic vesicle. Subsequently, a mixture of cholesterol, synthetic choline-based phospholipids, and purified membrane proteins was assembled through thin layer evaporation methods. The generated nanovesicles called leukosomes showed the well-targeting property of inflamed endothelia. The proposed route offered a universally synthetic method to produce biomimetic exosomes, which maintained the multiple functions of natural membranes.
2.1.2.4 Liposome-Coated Polysaccharides
Polysaccharides are biological polymers which consist of a lot of small monosaccharides. Polysaccharides include glycogen, inulin, hyaluronic acid, heparin, chondroitin 4 sulfate, gamma globulin, chitosan, alginate, dextran, cellulose, gelatin, and starch, and are widely used in biomedical applications. Chitosan was a positively charged polysaccharide which could bind polyanionic molecules, for example, nucleic acids. Liposome-based artificial exosomes could be used as cargo to carry drug or gene delivery. Lu et al. (2019) developed liposome-coated chitosan NPs to biomimetic exosomes for the delivery of siRNA. A plasmid that encoded, transcribed, translated, and integrated a transmembrane protein called connexin 43 (Cx43), transcription, translation, and integration was introduced into liposomes in the lipid layers in biomimetic exosomes (Figure 2D) (Lu et al., 2019). Integrated Cx43 worked functionally in cellular transport and facilitated the delivery of siRNA in EM to Cx43-expressing U87 MG cells. The EM exhibited high siRNA delivery efficiency and biocompatibility. Despite limited delivery efficiency than commercial transfection Lipo 2000 reagent, the strategy formulated EM using a cell-free protein synthetic approach and advanced the development of artificial exosomes as biomimetic nanocarriers.
Hyaluronic acid (HA) is a natural negatively charged hydrophilic polysaccharide with appreciable water solubility. Owing to the specific interaction of HA to CD44, a cell surface receptor, HA, could be served as a targeting moiety in nanomedicine for cancer therapy. Ravar et al. (2016) developed a HA-coated liposome to deliver paclitaxel through electrostatic interaction. The prepared biomimetic exosomes demonstrated high uptake efficiency in CD44 overexpressed cells, resulting in the improved cytotoxic activity compared to free drug and PTX liposomes without HA. Furthermore, HA-coated PTX liposomes showed high accumulation in the tumor area because of a high level of CD44 in tumors, and promising results on antitumors have been achieved in 4T1 tumor-bearing mice. Therefore, modifying liposomes with polysaccharides was an effective strategy to construct the biomimetic exosomes with specific functions.
2.1.2.5 Protein Vesicles
Generally, vesicles were prepared from lipids (liposomes) or polymers (polymersomes). In order to construct membrane-bound compartments, proteins were considered ideal building blocks. A vesicle to mimic the properties of cells has been developed by Huang and his colleagues through self-assembly of conjugated protein-polymers. In this design, a protein was covalently linked with a polymer via chemical reaction between mercaptothiazoline-activated amide and primary amine groups. The vesicle was formed through self-assembly at a constant aqueous/oil interface. The vesicles possessed the properties including molecule encapsulation, semipermeable nature, and protein synthesis guided by gene and enzyme catalysis. However, the function of proteins has been lost after chemical modification (Huang et al., 2013). To retain the biological activity of proteins on the surface of vesicles, a novel method has been used by Dautel and Champion (2021). Two recombinant fusion proteins, elastin-like polypeptide and globule-ZE, were utilized to form vesicles. A glutamate-rich leucine zipper (ZE) that could bind arginine-rich leucine zipper (ZR) was genetically fused with globules. The hydrophilic globule-ZE domain and the hydrophobic domain, ZR-ELP, were connected via the leucine zipper pair to form an amphiphilic complex. Hydrophobic conformational changes of ELPs were induced upon heating, leading to lower critical solution temperature (LCST) behavior. During the heating from 4°C to room temperature, the vesicle occurred via a transient coacervate phase owing to the LCST behavior. The aforementioned approach showed advantages such as tunability via genetic engineering and the incorporation functional proteins with maintained activity.
2.1.2.6 Fully Synthetic Exosomes
To precisely mimic the functions of natural exosomes, Staufer et al. (2021) constructed a complementary synthetic biology method to generate biomimetic exosomes with full function of natural exosomes (Figure 2E). The fully synthetic exosomes were composed of proteins, RNA, and lipids, which contained the most abundant lipid composition in natural exosomes. The ratio of various lipid components was cholesterol: SM: DOPC: DOPS: DOPE: DOPG: PA: DAG: DOPI = 43:16:15:11:6:5:2:1:1. Thereafter, lipids were assembled through the charge-mediated vesicle assembly technology (Figure 2E). Abundant encapsulation efficiencies were achieved for diverse kinds of biomolecules. Furthermore, it offers precise quantitative control over vesicle composition and, therefore, over the biochemical and biophysical phenotype of the vesicles. Lastly, the resulting synthetically assembled vesicles in many parts closely resemble naturally occurring lipid carriers such as EVs.
2.1.3 Biological Approaches
2.1.3.1 Assembly Mechanism of Virus
Viruses consist of nucleic acids and proteins, having a particle size in the range of 20–400 nm. A protein called capsid could package their nucleic acid including DNA or RNA with single strand or double strand, thus protecting them from damage by external factors. In some cases, the lipid bilayer membrane of host cells coats viruses such as HIV and influenza. During the formation of viruses, capsid was assembled, and subsequently nucleic acid genome was packaged into capsid. Finally, the cell membrane was coated on the surface of capsid if enveloped. Generally, a large number of viruses whose genomes were single strand assembled spontaneously around their capsid. Nucleic acids with double strands having high charge density prevented spontaneous encapsulation. Consequently, an empty protein capsid was formed in numerous dsDNA virus assemblies (procapsid), and thereafter, DNA was pumped into capsid with the help of a molecular motor.
Viruses could act as vehicles to deliver nucleic acids for gene therapy. Gene therapy utilized genetic materials to replace a defective gene for the treatment of genetic diseases. Significant progress has been achieved in the field of treatment of diseases, which was incurable previously. The common genetic materials included mRNA and plasmid DNA in gene therapy. Gene-delivery vectors were needed for gene therapy due to their easy degradation. Adeno-associated virus (AAV) and retroviruses were widely used to transfer genes across the cell membrane. Nevertheless, the biggest challenge via AAV as gene vector was the limited efficiency because AAV could be degraded or neutralized rapidly owing to host immune response. The delivery efficiency could be enhanced after the envelopment of AAV to protect them from the immune system. Recently, a virus could evade neutralizing antibodies after envelopment with cell membranes from host cells. Endosomal-sorting complexes required for transport (ESCRT) involved the process to envelop the virus. Interestingly, ESCRT was also involved in the formation of exosomes. Thus, exosomes produced from virus-infected cells contained virus-derived nucleic acids, viral proteins, and even viruses. During the process of viral invasion, exosomes played several roles such as the transportation of virus into target cells and changing the physiology of target cells to facilitate infection. There were two mechanisms for exosomes to promote viral infection. One was that exosomes could interact with the ligand on the surface of the cell membrane to elicit down signaling events, and another was to promote cell uptake and intracellular release through membrane fusion or receptor-mediated endocytosis. In addition, the reduction systemic toxicity was achieved by employing engineering exosome with targeting element to improve the targeting ability.
2.1.3.2 Biomimetic Exosomes Derived From Virus
A lot of enveloped RNA viruses were released from host cells through ESCRT, which displayed unique characteristics. In many biological events, including the biogenesis of multivesicular bodies (MVBs), cytokinesis, and retrovirus budding, ESCRT is essential (Vietri et al., 2020). Significantly, the host cell membrane could be hijacked by the nonenveloped RNA virus in nonlytic release. Recently, a classic nonenveloped virus (Hepatitis A virus, HAV) was reported its release in the form of quasi-enveloped HAV. Furthermore, the Long group found that the exosome markers such as CD9, CD81, and CD63 existed in an enveloped HAV particle (Figure 3A) (Jiang et al., 2020). ALIX, a protein associated with ESCRT, was also found in enveloped HAV, demonstrating that ESCRT involved the formation of enveloped virus. In addition, pX, which existed on the surface of the virus capsid, could direct the virus into exosome-like EVs. In the meantime, ALIX was involved in the aforementioned process. This study provides a fresh insight into large proteins packaged into vesicle-derived cells.
[image: Figure 3]FIGURE 3 | (A) Schematic representation of the enveloped nanocages and representative cryo-EM images showing exosome/EPNs (Jiang et al., 2020). (B) Scheme of the recombinant eGFPpX protein and eGFPpX co-localized with the ALIX and CD63 in live cells. mCh-ALIX and mCh-CD63 were stably expressed in Huh7-eGFP and Huh7-eGFPpX cells (Votteler et al., 2016).
In addition, nonenveloped viruses were loaded into exosomes to form biomimetic exosomes; protein nanocages could be enveloped into exosome-like vesicles via ESCRT. Votteler et al. (2016) developed the design of self-assembling protein nanocages that direct their own release from human cells inside small vesicles in a manner that resembles some viruses (Figure 3B). Three distinct functions of protein sequence that served as membrane binding, self-assembly, and recruitment of ESCRT were required in the biogenesis enveloped protein nanocages (EPNs). Fused peptide sequences (EPN-01) with the ability of membrane binding and ESCRT were constructed. To promote membrane binding, N-myristoylation signal corresponding to the first six amino acids of the HIV-1 structural Gag protein was added to I3-01. To promote ESCRT recruitment, the 52-residue HIV-1 Gag p6 peptide (p6Gag) was added to the C terminus. EPN-01 could be detected in the culture supernatant, whereas no peptides without membrane-binding element were released, demonstrating its necessity of binding-membrane for the release of nanocages. In addition, a nanocage with a size of about 25 nm was observed owing to the presence of the designed self-assembly unit. Moreover, many different membrane-binding, self-assembly, and ESCRT-recruiting units were carried out to ensure the formation of nanocages, coated with host cell membrane and released from cells. A key feature of the proposed strategy is that it enables control over the biogenesis and contents of the materials through modification of EPN protein sequences. Enveloped nanocages are highly modular and tolerant to substantial alterations, demonstrating that they could be engineered to incorporate a series of properties and functions tailored to desired applications. Proteins which work within cells could be efficiently delivered across the cell membrane via the aforementioned strategy. In addition, the protein was packaged into nanoscaled vesicles to mimic the virus; the association of AAV with exosomes have been developed for gene therapy. Moreover, the biosynthesis strategy to construct biomimetic exosomes was utilized to improve the delivering efficiency.
2.2 Cargo Packaging
Until now, the drug loading approaches of exosomes and biomimetic exosomes have been divided into two main groups, the pre-loading methods and the post-loading methods.
In pre-loading approaches, the drug is first generated or loaded in the parental cells. Subsequently, these vesicles which were obtained by isolation or generation from cells have been preloaded into the desired drugs. By utilizing cell engineering techniques, the cells could be used to generate exosomes or biomimetic exosomes. It was a useful strategy for loading cargo including protein and nucleic acids into vesicles which could be produced in cells.
In post-loading approaches, the cargo was packaged into exosomes after isolation by different methods. Cargo packages with high yields have been developed by liposome engineering. A high ratio of cargo loading was successfully achieved in comparison to electroporation, which was utilized earlier. Generally, most drugs were loaded by passive loading with low loading rate. Active loading was an effective method to improve the encapsulation efficiency of drugs with amphiphilic properties. The loading approach of amphiphilic drugs such as DOX and camptothecin was passive, which included gradient ammonium sulfate and pH strategies. The cargo was loaded into vesicles derived from red blood cells through the active loading method, which was proposed by Zhang and his colleagues (Krishnan et al., 2021). To retain a fluorescent dye, the content of cholesterol in the membrane should be increased. The fluorescence intensity gradually increased with the increase in cholesterol content. When the percentage composition for cholesterol, the fluoresce signal reached its maximum. Using similar strategies, Vogelstein and coworkers have constructed an active method to load hydrophobic drugs, which was at a low drug loading rate via passive loading (Sur et al., 2014; Wang et al., 2022). Hydrophobic drugs were first packaged into modified β-cyclodextrins with weak basic groups, which facilitate to load drugs. By utilizing pH gradients, these cyclodextrins could subsequently carry drugs to pass through the lipid bilayer of liposomes. These strategies could be expanded to the package drugs into biomimetic exosomes.
2.3 Advantage and Disadvantage of Synthetic Strategies for Biomimetic Exosomes
Although the techniques to generate exosomes have made great progress, several drawbacks such as scalable production, isolation, purification, and cargo loading should be circumvented for their clinical application. In view of this, artificial exosomes have been carried out through bio-nanotechnology, particularly the development of fully synthetic exosomes. Currently, some problems remain to fabricate biomimetic exosomes, which include low output, time-consumption, and characterization (Table 1).
TABLE 1 | Advantages and disadvantage of synthetic strategies for biomimetic exosomes.
[image: Table 1]Through top-down fabrication, cell membranes used as raw materials endowed the biomimetic exosomes with wide applicability because these vesicles showed a high similarity in physiochemical and biological characteristics to exosomes. Extrusion was the most widely applied strategy to produce a large number of exosome-mimetic vesicles. By applying this technology to cells, as much as 100-fold on the amount of biomimetic exosomes has been achieved in comparison to that of natural exosomes. Furthermore, conventional laboratory centrifuges were applied for the scale-up generation of biomimetic exosomes. However, ultracentrifugation was indispensable during isolation and purification after serial extrusion by using the top-down strategy. The fabrication of final vesicles was time-consuming. In addition, lack of selectivity in cargo sorting in the preparation of biomimetic exosomes was presented because the surrounding medium was packaged into biomimetic exosomes in the self-assembly of membrane debris. Nevertheless, the production sustainability was limited in the generation of biomimetic exosomes owing to cells as raw materials.
The bottom-up fabrication was capable of large-scale production of these vesicles with various forms, which was similar to the liposome generation. Since synthetic materials were easily available for large-scale processing, biomimetic exosomes could be obtained with a mass of vesicles. In order to mimic the function of natural exosomes, liposomes were modified with multiple components, leading to poor stability of liposomes and complex preparation processes. Even so, it was hard to mimic the component of natural exosomes. As a result, the function of exosomes was difficult to be completely reproduced by biomimetic exosomes on the basis of the bottom-up fabrication.
3 APPLICATION OF BIOMIMETIC EXOSOMES
In recent years, nano-delivery systems have received extensive attention due to their ability to deliver drugs to targeting lesions (Geranpayehvaghei et al., 2021). Therapeutic agents included small molecules and macromolecules such as proteins and nucleic acids. Nucleic acid drugs were composed of siRNA, shRNA, miRNA, antisense oligonucleotide (ASO), CRISPR/Cas 9 system, plasmid DNA, and mRNA. Similar to natural exosomes, biomimetic exosomes could transport these therapeutic agents into cells. Compared with other carriers, biomimetic exosomes showed good biocompatibility and possessed a targeting ability due to the presence of proteins or peptides on the surface of these nanovesicles. According to the types of molecules, the cargo delivered by biomimetic exosomes could be divided into four groups: small molecules, proteins, RNA, and DNA.
3.1 Small Molecule Delivery
Hydrophobic drugs could be loaded into phospholipid bilayers through hydrophobic interaction, while hydrophilic drugs were encapsulated into the core of artificial exosome. A pH responsive artificial exosome was constructed by Liu et al. (2019) via a convenient way for targeting delivery toward tumors. As can be seen in Figure 4A, platelet membranes and liposomes, which were functionalized with a pH responsive unit, were merged to construct the proposed nanocarrier. The platelet membranes of the vector endow the ability to escape from the immune system; pH responsive liposome endows the vehicle to release cargo selectively in the acidic microenvironment in lysosomal. Furthermore, the therapeutic effect toward tumors was better than that of plateletsome without a pH responsive unit or pH-sensitive liposome. Recently, biomimetic exosomes were designed for the delivery of various therapeutic drugs to meet treatment needs (Jang et al., 2013; Bozhao Li et al., 2021; Liao et al., 2021). The constructed nanocarriers were expected to treat a variety of diseases through chemotherapy, immune therapy, and phototherapy.
[image: Figure 4]FIGURE 4 | (A) Schematic illustration of biomimetic exosomes to deliver small molecule (Dox) (Liu et al., 2019). (B) Biomimetic exosomes to deliver protein (emtansine) for suppressing lung metastasis of breast cancer (Cao et al., 2016). (C) Scheme illustration of endogenous siRNA loading into nanovesicles (Lunavat et al., 2016). (D) Scheme of the preparation of standard (conventional) AAV and exo-AAV production workflow (Ramakrishnaiah et al., 2013).
3.2 Protein Delivery
Compared with small drugs, protein drugs have the advantages of high activity, high specificity, and low toxicity. So far, more than 130 drugs have been approved by the FDA for the treatment of various diseases (Sanchez-Moreno et al., 2018). However, delivering proteins across cell membranes is a challenge, and as such, most protein drugs are developed with membranes as targets. Intracellular protein delivery is a huge obstacle to its development as a universal treatment. The progress of intracellular protein delivery will promote the development of protein drugs. The impermeability of cells is a major obstacle to the intracellular delivery of recombinant proteins. Endosomal escape is an effective way to overcome the cell barrier, but this strategy still presents a very big challenge. Therefore, there is an urgent need to develop a universal method for protein delivery. Natural exosomes themselves carry proteins, which are excellent carriers and deliver a variety of proteins. The biomimetic exosome delivery protein has the advantages of easy availability, easy functionalization, and large-scale production. Cao et al. (2016) developed a nanovesicle to deliver emtansine to metastatic sites for the treatment of cancer metastasis of breast cancer. As shown in Figure 4B, the nanomedicine was composed of macrophage membranes, liposomes, and emtansine. For the first time, a pH-responsive liposome was used to load emtansine, which was toxic to cancer cells. Subsequently, an isolated macrophage membrane was used to coat the liposome, ensuring the ability of nanomedicine toward metastases foci in the lung. The mixing between the liposome and macrophage membrane was conducted through extrusion. High expression of α4 and β1 integrins contributed to the enhancement of the cellular uptake of emtansine, where a 25% reduction in the cellular uptake of emtansine-loaded liposome is compared with that of macrophage membrane functionalized liposome. This was due to the interaction between α4β1 integrin and VCAM-1 in cancer cells that contributed to specific metastasis-targeting toward cancer metastasis. In particular, the specific metastasis targeting ability and anti-metastatic activity of MEL were evaluated in a lung metastatic breast cancer model.
3.3 RNA Delivery
Owing to its intrinsic capacity, various kinds of RNA species could be transferred by exosomes and other extracellular vesicles from one cell to another. As a consequence, these vesicles have been utilized as carriers for the delivery of therapeutic RNA molecules. Nevertheless, the rare production of exosomes limited its practical application field. Alternatively, biomimetic exosomes could serve as carriers to deliver RNA and DNA into cells. Lunavat et al. (2016) prepared artificial exosomes derived from cells via multiple extrusion, and thereafter these vesicles were loaded with a specific siRNA via electroporation (Figure 4C). These nanomedicines were taken up by cells effectively. The proteins in the generated nanovesicle were similar to those of the plasma membrane of parent cells. Subsequently, a decreased level of GFP was observed in the nanovesicle, which loaded GFP siRNA, indicating the reduction of target genes. In addition, the expression of C-myc was decreased after treatment with siRNA, which was loaded into biomimetic exosomes, demonstrating that these biomimetic exosomes could be served as nanomedicine to treat diseases which were caused by the overexpression of C-myc.
In general, biomimetic exosomes can efficiently protect their payload against degradation, although the active targeting efficiency is currently debated for both systems. Similar to exosomes, biomimetic exosomes can deliver small molecules and large biological molecules (RNA and proteins). Genetic materials are fragile in the human body, so they must be protected to take effect. mRNAs and viral or nonviral plasmid DNAs are the common genetic materials used in gene therapy. Encapsulation in nanostructures protects the AAV vectors from the host immune system and delivers them into cells across the plasma membrane. Recently, Ramakrishnaiah et al. (2013) reported that hepatocyte-derived exosomes containing hepatitis C virus (HCV) RNA can activate innate immune cells (Figure 4D). In the presence of neutralizing antibodies, the virus could be transferred by exosomes. Exosomes from HCV-infected cells were capable of transmitting infection to naive human hepatoma Huh7.5.1 cells and establishing a productive infection. Even with sub-genomic replicons, lacking structural virus proteins, exosome-mediated transmission of HCV RNA was observed. Treatment with patient-derived IgGs showed a variable degree of neutralization of exosome-mediated infection compared with free virus. Therefore, biomimetic exosomes can be used as vectors to deliver plasmids, mRNA, etc., for gene therapy. Furthermore, exosome-AAV hybrid biomimetic exosomes combined the advantages of viral vectors and nonviral vectors, which can escape from the immune system and significantly reduce the immunogenicity of the vector. The Maguire group has developed an artificial exosome as a vector to deliver genes toward all inner hair cells (Gyorgy et al., 2017). Compared with the adeno-associated virus, the GFP expression delivered by artificial exosomes was significantly higher than that of AAV. Exo-AAV shows no toxicity in vivo as assayed by tests of auditory and vestibular function. Finally, exo-AAV1 gene therapy partially rescues hearing in a mouse model of hereditary deafness.
3.4 DNA Delivery
Nucleic acid drugs contain siRNA, shRNA, miRNA, antisense oligonucleotide (ASO), CRISPR/Cas 9 system, plasmid DNA, and mRNA, which have captured much attention for therapeutic treatment of a variety of diseases and disorders. In order to prevent degradation in vitro and in vivo, different vehicles such as virus and non-virus have been developed to deliver these nucleic acids. In addition to the aforementioned delivery of RNA-based drugs, biomimetic exosomes have also been used to transfer DNA including plasmid and antisense oligonucletide to targeting cells. In 2021, the Lee group utilized biomimetic exosomes to efficiently deliver plasmid against glioblastoma with low toxicity (Han et al., 2021). The biomimetic exosomes consist of three units including cell membrane, PEI25k, and plasmid DNA. The cell membrane which was extracted from C6 rat glioblastoma cells could prolong circulation time by reducing the clearance of the reticuloendothelial system. Meanwhile, cell membranes in nanoparticles decrease their toxicity before reaching the target location via preventing drug leakage. PEI25k was a positively charged polymer, which could act as a vehicle by the formation of polymer/pDNA complex. The biomimetic exosomes were stable with a size of around 120 nm owing to the surface charge of approximately −32mV. Interestingly, no significant change was observed in the size of nanovesicles compared with nanoparticles without cell membranes, indicating a high stability of biomimetic exosomes. Furthermore, the biomimetic exosomes showed high transfection efficiency in a serum containing medium as compared to nanoparticles without cell membranes. After treatment with the prepared nanoparticle in glioblastoma-bearing mice, obvious reduction in tumor size was observed, demonstrating that biomimetic exosomes could be served as carriers for gene therapy.
Similar to the delivery of plasmid, ASO, which was a negatively charged DNA, could be transported by biomimetic exosomes to treat various diseases. Due to their strong anionic nature of ASOs, it was difficult to package the ASOs into nanovesicles. When using biomimetic exosomes for delivery of ASO, electroporation was a general approach to load these therapeutics into vesicles. Electroporation could increase the permeability of nanovesicles, therefore facilitating cargo into vesicles. In addition, electroporation could transfer more than two different ASOs into the same vesicles. Oieni et al. (2021) reported a scalable preparation strategy to generate gene vehicle for delivery of ASOs targeted to miRNA-221. Under low voltage conditions (700V), about 30% ASOs was encapsulated in biomimetic exosomes. To improve the targeting of biomimetic exosomes toward target tissue, cell membranes from human mesenchymal stem cells were employed to act as coating of nanoparticles. These nanovesicles could efficiently uptake by MSCs without endo-lysosomal degradation at 24 h after treatment with biomimetic exosomes. Subsequently, the miR-221 expression was dramatically decreased in MSCs on subjecting these nanomedicines. The proposed method could be extended to deliver different payloads toward various tissues with high specificity.
3.5 Smart Nanomedicine
However, due to the nonspecific release of the delivery system and rapid clearance in the blood, the therapeutic effect was limited, which required an increase in the dose of the drug and caused side effects (Meng et al., 2019). Nonspecific release referred that the drug is not delivered to the target location in advance before release (Tiwari et al., 2012). Another reason is that the drug is not released at the target location, so that it recirculates in the blood, and the drug is released in the process. Mu et al. (2020) Therefore, it is necessary to develop smart nanomedicine by using biomimetic exosomes so that it can only be released in a specific lesion site. As shown in Figure 4, there are two types of smart nanomedicine based on biomimetic exosomes: the smart drug and the smart drug delivery system. As shown in Figure 5, there are two types of smart nanomedicines based on biomimetic exosomes: the smart drug and the smart drug delivery system.
[image: Figure 5]FIGURE 5 | Strategies for smart nanomedicine based on biomimetic exosome.
3.5.1 Smart Drugs
Intelligence drug is a drug, which is inactive during the delivery process, and decomposes to release the original drug after reaching the target location to exert its therapeutic effect. The aforementioned strategies could improve the metabolic stability of the drug (Rautio et al., 2008; Walther et al., 2017; Rautio et al., 2018). Drugs have been classified into two types: small molecules and macromolecules (peptide, proteins, antibodies, and nucleic acids). Small molecule drugs could enhance their metabolic stability and reduce the toxicity caused by off-target via modifying functional groups (Rautio et al., 2008). Peptides were amino acids linked through peptide bonds. Biomacromolecule drugs could be incorporated with caging groups. The initial functions of biomacromolecules were restored upon removal of these caging groups (Diemer et al., 2020). Peptides could also constitute a variety of biological macromolecule-proteins that are essential for cell life activities (Lian and Ji, 2020). Peptides can increase their accumulation in specific tissues by adding targeting groups, adding transmembrane peptides to improve membrane penetration efficiency and endosome escape efficiency, adding self-assembly modules to increase drug stability, increasing response groups, and promoting drug release at the targeted location (Newman and Benoit, 2018). Stimulus-responsive groups can be roughly classified into enzyme-responsive (He et al., 2016), pH-responsive (Dharmayanti et al., 2021), and redox-responsive. By taking advantage of biotransformations, nucleic acids which were modified with specific groups were capable of transferring to bioactive nucleic acids in living cells.
3.5.2 Smart Release
The smart drug carrier with a unique stimulate-response mechanism can make response adjustments to changes in related physical and chemical properties under the stimulation of exogenous or endogenous factors, control the release of the drug to the target site, and automatically adjust the rate of drug release Li et al. (2019). Smart deliveries have shown great promise in the field of material science and pharmacy (Huang et al., 2019). Due to the advantages of improving the bioavailability of drugs in the body and reducing their toxic and side effects, intelligent drug carriers will play an increasingly important role in future clinical treatments (Pan et al., 2021). The main potential mechanism of nanomedicine design is the enhanced permeability and retention effect (EPR) (Duan et al., 2021). Nevertheless, a number of recent studies have shown that less accumulation of nanomedicine was observed on account of poor therapeutic effect. Therefore, researchers have tried to improve the EPR effect or reduce the characteristics of the anti-EPR effect and found that strategies to improve the delivery of multifunctional nano-drugs such as regulating the abnormal tumor microenvironment and stimulus-responsive nano-drugs can enhance the anti-cancer drug delivery system.
4 CHALLENGES AND PERSPECTIVE
On account of multiple drawbacks including low stability and unsatisfactory pharmacokinetic behavior, the naked therapeutic agents showed limited curative effect during clinical application. To address this issue, a series of delivery systems have been constructed to improve the therapeutic effect and reduce side effects over the past decades. Biomimetic exosomes are composed of reasonably designed lipids, proteins, and RNA, which have similar structures to liposome or exosome. Considering the disadvantages of lipid nanoparticles and liposomes, biomimetic exosomes may be the basis of personalized nanomedicine in terms of drug delivery system in the future, which is characterized by a wide range of sources, low price, stable physical and chemical properties, and good biocompatibility. In comparison with natural exosomes, biomimetic exosomes are much easier to be synthesized on a large scale. However, clinical trials of biomimetic exosomes have just begun, and biomimetic materials produced through synthetic strategies have not yet been used for clinical transformation. The main challenge is that there are no standard methods in preparation, characterization, and biocompatibility. In addition, a fully automated purification method is required for the preparation of biomimetic exosomes. To achieve large-scale production, the bottom-up method to produce biomimetic exosomes can be synthesized by a method similar to the synthesis of liposome-microfluidics. The fully synthesized biomimetic exosomes are easier to modify, and the modification of antibodies and other functional groups can help to control the release of biomimetic exosomes under a controllable spatiotemporal manner. In the future, new and multifunctional biomimetic exosomes will be developed through biotechnology, nanotechnology, and chemical technology as personalized nanomedicine.
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Photodynamic therapy (PDT) is an advanced therapeutic strategy with light-triggered, minimally invasive, high spatiotemporal selective and low systemic toxicity properties, which has been widely used in the clinical treatment of many solid tumors in recent years. Any strategies that improve the three elements of PDT (light, oxygen, and photosensitizers) can improve the efficacy of PDT. However, traditional PDT is confronted some challenges of poor solubility of photosensitizers and tumor suppressive microenvironment. To overcome the related obstacles of PDT, various strategies have been investigated in terms of improving photosensitizers (PSs) delivery, penetration of excitation light sources, and hypoxic tumor microenvironment. In addition, compared with a single treatment mode, the synergistic treatment of multiple treatment modalities such as photothermal therapy, chemotherapy, and radiation therapy can improve the efficacy of PDT. This review summarizes recent advances in nanomaterials, including metal nanoparticles, liposomes, hydrogels and polymers, to enhance the efficiency of PDT against malignant tumor.
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1 INTRODUCTION
PDT mainly relies on PSs to generate 1O2 from O2 under the induction of specific wavelengths of light, causing oxidative damage to tumor cells and killing them, and even triggering immunogenic cell death (ICD). However, the insufficient supply of key factors such as PSs, light, and O2 in tumor tissue greatly reduces the therapeutic effect of PDT (Lee et al., 2022). Nanoparticles (NPs) as drug carriers have received extensive attention in the field of tumor therapy. They can achieve high-efficiency delivery of PSs to tumor tissues through physicochemically optimized passive targeting, ligand-modified active targeting, and stimulus-responsive release (Zhao et al., 2021). Attempts have been made to overcome the unfavorable tumor microenvironment through photocatalytic oxygen production, Fenton reaction, and combination with other chemical drugs (Wan et al., 2021). In this review, we first describe the composition and tumor-promoting mechanisms of the tumor microenvironment, and then introduce metal NPs, nanoliposomes, mesoporous silica NPs, dendrimers, hydrogels, polymer micelles and these creative methods to solve the problems faced by tumor PDT. In particular, in this review, we focus on recent advances in diverse metal NPs including metal-organic frameworks (MOF), which provide a promising approach for the design of integrative therapeutics in clinical treatments.
2 TUMOR MICROENVIRONMENT
TME refers to the non-cancerous cells and components presented in the tumor, including blood vessels, extracellular matrix (ECM), fibroblasts, the surrounding immune cells, molecules produced and released by them (Figure 1) (Chang et al., 2021). Hypoxic and acidic microenvironment, caused by tumor vascular tissue distribution disorder and structural abnormality, is the most important supporting component in TME and immunosuppressive microenvironment and has offered a favorable niche for tumor growth, proliferation and invasion (Yuan X. et al., 2022). The immune cells, including granulocytes, lymphocytes, and macrophages, are involved in various immune responses and activities orchestrated by the tumor to promote tumor survival. Among them, the macrophages abundantly infiltrating TME are called tumor-associated macrophages (tumor-associated macrophages, TAMs), which are the most prominent immune cell type in the TME. According to the difference of phenotype and function, activated macrophages can be divided into M1 and M2, and their polarization direction is regulated by microenvironment (Wang et al., 2021a). For example, tissue microenvironment, external factors and inflammatory response factors can activate macrophages in different forms (Cenowicz et al., 2021). The macrophages that promote tumor growth are M2 phenotype and have the function of repairing injury and inhibiting inflammatory response in normal tissues. The macrophages that inhibit tumor growth are M1 phenotype, which can induce inflammatory response and activate immune response to kill tumor cells (Chen J. et al., 2021). In the process of tumorigenesis, TAMs can often stimulate angiogenesis, promote tumor cell migration and invasion, and mediate tumor immune escape (De Lerma et al., 2021). In the site of tumor metastasis, TAMs promote tumor cell exosmosis, survival and follow-up activity. At the same time, TAMs affect the clinical therapeutic effect of tumors by enhancing the genetic instability of tumor cells, nourishing tumor stem cells, and promoting infiltration and metastasis, and they are the key driving force for tumor growth. The degree of macrophage infiltration in tumor tissues is related to the poor prognosis of patients, and the number of TAMs is negatively related to the survival time of patients (Munir et al., 2021). In addition, an increase in neutrophils in blood also accounts for a sign of poor prognosis for cancer. Imitating the naming method used to define macrophages (M1-like and M2-like/TAM), tumor-associated neutrophils (TANs) can obtain at least two different phenotypes: N1 neutrophils, endowed with anti-tumor activities, and N2 neutrophils endowed with immunosuppressive and pro-angiogenic properties to support tumor progression (Li et al., 2020). The tumor-promoting activity of TAN can cover a variety of mechanisms (Taucher et al., 2021). TAN can’t only promote tumor angiogenesis by secreting matrix metalloproteinase-9 (MMP-9) and vascular endothelial growth factor (VEGF) from the extracellular matrix (ECM), but also inhibit CD8T cells and produce immunosuppressive environment by secreting arginase 1 (Xiao et al., 2021).
[image: Figure 1]FIGURE 1 | Schematic representation of the tumor microenvironment in solid tumors.
Cancer cells harbor a different metabolic profile with respect to healthy cells (Chou and Yang, 2021). Cancer cells can maintain a high rate of glycolysis even in the presence of O2, consume large amounts of glucose and significant areas in tumors exhibit lactic acidosis. This phenomenon known as “aerobic glycolysis” or the “Warburg effect” (Yuan et al., 2021). The tumor-promoting mechanisms of TME include: 1) HIF-1α nuclear transport pathway: Hypoxia inducible factor-1 (HIF-1) is a key transcriptional activator responsible for regulating target genes that contribute to survival and growth of cells in hypoxia condition (You et al., 2021). It consists of two subunits (HIF-1β and HIF-1α) and HIF-1α is sensitive to hypoxia. Under hypoxic conditions, HIF-1 becomes a stable and transcriptionally active dimer and then induces transcriptional and post-transcriptional regulation of target genes. In addition, overexpression of HIF-1α also promotes the transcription and activation of angiogenic factors, such as angiogenin, platelet-derived growth factors, plasminogen activator inhibitors and VEGF (Sun et al., 2022). 2) STAT3 phosphorylation pathway: Acidic TME inhibits T cell activation and cytotoxicity by inducing STAT3 phosphorylation (Liang et al., 2021). 3) mTOR signaling pathway: The persistent stress of hypoxic TME leads to excessive activation of mTOR signaling in NK cells, mitochondrial fission, and impaired metabolism, ultimately leading to NK cell depletion and reduced anti-tumor ability (Liang et al., 2021). 4) VEGF pathway and nuclear transcription factor (NF-κB) pathway: Enriching cytokines such as VEGF and eosinophil chemokine (Eotaxin) in tumor tissue, inducing macrophage polarization into M2 type. M2 TAMs further produce factors such as CC motif chemokine 2 (CCL2), CC motif chemokine 5 (CCL5) or macrophage colony stimulating factor 1 (CSF-1) to participate in immunosuppression (Huang et al., 2021). 5) Promote the production of factors such as hyaluronic acid (HA) and VEGF, thereby maintaining tumor growth and migration (Niu et al., 2021).
3 PHOTODYNAMIC THERAPY
Taking advantage of the fact that PSs can’t generate ROS in the dark environment, and is not toxic to cells and tissues. By finely controlling the illumination area, the PDT process can be confined within the tumor tissue, achieving highly selective killing of tumor cells and reducing the side effects of normal cell death (Lee et al., 2020). According to the different types and production methods of ROS, PDT can be divided into two mechanisms, type I and type II (Algorri et al., 2021). Type I reactions can directly react with biomolecules to produce radicals by transferring protons or electrons. In Type II reactions, the excited PS transfers energy to oxygen molecules to produce singlet oxygen (1O2). Both oxygen-containing free radicals and 1O2 have extremely high reactivity, which can damage a variety of biomolecules and kill tumor cells. Type II PDT requires PSs to generate ROS. However, PSs are often excited by visible light, which limits the efficacy of PDT for deep tumors. Furthermore, due to the short intracellular half-life of ROS (≈10–320 ns), the light penetration depth and the distribution of PSs in tumor tissue limit the efficacy of PDT (Lee et al., 2022). Nanomaterials provide a powerful tool to overcome many drawbacks of PSs in cancer PDT, such as hydrophobicity, short blood circulation time after intravenous injection, which lead to insufficient accumulation, retention and internalization in tumor tissues (Silva et al., 2021). Furthermore, some multifunctional nanomaterials can increase the levels of O2 and ROS in tissues by mediating photocatalytic oxygen production and Fenton reaction. In addition, upconverting NPs can enhance light delivery in tumor tissues by converting more penetrating NIR to visible light or preparing them as persistent luminescent NPs (Liu B. et al., 2021). In addition to enhancing PSs in tumor tissues through physicochemically optimized passive targeting, ligand-modified active targeting, and stimulus-responsive release. Nanomaterials can also be combined with chemotherapy, gene therapy, immunotherapy, photothermal therapy, hyperthermia/magnetothermal therapy, radiotherapy, sonodynamic therapy to overcome the limitations of PDT (Yang G. et al., 2021; Zhang P. et al., 2022). This study focuses on the commonly used PSs nanomodification techniques and the application of different types of novel nanomaterials for cancer treatment and diagnosis, such as nanoparticles, liposomes, hydrogels, polymers, etc.
4 STRATEGIES FOR NANOPARTICLE-BASED PHOTOCONTROLLED DELIVERY
4.1 Metal Nanoparticles
Among the NPs, metal NPs have the advantages of high biocompatibility and stability, adjustable size, good optical properties, easy surface functionalization, and a long activity period (Desai et al., 2021). They can be used as PSs, delivery carriers and up-conversion tools to improve the delivery of chemotherapy, radionuclides and antibody drugs to tumor cells.
4.1.1 Metal Based Nanoparticles
4.1.1.1 Au Based Nanoparticles
Au NPs have surface plasmon resonance (SPR), chemical inertness and excellent biocompatibility, which are mainly used as passivation agents, drug delivery agents, imaging agents, and photothermal agents, which have different characteristic shapes, such as particles, rod-shaped, cluster-shaped, shell-shaped, spike-shaped and star, etc., (Younis et al., 2021). In PDT, gold nanoparticles can be used alone or as part of a multifunctional nanomaterial hybrid system for PSs delivery.
DNA is considered to be one of the best components for building nanomaterials due to its excellent sequence specificity and programmable supramolecular self-assembly. Among them, functional modification of nanomaterials can significantly improve the cellular stability of DNA nanomaterials. Based on this, Yu et al. utilized doxorubicin (Dox), antisense DNA (target Survivin mRNA) that could inhibit Survivin expression, photosensitizer (ZnPc), and Au NPs with excellent plasmonic properties, to develop a multifunctional nanotherapeutic platform with both diagnostic and therapeutic functions, termed Apt-DNA-Au nanomachines, for in situ imaging and targeted PDT/PTT/CDT synergistic therapy of breast cancer (Figure 2) Yu et al. (2021). Moreover, the tightly packed DNA sequences on the surface of nanomaterials were used as highly specific aptamers, which not only resisted the enzymatic hydrolysis of DNA sequences, but also improved the tumor targeting of PDT (Lv et al., 2021). Su et al. took persistent luminescent nanoparticles (PLNPs) as the core, and formed a novel nanoprobe TCPP-gDNA-Au/PLNP for persistent luminescence imaging-guided photodynamic therapy by coupling DNA sequences containing AS1411 aptamers through AuNPs Su et al. (2021). PLNPs could emit long-term fluorescence under near-infrared light irradiation. The AS1411 aptamer could specifically recognize the overexpressed nucleolin in cancer cells and improve the tumor targeting of the photosensitizer TCPP. Furthermore, increasing the types of DNA modified on the surface of NPs can improve the accuracy of PDT tumor identification. Cai et al. designed and synthesized a nano-therapeutic platform for fully automatic diagnosis and treatment of Au/Pd nanomachines with the main marker miRNA-21 and two auxiliary markers miRNA-224 and TK-1 mRNA as the targeted detection unit (Au/Pd ONP-DNA nanomachine) Cai X. et al. (2021). Using ONPs as a carrier, when all specified targets were detected [logic system input was (1, 1, 1), output was (1, 1)], the 808 nm laser could be programmed to automatically irradiate the tumor and perform PDT and PTT. However, the stability of the Au-S bond is poor, and the DNA is non-specifically detached from the surface of AuNPs, resulting in false positive signals and severe side effects. Zhang et al. used a simple and highly stable amide bond (-CO-NH-) instead of the Au-S bond and combined the DNA probe on Au@graphene (AuG) to prepare Label-rcDNA-AuG Zhang J. et al. (2021). Label-rcDNA-AuG could improve the anti-interference ability of nanoprobes against nucleases, GSH and other biological agents. By accurately monitoring the level of intracellular miR-21, Label-rcDNA-AuG could identify positive cancer cells even in a mixture of cancer cells and normal cells, improving the precision of PDT treatment and reducing damage to normal cells.
[image: Figure 2]FIGURE 2 | Multifunctional Apt-DNA-Au nanomachines for in situ imaging and targeted multimodal synergistic cancer therapy. (A) Schematic diagram of the structure of the Apt-DNA-Au nanomachine. MUC1 segment is an aptamer that specifically recognizes MCF-7 cells; A segment and Fd segment contain G-quadruplex structure for loading photosensitizer (ZnPc); C segment is labeled with Cy5 for in situ fluorescence imaging; D segment is incorporated into antisense DNA that inhibits Survivin expression for inhibiting tumor cell proliferation; TD segment is an A/C/D mixture loaded with Dox. (B) Working principle of the Apt-DNA-Au nanomachine. (C) Apt-DNA-Au nanomachines specifically recognize and internalize to target cancer cells, and monitor tumor therapeutic effects in real time through in situ fluorescence imaging and multimodal anticancer therapy (combined with chemotherapy, gene therapy, PDT, and PTT). Reproduced with permission from (Yu et al., 2021).
Besides DNA modification, surface modification of biotin (Bt) is also an effective way to improve the tumor targeting of NPs (Li J. et al., 2021). The targeting of Bt-modified Au-NPs (BT@Au-NPs) to C6 glioma cells was more than 2 times that of Au-NPs (He F. et al., 2021). Modification of arginine (R)-glycine (G)-aspartic acid (D) (RGD) on the surface of NPs, which could bind to integrin αvβ3 integrin with high affinity, could not only improve the anticancer ability of NPs, but also reduced tumor migration rate. The HB-AuNRs@cRGD prepared by Liu et al. had a tumor inhibition rate of up to 77.04% in the ECA109 esophageal cancer model, and significantly reduced the migration and invasion of cancer cells in ECA109 cells Liu D. et al. (2021).
Besides improving the PDT efficiency of Au-NPs in combination with other nanomaterials, oxygen production can also be optimized by changing the physical structure of Au-NPs. By adjusting the ratio of silicon core radius and gold shell thickness, Sajid et al. enhanced the field strength of Au nanoshells with 40/20 core radius/shell thickness by 35 times and increased 1O2 yield by 320% compared to before optimization (Farooq and de Araujo, 2021). Furthermore, the introduction of ionic complexes assembled by heterometallic colloids (Mo6-Au2) can affect the cytotoxicity, cellular internalization and PDT activity of NPs by regulating the order of their supramolecular stacking (Kirakci et al., 2021). For example, through the 1:1 binding of [Mo6I8(L′)6]2− (L′ = I-, CH3COO-) with [Au2L2]2+ (L was the ligand of cyclic double amines and phosphine), Faizullin et al. synthesized a heterometallic colloids composed of positively and negatively charged metal-organic complexes Faizullin et al. (2021). Among them, the cellular internalization of Mo6-Au2 (L′ = CH3COO-) assembled with poly-DL-lysine (PL) exhibited a three-fold enhancement when L′ = CH3COO- and could accumulates in the cytoplasm by fast endo-lysosomal escape. In addition, the photodynamic effect of [Mo6I8 (L′)6]2− clusters was much higher at L′ = CH3COO- than at L′ = I-. In recent years, bimetallic NPs are also improving the therapeutic efficiency of PSs due to the inherent properties of the introduced metal elements and the interaction between two metal atoms (Park et al., 2021). He et al. synthesized Au1Bi1-SR NPs by introducing Bi into captopril-coated Au NPs (Au-SR NPs) by utilizing the X-ray CT signal enhancement effect of Bi He G. et al. (2021). Au1Bi1-SR NPs not only exhibited higher ROS yield than Au-SR NPs, but also enabled CT imaging-guided and light-mediated PDT for synergistic tumor therapy. In addition, Jia et al. further modified Au-Bi bimetallic nanoparticles with IR808 fuel and prepared Au-BiGSH@IR808 to obtain higher NIR photon capture ability, which effectively solved the problem of low absorption rate of Au-Bi nanoparticles in the near-infrared region Jia et al. (2021). Noble metal Pt nanozymes have catalase-like activity (Cao et al., 2021). Truncated octahedral Au (ToHAu) can enhance LSPR by increasing the spatial separation and realizing the simultaneous participation of holes and electrons in the reaction due to the special structure of twin planes and stacking faults (Yoon et al., 2017). Accordingly, Bu and his team designed and synthesized a comprehensive phototherapy nanomodulator (ToHAu@Pt-PEG-Ce6/HA) based on the enhanced LSPR effect Bu et al. (2021). Pt was deposited on ToHAu to form a spatially separated structure, which enabled the reactive molecules to freely enter the hot holes and electron fluxes, and had strong photothermal and photodynamic properties. The antitumor effect of NPs is also closely related to their size. For example, large NPs (>100 nm), despite their enhanced permeability and penetration (EPR) effect, cannot fully infiltrate into tumor tissue due to dense extracellular matrix and elevated interstitial fluid pressure (Zmerli et al., 2021). In contrast, small NPs (<20 nm) exhibited better tumor penetration but were easily cleared by the blood circulation. Therefore, it is particularly important to design a TME-responsive size-tunable NPs. To this end, Liu et al. designed and prepared Au-MB-PEG NPs by exploiting the efficient polymerization ability of AuNPs and the excellent performance of TME ROS-triggered HOCl-responsive platform Liu H. et al. (2021). Small-sized Au-MB-PEG NPs responded to highly expressed HOCl in the tumor region through a HOCl-sensitive molecule (FDOCl-24). After reaching the tumor tissue, Au-MB-PEG NPs were cleaved by HOCI to release Au NPs that rapidly aggregated into larger aggregates in the tumor through electrostatic interactions, and simultaneously released methylene blue as a photosensitizer for photodynamic therapy (PDT). The aggregated AuNPs red-shifted the light absorption to the NIR region, resulting in enhanced photoacoustic imaging (PAI) and PTT under laser irradiation.
4.1.1.2 Ag Based Nanoparticles
Ag NPs have higher 1O2 yield than Au NPs and Pt NPs due to stronger SPR (Younis et al., 2021). Inspired by the ability of ICD to transform tumors from cold to heat by inducing tumor cells to release tumor antigens and damage-associated molecular patterns (DAMPs) and then enhance T cell proliferation and infiltration (Xu et al., 2022). Jin et al. developed a corn-like Au/Ag nanorod (Au/Ag NR) that could induce ICD in tumor cells under NIR-II (1064 nm) light irradiation (Figure 3) Jin F. et al. (2021). They covered the Ag shell on Au NRs, and by changing the amount of Ag+, the SPR band in the vertical region with higher 1O2 yield was red-shifted to the NIR-II window. In addition, Au/Ag NRs could maintain the immune memory effect for up to 40 days in animal experiments by enhancing the therapeutic effect of immune checkpoint blocking (ICB). Wang and his team further used DNA probe technology to prepare the DNA-functionalized nanoprobe Au-AgNP-Ag-HM loaded with the photosensitizer hematoporphyrin monomethyl ether (HMME) Wang et al. (2021b). Au-AgNP-Ag-HM not only had the ROS production mediated by the LSPR signal change of Au-Ag-HM and photosensitizer HMME, but also had fluorescent probe technology mediated by caspase-3 specific recognition sequence (DEVD), which effectively integrate the functions of pro-apoptosis and detection, and can be used for the treatment and efficacy evaluation of tumor cells.
[image: Figure 3]FIGURE 3 | Illustration of Corn-like Au/AgNR-mediated antitumor immune responses. Corn-like Au/Ag NR-mediated NIR-II PTT/PDT significantly increased the expression of calreticulin, high-mobility group box 1, and adenosine triphosphate in tumor cells, reprogramming the immunosuppressive cold tumor microenvironment to immunogenic heat tumor, which achieve the combined anti-cancer activity with the ICB antibody and effectively inhibit the growth of distant tumors and prevent tumor recurrence. Reproduced with permission from (Jin L. et al., 2021).
4.1.1.3 Cu Based Nanoparticles
Cu-based Fenton reagents have superior ROS yields to Fe-based systems (Zhu F. et al., 2021). In addition, Cu-doped layered double hydroxide (Cu-LDH) nanosheets can not only further enhance the yield of ROS, but also take advantage of the small size and positive charge to actively infiltrate cancer cells for deep tumor therapy (Wu et al., 2021). But positively charged NPs have a shorter residence time in the blood circulation than negatively charged NPs (Smith et al., 2019). To this end, Wu and his team used negatively charged liposomes to encapsulate Cu-LDH (Cu-LDH@Lips) and embedded HMME into the bilayer of CuLDH@Lips, forming a dual size/charge switchable reactive oxygen species generator (Cu-LDH/HMME@Lips) (Figure 4) Wu et al. (2021). Liposomes could prolong the residence time in the circulatory system by reducing the clearance of Cu-LDH/HMME@Lips by immune cells, and HMME could disintegrate Cu-LDH/HMME@Lips in response to ultrasound to release positively charged Cu-LDH, which could penetrate deep into tumor cells and then caused oxidative stress damage to tumor cells through Fenton-like reaction. Similarly, Wang et al. prepared ICG/CAC-LDH nanosheets by intercalating indocyanine green (ICG) into a hydrophobic bilayer of Ce-doped Cu-Al layered double hydroxide (CAC-LDH) Wang X. et al. (2021). ICG/CAC-LDH could not only induce the depletion of intracellular GSH, but also decompose to generate Cu+ and Ce3+ to stimulate the Fenton-like reaction to generate OH.
[image: Figure 4]FIGURE 4 | Schematic diagram of the synthesis and working principle of Cu-LDH/HMME@Lips. (A) Schematic diagram of the synthesis of Cu-LDH/HMME@Lips. (B) Schematic diagram of the working principle of Cu-LDH/HMME@Lips. Dual-size/charge-switchable Cu-LDH/HMME@Lips utilizes negatively charged liposomes to prolong circulation residence time in low-permeability solid tumor models, and then HMME decompose Cu-LDH/HMME@Lips in response to ultrasound to release positively charged Cu-LDH, which can penetrate deep into tumor cells. HMM generates 1O2 under ultrasound irradiation, while Cu-LDH infiltrates deep in tumor generates ROS through a Fenton-like reaction. Reproduced with permission from (Wu et al., 2021).
4.1.1.4 Ruthenium Based Nanoparticles
Ru complexes are commonly used as PDT PSs due to their high water solubility, photostability, and high ROS yield (Smithen et al., 2020). However, it has the disadvantages of dark toxicity, DNA mutation and being excited only by short-wave visible light, which limit its clinical application (Chen M. et al., 2021). To this end, He et al. synthesized a new red light-responsive Ru complex PSs (Ru-I) without two-photon activation, by using large conjugated indolepyridine benzopyrans as ligands He Y. et al. (2021). Positively charged Ru-I could effectively target cancer cell lysosomes and activate PSs under 660 nm red light to induce apoptosis. In addition, Karges et al. proposed to wrap Ru (II) polypyridine complexes with amphiphilic polymer DSPE-PEG2000-folate to prepare nanoparticles without dark toxicity, which could target cancer cells overexpressing the folate receptor Karges et al. (2021). It exhibited significant phototoxicity under irradiation at 480 or 595 nm and induced tumor cell apoptosis through the caspase3/7 pathway. Furthermore, this complex not only shown the highest 1- and 2-photon absorption to date, but also exhibited properties of inhibiting multidrug-resistant tumors in a rat model. In addition to the introduction of folate groups, bio-orthogonal labels such as copper-catalyzed azide-alkyne cycloaddition (CuAAC) are also effective methods to improve tumor cell recognition (Kappenberg et al., 2022). Lin et al. prepared the first bio-orthogonal two-photon PSs based on Ru (II) complexes by bio-orthogonally labeling Ru-alkynyl-2 Lin C.-C. et al. (2021). In addition to generating ROS to exert cytotoxic effects, it could also exert anti-tumor effects by specifically binding to cancer cell membranes and inducing membrane damage.
4.1.1.5 Iridium Based Nanoparticles
In recent years, new photoredox catalyst systems based on Ir compounds have been widely used in catalysis and PDT, and can also be used to prepare new PSs (Raza et al., 2021). Liu and his team prepared two Ir (III) complex dimers that could self-assemble into NPs in aqueous media, named Ir1 and Ir2 Liu J. et al. (2021). Ir1 and Ir2 not only enhance cancer cell uptake through positive charges on the surface, but also exhibit type I and type II PDT activity in the 350–500 nm (UV-Vis spectrum) range, even in hypoxic microenvironments. Ir NPs might be promising alternatives to traditional organic PSs. Ir (III) complexes show great potential in the construction of oxygen-sensitive sensing probes due to their unique oxygen quenching pathway (Yasukagawa et al., 2021). Xiao et al. designed and synthesized a red light-excited Ir (III) complex encapsulated in the hydrophobic pocket of Cyanine7-modified β-cyclodextrin (β-CD) Xiao and Yu (2021). Ir (III) complexes achieved different degrees of oxygen quenching according to the change of oxygen concentration in the environment. β-CD could not only be used to improve the water solubility of Ir (III) complexes, but also be used to carry Cyanine7 to establish a proportional oxygen fluorescent probe. The results of in vitro and in vivo experiments shown that the prepared probe had remarkable oxygen sensitivity and could be used for quantitative determination of the oxygen level in the hypoxic microenvironment of solid tumors. Mitochondria are not only the decisive regulators of cellular metabolic function and apoptosis, but also the organelles with the highest intracellular oxygen concentration (Tabish and Narayan, 2021). Therefore, the preparation of PSs that target the mitochondria of cancer cells will be the key to maximize the therapeutic potential of PDT. Recently, Redrado et al. prepared four novel mitochondria-selective trackable PSs, which are called bifunctional Ir (III) complexes of the type [Ir (CˆN)2 (NˆN-R)]+, where NˆC is either phenylpyridine (PPY) or benzoquinoline (BZQ), NˆN is 2,20-dipyridylamine (Dpa), and R either anthracene (1 and 3) or acridine (2 and 4) (Redrado et al., 2021). Only complex 4 ([Ir (Bzq)2 (dpa-acr)]+) clearly shown a dual emission mode. The organic luminescent chromophore (acridine) could display the cellular localization of the complexes under irradiation at 407–450 nm. Ir (III) had more than 110-fold higher photosensitivity values under 521–547 nm irradiation than under dark conditions, and promoted apoptotic cell death and a possible apoptotic pathway by generating ROS. Although two-photon near-infrared photoactivation can partially overcome the lack of absorption or weak absorption of Ir (III) complexes in the red to near-infrared region, the requirements of ultrafast femtosecond laser source and small irradiation area limits its application in solid tumor therapy. To this end, Liu and his team designed and synthesized bifunctional micelles (Micelle-Ir) for synergistic PDT and PTT therapy in vivo (Figure 5) Liu N. et al. (2021). They were prepared by micellization of a neutral Ir (III) complex (BODIPY-Ir) containing a distyryl boron-dipyrrole methylene group (BODIPY-Ir). BODIPY enabled BODIPY-Ir to acquire the ability to absorb in the far-red/near-infrared region, and micellization enabled BODIPY-Ir to acquire the ability to synergize PDT and PTT therapy, not only destroying primary 4T1-Luc tumors, but also preventing lung metastases.
[image: Figure 5]FIGURE 5 | Schematic diagram of synthesis of BODIPY-IR and schematic diagram of PDT/PTT synergistic therapy mechanism. (A) Schematic synthesis of BODIPY-IR: Reagents and conditions: 1) 1-(4-ethynylphenyl)-1H-benzo [d]imidazole, CuI, Pd (PPh3)4, THF, TEA, 50°C, 16 h; 2) MeI, THF, 100°C, 24 h; 3) [Ir (benzo [h]quinoline)2 (µ-Cl)]2, Ag2O, 1,2-dichloroethane, reflux, 24 h. (B–D) Schematic representations of Encapsulation of BODIPY-Ir into micelles for constructing Micelle-Ir. (B) PEG-PCL-encapsulated BODIPY-Ir self-assembles into Micelle-Ir. (C) Photophysical processes of PDT and PTT. (D) Michelle-Ir-mediated PDT/PTT synergistic therapy in vivo. Reproduced with permission from (Liu S. et al., 2021).
4.1.2 Metal Oxide-Based Nanoparticles
Metal oxide nanomaterials have found promising biomedical applications for fluorescent labeling due to the advantages of high photostability, large extinction coefficient, high emission quantum yield and easy surface modification (Younis et al., 2021). In view of the fact that nano-heterostructures can promote photo-induced electron-hole separation and the generation of ROS, 2D nano-heterostructure-based PSs can provide a major advancement in PDT. Qiu et al. designed and synthesized a bismuthene/bismuth oxide (Bi/BiOx)-based lateral nano-heterostructure synthesized by a regioselective oxidation process Qiu et al. (2021). Upon irradiation at 660 nm, the heterostructure could effectively generates 1O2 under normal oxygen conditions but produces cytotoxicity OH and H2 under hypoxic conditions, which synergistically improves the intensity of PDT. In addition, this Bi/biox nano-heterostructure had biocompatibility and biodegradability, with the surface molecular engineering used here, it improved the penetrability of tumor tissue and increased the cellar uptake, and then produced an excellent oxygen-independent tumor ablation effect. Iridium dioxide (IrO2) with semiconductor behavior has high catalytic activity for oxygen release reaction (OER) in a wide pH range, and also has excellent photocatalytic efficiency (Arias-Egido et al., 2021). For this, Yuan et al. synthesized IrO2-Gox@HA NPs that could target TME by combining glucose oxidase (GOx) and IrO2 NPs on hyaluronic acid (HA) Yuan Y. et al. (2022). First, Gox converted the high levels of glucose in tumors to H2O2, and then IrO2 NPs converted H2O2 to O2, thereby enhancing type II PDT, which could effectively alleviate hypoxia in tumor tissues.
Relevant literature points out that the larger the specific surface area of the sheet-like structure, the higher the zeta potential, and the greater the drug-carrying capacity of nanomaterials (Duo et al., 2021). Dai et al. synthesized a radiosensitizer based on 4-layer O-Ti7O13 nanosheets by using two-dimensional titanium peroxide nanomaterials with mesoporous structure to support DOX Dai Y. et al. (2021). O-Ti7O13 could quickly load the drug within 5 min while other nanomaterials need 24 h and release the drug continuously in an acidic microenvironment. In addition, under the action of high-energy X-rays, titanium dioxide could absorb radiation energy to synthesize ROS and kill tumor cells. O-Ti7O13 could reduce the X-ray dose and irradiation frequency, and reduce damage to normal tissues while ensuring the therapeutic effect. Mn3+-rich oxides (MnOx) can be decomposed into catalytically competent Mn3+ and Mn2+ in TME, accelerating the conversion of endogenous O2 into highly toxic 1O2 and OH. Meanwhile, the released Mn2+ can be used as a magnetic resonance imaging agent with higher spatial resolution. Studies have shown that Zinc gallogermanate (ZGGO) persistent luminescent NPs can be loaded with therapeutic drugs to achieve long-term imaging tracking of drugs and significant tumor treatment effects. To improve the poor resolution of ZGGO, Ding et al. used MnOx to coat chromium-doped ZGGO NPs (Mn-ZGGO) Ding D. et al. (2021). Mn-ZGGO could not only generate 1O2 and OH without light, but also serve as a diagnostic tool for MR, US, and sustained luminescence to guide precise cancer therapy. Similarly, Li and his team used MnO2 and IrO2 to prepare nanozymes (MnO2/IrO2-PVP, MIP NPs) to combine photothermal effect, catalytic effect and magnetic resonance imaging function Li R. et al. (2021). IrO2 enabled the photothermal conversion efficiency of MIP NPs to reach 27.57%. Polyvinylpyrrolidone (PVP) enabled the Ce6 loading efficiency of MIP NPs to be as high as 76.07 ± 0.52%, and could shed PVP from the surface of MIP NPs in an acidic microenvironment, realizing the local enrichment of MIP NPs at tumor. Besides MnO2, CeO2 also has similar functions to catalase (CAT) and superoxide dismutase (Yang Y.-L. et al., 2021). Zeng et al. prepared a dual-targeted tumor drug delivery system (ICG@PEI−PBA−HA/CeO2) by using ICG, inorganic nanozyme (HA/CeO2) and pH-sensitive cationic polymer carrier phenylboronic acid-modified polyethyleneimine-4-carboxyphenylboronate (PEI-PBA) Zeng et al. (2021). After ICG@PEI−PBA−HA/CeO2 targeted cancer cells with HA, the CeO2 released from the pH cleavage reaction of phenylboronic acid catalyzeed H2O2 to generate O2 through the cerium valence cycle of Ce3+/Ce4+. The regenerable CAT-like nanozyme activity of CeO2 increased the bioavailability of ICG and promoted tumor cell apoptosis by improving the tumor hypoxic microenvironment.
The efficacy of PDT/PTT combination therapy was better than that of PDT or PTT monotherapy. Traditional PDT/PTT synergistic therapy requires two light sources to excite the PSs of PDT and the thermosensitive agent of PTT respectively, which increases the difficulty of nanoparticle preparation. Guo and his team used B-TiO2 with oxygen vacancies and narrow band gaps to prepare a nanothermosensitive system (B-TiO2@SiO2-HA) with full-spectrum response to light stimulation Guo et al. (2021). Under NIR-II laser irradiation, B-TiO2@SiO2-HA could not only provide PDT/PTT synergistic therapy for tumors, but also perform high-resolution photoacoustic imaging (PAI) to achieve precise nanothermothermal effects. Similarly, Gao and his team used SnO2-x with oxygen vacancies to prepare a multifunctional nano-thermosensitive material (SnO2-x@SiO2-HA) with a target-specific synergistic PDT/PTT with full spectrum response Gao et al. (2021a). In addition to exerting precise PDT/PTT synergistic antitumor therapeutic effect through PAI, SnO2-x@SiO2-HA also had antibacterial effect, which effectively promotes the healing of skin wounds. But most metal or carbon NPs are toxic to normal cells or tissues. Sengupta et al. used the biosafety and magnetic properties of magnetite (Fe3O4) nanoparticles to synthesize a new PS E-NP with anti-inflammatory and immunoprotective effects Sengupta et al. (2022). E-NP could not only upregulate the expression of cyclin kinase inhibitory protein p21, but also inhibit cancer cell cycle arrest in sub-G0G1 phase. It also acted as an anti-inflammatory by reducing macrophage myeloperoxidase (MPO) and nitric oxide (NO) release, thereby minimizing collateral damage to healthy cells.
4.1.3 Upconversion Nanoparticles
UCNPs have nonlinear anti-Stokes properties and can emit high-energy photons under low-energy NIR light excitation through lanthanide ion doping. UCNPs also have the advantages of low toxicity, narrow emission bandwidth, large decay time, resistance to photobleaching, and no autofluorescence background (Liu et al., 2022). The emission wavelength of UCNPs can be controllably adjusted from ultraviolet light to near-infrared light to match PSs with different absorption wavelengths, which provides a new method to solve the problem of PDT light penetration depth (Zhang L. et al., 2021). The photosystem-I/photosystem-II (PS-I/PS-II) PDT system can only be excited by red light to generate O2, so that it can quickly supply its own O2 consumption in 1O2 production, showing a spatiotemporal synchronous system of O2 self-supply and ROS production. However, the tissue penetration ability of red light is unsatisfactory, so it is unsuitable for the removal of deep tissue tumors (Fakurnejad et al., 2019). Recently, Cheng et al. used the ability of UCNPs can emit red light to activate PS-I and PS-II under NIR light, decorated thylakoid membrane of chloroplasts on UCNPs to form UCTM NPs, and developed a new photosynthesis-based PDT strategy for realizing spatiotemporally synchronous O2 self-supply and ROS production (Figure 6) Cheng X. et al. (2021). Both in vitro and in vivo assessments prove that UCTM NPs can effectively relieve hypoxia, induce cell apoptosis, and eliminate tumors with NIR light irradiation. A large amount of APT produced during the ICD process can be hydrolyzed by the extracellular enzyme CD73 into ADO (immunosuppressant), which prevents the cytotoxic T-cell immune response (Workenhe et al., 2021). To this end, Jin and his team prepared cancer-cell-biomimetic UCNPs (CM@UCNP-Rb/PTD) by exploiting the properties of anti-CD73 antibody to block the adenosine pathway Jin F. et al. (2021). CM@UCNP-Rb/PTD utilized the cancer cell membrane (CM) to target cancer cells and avoid macrophage uptake. After reaching the tumor tissue, UCNPs converted NIR into visible light to generate ROS, and released DOX to achieve a Chemo-PDT synergistic combination therapy. CD73-blocked CM@UCNP-Rb/PTD enhanced spontaneous antitumor immunity through the combined effect of chemotherapeutic drugs, PDT-triggered ICD and CD73 blockade. In immunotherapy, ligands that block PD-L1 can also directly prevent PD-1/PD-L1 immune blockade (Lee et al., 2021). Liu and his team modified UCNPs with MIPs formed by Pd-L1 peptide phase transfer imprinting, and prepared MC540/MNPs@MIPs/UCNP composite imprinted particles Lin M. et al. (2021). MC540/MNPs@MIPs/UCNP utilized MIPs to target tumor cells, which improved the binding rate to tumor cells and achieved targeted PDT. The nucleus is the control center of cellular biological activities, and targeting PDT to the nucleus can lead to severe DNA damage and inactivation of nuclear enzymes (Teng et al., 2021). Base on this, Chen and his team proposed a PDT strategy of “one treatment, multiple irradiation” Chen X. et al. (2021). They modified hollow mesoporous silica nanoparticles with amine group with acidification effect and loaded RB and UCNPs to synthesize UCNP/RB@mSiO2-NH based on the lysosome-nucleus pathway. After UCNP/RB@mSiO2-NH entered the lysosome, it entered the nucleus through the nuclear pore by generating ROS and destroying the lysosome under the first 980 nm (3 min) NIR irradiation. Subsequently, efficient nuclear-targeted PDT was achieved under a second 980 nm NIR irradiation. Dual PSs PDT is also one of the effective strategies to improve ROS yield. Pham and his team utilized SiO2-coated core-shell UCNPs to support two PSs (Rb and Ce6) to form UCNP/RB, Ce6 Pham et al. (2021). UCNP/RB, Ce6 produced a large amount of 1O2 under 1550 nm NIR-IIb irradiation, which had higher PDT efficiency than single PS. However, the application of UCNPs in the biomedical field still faces challenges due to the low quantum yield and superheating effect of the 980 nm light source, and the low drug loading capacity (Lee et al., 2020).
[image: Figure 6]FIGURE 6 | Schematic illustration of the PDT effect of UCTM NPs on hypoxic TME. (A) The fabrication process of UCTM NPs. The corresponding electron transfer of UCTM NPs under NIR laser irradiation and the mechanism for realizing spatiotemporally synchronized O2 self-supply and ROS production. (B) The therapeutic process of oxygen supply and ROS generation by UCTM NPs under NIR laser irradiation. Reproduced with permission from (Cheng Y. et al., 2021).
4.1.4 Carbon-Based Nanoparticles
However, g-C3N4NSs have poor PDT efficacy due to wide band gap and low utilization of visible light (He F. et al., 2021). Graphitic carbon nitride nanosheets (g-C3N4NSs) are a recently reported promising carbon-based nanomaterial with the advantages of high biocompatibility, high photoluminescence quantum yield and surface modifiability. However, g-C3N4NSs have poor PDT efficacy due to wide band gap and low utilization of visible light (Younis et al., 2021). It has been proposed that the PDT efficiency of g-C3N4NSs can be enhanced by doping metal ions or UCNPs.
Although Ru (II) polypyridine complexes have high 1O2 generation and stability, the hypoxic microenvironment limits their PDT efficacy (Karges et al., 2020). Therefore, Wei’s group synthesized a novel oxygen self-sufficient PS (Ru-g-C3N4) by grafting [Ru (Bpy)2]2+ onto g-C3N4 nanosheets through Ru-N bonds Wei et al. (2021). The incorporation of [Ru (Bpy)2]2+ enabled Ru-g-C3N4 to obtain high loading capacity, narrow bandgap and high stability, thereby greatly improving the PDT efficiency. In addition, Ru-g-C3N4 not only had catalase-like activity in hypoxic environment, but also could effectively react with H2O2 to generate free radicals, causing oxidative stress damage to tumor cells. Molybdenum carbide (MoxC) has an electronic structure similar to that of noble metals, among which, Mo2C nanospheres can simultaneously induce PTT and PDT under illumination in the entire near-infrared radiation region due to their metallic properties and interband/intraband transitions, exhibiting highly efficient redox capacity (Zhang et al., 2019). Based on this, Hou and his team prepared a novel nanocomposite, Mo2C@N-Carbon-3@PEG, by combining Mo2C nanospheres with N-carbon. N-carbon could improve the photogenerated charge separation of Mo2C@N-Carbon-3@PEG, which doubles its photocatalytic performance Hou et al. (2022). However, the doping of metal ions and integration with other nanomaterials increases the risk of biological toxicity and side effects on the one hand, and increases the complexity of the PSs multistep synthetic protocols on the other hand. Based on this, Liu’s group had designed and synthesized a nitrogen-rich graphitic carbon nitride nanomaterial, 3-amino-1,2,4-triazole (3-AT) derived g-C3N5NSs Liu X. et al. (2021). The photocatalytic activity of g-C3N5NSs was 9.5 times higher than that of g-C3N4NSs. Compared with g-C3N4, the nitrogen-rich triazole group could achieve low-energy transition by reducing the band gap of g-C3N5NSs conjugation, thereby improving the utilization efficiency of visible light.
4.1.5 Sulfur-Based Nanoparticles
Metal sulfides are often used as photothermal agents for photothermal therapy, among which Ni3S2, CuS and Co3S4 nanoparticles can be used to synthesize semiconductor PSs, which is an effective way to combine PTT/CDT/PDT (Shukla et al., 2021).
Co3S4 NPs will be degraded in the acidic microenvironment and trigger a Fenton-like reaction to generate hydroxyl radicals (·OH), which exerts the efficacy of CDT. Based on this, Jiang and his group prepared a nanocomposite Co3S4-ICG, which could responsively release PSs in an acidic microenvironment and realize the synergistic antitumor effect of CDT/PTT/PDT under NIR by loading indocyanine green (ICG) into hollow Co3S4 Jiang Y. et al. (2021). The combination of Fenton-like reaction and PDT enhanced ROS production and antitumor effect. Similarly, Feng and his team designed and prepared a nanocomposite FeS2@SRF@BSA with bovine serum albumin (BSA) as a carrier to encapsulate FeS2 NPs and SRF, for combining CDT, PTT and PDT to achieve trimodal synergistic tumor therapy Feng et al. (2021). In addition, the Z-scheme heterostructure possesses both narrow band gap and highly oxidative holes, which are helpful for inducing near-infrared photocatalytic oxygen production (Mafa et al., 2021). Based on this, Sang’s group had designed and synthesized a Z-scheme nanoheterostructures, Ni3S2/Cu1.8S@HA Sang et al. (2021). The doping of Cu improves the near-infrared absorption and photothermal conversion efficiency by 7.7% compared with Ni3S2. It not only had catalase/peroxidase-like activity to generate endogenous O2 to relieve hypoxic internal environment, but also had a targeted recognition effect on cancer cells with high CD44 receptor expression, showing good anti-cancer properties effect.
4.1.6 Phosphorus-Based Nanoparticles
Black phosphorus (BP) is a kind of post-graphene two-dimensional (2D) nanomaterials with special structural in-plane anisotropy, which have better optical and electrical properties than carbon-based metal NPSs and sulfur-based metal NPSs (Younis et al., 2021). In recent years, microorganisms with photosynthetic properties and biocompatibility, such as cyanobacteria, have been rapidly developed and used in cancer therapy and other diseases related to oxygen tension (Dahiya et al., 2021; Qamar et al., 2021). Qi and his team hybridized cyanobacterial cells with 2D BP nanosheets to form a microbe-based nanoplatform, Cyan@BPNSs Qi et al. (2021). In vivo experiments, Cyan@BPNSs could effectively increase the oxygenation level in the tumor and maintain a tumor inhibition rate of more than 100%.
Although black phosphorus quantum dots (BPQDs) have larger surface area and higher 1O2 quantum yield than BP (up to 0.91 in oxygen-saturated solution), the instability and poor tumor targeting of BPQDs in physiological environment limit their further research and clinical applications (Ding S. et al., 2021; Liu Y. et al., 2021). To this end, Liu and his team used the cationic polymer polyethyleneimine (PEI) to modify BPQDs, and modified RGD peptides targeting tumor cells on their surfaces to prepare BPQDs@PEI + RGD-PEG + DMMA, which had pH-responsive charge-switching and tumor-targeting properties Liu et al. (2021i). The results shown that BPQDs@PEI + RGD-PEG + DMMA had good stability in vivo, and could increase the uptake of BPQDs by tumor cells through charge conversion under light, and achieved tumor target enrichment. Most tumor microenvironment-responsive nanoparticles improve the targeting of nanomaterials by responding to the hypoxic microenvironment, but many tumor tissues do not exhibit hypoxia (Huang C. et al., 2020). The hypoxic sites of tumors are mostly located deep in the core of metabolically active tumor tissues, but traditional nanomaterials have the disadvantage of weak tissue penetration (Chen et al., 2019). To this end, Ding and his team were the first to combine BPQDs and genetically engineered E. coli expressing catalase by electrostatic adsorption to form hybrid engineered E. coli/BPQDs (EB) Ding D. et al. (2021). EB could dissolve the cell membrane of E. coli carrying catalase under light exposure, and then the released catalase could generate oxygen to improve hypoxia in the tumor.
Besides BP, red phosphorus (RP) can also generate reactive oxygen species under visible light irradiation (Zhang P. et al., 2021). Among them, Z-type RP/BP nanosheets prepared by exploiting the high separation efficiency of electron-hole pairs not only have photocatalytic activity, but also ROS can be generated with higher efficiency (Liu et al., 2019). To this end, Kang and his team prepared M-RP/BP@ZnFe2O4 NSs hybrid nanomaterials with higher stability and tumor targeting by loading Z-type RP/BP nanosheets with ZnFe2O4 and tumor cell membranes Kang et al. (2022). Among them, ZnFe2O4 could not only increase the productivity of ROS by catalyzing the Fenton reaction, but also induced apoptosis of MB-231 cells through oxidative stress.
4.1.7 Metal-Organic Frameworks
MOFs are a new class of molecular crystal materials, composed of metal ions or clusters bridged by organic connectors. MOFs can integrate NPs and/or biomolecules into a single framework hierarchically through taking advantage of their synthetic tunability and structural regularity, and can be used as highly active sites for multifunctional therapy (Gao et al., 2021b). Focusing on the key factors of O2 production, Ren et al. designed and assembled a novel two-stage intelligent oxygen generation nanoplatform based on metal organic framework core modified by Pt and CaO2 NPs (UIO@Ca-Pt) Ren et al. (2021). It was based on the porphyrin metal-organic framework (UIO), and at the same time loaded by CaO2 NPs with polydopamine (PDA), and then used Pt to further improve biocompatibility and efficiency. In TME, CaO2 could react with water to increase the content of H2O2. These H2O2 were further decomposed into O2 by Pt NPs, thereby promoting the TCPP in the nanometer parent nucleus to convert the surrounding O2 into 1O2 under laser irradiation. On the other hand, as the most toxic ROS,·OH has stronger oxidizing property and better therapeutic properties than 1O2 (Manivasagan et al., 2022). Recently, the strategy to induce in situ generation of OH has been proposed by introducing Fenton-based agents into tumor cells to induce over-expressed H2O2 in tumor cells. Chen et al.’s research focused on designing nanocarriers for the transport of Fenton catalysts or metal ions such as iron ions. They synthesized MIL-101(Fe)@TCPP using nanoscale iron-based metal-organic framework MIL-101(Fe) loaded with 5,10,15,20-tetrakis (4-carboxyphenyl) porphyrin (TCPP) PS Chen et al. (2021d). MIL-101(Fe) catalyzed the conversion of H2O2 to OH through Fenton reaction under acidic TME, and served as a nanocarrier to deliver TCPP PS to generate photoactivated 1O2 for tumor-specific therapy without serious side effects, showing antitumor great potential for applications.
Iron-based MOFs have the advantages of high drug loading capacity, adjustable degradability and flexible structure. Porphyrin-based MOFs can be used as PSs for high-efficiency PDT with high stability (Ren et al., 2021). Hypoxic TME and endogenous antioxidant defense (AOD) (such as high expression of glutathione and GSH) can weaken the therapeutic effect of PDT. Therefore, breaking cellular redox balance through ROS enrichment and AOD inactivation may lead to effective tumor suppression with high clinical significance (Zhao et al., 2020). By combining iron with porphyrin-based MOFs, the maximum anti-tumor efficacy can be exerted by intelligently responding to exogenous and endogenous stimuli. Inspired by all this, Yu et al. first prepared a metal organic framework nanosystem (NMOF) based on coordination between Fe (III) and TCPP by a one-pot method (Fe-TCPP NMOF). Then, after capping the surface of silk fibroin (SF) to form NMOF@SF NPs, this nanoplatform can load a hypoxia-activated precursor tirapazamine (TPZ) to form NMOF@SF/TPZ (NST) Yu et al. (2022). Utilizing Fe (III) in Fe-TCPP, NST could effectively react with tumorous GSH to generate glutathione disulfide (GSSG) and Fe (II), for the ineffectiveness of AOD system. On the other hand, Fenton-like activity of Fe (II) and TCPP-mediated PDT promoted the accumulation of OH and ROS, and aggravated the intracellular oxidative stress under light laser irradiation. The redox metabolism disorder caused by the ineffective AOD and the enrichment of ROS might cause irreversible tumor cell damage. In addition, the deoxygenation of PDT led to an increase in hypoxia and then activated TPZ to transform into cytotoxic benzotriazinyl (BTZ) for tumor-specific chemotherapy. NST could achieve complete tumor elimination in vitro and in vivo. Similarly, Wang et al. also prepared nano-carrier system Zr-MOF@PPa/AF@PEG based on the consideration that PDT oxygen consumption could activate chemotherapy (CT) drugs to solve the hypoxic challenge and improve anti-tumor effect Wang Y. et al. (2021). Nano-carrier system Zr-MOF@PPa/AF@PEG included zirconium ion metal organic framework (UIO-66, carrier), pyropheophorbide-a (PPa, PS) and 6-amino flavone (AF, hypoxic-sensitive drug). Under ultraviolet light, although Zr-MOF@PPa/AF@PEG accepted part energy of PPa, leading to the 1O2 yield (40%) was lower than that of PPa (60%), it solved the problem of self-agglomeration caused by hydrophobicity of PPa, thereby improving the PDT effect. In addition, Zr-MOF@PPa/AF@PEG produced 1O2 under light stimulation with temporal-spatial selectivity. Therefore, Zr-MOF@PPa/AF@PEG took advantage of the PDT-induced hypoxia to activate HIF-1 inhibitor AF to enhance the anti-tumor effect and achieve the synergistic PDT-chemotherapy (PDT-CT) therapeutic effects. In addition, tuning the PDT efficiency by adjusting the thickness of the MOF shell is also a good approach. The Au@MOF core-shell hybrids prepared by Cai et al. could tune the thickness of the MOF shell by controlling the interlayer coordination reaction Cai Z. et al. (2021). As the MOF shell thickness increased, the percentage of TCPP and the efficiency of PDT also increased.
The use of solar energy to drive the photocatalytic reaction has always been considered an ideal way to obtain O2 (Liu et al., 2021j). Compared with the previous oxygen-generating substances, water-splitting materials have the unique advantage of the O2 self-supply and generation of ROS, because there is abundant water in the organism. At present, ultraviolet (UV) light, visible light (Nguyen et al., 2021) and a limited region of the first near-infrared (NIR-I) (650–950 nm) light (Huang L. et al., 2020) can activate water-splitting materials to achieve light-driven endogenous water oxidation (photocatalytic water-splitting reaction) to obtain O2 and ROS, but water splitting materials with NIR-II light triggered molecular O2 generators have not been reported for tumor therapeutics, even though NIR-II can provide deeper tissue penetration. For this, Liu et al. synthesized a new type of plasmonic Ag-AgCl@Au core-shell nanomushrooms (NMs) by selectively photodepositing plasmonic Au at the bulge sites of the Ag-AgCl nanocubes (NCs) (Figure 7) Liu B. et al. (2021). Under NIR-II light irradiation, the plasma effect of the Au nanostructure could overcome hypoxia to oxidize endogenous H2O to produce O2, thereby alleviating the hypoxic microenvironment. Almost at the same time, O2 could react with the electrons on the AgCl nuclear conduction band to generate superoxide anion radicals (O2−) for photodynamic therapy. In addition, the combination index value of PDT for Ag-AgCl@Au NMs was 0.92, indicating that Ag-AgCl@Au NMs with excellent PDT properties toward further and promoting the PDT effect in deep O2-deprived tumor tissues. It is also a research hotspot in recent years to use the functionalization of NMOFs with stimuli-responsive gating units to develop signal-controlled drug delivery systems for biomedical applications. One important subcategory of gated drug-loaded NMOF includes stimulus-responsive nucleic acid-locked drug-loaded NMOF, gaining from the remarkable versatility of nucleic acid sequences to generate recognition elements and structural elements (Zhao et al., 2020). For this, Zhang et al. designed and synthesized the UIO-66 metal-organic framework nanoparticles (NMOF) modified with aptamer-functionalized DNA tetrahedra functionalized by ATP-aptamer or VEGF-aptamer could be loaded with the DOX, which responded to ATP or VEGF to release the drug Zhang S. et al. (2021). They utilized VEGF-responsive tetrahedral-gated NMOFs to load the photosensitizer Zn (II) protoporphyrin IX (Zn (II)-PPIX) to synthesize Zn (II)-PPIX/G-quadruplex VEGF aptamer-tetrahedral nanostructures. VEGF triggered the release of Zn (II)-PPIX from the complex. Association of the released Zn (II)-PPIX with the G-quadruplex structure yielded a highly fluorescent supramolecular Zn (II)-PPIX/G-quadruplex VEGF aptamer-tetrahedral structure, enabling efficient PDT treatment of malignant cells.
[image: Figure 7]FIGURE 7 | Synthesis of Ag-AgCl@Au NMs and schematic diagram of PDT/PTT synergistic therapy under NIR-II irradiation. (A) Schematic diagram of the synthesis of Ag-AgCl@Au NMs. Schematic diagram and electron energy level diagram of O2 reacting with electrons in AgCl nuclear conduction band to generate superoxide anion radical (O2-). (B) Schematic diagram of PDT/PTT synergistic therapy under in vivo NIR-II light irradiation of Ag-AgCl@Au NMs. Under NIR-II light irradiation, the plasmonic effect of Au nanostructures generates O2 through photocatalysis and enhances the yield of O2−. Reproduced with permission from (Liu D. et al., 2021).
4.2 Nanoliposomes
Nanoliposomes are single-lamellar or multilamellar nano-systems formed spontaneously when phospholipids are dispersed in aqueous medium. Except biocompatibility and biodegradability, liposomes have high structural flexibility, which can combine a variety of hydrophilic and hydrophobic drugs to improv their solubility and pharmacokinetics (Cheng X. et al., 2021). In addition, liposome nanotechnology can also co-package a variety of PSs and/or drugs, provide sufficient binding sites for conjugation with a variety of functional ligands.
Several mechanisms have demonstrated that high concentrations of soluble NKG2DLs derived from tumor cells may inhibit tumor immunity and NK cell-mediated target cell lysis by downregulating the expression of NKG2DL, thereby contributing to tumor immune escape (Curio et al., 2021). Based on this, Wang’s group had designed and synthesized a Chlorin-based photoactivable Galectin-3-inhibitor nanoliposome (PGIL), which could combine photosensitizer chlorin e6 (Ce6) and low molecular citrus pectin (LCP) (Figure 8) Wang et al. (2019). The intracellular release of LCP inhibits the activity of galectin-3, which increases the affinity of major histocompatibility complex (MHC) proteins on tumor cell membrane for NKG2D on NK cell membranand, and then increases the tumor cell apoptosis, inhibits the invade ability, and enhances the recognition ability of NK cells to tumor cells in melanoma cells after PDT. In addition, pharmacological inhibition of MMPs reduce the level of released NKG2DLs, which could increase the tumor cell surface expression of NKG2DLs, reverse their immunosurveillance escape properties, and make them easier to be cleared by immune cells (mainly NK cells) (Tampa et al., 2021). Based on this, Liu’s group had designed and synthesized a PS-MMP inhibitor nanoliposome (i.e., Ce6-SB3CT@Liposome [Lip-SC]), which combines the PS, Ce6, and a matrix metalloproteinase (MMP) inhibitor (i.e., SB3CT) Liu H. et al. (2021). Nanoliposomes have significant anti-tumor proliferation and metastasis efficacy after laser irradiation in A375 cells. The relatively fast internalization of Lip-SC could accumulate in the tumor area under 660 nm light irradiation, induce apoptosis in cancer cells, which could trigger an immune response. In addition, it could also induce the expression of NK group 2 member D ligand (NKG2DL), while activate NKG2D, thus, NK cells could better recognize and kill tumor cells. The subsequent release of SB-3CT could further activate NK cells effectively and strengthen the immune system though inhibiting the shedding of soluble NKG2D ligands. As a result, Lip-SC caused induce apoptosis in cancer cells regardless of the presence or absence of irradiation. In the process of PDT agents inducing tumor cell necrosis and apoptosis, local inflammation occur and a variety of tumor cell antigens are exposed, thereby inducing local immune responses. Therefore, by supplementing immunomodulators to enhance immune activity, the anti-tumor effect of PDT can be increased. Dual-ligand-modified NPs increased the number of total liposomes bound to cancer cells through dual-ligand modification, and had higher tumor enrichment capacity and PDT efficiency than single-ligand-modified NPs. For example, Li and his team prepared Fru-Bio-Lip by co-modifying liposomes with fructose (targeting fructose transporter) and biotin (targeting multivitamin transporter) ligands Li J. et al. (2021). Besides targeted aptamer modification, the combination with near-infrared light-activated photon thermodynamic therapy (PTDT), PTT and other phototherapy methods is also an effective strategy to improve the tumor killing effect of PDT. Dai et al. synthesized thiadiazoloquinoxaline semiconductor polymer (PTT), 2, 2′-azobis [2-(2-imidazolin-2-yl) propane] dihydrochloride (AIPH) (PTDT prodrug) and γ-aminoacetic acid (GA, heat shock protein inhibitor) were incorporated into thermosensitive liposomes, which were then modified with targeting aptamers to form Lip(PTQ/GA/AIPH) Dai Z. et al. (2021). Under NIR-II laser irradiation, Lip (PTQ/GA/AIPH) could achieve precise diagnosis and effective suppression of deep triple-negative breast cancer. However, the clinical application of nanoliposomes in PDT still faces challenges due to poor stability in vivo and low drug loading (Cheng Y. et al., 2021).
[image: Figure 8]FIGURE 8 | Structure of prostacyclin and its sensitizing effect in tumor cells. After PGIL is taken up by cancer cells, 1O2 generated by Ce6 triggered by NIR causes the liposomes in the outer layer to rupture, releasing Ce6 and LCP. Ce6 mediates PDT, while LCP enhances PDT-induced apoptosis, inhibits cell metastasis, and activates NK cell-mediated immune clearance by inhibiting galectin-3. Abbreviations: Gal-3, galectin-3 protein. Reproduced with permission from (Wang et al., 2019).
4.3 Mesoporous Silica Nanoparticles
Among various nanomaterials, mesoporous silica nanoparticles (MSNs) have become an important nano-delivery system for PDT and multiple combination therapy due to their unique physical and chemical advantages, such as high loading capacity, controllable pore size and morphology, versatile surface chemistry, satisfying biocompatibility and biodegradability, which can ensure stable and efficient loading of PSs, targeted delivery of PSs, and regulation of drug release and cellular uptake behavior (Wang Z. et al., 2021). Hypoxia is a typical feature of tumor TME, which seriously affects the efficacy of PDT. The development of nano-enzymes with the ability to produce oxygen is a promising strategy to overcome the oxygen-dependent of PDT. In this regard, Chen’s group had designed and synthesized a dual-nanozymes based cascade reactor HMSN@Au@MnO2-Fluorescein Derivative (HAMF), which was composed of hollow mesoporous silica nanoparticles (HMSN), high-efficiency photosensitizer 4-DCF-MPYM (4-FM), ultra-small Au-NPs and MnO2 Chen et al. (2021e). 4-Fm was a thermally activated delayed fluorescence (TADF) fluorescein derivative with high fluorescence quantum yield, photostability, two-photon excitation and low biological toxicity. Au NPs exhibited glucose oxidase (GOx)-mimic ability that could catalyze glucose into gluconic acid and H2O2, simultaneously, the consumption of glucose could cut off the energy supply of tumor cells (Zhang Y. et al., 2021). With the response to the hypoxic microenvironment, MnO2 could catalyze H2O2 into O2 and accelerate the oxidation of glucose by Au NPs to generate additional H2O2, which was used as a substrate for the catalytic reaction of MnO2, which can be used in light irradiation, thereby constantly producing 1O2 for enhanced PDT upon light irradiation. HAMF could alleviate tumor hypoxia and achieve an effective tumor inhibition in vitro and in vivo studies. Yin’s team had also designed and synthesized a kind of H2O2-responsive and oxygen-producing nanozyme by loading a large number of gold nanoclusters (AuNCs) into MSNs to form nanoassembly, and wrapped MnO2 nanosheets in the form of a switch shielding shell (denoted as AuNCs@mSiO2@MnO2) Yin et al. (2021). In a neutral physiological environment, stable MnO2 shells could switch off PDT by eliminating the generation of 1O2. However, in an acidic TME, the MnO2 shell reacted with H2O2, and simultaneously sufficient O2 generation guaranteed a 74% high 1O2 yield, which showing strong PDT performance. In addition, multifunctional NPs loading with chemotherapeutic drugs and PSs are also a promising method for effective tumor combination therapy. Zhang’s group had designed and synthesized a novel pH-sensitive and bubble-generating mesoporous silica-based drug delivery system (denoted as M (A) D@PI-PEG-RGD) (Figure 9) Zhang Z. et al. (2021). DOX and NH4HCO3 were loaded into MSNs pores, MSNs was coated with polydopamine (PDA) layer, and then ICG as a photothermal and photodynamic agent was loaded onto the PDA layer surface, finally the nanoparticles were modified with polyethylene glycol (PEG) and RGD. RGD is a ligand for the recognition site of integrins and displays great adhesion capacity between extracellular matrix cells and cells, which can improve the accuracy of M (A)D@PI-PEG-RGD. Under NIR irradiation, M (A)D@PI-PEG-RGD could generate ROS and induce the temperature rise performed by ICG. In addition, acidic environment and high temperature would also decompose NH4HCO3, thereby accelerating the release of DOX. In summary, the multifunctional pH-sensitive and bubble-producing M (A)D@PI-PEG-RGD combines chemotherapy, PTT and PDT to improve the therapeutic effect of tumors.
[image: Figure 9]FIGURE 9 | Schematic illustration of M (A)D@PI-PEG-RGD for enhanced tumor combination therapy. M(A)D@PI-PEG-RGD targets tumor cells through RGD, generates ROS and induces temperature increase through ICG under NIR irradiation. In addition, the acidic microenvironment accelerates the release of DOX by breaking down NH4HCO3, which combine chemotherapy, PTT and PDT to enhance the therapeutic effect. Reproduced with permission from (Zhang J. et al., 2021).
4.4 Dendrimers
Dendrimers are synthetic high molecular polymers with tree-like and highly branched structure. They are composed of the small initial core, the internal cavity formed by multiple branches, and the peripheral functional groups. Due to their special structure, dendrimers have the advantages of easy surface modification with PSs along with other functional moieties and structural configuration with other components or nanoformulations via the hyperbranched units for enhanced tumor accumulation and penetration (Ouyang et al., 2021). The combination of molecular targeted therapy of epidermal growth factor receptor tyrosine kinase inhibitors (EGFR-TKIs) and photodynamic therapy PDT can combat non-small cell lung cancer (NSCLC) with effective synergistic results (Qiao et al., 2021). However, the hypoxic TME not only affects the efficacy of PDT, but also induces EGFR-TKIs resistance. In this regard, Zhu and researchers had designed a nanocomplex APFHG by loading gefitinib (Gef) and PS hematoporphyrin (Hp) into an aptamer modified fluorinated dendrimer (APF) Zhu L. et al. (2021). Due to the targeting effect of EGFR-TKIs and the good oxygen-carrying capacity of APF, APFHG could specifically recognize EGFR-positive NSCLC cells and release Gef and Hp in response to the hypoxic acidic microenvironment. Under laser irradiation, APFHG could significantly increase the production of intracellular ROS, effectively improve the tumor hypoxia microenvironment, and overcome hypoxia-related drug resistance. In other work, X-ray-induced photodynamic therapy (XPDT) is overwhelmingly superior in treating deep-seated cancers (Chuang et al., 2020). However, low energy transfer efficiency of the therapeutic nanoplatform and hypoxic environment presented in the tumor tissue limits the therapeutic effect of XPDT. In order to improve the therapeutic effect of XPDT in deep-seated cancers, it is necessary to develop a delicate architecture to support the organization of nanoscintillator and multiple agents to improve the effectiveness of XPDT (Ahmad et al., 2019). In this regard, Zhao and researchers developed a dual-core-satellite architecture nanosmart system (CCT-DPRS) that the polyamidoamine (PAMAM) dendrimer would be used as an intermediate framework with nanoscintillator, PSs, and sunitinib (SU) (Figure 10) (Jiang Z. et al., 2021). It had high XPDT and antiangiogenetic capabilities by systematic optimizing the scintillation efficiency and nanoplatform structure. After exposure to ultralow dose radiation, the codoped CaF2NPs converted the trapped energy into green emission, which enable further excitation of Rb to produce 1O2 to kill malignant tumor cells. At the same time, the antiangiogenic drug SU effectively blocked tumor vascularization aggravated by XPDT-mediated hypoxia, rendering a pronounced synergy effect. However, PAMAM dendrimer and indocyanine green (ICG) have inevitable interaction with proteins and cells, which induces biological toxicity and reduces therapeutic efficacy in vivo (Mindt et al., 2018). To overcome these shortcomings, Cui and researchers had designed a new drug delivery system G5MEK7C (n)-ICG with a “stealth” layer Cui et al. (2021). The surface of G5MEK7C (n)-ICG was modified with p (EK) peptide, which was double-layer super hydrophilic zwitterionic material. When the pH was lower than 6.5, the surface of G5MEK7C (n)-ICG showed a positive charge, which made it more likely to interact with the cell membrane in the tumor tissue. Therefore, under laser irradiation in vitro and in vivo, due to the good targeting effect of G5MEK7C(70)-ICG, G5MEK7C(70)-ICG was more effective in killing tumors than free ICG, while the damage to the liver was less than free ICG. The combination of chemotherapy and other therapeutic modalities can overcome chemoresistance through different mechanisms of action to achieve the purpose of enhancing anti-tumor efficacy. Furthermore, adding chemicals during mitosis to block cell division may be a promising approach to promote nuclear uptake of PSs. Recently, based on dendrimers and phenylboronic acid-sialic acid interactions, Zhong and researchers modified phenylboronic acid (PBA) into the surface of dendrimers, which can selectively recognize the sialic acids, meanwhile, conjugated lipoic acid modified Ps onto the core of dendrimer Zhong D. et al. (2021). In this work, a novel tumor targeting and penetrating, GSH/ROS heterogeneity responsive and PTX-loaded dendrimeric nanoparticles (P-NPs) was developed for mutually synergetic chemo-photodynamic therapy of PTX-resistant tumors. Lentinan was coated on the periphery of dendrimers through boronate bonds, which could avoid non-specific binding of P-NPs with normal cells during blood circulation. P-NPs penetrated into tumor tissues and actively entered into the cells through the PBA-SA interactions, showing enhanced cellular uptake and tumor penetration. Subsequently, P-NPs released PTX in response to high concentrations of glutathione and H2O2 in tumor cells, arresting the cells in the G2/M phase and exerting anti-tumor effects. At the same time, the time of nuclear membrane disintegration increased caused the enhanced intranuclear photosensitizer accumulation, thereby increasing the efficiency of PDT by increasing nuclear DNA damage.
[image: Figure 10]FIGURE 10 | Schematic diagram of the construction and function of CCT-DPRS. (A) CCT-DPRS is prepared using PAMAM as an intermediate framework to load nanoscintillator, PSs, and SU. (B) Mechanism of combined therapy of XPDT and SU. After exposure to ultra-low dose radiation, Rb produces 1O2 to kill malignant tumor cells. Meanwhile, SU effectively block XPDT-mediated hypoxia-exacerbated tumor angiogenesis, with a clear synergistic effect. Reproduced with permission from (Jiang Y. et al., 2021).
4.5 Hydrogels
Hydrogel is a type of nano-delivery carrier system formed by a hydrophilic polymer material with a three-dimensional network structure through chemical cross-linking or physical cross-linking. Hydrogels are biocompatible and have similar physical properties like living tissues. Some drugs are easily dispersed in the hydrogel matrix (Hu et al., 2022). Therefore, hydrogels have been widely used for the delivery of hydrophilic drugs. Among them, local injection of hydrogels has received special attention in tumor treatment and prevention of tumor recurrence, because this injection method can achieve desired drug accumulation in tumors. Compared with oxygen-generating nanomaterials, prodrugs that can be activated by external light show the unique advantages of highly consistent responsiveness and high temporal and spatial selectivity (Rapp and DeForest, 2021). Recently, Liu’s group constructed a kind of original oxygen-generating hydrogel (OPeH) with photoactivated enzyme activity by loading the oxygen-generating MnO2 nanoparticles conjugated with protoporphyrin IXpt (PPIX), and the proenzyme nanoparticles (PeN) crosslinked by a 1O2 cleavable linker into alginate hydrogels (Figure 11) Liu J. et al. (2021). Under NIR laser irradiation, MnO2 NPs converted H2O2 into O2, which further promoted the production of 1O2 from PpIX and improved the efficiency of 1O2 generation. In addition, after PEN was cross-linked with the 1O2 cleavable linker, it induced cell death and suppressed metastasis by inhibiting the extracellular trap (NET) of neutrophils. In animal experiments, it was found that OPeH integrates PDT and NIR light-activated enzymes to achieve the combined therapeutic effect of inhibiting tumor growth and lung metastasis. In addition, phototherapy against deep tumors may greatly limited by the lack of light flux and the chemotherapy drugs against tumor cells may limited by insufficient resident time. Therefore, Zhong’s group developed a dual drug carrying system DOX-CA4P@Gel, which achieved the best curative effect, efficacy and safety through local sequential delivery of drugs Zhong Y. et al. (2021). With dextran oxide, chitosan, porphyrin and hollow mesoporous silica (HMSN), DOX-CA4P@Gel was constructed, in which combretastatin A4 phosphate (CA4P) and DOX were both loaded. In weakly acidic condition, the degradation rate of the hydrogels increased significantly. CA4P was released rapidly at the early stage and relatively stable after 48, while DOX released slowly at first and then quickly released after 48 h, showing an obvious sequential release behavior. The porphyrin in hydrogel could trigger the formation of ROS, DOX could kill cancer cells at different stages of proliferation, while CA4P could inhibit the establishment of blood vessels around the tumor and increase the sensitivity of cancer cells to DOX.
[image: Figure 11]FIGURE 11 | Schematic diagram of the preparation and treatment principle of OPeH. (A) Schematic diagram of the preparation of OPeH. (B) Mechanism of oxygen production and NIR photoactivation of OPeH. OPeH integrates PDT and NIR light-activated enzymes to achieve the combined therapeutic effect of inhibiting tumor growth and lung metastasis. Reproduced with permission from (Liu N. et al., 2021).
4.6 Polymers
Due to the designability and diversity of composition, structure and function, polymers have become one of the preferred carrier materials for nanomedicine. Conjugated polymers can control tissue penetration by adjusting the conjugation length. Among them, the integration of multichromophoric conjugated polymer base NPs into PSs enhanced ROS generation by improving PSs solubility, permeability, and targeting (Jiang and McNeill, 2017). According to the characteristics of carbon-based fluorescent nanomaterials such as carbon dots (CDs) and carbon-based polymer dots (CPDs) with good biocompatibility and high fluorescence yield, Sajjad et al. conjugated green-emitting CPDs to PPa to enhance the photocatalytic performance of PSs through covalent and π-π interactions Sajjad et al. (2022). Semiconducting polymer NPs (PSBTBT NPs) can’t only load PSs, but also act as photothermal agents for PDT/PTT synergistic therapy. Inspired by “biomarker-triggered image”-guided therapy, Bao et al. loaded the fluorescence quenchers Rhodamine B (Rhod B) and Ce6 on PSBTBT NPs to prepare a smart “Sensing and Healing” nanoplatform for PTT/PDT combination therapy (PSBTBT-Ce6@Rhod NPs) (Figure 12) Bao et al. (2021). Similarly, IR780 iodide can generate heat and oxygen for PDT/PTT synergistic therapy. In addition, it has strong fluorescence intensity and inherent specificity for various tumor cells, which is suitable for near-infrared imaging of tumor cells. In view of this, Potara et al. used temperature-sensitive block copolymer Pluronic F127 to wrap IR780 iodide, and coupled folic acid (FA) to Plu-IR780 micelles through chitosan to designe a thermoresponsive and thermal reversible size distribution and spectral properties of a novel FA-targeted near-infrared phototherapy NPs (Plu-IR780-chit-FA) Potara et al. (2021). Plu-IR780-chit-FA not only retained the PTT, PDT and NIR imaging properties of IR780 iodide, but also adjusted the size of the nanocapsules to the smallest (30 nm) at physiological temperature to ensue cellular uptake, while also had maximum absorption and fluorescence emission intensity.
[image: Figure 12]FIGURE 12 | Schematic representation of PSBTBT-Ce6@Rhod NPs-mediated PLD-activatable tumor images and combined PTT/PDT therapy. PSBTBT-Ce6@Rhod NPs can kill MCF-7 cells only under light conditions. Among them, PSBTBT-Ce6 NPs mediate PTT/PDT synergistic therapy, and can also cleave Rhod in response to overexpressed phospholipase D (PLD) in tumor tissue, resulting in the fluorescence recovery of Rhod B, thereby exerting biomarker-triggered fluorescence imaging and targeting PDT. Reproduced with permission from (Bao et al., 2021).
Polymeric micelles, which constructed by amphiphilic polymers, have been regarded as ideal carriers for nanomedicine due to their good biocompatibility, degradability, easy modification of the structure, and special “core-shell” structure (Tian and Mao, 2012). Using perfluorocarbons (PFCs) as oxygen carriers to directly deliver oxygen to tumors is a common way to relieve tumor hypoxia and enhance the PDT effect. Recently, Tseng et al. developed a folate-conjugated fluorinated polymeric micelle (PFFA)-Ce6 micellar system, which exhibited a higher ROS production, good long-term stability, higher oxygen carrying capacity and improved PDT efficacy in inhibiting tumor growth as compared to those of non-PFC system Tseng et al. (2021). The fluorinated segment in PFFA-Ce6 could not only maintain the oxygen carrying capacity of polymer micelle without the problem of PFC molecule leakage, but also acted as a reservoir to accommodate the hydrophobic Ce6 to enhance its solubility. The folic moiety in PFFA-Ce6 provided a function as a specific targeting ligand for cancer cells. In the in vitro cell study, due to the selective internalization of PFFA-Ce6, the cell growth inhibition of HeLa cells after irradiation was higher. Cancer cells are accustomed to oxidative stress caused by PDT through overexpressing glutathione (GSH) and other antioxidants. Therefore, preferentially amplifying the oxidative stress of tumor cells by consuming GSH or producing ROS is a reasonable treatment strategy to enhance the efficacy of PDT. To this end, Xia et al. designed a GSH-scavenging and ROS- generating polymeric micelle mPEG-S-S-PCL-Por (MSLP), which was composed of methoxy polyethylene glycol (MPEG)-SS-poly (ε-caprolactone)-protoporphyrin (POR) amphiphilic polymer and the anticancer drug DOX, for amplifying oxidative stress and enhanced anticancer therapy of PDT Xia et al. (2021). MSLP combined Chemotherapy-photodynamic therapy (Chemo-PDT)-based synergy therapy exhibited significant antitumor activity both in vitro (IC50 = 0.041 μg/ml) and much better antitumor efficacy than that of mPEG- PCL-Por (MLP) micelles in vivo. In addition, Yang et al. also designed a GSH-responsive dual receptor targeting nanomicelle system, which could be used for precise fluorescent bioimaging and superior synergistic chemo-phototherapy of tumors Yang Y. et al. (2021). IR780/PTX/FHSV micelles were composed of amphiphilic hyaluronic acid derivative (FHSV), paclitaxel (PTX) and photosensitizer IR780 iodide (IR780). Once they accumulated at the tumor site through enhanced permeability and retention (EPR) effects, IR780/PTX/FHSV micelles could effectively enter tumor cells through receptor-mediated endocytosis, and then rapidly release PTX and IR780 in the GSH-rich tumor microenvironment. Under near-infrared laser irradiation, IR780 generated local high temperature and sufficient reactive oxygen species to promote tumor cell apoptosis and necrosis. The results of in vivo and in vitro experiments consistently shown that compared with single chemotherapy and phototherapy, IR780/PTX/FHSV micelle-mediated chemo-phototherapy could more effectively synergize anti-tumor effects to kill tumor cells. However, further clinical applications of polymers are limited due to the disadvantages of poor storage stability, potential tissue toxicity, limited loading capacity for hydrophilic drugs, and complicated preparation processes (Deng et al., 2021).
5 THE APPLICATIONS AND THE PHOTOSENSITIZERS FOR CLINICAL TUMOR TREATMENT
PDT has been used to treat a variety of cancers, including lung, head and neck, brain, pancreas, peritoneal cavity, breast, prostate, skin, and liver cancer (Kubrak et al., 2022).
The first-generation PS are hematoporphyrin derivative. They have long plasma half-life and lack of sensitivity. For example, Photofrin® has been licensed for use in the oesophagus, lung, stomach, cervix and bladder. Since the absorption spectrum of Porfimer sodium peaks at 405 nm, its depth of action is limited to 0.5 cm (Ramsay et al., 2021).
The second-generation PSs are single compound synthesized, derived from porphyrin, bacteriochlorophyll, phthalocyanine, chlorin, benzoporphyrin, curcumin, methylene blue derivatives, etc., Compared with the first-generation PSs, the second-generation PSs have longer absorption spectrum (visible-near-infrared region), higher 1O2 yields, and better tumor targeting. For example, 5-aminolevulinic acid (5-ALA) has been successfully used in the treatment of basal cell carcinoma, actinic keratosis and oral premalignant disorder, Meso-tetrahydroxyphenyl chlorin (mTHPC-Foscan®) has been commonly used for advanced head and neck cancers (Zhang S. et al., 2022). Other second-generation PSs that have received clinical approval or are in clinical trials include Temoporfin (Foscan®), Motexafin lutetium, Palladium bacteriopheophorbide, Purlytin®, Verteporfin (Visudyne®), and Talaporfin (Laserphyrin®) (Baskaran et al., 2018).
The third-generation PS are characterized by combining the second-generation PSs with targeting entities or moieties, such as antibodies, amino acids, polypeptides, or by encapsulation into highly biocompatible nanocarriers to improve the ability of PS improve accumulation of PSs at the targeted tumor sites (Baskaran et al., 2018). Now, third-generation PSs that can significantly improve cancer targeting efficiency through chemical modification, nano-delivery systems, or antibody conjugation are widely studied for preclinical studies, and if satisfactory results are obtained, then more third-generation PSs will be promoted to enter the clinical research stage (Mfouo-Tynga et al., 2021).
6 CONCLUSION AND PERSPECTIVE
In summary, we have introduced the advantages and disadvantages (Tables 1, 2)and recent studies (Table 3) based on Metal NPs, Nanoliposomes, MSNs, Dendrimers, Hydrogels, Polymers, which overcome the obstacles of PDT in tumor tissues, such as poor biocompatibility and low delivery efficiency of PSs, compromising poor light transmittance of deep tissues, and hypoxia, reactive oxygen species scavenging and immunosuppression in tumor TME (Lee et al., 2022). Insufficient supply of pivotal factors including PSs, light, and O2 highly reduces the therapeutic efficacy of PDT. Therefore, the primary source of photodynamic therapy should be optimized by setting parameters such as input dose, intratumoral drug level, light source, and tissue oxygen conditions. Based on recent progress in the combination of nano- and biotechnology, various kinds of NPs have been developed for PDT, and they showed promising potential to overcome these obstacles. PSs are an indispensable key ingredient in photodynamic therapy. In most cases, PSs are aggregated inside the nanoparticles, and 1O2 has the disadvantages of short half-life (<40 ns) and short intracellular distance (<20 nm), resulting in 1O2 needing time and space to diffuse out from NPs to attack cells of biomolecules and further impairs the efficiency of PDT (Deng et al., 2021). Therefore, it is very necessary to release free PSs from nanoparticles before irradiating cancer cells or tumor tissue with light. In addition to the optimization of the physical structure and chemical composition of passive targeting of PSs and the modification of active targeting ligands for efficient, safe, and better tissue penetration, improving drug delivery and combination therapy are also effective strategies. In recent years, stimuli-responsive nanomaterials have received increasing attention because they can react to both endogenous stimuli (low pH, enzymes, redox agents, hypoxia) and exogenous stimuli (light, temperature, magnetic field, ultrasonic) and other stimuli to change its physicochemical properties and release PSs (Chang et al., 2021). However, the release of PSs from endogenous stimuli-responsive nanocarriers is slow due to weak stimulation intensity. In contrast, exogenous stimuli are easily modulated remotely in intensity and timing to release drugs on demand in diseased tissues or cells. However, the poor penetration of drugs into deep tumor tissue and the poor penetration of excitation light source into deep tumor tissue are important issues that need to be solved for NPs delivery systems. The use of UCNPs, XPDT, and fluorescence imaging techniques provides clues for efficient light delivery to deep tissues. Among them, the potential toxicity of heavy metals is a serious limitation, and their potential toxicity needs to be carefully considered, and favorable distribution, degradation and excretion should be achieved (Medici et al., 2021). Attempts to overcome hypoxia caused by hypoxia in tumor tissues include artificial oxygen production, Fenton reaction, and the combined application of chemical drugs related to hypoxia. In addition to promising results, combined with the latest methods to normalize tumor blood vessels and reduce hypoxia itself, it is also expected to become an effective method for PDT to treat tumors. Although many of these ideas are at the level of cell experiments and animal experiments, these studies have made significant progress over traditional PDT research. Therefore, we hope that the results of these trials can maximize the clinical efficacy of PDT in the future. In addition, future research and development of new nanomaterials should focus on targeted therapy and personal medicine. In order to improve the specificity and safety of drugs, targeted delivery and on-demand controlled/triggerable release are still the focus of drug delivery platform development.
TABLE 1 | Summary of the advantages and disadvantages of Metal NPs.
[image: Table 1]TABLE 2 | Advantages and disadvantages of other representative nanomaterials.
[image: Table 2]TABLE 3 | Summary of recently developed NPs to overcome the obstacles of current photodynamic therapy in tumor.
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The inflammatory response mediated by oxidative stress is the main pathogenesis of dry eye, but clinical observations have shown that scavenging oxygen-free radicals alone has limited therapeutic effect. Moreover, the unique anatomy and physiology of the ocular surface result in low bioavailability of drugs, and higher concentration is required to achieve the desired efficacy, which, however, may bring systemic side effects. These problems pose a challenge, but the revelation of the ROS-NLRP3-IL-1β signaling axis opens up new possibilities. In this investigation, an NLRP3 inhibitor was successfully encapsulated in polydopamine-based microgels and used for dry eye treatment. It was demonstrated that the well-designed microgels exhibited good biocompatibility, prolonged drug retention time on the ocular surface, and effective inhibition of corneal epithelial damage and cell apoptosis. In addition, due to the synergistic effect, the NLRP3 inhibitor–loaded microgels could exert enhanced oxygen radical scavenging and inflammation-inhibiting effects at a lower dose than monotherapy. These findings suggest that polydopamine-based microgels have advantages as ocular surface drug delivery platforms and have promising applications in oxidative damage–related inflammatory diseases in synergy with anti-inflammatory drugs.
Keywords: ROS, polydopamine, dry eye disease, synergistic strategy, NLRP3
INTRODUCTION
Dry eye disease (DED), a multifactorial chronic disorder of the ocular surface with a reported prevalence of 5–50%, affects millions of people worldwide, causing a marked impact on individual well-being (Mason et al., 2021). Especially at present, with the high-frequency use of video terminals, the incidence of DED is gradually increasing. DED is characterized by tear film instability and accompanied by hyperosmolarity, ocular surface inflammation, and damage, resulting in a variety of ocular discomforts and visual impairments (Bron et al., 2017). Tear hyperosmolarity can cause damage to the corneal and conjunctiva epithelial cells, leading to large production of inflammatory cytokines, which will further aggravate damage to the ocular surface epithelium and conjunctival goblet cells (Pflugfelder and de Paiva, 2017). These events will cause the release of damage-associated related pattern molecules, insufficient secretion of ocular surface mucins, and decreased tear film stability, with the interplay of these factors eventually leading to apoptosis (Pflugfelder and de Paiva, 2017; Reins et al., 2018; Baudouin et al., 2019). Current pharmacological treatments of DED include artificial tears, autologous serum, glucocorticoids, and non-hormonal immunosuppressants (Jones et al., 2017). Although artificial tears can temporarily relieve mild symptoms of DED patients and stabilize the tear film, the inflammation progression cannot be effectively controlled (Barabino et al., 2020). The application of autologous serum is limited due to the high requirement for preparation, susceptibility to contamination, and difficulty in long-term preservation (Mason et al., 2021). Long-term or improper use of glucocorticoids can cause serious complications such as elevated intraocular pressure and cataract (Roberti et al., 2020). While immunosuppressants can reduce the expression of inflammatory cytokines on the ocular surface, toxicity and side effects still limit their clinical application (Periman et al., 2020). Therefore, new strategies for effective and safe treatment of DED are still urgently required.
Regardless of the inducing mechanisms of DED, the immune inflammation of the ocular surface is regarded as the main cause. High osmotic pressure can trigger intracellular oxidative stress reaction, inducing intracellular outburst of reactive oxygen species (ROS) and irreversible damage to intracellular biological macromolecules (Wang et al., 2016; Favero et al., 2021). Moreover, it was demonstrated that oxidative damage of mitochondria can cause lacrimal gland dysfunction, leading to reduced tear production, increased tear ROS level, and eventually DED (Uchino et al., 2012). In addition, ROS can activate NOD-like receptor pyrin domain– containing protein 3 (NLRP3) in the corneal epithelium and further promote the secretion of interleukin-1β (IL-1β), leading to ocular surface inflammation (Zheng et al., 2014; Zheng et al., 2015). As one of the most prominent inflammasomes, NLRP3 regulates the generation of mature forms of IL-1β and is associated with inflammatory cell death (Zhang et al., 2021). Numerous studies have reported on the critical role of the NLRP3-IL-1β signaling axis mediated by ROS homeostatic imbalance during the inflammatory process with the development and progression of DED (Zheng et al., 2014; Lv et al., 2021; Wang B. et al., 2021). A comparison study indicated that compared with the healthy subjects, the level of ROS, NLRP3, and IL-1β in tears and conjunctival cells of DED patients was significantly improved, suggesting that ROS can further induce IL-1β release by activating NLRP3 expression (Zheng et al., 2015). These findings suggest that the ROS-NLRP3-IL-1β signaling axis may act as a potential therapeutic target for DED treatment. Currently, several NLRP3-related inhibitors have been identified (Jiang et al., 2017; Wong et al., 2018; Yu et al., 2018). Among them, MCC950, a sulfonylurea molecule, exhibits specificity in inhibiting the NLRP3 inflammasome, reducing IL-1β release and apoptosis without affecting other signaling pathways (Coll et al., 2019). Numerous studies have demonstrated that MCC950 has a good anti-inflammatory effect in various inflammatory diseases, such as cryopyrin-related syndrome, lung inflammation, renal fibrosis, hypertension, and myocardial infarction (Gao et al., 2019; Krishnan et al., 2019; Corcoran et al., 2021; Wang L. et al., 2021; Yoon et al., 2021). However, as far as we know, DED treatments using MCC950 have been seldom reported. We envision that the specific inhibition of NLRP3 by MCC950 combined with ROS scavenging will provide a synergistic strategy for DED treatment.
Nevertheless, topically administered ophthalmic solution drugs usually have poor bioavailability due to ocular surface barriers, such as limited corneal permeability, constant blinking, and rapid nasolacrimal drainage (Park et al., 2015). Accordingly, effective treatments require frequent application of drugs, leading to poor patient compliance and undesirable side effects. It has been well-recognized that drug carriers with high ocular surface adhesion and long retention time can effectively improve the bioavailability of ocular surface medication (Park et al., 2015; Lin et al., 2019). Mussel, a classic example of wet surface adhesion in nature, achieves excellent adhesion by secreting special adhesive proteins containing high levels of catechol amino acid (Yu et al., 2020). Several investigations have demonstrated that polydopamines, the mussel-inspired biomaterials with good biocompatibility and biodegradability (Li et al., 2020), exhibited excellent adhesion properties on almost any surface (Suneetha et al., 2019; Shao et al., 2020). For example, Jia et al. reported on the use of polydopamine microcapsules in prolonging the retention time of pesticides on leaves (Jia et al., 2014). In addition, the catechol moieties of polydopamines have been widely used to scavenge multiple types of ROS (Tang et al., 2019; Hu et al., 2020). It has been demonstrated that polydopamines can protect the brain from ROS-induced brain tissue damage during ischemic stroke injury (Liu et al., 2017), in addition to being applied in chronic inflammatory diseases (e.g., periodontitis) and acute inflammatory injuries (Bao et al., 2018; Zhao et al., 2018). However, to the best of our knowledge, combining the adhesiveness and ROS removal ability of polydopamines for ocular surface drug delivery is rarely reported.
Considering the critical role of the ROS-NLRP3-IL1β signaling axis in the occurrence and development of DED, herein, a synergetic therapeutic strategy for DED treatment was proposed. As demonstrated in Scheme 1, a polydopamine-based microgel in situ loaded with MCC950 was constructed via radical copolymerization of poly (ethylene glycol) methacrylate (PEGMA), 3-acrylamidopropyl trimethylammonium chloride (APTAC), and N-(3,4-dihydroxyphenethyl) methacrylamide (DPMA), which was denoted as PPADx-y-z (x, y, and z referred to the molar ratio of PEGMA, APTAC, and DPMA, respectively). PEGMA was used to improve the biocompatibility of the microgel, while the positively charged APTAC was adopted for in situ encapsulation of the negatively charged MCC950 through electrostatic interaction. DPMA was expected to increase the ocular surface retention time and drug bioavailability due to its adhesiveness. Furthermore, DPMA will scavenge excessive ROS on the ocular surface and reduce the activation of the NLRP3 inflammasome, thus contributing to the synergistic treatment of DED combined with MCC950.
[image: Scheme 1]SCHEME 1 | (A) Schematic diagram of the construction of the PPAD microgel and in situ encapsulation of MCC950 through radical copolymerization of PEGMA, APTAC, and DPMA; (B) Ocular surface retention time of MCC950@PPAD microgels can be enhanced due to the adhesiveness of polydopamines.
EXPERIMENTAL
Materials
MCC950 sodium and dihydroethidium (DHE) were purchased from MedChemExpress (MCE R; China). (3,4-dihydroxyphenethyl) methacrylamide (DPMA) was purchased from Macklin Biochemical Co., Ltd. (Shanghai, China). Poly (ethylene glycol) methacrylate (PEGMA) was purchased from Aladdin Reagent Co., Ltd. and passed through an Al2O3 column to remove the inhibitor before use. 3-acrylamidopropyl trimethylammonium chloride (APTAC, 75wt% in H2O) and lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, 98%) were obtained from Aladdin Reagent Co., Ltd and used without further purification. Fluorescein sodium (FS) was purchased from Abmole Co., Ltd. (United States). Scopolamine (Scop) was purchased from Sigma–Aldrich Co., Ltd. Human corneal epithelial cells (HCECs) were obtained from ATCC (Manassas, VA, United States). Dulbecco’s modified Eagle’s medium/nutrient mixture F-12 (DMEM/F-12; 1: 1 ratio), FBS, and insulin were purchased from Invitrogen, Gibco Co., Ltd. Triton X-100 was purchased from Sigma Co., Ltd. (Darmstadt, Germany). CM-H2DCFDA (General Oxidative Stress Indicator) was obtained from Invitrogen Molecular Probe Co., Ltd. Cell Counting Kit-8 (CCK-8) was purchased from Beyotime Biotechnology Co. (Shanghai, China). The In situ Cell Death Detection kit (TUNEL) was purchased from Roche Co., Ltd. (Germany).
Characterization
Monomer conversions after polymerization were analyzed by 1H NMR spectroscopy on a QUANTUM-I-400MHz spectrometer using D2O as the solvent. The hydrodynamic diameter and polydispersity indexes of the microgels were analyzed using dynamic light scattering (DLS) measurements using a Malvern ZS90 with a He–Ne laser (633 nm, 4 mW) at a 90° angle. The morphology of the microgel was observed by using a transmission electron microscope (TEM) on a Jeol 200CX microscope (200 kV). To prepare the TEM samples, a small drop of the microgel solution (1 mg/ml) was carefully deposited onto a carbon-coated copper electron microscopy grid and vacuum-dried overnight. The in vitro release of FS from the microgels and the residual FS in rabbit tear samples were analyzed using fluorescence spectroscopy. Human corneal epithelial cells (HCECs) were observed on an inverted fluorescence microscope (Zeiss Axio Vert a3, Germany).
Preparation and Characterization of MCC950@PPAD Microgels
PPAD microgels were prepared via photo-induced radical copolymerization of main monomers (PEGMA and APTAC) with the comonomer DPMA in an aqueous solution according to the procedures reported (Xue et al., 2017). Herein, the synthesis of MCC950@PPAD3-7-1 was described as a representative example. Briefly, PEGMA (0.257 g, 0.714 mmol), MCC950 sodium (2.84 mg, 6.65 μmol), LAP (14 mg, 47.7 μmol), and APTAC (0.345 g, 1.669 mmol) were added into a round-bottomed flask and dissolved in 10 ml of deionized water. After the mixed solution was bubbled with argon at 0°C for 30 min, the flask was sealed and exposed to illumination at 406 nm and stirred at 500 rpm. After 2 h of polymerization, 37 mg of DPMA (0.167 mmol) dissolved in 0.4 ml of ethanol was then injected into the polymerization mixture. After a few minutes, a milky suspension was observed (Supplementary Figure 1), indicating the formation of PPAD microgels. The polymerization continued for 4 h and the resultant microgels were purified by centrifugation. The detailed information of the polymerizations is summarized in Supplementary Table 1.
In Vitro Drug Release From the PPAD Microgels
FS, a common fluorescent dye for cornea fluorescein staining, was selected as a model molecule to investigate the in vitro release behavior because of its similarity with MCC950, such as molecular weight, water solubility, and being negatively charged. Moreover, the concentration of FS can be conveniently detected by fluorescence spectroscopy. First, the purified FS@PPAD3-7-1 microgel was obtained and redispersed in a certain volume of ddH2O. Then, the FS@PPAD3-7-1 microgel dispersion was added into a dialysis tube with a molecular weight cut-off (MWCO) of 2000 and dialyzed against ddH2O or PBS with different ionic strengths (50 and 90 mM) at a stirring speed of 200 rpm. A certain volume of the dialyzate outside the dialysis tube was withdrawn at a certain time point and analyzed using fluorescent spectroscopy to monitor the in vitro release behavior.
Drug Retention on the Ocular Surface
Herein, FS was also used as the model molecule to assess the ability of the PPAD microgel to improve drug retention on the ocular surface. Briefly, the rabbit eyes were washed with normal saline 1 hour before topical treatment with 50 μL FS solution (1%) or FS@PPAD microgels loaded with the equivalent amount of FS: 5, 15, 30, 45, 60, 90, 120, 150, and 180 min after topical treating, and tear samples were collected by immersing a square piece of filter paper with a size of 1 × 1 cm2 in the tear fluid for 10 s. Then, the filter paper was immersed in 500 μL of ddH2O, and FS was extracted from the filter paper using ultrasound. After proper dilution and filtration, the concentrations of FS in tear samples were analyzed by fluorescence spectroscopy.
In Vitro Cytotoxicity and Ocular Histocompatibility Evaluation
The in vitro cytotoxicity of free MCC950, PPAD microgels, and MCC950@PPAD microgels on HCECs was evaluated by CCK-8 assay according to the manufacturer’s instructions and quantified on a microplate reader. Briefly, HCECs were suspended in DMEM-F12 medium supplemented with fetal bovine serum (10%, v/v) and insulin (5 μg/ml) and then seeded into a 96-well plate at a density of 5000 cells per well. After the HCECs were incubated at 37°C, 90% humidity, and 5% CO2 for 24 h to allow cell attachment, the original medium was replaced with a fresh medium containing different amounts of PPAD microgels, free MCC950 (0.05, 0.1, 0.2, 0.5, 1, 2, 5, and 10 μM), or MCC950@PPAD microgels loaded with an equal concentration of MCC950. After a further incubation of 24 h, the HCECs were gently washed two times with 100 μL prewarmed PBS, and the medium was replaced with 100 μL medium containing 10 μL CCK-8, followed by further incubation of 2 h. In addition, blank wells with no cells inside were also added with 100 μL of the medium containing 10 μL of CCK-8. The absorbance at 450 nm was recorded using an enzyme marker, and the viability of HCECs was determined based on the percentage of the absorbance of the treated cells compared to that of the untreated control HCECs.
For ocular histocompatibility evaluation, MCC950, PPAD3-7-1, and MCC950@PPAD3-7-1 were instilled into the mice’s right eye five times a day for 7 days, and an equal volume of physiological saline solution was instilled into the left eye as the negative control. The mice were euthanized by cervical dislocation after 7 days and then the eyeballs were enucleated and fixed in 4% paraformaldehyde (PFA) overnight at 4°C. The samples were subsequently embedded in paraffin. Histological sections of tissues (cornea, conjunctiva, iris, and sclera) were stained with hematoxylin and eosin (HE) staining according to routine protocols and examined using a light microscope (Olympus, Japan).
Evaluation of In Vivo and In vitro ROS Scavenging Capacity of PPAD3-7-1 and MCC950@PPAD3-7-1
To investigate the ability of PPAD3-7-1 or MCC950@PPAD3-7-1 to scavenge ROS, stained HCECs cells were treated with hyperosmotic stress by CM-H2DCFDA in vitro experiments. Mouse corneal tissues were treated by DHE in vivo experiments. For CM-H2DCFDA staining, HCECs were first seeded in a black 96-well plate at a density of 5 × 103 cells per well. After the cells were incubated for 24 h, the medium was replaced with DMEM-F12 without FBS containing 90 mM NaCl to create a highly permeable environment (500 mOsm) (Zheng et al., 2018). As the control group, HCECs were also cultured under physiological isotonic conditions. Then, different concentrations of PPAD3-7-1 microgels were added into the wells so that the final concentrations of the PPAD3-7-1 microgels were 0.01 mg/ml, 0.1 mg/ml, and 1 mg/ml. After the cells were cultured for 18 h under the hyperosmotic environment, intracellular ROS levels were measured using a reactive oxygen species detection kit (Roche) according to the manufacturer’s instructions. Briefly, the cells were gently washed two times using 100 μL of prewarmed PBS, added with 100 uL of CM-H2DCFDA reaction solution diluted by PBS at a concentration of 10 μM and then incubated in an incubator saturated with 5% CO2 and 90% humidity. After 45 min, the CM-H2DCFDA reaction solution was replaced with PBS, and the HCECs were observed under an inverted phase contrast fluorescence microscope (ZEISS Axio Observer3) after two-time gentle washing with 100 μL PBS. For DHE staining, DED mice were treated with MCC950, PPAD3-7-1, MCC950/PPAD3-7-1 (simple mixture of MCC950 and PPAD3-7-1), and MCC950@PPAD3-7-1 three times a day for 5 days. The mice were euthanized by cervical dislocation after 5 days and then the eyeballs of the mice were enucleated and embedded with OCT. Subsequently, the embedded samples were cut into 10-μM sections and washed with cold PBS. Then, the cornea sections were incubated with 10 μM fluorescent dye DHE at 37°C for 40 min in a humidified chamber and protected from light. The sections were observed under 20x magnification using a laser confocal microscope (LSM 880 NLO with AiryScan, Zeiss, Germany), and the mean fluorescence intensity was analyzed by using ImageJ software (ImageJ 1.8; NIH, Bethesda, MD, United States).
Experimental dry eye Disease Animal Model Preparation
C57BL/6j female mice (6–8 weeks, 18–22 g) were obtained from Jiesijie Experimental Animal Co. (Shanghai, China) and maintained in the experimental animal center of Wenzhou Medical University under the regulation of the Code of Conduct for Care and Use of Laboratory Animals. Animal experiments were approved by the Ethical Review Committee for Experimental Animals of Wenzhou Medical University. Before the experiments, the mice were kept in the animal center for 1 week for acclimation and medically examined to exclude unhealthy ones, especially with ocular pathological changes. The immune DED animal model was induced by subcutaneous injection of 200 μL Scop (2.5 mg/ml) three times per day for 5 days (Chen et al., 2013a). Subcutaneous injections were administered at 9:00 a.m., 13:00 p.m., and 19:00 p.m. Afterward, the mice were topically treated with 10 µL MCC950 (10 μM), 10 µL MCC950@PPAD microgel (with 10 μM MCC950), or 10 µL PPAD microgel three times per day for 5 days. As for the animal experiments shown in Supplementary Material, dry eye mice were treated with free MCC950 solution (1 μM, 10 μM, 100 μM) four times a day for 5 days. All dry eye mice were kept at 25°C with 13.1 ± 3.5% humidity and 2.2 ± 0.2 m/s airflow.
Corneal Fluorescein Sodium Staining Score
After topical treatment for 5 days, the degree of corneal damage was evaluated using corneal fluorescein staining (CFS). CFS was observed using slit-lamp microscopy 2 min after 2 μL FS solution (2 mg/ml) was instilled into the conjunctiva sac. The scores were calculated according to the National Eye Institute (NEI) scale.42 Briefly, an experienced ophthalmologist graded them based on the number of positive fluorescein staining points in five areas of the cornea and calculated the total score. Each area was scored according to the following: grade 0 = no significant corneal staining; grade 1 = less than five fluorescent dots; grade 2 = 6–15 fluorescent dots; grade 3 = 16–30 fluorescent dots; and grade 4 = more than 30 fluorescent dots (Lemp, 1995).
Methods for TUNEL Assay
After the mice were euthanized by cervical dislocation, the eye balls were carefully isolated, soaked in Optimum Cutting Temperature (OCT) media, and then frozen in liquid nitrogen. Ten-μm sagittal sections of eye tissues were prepared using a cryostat (HM 500; Micron, Waldorf, Germany) and stored at −80°C before use. Cell apoptosis of these tissue sections was detected by TUNEL (terminal deoxynucleotidyl transferase–mediated dUTP nick-end labeling) staining using an In Situ Cell Death Detection Kit (Roche, Mannhein, Germany) according to the manufacturer’s instructions. After 20 min of incubation at room temperature, the sections were washed three times with PBS and fixed with 4% paraformaldehyde for 20 min. Then, the sections were transferred into a thermostat at 4°C and permeabilized with 0.5% Triton X-100 for 5 min. Next, the sections were washed three times with PBS to remove Triton X-100. TUNEL staining was performed by adding 50 μL of the staining agent onto the sections, followed by an incubation of 1 h at 37°C. In addition, the sections were counterstained with DAPI for 1 min. The specimens were embedded in a mounting medium (Invitrogen, Oregon, United States), and their fluorescence images were recorded on a Zeiss confocal microscope with a krypton/argon and He–Ne laser (Carl Zeiss Meditec, Sartrouville, Germany) under an excitation wavelength of 405 nm for DAPI and 488 nm for TUNEL. The apoptotic cells were observed under 20x magnification using a laser confocal microscope (LSM 880 NLO with AiryScan, Zeiss, Germany).
In Vivo Expression of Inflammation-Related Factors
The expression of interleukin-6 (IL6), NLRP3, and IL-1β in the ocular surface tissues of C57BL/6j mice at protein level was examined by Western blot. After treatment of DED mice for 5 days, the mice were euthanized and the ocular surface tissue was subsequently cut into small pieces and immediately lysed with 100 μL of PMSF lysis buffer (100 mM), followed by ball milling for 8 min. The proteins in the supernatant were collected following centrifugation at 16,000 g for 10 min at 4°C. Protein concentrations were measured by a BCA assay kit (Pierce). The proteins (20–30 μg) were mixed with 5X SDS sample buffer and loaded onto SDS-PAGE. After electrophoresis, the separated proteins were transferred to PVDF membranes. The membranes were blocked with 5% milk powder in TBST for 2 h at room temperature. After blocking, the membranes were incubated overnight at 4°C with rabbit anti-IL-1β (1:1000, Abcam, #ab234437), mouse-anti-NLRP3 (1:1000, adpiogene, #AG-20B-0014-C100), rabbit anti-IL6 (1:1000, cell signaling technology, #12912S), and rabbit α/β-tubulin Antibody (1:3000, Cell signaling technology, #2148). Afterward, the membranes were rinsed with TBST and then incubated with HRP-labeled rabbit IgG (1:3000, Biosharp, #BL003A) OR mouse IgG (1:3000, Biosharp, #BL001A) for 2 h. Protein bands were visualized using an enhanced chemiluminescence (ECL) kit and imaged by an AI680 ultra-sensitive multifunctional analyzer. Protein expression was quantified based on the ratio of the target protein and tubulin.
The mRNA expression level of IL-1β, NLRP3, and IL6 in the ocular surface tissue of DED mice was evaluated using the reverse-transcription polymerase chain reaction (RT-PCR). The detailed information on these experiments can be found in our previously published articles.28 The specific primers for mouse IL-1β, NLRP3, and IL6 genes were designed using the NCBI Primer-Blast (NCBI Web site) and are listed in Supplementary Table 2, which had 55–63% GC content. GAPDH was used as the internal reference gene. The expression levels of the target genes were normalized with the expression levels of the internal reference genes according to the manufacturer’s instructions.
Statistical Analysis
Each experiment was performed three times, and all data were recorded as means ± standard deviation. Significant differences among groups were determined by one-way analysis of variance (ANOVA) with the level of significance set at p < 0.05.
RESULTS AND DISCUSSION
Preparation and Characterization of MCC950@PPAD Microgels
As demonstrated in Scheme 1, three kinds of monomers (PEGMA, APTAC, and DPMA) were adopted to prepare PPAD microgels. As well-demonstrated in a previous report (Xue et al., 2017), the comonomer DPMA was needed as a cross-linker for the preparation of microgels. However, increasing the feed ratio of DPMA to the main monomers would cause low colloidal stability and coagulation in aqueous solution. When the feed ratio of DPMA to the main monomers was from 1/20 to 1/8, stable microgels were obtained. Thus, in our study, the molar ratio of DPMA to the main monomers (PEGMA and APTAC) was set to be 1:10. Since the cationic monomer APTAC was responsible for in situ encapsulation of MCC950, the content of APTAC is a critical factor. Although the high content of APTAC can contribute to the high encapsulation capacity of MCC950, too many positively charged polymers may lead to cytotoxicity and ocular surface damage. Moreover, the electrostatic repulsion among cationic PAPTAC polymers also influences the size of the microgels. Thus, the impact of APTAC content on the size and zeta potential of the PPAD microgels was first investigated. The feed molar ratio for the synthesis of the PPAD microgels is summarized in Supplementary Table 1.1H NMR spectra in Supplementary Figure 2 revealed near-quantitative monomer conversions. The DLS results in Figure 1A indicated that the average hydrodynamic diameter of the PPAD microgels gradually increased with the increase of the APTAC content. This is probably because the increased content of APTAC improved the electrostatic repulsion among PAPTAC polymers, leading to the swelling of the microgels. It is also reasonable that the zeta potential of the microgels gradually increased with the increase of the APTAC content. The morphology of the microgels was observed by TEM and is shown in Figures 1C–G. Although the TEM micrographs demonstrated that microgel size increased with the increase of APTAC content, the average diameter revealed by TEM was significantly lower than that determined by DLS, which is also probably due to electrostatic repulsion among PAPTAC polymers. Since the microgels were dispersed in an aqueous solution during DLS characterization, the sufficiently ionized PAPTAC polymer chains resulted in strong electrostatic repulsion and a high degree of swelling. On the contrary, because the microgel samples were dehydrated during TEM analysis, the PAPTAC polymers were not ionized and the strong electrostatic repulsion disappeared, leading to significant shrinkage and size decrease. The drug encapsulation efficiency in PPAD microgels was evaluated by using FS as the model molecule in place of MCC950. After centrifugation of the FS@PPAD microgels, the concentration of FS in the supernatant was analyzed by fluorescence spectroscopy to confirm the encapsulation efficiency. As summarized in Supplementary Table 1, high encapsulation efficiency (more than 80%) was achieved for all the PPAD microgel samples. Combining the size, zeta potential, morphology, and drug encapsulation efficiency, the PPAD3-7-1 microgel with a mean Dh of 356 nm and zeta potential of + 15.9 mV was selected as the optimal sample for the following in vitro and in vivo experiments.
[image: Figure 1]FIGURE 1 | (A) Average value of apparent hydrodynamic diameter (Dh, app), polydispersity index (PDI), (B) zeta potential, and morphology of the PPAD microgels, (C–G) TEM micrographs of the PPAD microgels.
In Vitro Drug Release From the PPAD3-7-1 Microgels
Herein, FS was used as the model molecule to evaluate the release behavior of MCC950 from the PPAD3-7-1 microgel under different conditions. The release of free FS in ddH2O as a control was also carried out. As shown in Figure 2A (the black line), the cumulative release of free FS in ddH2O rapidly reached more than 90% in the first hour. In contrast, nearly negligible FS release from the PPAD3-7-1 microgel in ddH2O was observed because FS was stably encapsulated in PPAD3-7-1 microgels through electrostatic interaction. Thus, it can be reasonably anticipated that the FS release from the PPAD3-7-1 microgel can be accelerated by ionic strength. As indicated in Figure 2A (the red line), 19.34% of cumulative FS release from the PPAD3-7-1 microgel under the ionic strength of 50 mM was achieved within 1 h and reached 72.7% after 11 h. Furthermore, FS release from the PPAD3-7-1 microgel under the ionic strength of 90 mM was significantly improved (the blue line). It has been reported that tear hyperosmolarity is one of the core pathogenesis mechanisms of DED. Moreover, a culture medium containing NaCl (90 mM) was usually utilized to create a highly permeable condition. Thus, based on the abovementioned release results, we envision that efficient drug release can be achieved under hyperosmotic conditions of the ocular surface in the dry eye model.
[image: Figure 2]FIGURE 2 | (A) In vitro cumulative release of FS from PPAD3-7-1 microgels under different conditions. (B) FS in a filter paper after a single instillation of free FS or FS@PPAD3-7-1 microgels.
Ability of PPAD3-7-1 Microgels to Prolong the Ocular Surface Retention Time of Drugs
Due to sealed anatomical features of the eyes and ocular surface barriers, more than 90% of topically-applied drugs can be rapidly washed away within minutes, leading to poor bioavailability (Davis et al., 2004; Li et al., 2007). Thus, in this work, the polydopamine-based microgels are expected to improve the drug bioavailability by improving ocular surface adhesion and retention. Accordingly, undesired side effects of MCC950 can be avoided by reducing the dosage (Wang F. et al., 2021). Herein, the ocular surface retention was evaluated by detecting the concentration of FS in tear samples after topical treatment. The tear samples were collected using a filter paper at different time points after topical treatments. As shown in Figure 2B, 30 min after the rabbits were topically treated with 50 μL of PPAD3-7-1 microgels containing 10 mg/ml FS, a significantly (p < 0.05) higher amount of FS was detected in tear samples than in the rabbits treated with 50 μL of free FS (10 mg/ml), proving the ability of PPAD3-7-1 microgels to prolong ocular surface retention time.
Cytotoxicity of MCC950@PPAD3-7-1 Microgels and Ocular Histocompatibility Evaluation
As MCC950@PPAD3-7-1 is a novel drug for the treatment of DED, it was necessary to evaluate the ocular histocompatibility of MCC950, PPAD3-7-1, and MCC950@PPAD3-7-1. The cytotoxicity of MCC950, PPAD3-7-1 microgels, and MCC950@PPAD3-7-1 microgels was evaluated using the CCK-8 assay. As shown in Figure 3A, free MCC950 at concentrations less than 0.5 μM was well-tolerated (more than 80% of HCECs survived after 24 h of incubation), while significant cell growth inhibition was observed with the MCC950 concentration up to 10 μM. On the contrary, when treated with the MCC950@PPAD3-7-1 microgel loaded with 10 μM of MCC950, HCEC survival was approximately 103%, suggesting that loading MCC950 into PPAD3-7-1 microgels significantly reduced the cytotoxicity of MCC950. Furthermore, when treated with PPAD3-7-1 microgels, high HCEC survival was also achieved, probably because the abundant dopamine moieties of the PPAD3-7-1 microgels scavenged excessive ROS, thus providing effective protection of HCECs. As shown in Figure 3B, HE stained slides were observed under a light microscope to evaluate the tissue’s (cornea, conjunctiva, iris, and retina) structure and integrity for histocompatibility detection. The eyes showed no significant pathologic changes when treated with all formulations. As indicated in Figure 3A, 10 μM MCC950 inhibited cell proliferation in the CCK-8 assay. However, when it was applied to the ocular surface, MCC950 could be rapidly cleared from the ocular surface through the lacrimal drainage system and diluted by tear fluid due to its good water-solubility. Therefore, when 10 μM MCC950 was dropped into the ocular surface, the actual concentration of MCC950 was much lower than 10 μM. Moreover, because of the intact morphological structure of the cornea, conjunctiva, iris, and retina, no inflammatory cell infiltration was observed after treatment with PPAD3-7-1 and MCC950@PPAD3-7-1. This indicates that PPAD3-7-1 and MCC950@PPAD3-7-1 exhibit excellent ocular biocompatibility.
[image: Figure 3]FIGURE 3 | (A) Cytotoxicity of free MCC950, PPAD3-7-1 microgel, and MCC950@PPAD3-7-1 microgel. The concentrations of free MCC950 and PPAD3-7-1 microgel were equal to those of MCC950@PPAD3-7-1 microgels. The concentration of MCC950 varied from 0 to 10 μM. (B) Histopathology microscopy of ocular tissues, including cornea, conjunctiva, iris, and retina, after instilment with 0.9% (w/v) NaCl solution (NC), MCC950, PPAD3-7-1, and MCC950@PPAD3-7-1 five times a day for 7 days.
Ability of PPAD3-7-1 Microgels to Scavenge ROS Produced in Human Corneal Epithelial Cells Under Hyperosmotic Conditions
Under physiological conditions, intracellular ROS levels remain at equilibrium due to the redox system which regulates the production and the clearance of ROS through enzymatic or nonenzymatic reactions (Sies, 2015). As one of the main features of DED, tear film hyperosmolarity can cause excessive production of ROS (Chen et al., 2013b), which further triggers the inflammatory cascade effect of DED development (Seen and Tong, 2018). Plenty of research has demonstrated that polydopamine-based biomaterials exhibited a good scavenging effect on a wide range of ROS due to their catechol moiety (Hu et al., 2020). As shown in Figure 4A Ⅱ, when HCECs were exposed to hyperosmotic stress, overproduction of ROS was observed compared with that of HCECs under physiological conditions (Figure 4A Ⅰ). However, as shown in Figure 4A Ⅲ-Ⅴ, the overexpressed ROS in HCECs induced by hyperosmotic stress can be effectively reduced by PPAD3-7-1 microgels. The quantitative analysis of the fluorescence intensity shown in Figure 4B was well-consistent with the fluorescent images. Moreover, the intracellular ROS can be restored to physiological level when treated with 1 mg/ml PPAD3-7-1 microgels (Figure 4A Ⅲ), suggesting that PPAD3-7-1 microgels can act as an excellent ROS scavenger. Interestingly, when MCC950 was loaded in PPAD3-7-1 microgels, the ability to inhibit ROS production was further enhanced (Figure 4A Ⅵ-Ⅷ). It is known that inflammatory response and increased ROS production are a mutually reinforcing process; oxidative stress can lead to increased production of inflammatory factors, while inflammation can also promote ROS production. Polydopamine scavenges overproduced ROS by chemical reactions; thus, the inhibitory effect of PPAD3-7-1 on ROS shows dose-dependence (Figure 4B), while MCC950, an NLRP3 inhibitor, reduces ROS production by inhibiting the inflammatory response (Supplementary Figure 4). When PPAD3-7-1 is loaded with MCC950, inflammation that is not completely inhibited by PPAD3-7-1 is further suppressed by MCC950, resulting in better ROS scavenging. To further verify the effect of MCC950@PPAD3-7-1 on ROS production in the corneal tissue of DED mice, DHE staining is used. The DHE staining of mouse corneal tissues showed similar results in Figures 4C,D, with MCC950@PPAD3-7-1 having the best ROS scavenging effect (Figure 4C Ⅵ). Collectively, these results suggest that MCC950 can inhibit ROS production in an anti-inflammatory manner, while PPAD3-7-1 microgels directly consume ROS through its polyphenol structure. Moreover, when MCC950 is loaded in PPAD3-7-1 microgels, a better ROS scavenging effect can be achieved due to the synergistic therapeutic effect.
[image: Figure 4]FIGURE 4 | (A,B) In vitro ROS scavenging capacity of PPAD3-7-1 and MCC950@PPAD3-7-1, Groups I–II are designated as NC and HS, respectively. Groups III–V are designated as HS + PPAD3-7-1 microgels (the concentrations of PPAD3-7-1 microgels are 1 mg/ml, 0.1 mg/ml, and 0.01 mg/ml, respectively). Groups III–V are designated as HS + MCC950@PPAD3-7-1 (the concentrations of PPAD3-7-1 correspond to III-VIII). (C,D) In vivo ROS scavenging capacity of MCC950@PPAD3-7-1. Groups I–VI are designated as NC, Scop, Scop + PPAD3-7-1, Scop + MCC950, Scop + MCC950/PPAD3-7-1, and (iv) Scop + MCC950@PPAD3-7-1. Data are shown as mean ± SD, n = 4, **p < 0.01, and ****p < 0.0001.
In Vivo Curative Effect Against DED
Five days after topical treatment of different MCC950 formulas, the corneal epithelial damage was assessed by using corneal fluorescein staining and imaged using a slit lamp under cobalt blue light (Schmidl et al., 2020), which is one of the most important bases to evaluate the severity of DED (Osei et al., 2020; Wolffsohn et al., 2017). The corneal epithelial damage or defect was statistically scored based on the guidelines of the National Eye Institute/Industry Workshop, United States . As shown in Figure 5A Ⅰ, the corneal epithelium of healthy mice exhibited a clean and blue profile with negligible green dots. After 5 days of Scop treatment, dense and scattered green dots were observed, indicating severe corneal epithelial damage (Figure 5A Ⅱ). Figure 5A Ⅳ demonstrated that no obvious curative effect was observed when topically treated with free MCC950 aqueous solution (10 μM), probably due to the short retention time on the ocular surface (Lemp, 1995). On the contrary, topical application of the MCC950@PPAD3-7-1 microgel significantly decreased the green dots of the cornea, and no significant difference was observed compared with the healthy cornea (Figure 5A Ⅵ). The curing effect of PPAD3-7-1 microgels alone shown in Figure 5A Ⅲ proved that the ROS scavenging ability of PPAD3-7-1 also contributed to the curing effect, confirming the synergistic treatment effect of MCC950@PPAD3-7-1 microgels. In addition, the curing effect of a simple mixture of PPAD3-7-1 and MCC950 was also evaluated, and a significantly lower curative effect was found (Figure 5A Ⅴ), demonstrating that a superior curative effect can be achieved when MCC950 was in situ encapsulated in PPAD3-7-1 microgels. When MCC950 was simply mixed with PPAD3-7-1 microgels, part of the MCC950 was not encapsulated inside the microgels and could be rapidly washed away after topical treatment, leading to a compromise of the curative effect.
[image: Figure 5]FIGURE 5 | (A,B) Corneal fluorescein sodium staining (CFS) scores in in DED mice. (C,D) Representative images of TUNEL staining and number of TUNEL-positive cells in the DED mice corneal epithelium. (E) Western blot analysis revealed the protein level of IL-1β, NLRP3, and IL6 using tubulin as the internal control, and (F) mRNA expression level of IL-1β, NLRP3, and IL-6 in the ocular surface tissue of DED mice. (Groups I–VI are designated as NC, Scop, Scop + PPAD3-7-1, Scop + MCC950, Scop + MCC950/PPAD3-7-1, and Scop + MCC950@PPAD3-7-1, respectively.) Data are given as the mean ± SD (n = 4), *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
The apoptosis of the corneal epithelium, an important part of DED pathogenesis (Kessal et al., 2021), was further investigated by using TUNEL assay. Frozen sections of corneal tissues were processed using an apoptosis detection kit and photographed by laser confocal microscopy. As shown in Figures 5C,D, only a small number of TUNEL-positive cells were found in the corneas of the NC mice, while a large number of TUNEL-positive cells were observed in the corneas of the mice subcutaneously injected with Scop for 5 days. This is consistent with that observed in previous studies (Park et al., 2018). When topically treated with PPAD3-7-1 microgels, free MCC950, or a simple mixture of PPAD3-7-1 microgels and MCC950, the number of TUNEL-positive HCECs was slightly decreased, indicating that the ocular surface damage was slightly alleviated. On the contrary, the apoptosis of the corneal epithelium was significantly inhibited after the topical treatment of MCC950@PPAD3-7-1 microgels, indicating that a superior curative effect can be achieved when MCC950 was in situ encapsulated in PPAD3-7-1 microgels rather than simple mixing. As shown in Supplementary 3, 5, effective inhibition of corneal epithelium apoptosis was achieved when treated with free MCC950 at a concentration up to 100 μM, which, however, may cause undesirable side effects due to the high dose. The superior therapeutic effect of MCC950@PPAD3-7-1 microgels can be attributed to the synergistic effect by combining the ROS scavenging effect of PPAD3-7-1 microgels and specific inhibition of NLRP3 by MCC950. In addition, the excellent adhesiveness of the PPAD3-7-1 microgels significantly improved the bioavailability of MCC950 by prolonging the ocular surface retention time.
Effect of MCC950@PPAD3-7-1 Microgels on Inflammatory Cytokine Expression in Ocular Surface
To further elucidate the therapeutic effects of MCC950@PPAD3-7-1 microgels, real-time fluorescence quantitative PCR and Western blot experiments were used to evaluate the expression of several inflammation-related cytokines of DED at mRNA and protein levels (Ma et al., 2021; Zhang et al., 2021). As shown in Figure 5F, the mRNA expression level of several proinflammatory cytokines, such as IL6, NLRP3, and IL-1β, had significantly increased after Scop treatment (Kessal et al., 2021), suggesting the successful induction of ocular surface inflammation. This is consistent with the corneal fluorescein staining and TUNEL assay. The inhibition of expression at the mRNA level by free MCC950 exhibited a dose-dependent manner, which is shown in Supplementary Figure 6. Although the PPAD3-7-1 microgel alone or free MCC950 exhibited an inhibitory effect on mRNA expression of these inflammatory factors, topical treatment of MCC950@PPAD3-7-1 microgels showed superior inhibition of the expression than the simple mixture of MCC950 and the PPAD3-7-1 microgel, indicating the synergistic therapeutic effect against DED. As shown in Figure 5E, IL6, NLRP3, and IL-1β expressions at the protein level greatly increased after Scop treatment, while the MCC950@PPAD3-7-1 microgels markedly inhibited the expression of these inflammatory factors, which is well-consistent with PCR results.
CONCLUSION
In summary, a synergistic strategy for topical treatment of DED was achieved through a polydopamine-based microgel loaded with the NLRP3 inhibitor, MCC950, targeting the ROS-NLRP3-IL-1β signaling axis. The PPAD microgels were successfully synthesized via copolymerization of three kinds of monomers. Due to the excellent adhesiveness of polydopamine, the drug bioavailability was significantly improved by prolonging the ocular surface retention time. The in vitro assay demonstrated that the polydopamine-based microgels exhibited good biocompatibility and ROS scavenging effect. Moreover, the potentially toxic effects of MCC950 at a high dosage can be avoided. TUNEL assay revealed that compared with free MCC950, PPAD microgels in situ loaded with MCC950 significantly reduced ocular surface epithelial cell damage and apoptosis. PCR and WB results indicated that both mRNA and protein expression levels of inflammation-related cytokines were also significantly inhibited. We believe that this work will provide insightful guidance in the synergistic treatment of inflammation-related diseases by targeting the ROS-NLRP3-IL-1β signaling axis.
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Reactive oxygen species (ROS) are metabolites of normal cells in organisms, and normal levels of ROS in cells are essential for maintaining cell signaling and other intracellular functions. However, excessive inflammation and ischemia-reperfusion can cause an imbalance of tissue redox balance, and oxidative stress occurs in a tissue, resulting in a large amount of ROS, causing direct tissue damage. The production of many diseases is associated with excess ROS, such as stroke, sepsis, Alzheimer’s disease, and Parkinson’s disease. With the rapid development of nanomedicine, nanomaterials have been widely used to effectively treat various inflammatory diseases due to their superior physical and chemical properties. In this review, we summarize the application of some representative metal-based nanozymes in inflammatory diseases. In addition, we discuss the application of various novel nanomaterials for different therapies and the prospects of using nanoparticles (NPs) as biomedical materials.
Keywords: reactive oxygen species, inflammatory diseases, antioxidant, metal-based nanozyme, enzyme mimic activity
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1 INTRODUCTION
The oxygen-containing mono-electron by-products produced by cells in the process of respiration and organism metabolism are called reactive oxygen species (ROS) (Panth et al., 2016). ROS are composed of superoxide-free radicals, hydroxyl-free radicals, peroxide-free radicals, hydrogen peroxide, hypochlorous acid, and ozone (Panth et al., 2016) (Figure 1). ROS production and scavenging maintain a dynamic balance. As a result, the cell’s antioxidant system is disrupted, prompting the cell to produce excessive ROS, which destroys the redox state and causes oxidative stress. The oxidative stress can cause severe damage to cells, leading to cell structure damaged by an injury to the cell components, including the cell membrane and nucleus (Floyd and Carney, 1992; Cabiscol et al., 2000; Leutner et al., 2001). This damage to the cell structure leads to damage to cell function that results in a series of serious diseases, for instance, Parkinson’s disease, heart/kidney ischemia-reperfusion injury, diabetes, inflammation, cardiovascular disease, and cancer (Barnham et al., 2004; Giordano, 2005; Rolo and Palmeira, 2006; Jaeschke, 2011; Wang and Choudhary, 2011).
[image: Figure 1]FIGURE 1 | (A) Schematic diagram of SOD and CAT toxicity against ROS. LPO, lipid peroxidation. Adapted with permission from ref.19. Copyright (2020) Frontiers in Microbiology. (B) ROS Material Chemistry. Adapted with permission from ref.11. Copyright (2016) American Chemical Society.
ROS are generated by both intracellular and extracellular metabolic pathways (Gligorovski et al., 2015; Nosaka and Nosaka, 2016). Substances that eliminate, inhibit, and prevent ROS from reacting with cells are called antioxidants (Flora, 2007; D'Autréaux and Toledano, 2007; Lambeth, 2004). Antioxidants are used to remove excess reactive oxygen species produced in living organisms. There are a few free radical scavengers in organisms’ antioxidant systems: endogenous free radical scavengers such as superoxide dismutase (SOD) and vitamin E, exogenous free radical scavengers such as polyphenols, and Chinese herbal medicine that has antioxidation action similar to glossy Ganoderma and Salvia miltiorrhiza. Furthermore, the natural antioxidant enzyme system catalyzes free reactions to produce harmless products in removing ROS and reducing the damage caused by ROS. Among them, the leading natural antioxidant enzymes include superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), and glutathione peroxidase (GPx) (Valko et al., 2006; Tidwell, 2013; Hamada et al., 2014; Kong et al., 2020; Hou et al., 2021). Although traditional natural enzymatic antioxidants are widely used, they are easily oxidized and have low bioavailability, poor modification, and stability. In addition, they are challenging to target scavenging oxygen free radicals, challenging to cross the blood–brain barrier, and easy to be neutralized by cell culture medium. To make up for the deficiency of traditional natural enzymes, several studies find the substitutes or mimic enzymes that can compensate for the shortcomings of natural enzymes and develop new antioxidants to make them better applied in production and life (Wu et al., 2019).
With the rapid development of nanotechnology, nanomaterials have been widely used in biomedical, optics, catalysis, and other fields because of their excellent physical and chemical properties, their ability to penetrate cell membranes, high activity, and low production cost (Yang et al., 2019; Liu et al., 2021; Yi et al., 2022). Because researchers found that these nanoparticles have the inherent ability to mimic the catalytic activity of certain biological enzymes, they are called nanomimicase enzymes, or nanozymes in short. In 2007, Xi Yunyan et al. found that iron tetroxide nanoparticles show natural HRP activity, which can catalyze the reaction between a substrate and hydrogen peroxide. Thus, they demonstrated that the nanomaterials themselves could simulate the functional activity of some biological enzymes (Gao et al., 2007). In previous studies, nanomaterials, such as fullerenes, gold nanoparticles, and ferromagnetic nanoparticles, also have been found to have the activity of some natural enzymes. These nanomaterials with the activity of natural enzymes are called nanozyme (Dugan et al., 1996; Comotti et al., 2004; Manea et al., 2004; Li et al., 2015), and nanozyme antioxidants, as nanozyme preparation, make up for the deficiency of traditional natural enzymes. In addition, nanozyme antioxidants have the advantages of low production cost, high modification degree and surface activity, targeted enrichment in specific tissues, high biocompatibility, and scale production. Thus, these advantages make the nanozyme antioxidants widely used in cancer treatment, biological science, drug carrier, biological antioxidant, and other fields. Nanoparticles could be a potential efficient therapeutic option for clinical treatment because they alter the biological distribution of antioxidants and have the inherent ability to remove electrons. According to the different catalytic substrates, the existing nanozymes can be divided into mimic peroxidase enzymes, mimic oxidase enzymes, catalase mimic enzymes, and superoxide dismutase mimic enzymes. Among them, peroxidase can catalyze the oxidation of hydrogen peroxide oxidation substrate; the oxide mimic enzyme catalyzes the oxidation of oxygen to the substrate; the CAT enzyme can catalyze the hydrogen peroxide decomposition reaction; and SOD enzymes can catalyze the superoxide anion disproportionation to produce hydrogen peroxide and oxygen. Therefore, these NPs could be applied to disease diagnosis, treatment, and biomedicine (Duan et al., 2015; Wang et al., 2016a; Cervadoro et al., 2018) (Figure 2).
[image: Figure 2]FIGURE 2 | Combining nanocatalysis with clinical medicine provides an advanced chemical modulation method for clinical treatment. MR, magnetic resonance. Adapted with permission from ref.17. Copyright (2019) John Wiley and Sons.
According to recent studies, three kinds of nanozymes are commonly used: Prussian blue, nanocerium dioxide particles, and manganese-based analyses. In 1996, the Okuda team found that fullerenes could eliminate the superoxide radicals (Okuda et al., 1996); the Seal team (2005) showed that nanocerium dioxide (CeO2) could prevent cell damage by radiation and attributed to the scavenging of free radicals (Okuda et al., 1996). Additionally, Gu et al. (2016) revealed that Prussian blue nanoparticles (PBNPs) have properties of catalase and superoxide dismutase (Watanabe et al., 2009). Qu Xiaogang and Ren Jinsong (2016) constructed a Donanamil complex system, which effectively eliminates overexpressed ROS in cells and prevents cells from oxidative stress damage (Huang et al., 2016). This article reviewed the types of nanoparticles with antioxidant capacity, the mechanism of action of nanozymes, and their clinical applications. This article mainly introduces the research progress of manganese NPs, ceria NPs, Prussian blue NPs, and other NPs in inflammation, Parkinson’s disease, brain/liver ischemia/reperfusion, and other diseases.
1.1 Manganese-Based NPs
Manganese-based nanomaterials are nanomaterials with manganese as the active center and natural enzyme activity (Huang et al., 2016). In addition to playing an essential role in photosynthesis, divalent manganese plays a crucial role in hydrolysis and phosphotransferase. The more expensive manganese is the redox center of ribonucleotide reductase, catalase, peroxidase, and SOD in the mitochondria (Li et al., 2017; Wan et al., 2012). Manganese phosphate (Mn3(PO4)2) is the first reported manganese nanoscale with superoxide dismutase activity (Miriyala et al., 2012). In 2014 (Figure 3), Wu et al. used bovine serum protein to wrap manganese dioxide (BSA-MnO2), which can regulate the anaerobic status of the tumor microenvironment and has a specific effect on tumor treatment (Prasad et al., 2014). In 2016, researchers found that octahedral manganese oxide (MnO) nanomaterials have the properties of superoxide dismutase, and the relaxation time of MnO increases when it is in contact with superoxide radicals (Prasad et al., 2014). In addition, the researchers found that the dendritic structure of Mn3O4 nanoparticles had a larger pore size and activities of superoxide dismutase and catalase (Yan et al., 2013).
[image: Figure 3]FIGURE 3 | Mn3O4 nanozyme (Mnf) modulates intracellular redox balance by mimicking the activities of catalase (CAT), glutathione peroxidase (GPx), and superoxide dismutase (SOD). Adapted with permission from ref.33. Copyright (2017) John Wiley and Sons.
Furthermore, the elimination rate of Mn3O4 on the superoxide anion can reach 50–60% (Singh et al., 2017). These advantages make up for the defects of natural enzyme antioxidants, so the researchers have researched the application of manganese-based nanozymes in treating clinical diseases and provided corresponding theoretical support for the application of manganese-based nanozymes in clinical treatment. Based on this, this article reviews the recent progress in synthesizing Mn3O4 nanoparticles by relevant teams in treating Parkinson’s disease, inflammation, and other diseases.
Parkinson’s disease (PD) is a neurodegenerative disease characterized by the substantia nigra striatum pathway degeneration, closely related to oxidative stress (Barnham et al., 2004). In the brain, dysregulation of redox balance can lead to oxidative stress in neuronal cells, resulting in neuronal loss (Yan et al., 2013; Li et al., 2020). Currently, there is no effective clinical treatment for PD. Moreover, the treatment for the disease is also the focus of clinicians and scientists. A few nanomaterials have been reported to mimic the activity of heme peroxidase, CAT, oxidases, or SOD enzymes (Gao et al., 2007; Asati et al., 2009; Wei and Wang, 2013; Dong et al., 2014). In addition, it has been reported that under pathophysiological conditions, the proper control of H2O2 levels through CAT–GPx cooperativity is essential (Baud et al., 2004). Given the in vitro antioxidant enzyme activity of the nanomaterials, Namrata Singh et al. combined the characteristics of enzyme-active nanomaterials to synthesize flower-shaped (Mnf) Mn3O4 nanoparticles. They established the cell model of Parkinson’s disease in in vitro experiments, providing a clinical reference for treating Parkinson’s and other neurological diseases. The activities of CAT, SOD, and Gpx of Mnf nanoparticles were verified by the comprehensive evaluation and characterization of Mnf nanoparticles’ antioxidant capacity and different morphology Mn3O4 nanoparticles (Singh et al., 2017). The phase and morphology of Mnf did not change during the reaction, which proved that the high activity of Mnf was closely related to its morphology and multi-pore size. Human neuroblastoma-derived cell line SHSY-5Y was selected in the cell experiment, and the PD cell model was established by using the neurotoxin MPP+ targeting dopamine neurons (Singh et al., 2017). MTT verified that Mnf nanoparticles were nontoxic, and the results of the DCFDA-H2 probe experiment showed that the loss of neuronal cell processes induced by MPP+ was repaired, confirming the protective effect of nanoparticles on cells. More importantly, the research results of Namrata Singh et al. proved that Mnf has better scavenging capacity of reactive oxygen species than traditional natural enzymes, which provides the effective reference data and theoretical guidance for the clinical application of Mnf in the treatment of neurodegenerative diseases caused by oxidative stress.
Inflammation has been demonstrated to cause various diseases, such as rheumatoid arthritis (Choy and Panayi, 2001), cardiovascular diseases (Taube et al., 2012), and even cancer (Colotta et al., 2009). The inflammatory response in the body is also closely related to reactive oxygen species. The production of free radicals in inflammatory sites is one of the pathogenesis of diseases. Mn3O4 nanoparticles (NPS) have a variety of enzyme activities to simulate the removal of oxygen free radicals, hydrogen peroxide, and hydroxyl radicals (Gorecki et al., 1991; Miriyala et al., 2012). Jia Yao et al. synthesized Mn3O4 NPs by the hydrothermal method and found that Mn3O4 NPs are more stable and have higher activity than natural enzymes, showing a good ROS scavenging effect in vitro (Yoshimura et al., 2021). These findings provide a basis for clinical studies on ROS-mediated inflammatory use of drugs. The DLS and zeta potential results proved that Mn3O4 NPs had good long-term storage stability. Also, the high crystallinity was confirmed by TEM detection (Yao et al., 2018; Yoshimura et al., 2021). The CO2-specific probe hydroethidine (HE) was used to characterize the CO2 scavenging capacity of Mn3O4 NPs. The experimental results showed that Mn3O4 NPs had a better SOD-like activity. Terephthalic acid (TA) reacted with hydrogen peroxide to prove that Mn3O4 NPs had a Catalin-like activity. The absorption spectrum and EPR spectrum were used to detect the hydroxyl group level in the presence of Mn3O4 NPs. In in vitro experiments, PMA was applied to the ears of mice, and the local inflammatory response was typical in the treated area. The fluorescence intensity of the DCFDA-H2 probe before and after comparison proved the scavenging ability of Mn3O4 NP reactive oxygen species, and HE staining showed that PMA induced lymphocytosis in the ear of mice, and the ear treated with Mn3O4 NPs could significantly alleviate the inflammatory symptoms. Jia Yao et al. not only demonstrated the scavenging activity of Mn3O4 analyses but also provided a promising therapeutic strategy for redox using the redox active analyses.
Inflammatory bowel disease (IBD) is a nonspecific chronic inflammatory disease of the intestinal tract, mainly including ulcerative colitis (UC) and Crohn’s disease (Sheng et al., 2019; Chen and Shen, 2021). The pathogenesis of IBD is very complex and is generally believed to be related to immune, environmental factors, and genetic and genetic defects or changes (Podolsky, 2002). There are few effective treatments for IBD. Oxidative stress is a fundamental cause of IBD and plays an essential role in some of the characteristic signs and symptoms of IBD, such as abdominal pain, diarrhea, and big toxic colon (Zhao et al., 2019). Excessive ROS production leads to oxidative damage to the DNA, proteins, and lipids, which may promote the initiation and development of IBD (Mittler, 2017). Therefore, targeting inflammatory sites and scavenging reactive oxygen species may be effective strategies to reduce IBD. Natural enzymes in organisms, such as superoxide dismutase and catalase, can precisely remove O2− and H2O2, respectively, to protect the body from ROS damage. However, ROS in the focal area of IBD is often excessive, and natural enzymes in the organism are often tricky to control ROS in the normal physiological range, leading to the difficulty in clearing inflammation. At the same time, due to the high specificity of natural enzymes, a natural enzyme usually can selectively catalyze only one substrate, and it is challenging to remove multiple ROS simultaneously. In order to make Mn3O4@OLA@DSPE-PEG-COOH (hereinafter referred to as DPOMn3O4 nanoenzymes) which is stable in aqueous solution, Jia Yao et al. modified the surface of Mn3O4@OLA by using clear, good biocompatibility, and structure of small molecule lecithin derivative two stearic acyl phosphatidyl ethanolamine carboxy end group-polyethylene glycol (DSPEPEG-COOH) group. They confirmed the ability of the DPO-Mn3O4 nanoenzyme to scavenge superoxide anions in vitro. Subsequently, inflammatory bowel disease induced by dextran sulfate sodium (DSS) was established in mice (Mittler, 2017). Through enema administration of the DPO-Mn3O4 nanoenzyme, the therapeutic effect of DPO-Mn3O4 on the inflammatory bowel disease in mice was verified by the direct observation of the length and swelling degree of the colon of mice and the observation of colon tissue sections. Therefore, Yao Jia et al. demonstrated that Mn3O4 nanoenzyme could treat local in vivo inflammation by scavenging ROS.
1.2 Cerium-Based NPs
Cerium oxide (CeO2) nanoparticles, also called nanoparticles of cerium oxide nanoparticles (CNPs), are well-known catalysts that show significant pharmacological potential due to their antioxidant properties (Ferreira et al., 2018). Cerium oxide itself has oxidation, as a combustion catalyst or catalyst carrier; which is widely used to remove industrial harmful gases or formaldehyde in the room, also is favored in the chemical industry. Compared with the oxidability of ceria, nanoceria has oxidability and reducibility. Oxygen in the nanometer cerium oxide lattice quickly falls off, resulting in oxygen hole defects. For the charge balance of the crystal, a small amount of Ce4+ is converted to Ce3+. Ce3+ is reductive and will be oxidized to Ce4+ in the oxidation condition.
Consequently, Ce3+ is easy to be oxidized, and Ce3+ itself is reductive (Celardo et al., 2011). Therefore, CNPs scavenge free radicals by reversibly binding oxygen through moving between Ce3+(reduction) and Ce4+(oxidation) forms on the particle surface. This ability is comparable to that of biological antioxidants. Because of this, CNPs are believed to exhibit the activity similar to dismutase and catalase, protecting cells from superoxide ions but hydrogen peroxide, two significant reactive oxygen species (Korsvik et al., 2007; Singh et al., 2011). Ceria nanoparticles are widely used in biomedicine for treating antioxidant-related diseases. Confirmed by the electron spin resonance, cerium oxide has the nature of the scavenging free radicals (Colon et al., 2009). In 2009, the United States, led by J Colon, consisting of the chemical, medical research team, provided in the United States “nano-drug” academic journals, published an article “using cerium oxide nanoparticles that protect normal cells from pneumonia caused by radioactive,” which created new in the field of nanometer cerium oxide in biomedical applications (Colon et al., 2009; Colon et al., 2010). With the increasing popularity of cerium oxide nanoparticles in clinical use, the research team carried out relevant research on the application of cerium oxide in the treatment of liver ischemia/reperfusion. Moreover, the treatment of ischemic stroke also made significant progress. Consequently, this article reviewed the research results of relevant teams.
Hepatic ischemia-reperfusion injury (IRI) is one of the crucial causes of liver injury during liver transplantation, resection, and hypovolemic shock. Excessive production of reactive oxygen species is an essential factor leading to liver ischemia-reperfusion injury (IRI) (Eltzschig and Eckle, 2011; Zhai et al., 2013). Antioxidant treatment to improve the oxidative stress state of the injured liver is an effective therapeutic measure to improve IRI. The mononuclear phagocytic cell system (MPS) can affect the delivery of nanomaterials to the desired disease area (Bourquin et al., 2018; Feliu et al., 2016) (Figure 4). The direct prevention of liver ischemia-reperfusion injury (IRI) through nano-antioxidants with priority for liver uptake is an important research direction for applying nanomaterials in the treatment of liver IRI. Combining the redox activity characteristics of cerium oxide nanoparticles and the advantages of targeted enrichment in disease regions, Dalong Ni et al. selected representative nano-antioxidant cerium oxide nanoparticles (Ni et al., 2019). The establishment of the mouse liver IRI model specifically discussed the specific mechanism of cerium oxide NPs to prevent IRI and introduced the method of using the black box effect of nanomaterials to treat the live animal liver IRI. Positron emission tomography (PET) imaging real-time noninvasive assessment of cerium oxide NP biological distribution, using radionuclide 89 zr to mark ceria NPs, proves that polyethylene glycol (PEG) is changed to make these cerium oxides on the surface of the NPs with good blood circulation. Quantitative PET image analysis shows that NPs were cleared from the liver of mice from 1 to 21 days. These characteristics show that cerium oxide has the character of explicit according to the long-term accumulation in the liver to support the applications of cerium oxide in the body against hepatic IRI. The protective effect of cerium dioxide NPs on IRI in the mouse liver IRI model was compared. Aspartate aminotransferase (AST) and alanine aminotransferase (ALT) results showed liver injury in untreated IRI mice and effective prevention of IRI by cerium oxide NPs in the treated group. HE staining of the liver tissue showed liver sections of IRI mice in the PBS group, showing large areas of severe damage and significant lipolysis, necrosis, and bleeding of liver cells. The liver tissues of the IRI group treated with cerium oxide NPs were only slightly damaged, which indicated that cerium oxide NPs had a protective effect on IRI and proved the biocompatibility of cerium oxide NPs in vivo. The team’s research will also provide references for the potential applications of nano-anticoagulants in preventing the liver IRI (Ni et al., 2019).
[image: Figure 4]FIGURE 4 | Schematic diagram of ceria in the treatment of IRI and the antioxidant activity of ceria. (A) Schematic illustration of ceria for preventing IRI. (B,C) TEM images of ceria NPs. (D) ESR spectra of the different groups. (E) Raman spectra of ceria NPs reacting with H2O2. (F–H) Detection of ROS scavenging ability of ceria NPs. Adapted with permission from ref.60. Copyright (2019) John Wiley and Sons.
Acute ischemic cerebrovascular syndrome, also known as ischemic stroke, is a severe cerebrovascular disease that can lead to loss of brain function, disability, and even death. Oxidative damage is one of the important mechanisms leading to ischemic brain injury (Ngowi et al., 2021). During ischemia, the accumulation of superoxide anions, hydroxyl radicals, and hydrogen peroxide induces oxidative damage and leads to cell apoptosis (Barnham et al., 2004; Nathan and Cunningham-Bussel, 2013). Yanlan Liu et al. studied the antioxidant effects of melanin nanoparticles (MeNPs) (Liu et al., 2017) (Figure 5). PEG-coated MeNPs were used to synthesize PEG-MeNPs with antioxidant and anti-inflammatory effects to conduct in vitro experiments and establish a rat model of ischemic stroke to study its antioxidant and anti-inflammatory effects in vitro and in vivo. Liu et al. first identified the antioxidant activity of MeNPs through comprehensive in vivo also in vitro experiments, demonstrating the feasibility of using these NPs as antioxidants in vivo. Liu et al. prepared the highly biocompatible cerium dioxide nanoparticles by coating them with PEG from nanoparticles dispersed in chloroform. TEM and DEPMPO characterized MeNPs and PEG-MeNPs, and SOD-like enzyme activity was found. X-ray photoelectron spectroscopy (XPS) found only a slight increase in the relative oxygen content of PEG-MeNPs. EPR analysis further confirmed the solid free radical signal of PEG-MeNPs. At the same time, PEG-MeNPs could maintain a high catalytic activity even after being stored at 4° for one year. These results indicate that PEG-MeNPs have good antioxidant stability. In vitro, neuro 2A cells were cultured using cobalt chloride (CoCl2) to evaluate PEG-maps’ neuroprotective effect on ischemia directly. Cobalt chloride (CoCl2) is a common in vitro model used to investigate the mechanism of antioxidation therapy for the ischemia-related neuronal diseases. CoCl2 significantly increased the ROS levels in neuro 2A, followed by cell death due to oxidative stress, while PEG-MeNPs significantly reduced the intracellular ROS levels, demonstrating the antioxidant capacity of PEG-MeNPs in cells. In vivo, PEG-MeNPs were injected into the lateral ventricles of experimental rats to evaluate their efficacy in the ischemic brain of experimental rats. The cerebral tissue sections of rats and TTC staining showed that the area of ischemic cerebral infarction of rats pretreated with PEG-MeNPs was about 14%.
[image: Figure 5]FIGURE 5 | Mechanism and effect of MeNPs in the treatment of ischemic stroke. Adapted with permission from ref.64. Copyright (2017) American Chemical Society.
Nevertheless, that of the control group was about 32%. The area of cerebral infarction of rats in the PEG-MeNPs-pretreated group was significantly lower than that in the control group. Accordingly, the generation of O2 was also effectively inhibited, proving the possibility of treating ischemic brain injury with PEG-MeNPs. Through the tail vein injection of PEG–MeNPs, security in the body was assessed, and it was found that PEG-MeNPs have good blood compatibility, and do not change in serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), and alkaline phosphatase (ALKP), blood in urine nitrogen (BUN), total protein (TP), or the level of albumin (propagated) in different organs of the histological analysis showed no NP morphological changes after the treatment or signs of inflammation, and proved that cerium oxide nanoparticles can be used as a safe and effective antioxidant for the feasibility of the application in the clinical treatment.
1.3 Iron-Based NPs
Prussian blue (PB), also known as ferric ferrocyanide, is the only antidote for clinical thallium poisoning, approved by the food and drug administration (FDA). In recent years, different types and functional nanomaterials based on PB have been widely used in inflammatory therapy, tumor therapy, molecular imaging, and other biomedical safety fields (Patra, 2016). PB can simulate various enzyme activities, including SOD, CAT, and POD. For example, Zhang W et al. found that Prussian blue nanoparticles (PBNs) can catalyze H2O2 with the artificial POD activity (Zhang et al., 2014). Further study by the team found that PBNP does not produce ROS such as OH through Fenton reaction, but has the POD activity of inhibiting the generation of OH, as well as a variety of biological enzyme activities such as CAT and SOD, which can effectively remove a variety of ROS ordinarily, and is widely used in inhibiting cell damage caused by ROS.
The mechanism of ROS scavenging by PB nanozyme particles shows that the surface volume of the nanozyme is a crucial factor in determining ROS scavenging efficiency. Consequently, hollow PB nanozyme is considered to have good ROS scavenging efficiency (Li and Shi, 2014; Wang et al., 2016b). The crystallinity of the hollow PB nanozyme particles synthesized by the microemulsion method is poor. Accordingly, they need to be synthesized in multiple steps at high temperatures. More importantly, it is not easy to achieve mass production (McHale et al., 2010; Roy et al., 2011). Under this background, Kai Zhang et al. based on ischemic stroke disease pathogenesis with ROS, proved that the relationship between the development of the preparation of low cost also can be large-scale production of the artificial hollow nanozyme (HPBZs). The study of a new type of neural protection nano preparation provides the proof of the concept. Moreover, it may be helpful in the treatment of other ischemic stroke diseases related to ROS (Zhang et al., 2019) (Figure 6). The extensive characterization experiments by transmission electron microscopy showed that HPBZs had good crystallization. Accordingly, the changes in the hydrodynamic diameter of HPBZs at different time points proved the stability in the physiological environment and the potential for further application in vivo and in vitro. HPBZs can catalyze H2O2 to oxidize ABTS and TMB to nontoxic substances, which proves that HPBZs have an activity similar to peroxides. Choosing the TiO2/UV system, HPBZs reduced the characteristic signal strength of BMPO/OH, indicating that HPBZs have good OH scavenging ability. To further demonstrate the antioxidant and anti-inflammatory activities of HPBZs, Kai Zhang et al. conducted cell and animal experiments in vitro. Using cobalt chloride (CoCl2) to culture the SHSY-5Y cell line and construct an in vitro hypoxic model, it was found that HPBZs significantly promoted cell survival and also inhibited the production of reactive oxygen species. These results indicated that HPBZs could promote cell protection through antioxidant activity. Considering HPBZ in vitro antioxidant and anti-inflammatory activity, resistance to apoptosis, HPBZs’ team further studied ischemic stroke in rats induced by the middle cerebral artery disease-modifying function in the model. Through the PET experiment, it was found that three pretreatment HPBZs lower ischemic injury in rats, cerebral infarction significantly less than the injected saline volume of MCAO rats, prompt HPBZ pretreatment can improve the nerve dysfunction; further comparing three groups of rats brain NO level and antioxidant capacity, HPBZ pretreatment can effectively suppress the RNS induced by MCAO generates, The anti-ROS activity of the brain tissue was significantly increased. Consequently, these results demonstrated the antioxidant properties of HPBZs in the treatment of ischemic stroke in vivo. In summary, Kai Zhang et al. constructed monodisperse HPBZs with good crystallization using a simple, formless synthesis strategy and applied it to treating ischemic stroke in rats, guiding the large-scale application of PB nanoparticles.
[image: Figure 6]FIGURE 6 | Schematic illustration of HPBZs preventing ischemic stroke-induced neurological damage. Adapted with permission from ref.72. Copyright (2019) American Chemical Society.
As mentioned previously, targeting intestinal inflammation and clearing ROS play key roles in IBD treatment. CAT, GPX, SOD, POD, and other antioxidant enzymes are unique proteins with catalytic activity and high selectivity, and they all require the participation of the iron-containing auxiliary groups in the construction to exert excellent catalytic activity (Wu et al., 2019). Therefore, iron-based nanoenzymes have become the focus of research in recent years. On this basis, Zhang W et al. (Zhang et al., 2016) (Figure 7) designed a Prussian blue nanoparticle (PBNP) with a diameter of about 50 nm, which has activities of SOD, POD, CAT, and other enzymes, which can effectively remove ROS, and can effectively control the inflammation in vivo of lipopolysaccharide (LPS)-induced inflammatory mice by injection through the tail vein. PBNPs can target the aggregation of DSS-induced mouse colon inflammatory tissues, exert the activity of artificial nanozyme, effectively remove the excessive ROS produced in inflammatory tissues, block ROS-related inflammatory response and oxidative stress response, and inhibit the colon’s progression, which improves the level of intestinal inflammation.
[image: Figure 7]FIGURE 7 | (A) Schematic diagram of the mechanism of action of PBNPs in the cells. (B) Schematic diagram of the activity of PBNPs with different redox potentials of different compounds in different reaction systems. Adapted with permission from ref.27. Copyright (2016) American Chemical Society.
Later, Zhao Jiulong et al. (Zhao et al., 2019) (Figure 8) developed a new and effective strategy of nanoenzyme-catalyzed nanotherapy for IBD. Based on the activity of PBNPs, a novel manganese-Prussian blue nanoenzyme (MPBZs) was synthesized by using PBNPs as the basic framework and introducing Mn2+ with solid productivity. With the nanoscale size and good physiological stability, MPBZs can reach the inflammatory site of the colon smoothly through the robust acidic environment in the stomach and alkaline environment in the intestine, and specifically accumulate in the inflammatory site of the colon by using the EPR effect and charge effect of the intestinal epithelium. Due to the introduction of Mn2+ in MPBZs, the reducibility of MPBZs was more substantial than that of PBNPs, and the ROS scavenging ability was improved. Therefore, after the oral administration of MPBZs in DSS-induced acute IBD mice, the drugs can target intestinal inflammatory tissues, effectively remove ROS, and improve intestinal inflammation. At the same time, MPBZs can effectively reduce the expression levels of MPO, MDA, IL-1β, IL-6, IFN-γ, and TNF-α in the inflammatory colon tissue and effectively inhibit the progression of inflammation. Moreover, Zhao Jiulong synthetic MPBZs have many kinds of enzymes such as SOD and CAT activity, which can effectively eliminate ROS, are a high-quality artificial enzyme, inhibit oxidative stress in the process of inflammation reaction, and affect the oxidation of inflammatory-related signaling pathways and related critical molecular expression. Signaling pathway to reduce inflammation, especially for the ROS-related diseases, IBD provides a new thought of treatment, which has broad application prospects.
[image: Figure 8]FIGURE 8 | (A) Schematic diagram of the synthetic production of MPBZs. (B) Schematic diagram of the mechanism of action of MPBZs in vivo. Adapted with permission from ref.56. Copyright (2019) Theranostics.
1.4 Other Nanomaterials
1.4.1 Platinum-Based NPs
Pt-NPs have activities similar to mitochondrial electron transport complexes and can be used as inhibitors of SOD and catalase. Watanabe et al. studied the antioxidant effects of PAA-protected platinum nanoparticles (PAA-Pt) (Watanabe et al., 2009). In in vitro evaluation, PAA-Pt cleared AOO generated by AAPH thermal decomposition in a dose-dependent manner. The concentration of NPs at 50% of any event was recovered (IC50) 584 M, while the control showed no antioxidant activity. PAA-Pt is at least six times more active than other metal nanoparticles. The inhibition of PAA-Pt on linoleic acid peroxidation induced by AOO was further evaluated by determining the oxygen consumption and phenobarbital acid reactive substance (tar). Oxygen consumption decreased significantly after adding NPs, but there was no significant difference between oxygen consumption and the control group. The authors suggest that the peroxide inhibition mechanism of PAA-Pt particles may mainly be the elimination of toilets, which inhibits the peroxidation of linoleic acid. The thiobarbituric acid (TBA) test was designed to assess the production of free malondialdehyde (MDA) during lipid peroxidation. Accordingly, the results showed that PAA-Pt reduced the production of lipid peroxides by inhibiting the proliferation of the nitrite peroxidation chain induced by AOO. In vivo, Pt-NPs also act as a scavenger for RON. Katsumi et al. demonstrated for the first time in a mouse model that these NPs could protect against the hepatic ischemia-reperfusion injury (Katsumi et al., 2014). In their study, two Pt-NPs of different sizes were injected intravenously into mice, causing liver damage by blocking the portal vein, and consequently then reperfused for six hours. The results showed that both NPs were accumulated in the liver non-parenchymal cells after injection. The smaller the Pt-NPs, the more significant the decrease in alanine aminotransferase (ALT) and aspartic aminotransferase (AST). Small NPs also inhibited the increase in the ratio of oxidized GSH to reduced glutathione in the ischemic liver, effectively reducing the increase in lipid peroxides.
1.4.2 Selenium-Based NPs
As part of the liver’s antioxidant defense system, selenium plays an essential role in antioxidative stress. Many studies have shown that supplementation with selenium can increase enzymes such as GPx, preventing the accumulation of free radicals and thus reducing cell damage (Tapiero et al., 2003; Qin et al., 2015). Therefore, nanomaterials containing selenium have intrinsic antioxidant properties. Zhai et al. used chitosan (CS) of different molecular weights to stabilize the synthesis of SeNPs, and then evaluated the antioxidant capacity of these nanoparticles (Zhai et al., 2017). The results of in vitro cell tests showed that the generation of intracellular electrons was inhibited by selenium concentration, also cs-sends; CS(l)-sends were stable by external or oral use, which effectively protected the glutathione peroxidase activity in mice and accordingly prevented the formation of lipofuscin induced by ultraviolet light. Se-doped carbon quantum dots (Se-CQDs) are also scavenger free radicals (Rosenkrans et al., 2020). In a recent study, the radical scavenging ability of SE-CQDs was investigated using the electron spin resonance (ESR) technique. The results showed that after the addition of SE-CQDs, the ESR signal of the DEMPO/OH adder disappeared, which indicated that it had an intense OH scavenging activity. The in vitro cell models have shown that SE-CQDs can protect MDA-MB-231 cells from H2O2-induced oxidative stress. This was achieved by reducing H2O2-induced cell death consequently increasing cell viability (as determined by CCK8). In addition, quantitative analysis of ROS induction in MDA-MB-231 cells using the RONS fluorescent probe (DCFH-DA) showed that the fluorescence intensity of DCFH-DA significantly decreased after the addition, which confirmed the antioxidant capacity of SE-CQDs.
2 CONCLUSION
Reactive oxygen species (ROS) are metabolites of normal cells in organisms. Normal levels of ROS in cells are very important for maintaining cell signaling and other intracellular functions, so the dysregulation of ROS balance is involved in the pathophysiological processes of many diseases. The ideal antioxidant nanomaterials should be able to remove multiple primary and secondary electrons, maintain antioxidant activity against oxidative damage, be biocompatible, and have controllable properties such as size and modifiable surface. Choosing the proper nanomaterials for each disease is complicated because each disease has its unique process of oxidative stress, not the same, which is the most critical factor affecting the outcome of the disease. The selection of suitable nanomaterials for ROS scavenging should be based on their specific antioxidant capacity and their biological distribution, cyclic half-life, immunological properties, and other in vivo pharmacokinetics. With the development of nanometer research, various nanomaterials have been developed. Therefore, it is desirable to explore the antioxidant properties of these nanomaterials through a large number of in vivo studies.
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Due to the finding of severe side effects and low therapeutic efficacy with cancer chemotherapy, there still remains a great challenge to benefit patients with curative effect. In this work, we designed a self-powered drug delivery system comprising a current source derived from the disk TENG (D-TENG) and a pair of Au electrodes. Thus, cells seeded within the electrode gap could be stimulated by the current followed by D-TENG`s work. Under the rotation frequency of about 7.4 Hz, the peak output current and voltage of the D-TENG reached 3.7 μA and 135 V and achieved an average of 2.8 μA of output current. Furthermore, the D-TENG also showed its good stability to output steady current in a long-term condition. When applying the electric stimulation by this self-powered drug delivery system, a chemotherapy drug, doxorubicin (DOX), had significant uptake by cancer cells. Therefore, utilizing a novel TENG device as a part of chemotherapy would provide a new opportunity in future disease treatment.
Keywords: doxorubicin, dish-structure, triboelectric nanogenerator, drug utilization, enhanced efficiency
1 INTRODUCTION
Despite extensive efforts worldwide, cancer remains one of the leading causes of mortality (Sung et al., 2021). Surgery or radiotherapy is an effective strategy for the treatment of local tumors. In the remaining cases, chemotherapy is the main priority in cancer treatment (Chu and Sartorelli, 2018). However, chemotherapy is always accompanied by severe side effects and low therapeutic efficacy (Zhong et al., 2021). For example, a first-line clinical drug, doxorubicin (DOX) (Hai-wen et al., 2013), has been reported to result in all kinds of toxic side effects, including cardiotoxicity and alopecia, due to its low uptake by cancer cells (Zhao et al., 2019). Therefore, developing a new technology to enhance drug utilization is extremely urgent in order to reduce the side effects and improve efficacy.
Considering the physiological roles of bioelectrical signals in cell biology, electrical stimulation (ES) was introduced to improve some operations in many biological scenes. For example, a well-known microbiology technique called electroporation takes advantage of an electrical field to change the permeability of the cell membrane, allowing biomolecule transportation or even cell fusion (Zhang et al., 2018). Recently, ES has been demonstrated to have the potential to be a promising strategy for drug delivery and therapy. Karan Gulati’s group combining electrical drug delivery and electrical stimulation therapy achieved beneficial results in bone implantation (Gulati et al., 2016). Cassandra L. Weaver’s group developed a drug delivery nanocomposite controlled by electricity to meet various therapeutic needs (Weaver et al., 2014). With the concerted efforts of Pei-Chi Lee and his colleagues, increased nanomedicine accumulation within tumor tissue stimulated by electrical single-walled carbon nanotubes helps to delay tumor growth (Lee et al., 2016). However, most of these techniques require an external power source, greatly increasing the cost and inconvenience, thereby limiting their further application.
Triboelectric nanogenerators (TENGs) (Fan et al., 2012a; Wang et al., 2014a; Zheng et al., 2014; Cheng et al., 2018; Qin et al., 2020; Zhang et al., 2020; Zhang et al., 2021a), which were invented to harvest unordered ambient mechanical energy on the basis of triboelectric effect and maxwell’s displacement current (Wang, 2017), have been proved to be a simple, low-cost, and portable power source for self-powered devices and systems (Wang, 2013; Zheng et al., 2016; Cheng et al., 2017; Wang et al., 2018; Hao et al., 2021; Shang et al., 2021; Wang et al., 2021). A series of methods were investigated to increase the output performance of TENGs, such as material selection (Wang, 2013), surface roughness increment (Fan et al., 2012b; Zhang et al., 2015), surface charge injection (Wang et al., 2014a; Wang et al., 2014b), charge pump method (Cheng et al., 2018), step-down circuit (Qin et al., 2018), and multiple channel method (Zhang et al., 2022a). As a result, TENG’s output voltage and peak current have been increased to more than ten thousand volts (Li et al., 2021) and hundreds of milliamperes (Cheng et al., 2013), and its output charge density is up to millicoulombs per square meter (Zhang et al., 2022a). As the output has been ameliorated to a very high level, TENGs are widely applied to establish self-powered nanodevices or nanosystems. For example, TENG’s output changed under different driving forces, making it available to sense and detect these applied forces (Chen et al., 2022); through connecting TENGs together with sensors, UV light intensity, gas concentration, and other environmental information could be detected to realize the application of self-powered detection (Zheng et al., 2014; Su et al., 2018; Zhao et al., 2018; Zheng et al., 2022); using the current generated by TENGs, self-powered anticorrosion was realized (Wang et al., 2014a). Furthermore, through the use of display units or wireless transmission technology, the sensing result could be displayed directly or sent out for further processing (Zheng et al., 2014; Cheng et al., 2017; Zhang et al., 2022b). Using TENGs as a power source, many medical applications have been developed (Zhang et al., 2021b), and several self-powered systems have been designed for drug delivery (Wang et al., 2016; Bok et al., 2018; Liu et al., 2019). Among these systems, nanoneedles are considered one of the most effective methods for drug delivery, but bring up two problems: first, the active electrical area is usually very small, which makes it difficult to stimulate enough cells for therapy; second, fabrication of the nanoneedles and extra devices is always complicated and expensive. Thus, a simple and self-powered delivery system is required for current medicines.
In this work, we designed a very simple self-powered drug delivery system in order to reduce the severe side effects and enhance the therapeutic efficacy of chemotherapy. In this system, a disk TENG (D-TENG) is designed to provide a stable current, which performs the electrical stimulation towards cells/tissues within two Au electrodes. An in vitro experiment showed that using this self-powered drug delivery system, the utilization efficiency of Dox was effectively increased.
2 MATERIALS AND METHODS
2.1 Materials
DOX was provided by Aladdin (Hangzhou, China). Mouse breast cancer cells (4T1 cell line) were purchased form the American Type Culture Collection (ATCC). PVDF powder was provided by Alfa Aesar (Shanghai, China). PA powder was provided by Macklin (Shanghai, China). All organic solvents were provided by Sinopharm Chemical Reagent (Shanghai, China).
2.2 Preparation of PA and PVDF Solutions (Weaver et al., 2014)
To prepare the PA solution, 2 g of PA powder was added to 16 g of formic acid and then stirred for 30 min to make the PA powder dissolve. To prepare the PVDF solution, 3.75 g of PVDF powder was added to 8.5 g of N,N-dimethylacetamide (DMAC) and 12.75 g of acetone and then stirred at 60°C for 30 min to make the powder dissolve.
2.3 Fabrication of the D-TENG
Two pieces of PMMA sheet were first cleaned in sequence with ethanol and deionized water. The PA solution was spin-coated on one of the PMMA sheets at a speed of 1500 rpm for 60 s and then left for 30 min to make sure the solution is dry. The sheet was cut into the needed shape with 3 cm of radius to make the rotational part of the D-TENG. On the other piece of the PMMA sheet, Cr and Ag films were sputtered on one surface to make the Cr/Ag electrode, and PVDF solution was spin-coated on the Cr/Ag film at the speed of 1500 rpm for 60 s and then left for 30 min to make sure the solution is dry. The sheet was then cut into the needed shape; in this process, the Cr/Ag electrode was cut into two pieces, as shown in Figure 1A and two copper wires were connected to the two electrodes to make the stationary part of the D-TENG. At last, two parts of the D-TENG were assembled with the PA film in contact with the PVDF film and the center of the sheets aligned.
[image: Figure 1]FIGURE 1 | Design of the D-TENG. (A) Schematic diagram of the D-TENG. (B) Scanning electron microscope (SEM) image of the spin-coated PA film. (C) SEM image of the spin-coated PVDF film.
2.4 Fabrication of the Tailor-Made Culture Dish With Au Electrodes
Au electrodes with the needed shape were sputtered on the inner side of the bottom of an ordinary culture dish. Then, two copper wires were connected to the Au electrodes at the edge of the dish to make sure only the Au electrodes will contact the culture solution. The prepared culture dish with Au electrodes was sterilized with medicinal alcohol and UV light before cell culture.
2.5 Flow Cytometric Analysis of Drug Utilization Efficiency
4T1 cells were seeded in plates (3 × 105 cells/well) and cultured overnight. On the second day, media was changed and replaced with fresh media containing DOX. Cells were treated with/without TENG current stimulus for 1 h. The cells treated without DOX or ES were used for the control. 4T1 cells were cultured for another 24 h. Then, the cells were harvested and analyzed by a flow cytometer (BD Biosciences).
3 RESULTS AND DISCUSSION
As Figure 1A shows, the D-TENG comprises a rotational part and a stationary part. The rotational part contains a PMMA sheet as the substrate and nine PA films which act as a kind of friction layer and are attached to the PMMA sheet. The PA films are cut into circular sectors and ring-distributed on the PMMA sheet with sectorial spaces of the same size. The stationary part contains a PMMA sheet as the substrate, two Cr/Ag electrodes and the sectorial PVDF films which act as the other kinds of friction layers attached to the electrodes. Each electrode contains nine sectorial units with the same size and distribution as the PA films. So, when the D-TENG is rotated, the PA films overlap with two electrodes alternately. To clearly observe the materials coating in the D-TENG, PA films (Figure 1B) and PVDF films (Figure 1C) were characterized using the scanning electron microscope (SEM). As the picture shows, rough surfaces with holes or particles formed naturally in the fabrication process of the films will help to increase the performance of the D-TENG. Details of the fabrication process are shown in the methods.
Figure 2A shows the working mechanism of the D-TENG. When the rotational part is rotated, PA films slide across the PVDF films. In this process, PA films rub with PVDF films. As a result, PA films take positive charges and PVDF films take negative charges. The total area of the PVDF films is twice that of the PA films’, and charge density of the PA films is twice of the PVDF films’. When PA films overlap with electrode 1 (state I), though the positive charge on the PA film is partly offset by the negative charge, the residual charge will induce a negative charge in electrode 1. At electrode 2, the negative charge taken by the PVDF films on its surface will induce a positive charge in it. As a result, electrode 1 will take a negative charge and electrode 2 will take a positive charge. When PA films slide from electrode 1 to electrode 2 (state II), the overlapping area of electrode 1 with the PA films decreases, the overlapping area of electrode 2 increase, and electrons move from electrode 1 to electrode 2 through the external circuit and generate current in the circuit. When the PA films overlap with electrode 2 (state III), electrode 1 takes a positive charge and electrode 2 takes a negative charge. And when PA films slide from electrode 2 to electrode 1 (state 4), electrons move from electrode 2 to electrode 1 and generate reversed current in the circuit. So, following the D-TENG work, one round from states I to IV will continue to the next round, which periodically generates alternating current in the circuit. As there are nine sectorial PA films in the device, each revolution of the D-TENG will generate nine forward and nine reversed current peaks in the circuit.
[image: Figure 2]FIGURE 2 | Output of the D-TENG. (A) Schematic diagram of the working mechanism of the D-TENG. (B) Output current of the D-TENG. (C) Enlarged view of D-TENG’s output current. (D) Output voltage of the D-TENG. (E) Enlarged view of D-TENG’s output voltage.
The D-TENG’s output was then measured with a rotational frequency of about 7.4 Hz. Its output current was about 3.7 μA (Figures 2B,C), and its output voltage was about 135 V (Figures 2D,E). The frequency of the output current and voltage was about 67 Hz, which was about nine times the D-TENG’s driving frequency. The integral results (Supplementary Figure S1) showed that the transferred charge of each peak was about 21 nC, and the D-TENG could export 2.8 μC in one second. This indicated the average output current of the D-TENG was about 2.8 μA, which achieved the comparable level commonly used in cell electrical stimulation (Macfelda et al., 2017; Yuan et al., 2021).
As a source of energy, the stability of the D-TENG is one of the most important properties. Figure 3 shows the output current of the D-TENG working continuously for 2 hours. As expected, D-TENG’s output decreased slightly in the first 1 hour, until its output current stabilized at about 4 μA. This good stability and intensity indicate the D-TENG has its own superiority for self-powered drug delivery.
[image: Figure 3]FIGURE 3 | Output current of the D-TENG working continuously for 2 h.
Using this D-TENG as a power source, we designed a simple self-powered electrical stimulation system. The system contains the D-TENG, a rectifier bridge to convert the D-TENG’s alternate current to direct current, and two Au electrodes to deliver the current. The Au electrode is used to prevent the possible electrochemical reaction. The cells/tissues stimulated by the current will increase the drug uptake efficiency.
An in vitro self-powered drug delivery experiment was then performed to check the effect of drug delivery using the simple drug delivery system. Figure 4A shows the equipment used in the in vitro experiment. In this equipment, the Au electrodes were deposited on the inner side of an ordinary culture disk (which consists of the tailor-made culture dish marked in the picture), which was used to culture and simulate the cells. Once the D-TENG is working, cells grow in the area between the two electrodes, which will be simulated. Figure 4B shows the mouse breast cancer cells (4T1 cell line) and Dox were cocultured in self-powered electrical stimulation system; after electrical stimulation, the uptake efficiency of cells for Dox will be determined.
[image: Figure 4]FIGURE 4 | In vitro self-powered drug delivery equipment. (A) Schematic diagram of the equipment. (B) Schematic diagram of the cells and Dox cocultured after electrical stimulation.
In this experiment, mouse breast cancer cells (4T1 cell line) were seeded in culture plates. These cells were divided into three groups, including control, control with DOX (with no current stimulus), and D-TENG with DOX groups. In D-TENG with DOX groups, during the D-TENG 1 h continuous stimulation, the current transmitted to the tailor-made culture dish and the voltage between the Au electrodes were measured (Figures 5A,B). The D-TENG’s output current was converted to direct current with a peak current of 3.5 μA and an average current of 2.9 μA (shown in Supplementary Figure S2). The voltage between the Au electrodes increases rapidly in the first 10 s and stabilizes at 0.72 V. Figure 5C shows that the current was stable during the stimulation process. Afterwards, 4T1 cells were cultured for another 24 h, and the cells were harvested and analyzed by flow cytometer (BD Biosciences). The flow cytometric results indicated that this self-powered drug delivery system could significantly improve the utilization efficiency of Dox (Figures 5D,E). Therefore, the electrical stimulation of D-TENG might be used to improve drug utilization efficiency for disease treatment in the future.
[image: Figure 5]FIGURE 5 | In vitro enhancing drug utilization efficiency. (A) The current transmitted to the tailor-made culture dish. (B) The voltage between the Au electrodes. (C) The current is transmitted to the tailor-made culture dish in the simulation process. (D). The uptake efficiency of 4T1 cells for Dox under 1 h stimulation was analyzed 24 h after stimulation. (E) Quantitative analysis of (D). Unpaired t test. n = 3, *p < 0.05, ns represents no significant difference.
In conclusion, we designed a very simple self-powered drug delivery system that contains a D-TENG, a rectifier bridge, and two Au electrodes. At a working frequency of about 7.4 Hz, the D-TENG generates a peak current of 3.7 μA and an average output current of 2.8 μA. Considering the wide ranges were applied in previous works, the output of the D-TENG is powerful enough to stimulate the cells. Also, the D-TENG has good performance to provide stable current for a long time. The output current of the D-TENG is converted to direct current by the rectifier bridge to stimulate the cells/tissues between the Au electrode. An in vitro experiment showed this self-powered drug delivery system could significantly improve the utilization efficiency of Dox. The next step is to establish a biocompatible system to meet the wearable or transplantable needs in clinical trials. Taken together, we developed a stable and powerful D-TENG system for drug delivery, which will be part of chemotherapy in future treatment.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors without undue reservation.
AUTHOR CONTRIBUTIONS
P-GR, YX, and LC were responsible for the conceptualization. QC and LC designed the methodology. LC provided the scientific guidance for the experiment. QC, WD, and JH contributed to most of the biological studies, and LC to fabrication and characterization. The manuscript was organized and written by QC and LC and revised by JH, P-GR, and YX. All authors read and approved the final version.
FUNDING
This work was supported by the Shenzhen Science and Technology Program (no. JCYJ20210324122214039) and the National Natural Science Foundation of China (no. 52172203).
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.
ACKNOWLEDGMENTS
The authors would like to thank the Yuan lab for providing the experimental platform.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at https://www.frontiersin.org/articles/10.3389/fbioe.2022.950146/full#supplementary-material
Supplementary Figure S1 | The integral results of the D-TENG’s output current. (a) The integral result of the D-TENG’s output current without any additional process, which shows the output charge pure peak. (b) The integral result of the absolute values of D-TENG’s output current, which shows the total output charge.
Supplementary Figure S2 | The integral results of the current transmitted to the tailor-made culture dish, which shows the total charge flowing through the culture solution.
REFERENCES
 Bok, M., Lee, Y., Park, D., Shin, S., Zhao, Z.-J., Hwang, B., et al. (2018). Microneedles Integrated with a Triboelectric Nanogenerator: an Electrically Active Drug Delivery System. Nanoscale 10, 13502–13510. doi:10.1039/c8nr02192a
 Chen, Y., Gao, Z., Zhang, F., Wen, Z., and Sun, X. (2022). Recent Progress in Self‐powered Multifunctional E‐skin for Advanced Applications. Exploration 2, 20210112. doi:10.1002/EXP.20210112
 Cheng, G., Lin, Z.-H., Lin, L., Du, Z.-l., and Wang, Z. L. (2013). Pulsed Nanogenerator with Huge Instantaneous Output Power Density. ACS Nano 7, 7383–7391. doi:10.1021/nn403151t
 Cheng, L., Xu, Q., Zheng, Y., Jia, X., and Qin, Y. (2018). A Self-Improving Triboelectric Nanogenerator with Improved Charge Density and Increased Charge Accumulation Speed. Nat. Commun. 9, 3773. doi:10.1038/s41467-018-06045-z
 Cheng, L., Zheng, Y., Xu, Q., and Qin, Y. (2017). A Light Sensitive Nanogenerator for Self-Powered UV Detection with Two Measuring Ranges. Adv. Opt. Mater. 5, 1600623. doi:10.1002/adom.201600623
 Chu, E., and Sartorelli, A. (2018). Cancer Chemotherapy. Lange’s Basic Clin. Pharmacol. , 948–976. https://accessmedicine.mhmedical.com/content.aspx?bookid=2249&sectionid=175224452.
 Fan, F.-R., Lin, L., Zhu, G., Wu, W., Zhang, R., and Wang, Z. L. (2012). Transparent Triboelectric Nanogenerators and Self-Powered Pressure Sensors Based on Micropatterned Plastic Films. Nano Lett. 12, 3109–3114. doi:10.1021/nl300988z
 Fan, F.-R., Tian, Z.-Q., and Lin Wang, Z. (2012). Flexible Triboelectric Generator. Nano Energy 1, 328–334. doi:10.1016/j.nanoen.2012.01.004
 Gulati, K., Maher, S., Chandrasekaran, S., Findlay, D. M., and Losic, D. (2016). Conversion of Titania (TiO2) into Conductive Titanium (Ti) Nanotube Arrays for Combined Drug-Delivery and Electrical Stimulation Therapy. J. Mat. Chem. B 4, 371–375. doi:10.1039/c5tb02108a
 Hai-wen, Z., Li-qun, W., and Hong-liang, J. (2013). Chitosan-Based Cationic Micelles for Co-incorporation of Two Types of Drugs with Distinct Hydrophilicity. Acta Polym. Sin. 012, 1491–1499. doi:10.3724/SP.J.1105.2012.12115
 Hao, M., Zhang, R., Jia, X., Gao, X., Gao, W., Cheng, L., et al. (2021). A Polymer Based Self-Powered Ethanol Gas Sensor to Eliminate the Interference of Ultraviolet Light. Sensors Actuators A Phys. 332, 113173. doi:10.1016/j.sna.2021.113173
 Lee, P.-C., Peng, C.-L., and Shieh, M.-J. (2016). Combining the Single-Walled Carbon Nanotubes with Low Voltage Electrical Stimulation to Improve Accumulation of Nanomedicines in Tumor for Effective Cancer Therapy. J. Control. Release 225, 140–151. doi:10.1016/j.jconrel.2016.01.038
 Li, Q., Liu, W., Yang, H., He, W., Long, L., Wu, M., et al. (2021). Ultra-stability High-Voltage Triboelectric Nanogenerator Designed by Ternary Dielectric Triboelectrification with Partial Soft-Contact and Non-contact Mode. Nano Energy 90, 106585. doi:10.1016/j.nanoen.2021.106585
 Liu, Z., Nie, J., Miao, B., Li, J., Cui, Y., Wang, S., et al. (2019). Self‐Powered Intracellular Drug Delivery by a Biomechanical Energy‐Driven Triboelectric Nanogenerator. Adv. Mat. 31, 1807795. doi:10.1002/adma.201807795
 Macfelda, K., Kapeller, B., Holly, A., Podesser, B. K., Losert, U., Brandes, K., et al. (2017). Bioelectrical Signals Improve Cardiac Function and Modify Gene Expression of Extracellular Matrix Components. Esc. Heart Fail. 4, 291–300. doi:10.1002/ehf2.12169
 Qin, H., Cheng, G., Zi, Y., Gu, G., Zhang, B., Shang, W., et al. (2018). High Energy Storage Efficiency Triboelectric Nanogenerators with Unidirectional Switches and Passive Power Management Circuits. Adv. Funct. Mat. 28, 1805216. doi:10.1002/adfm.201805216
 Qin, H., Gu, G., Shang, W., Luo, H., Zhang, W., Cui, P., et al. (2020). A Universal and Passive Power Management Circuit with High Efficiency for Pulsed Triboelectric Nanogenerator. Nano Energy 68, 104372. doi:10.1016/j.nanoen.2019.104372
 Shang, W., Gu, G., Zhang, W., Luo, H., Wang, T., Zhang, B., et al. (2021). Rotational Pulsed Triboelectric Nanogenerators Integrated with Synchronously Triggered Mechanical Switches for High Efficiency Self-Powered Systems. Nano Energy 82, 105725. doi:10.1016/j.nanoen.2020.105725
 Su, Y., Xie, G., Tai, H., Li, S., Yang, B., Wang, S., et al. (2018). Self-powered Room Temperature NO2 Detection Driven by Triboelectric Nanogenerator under UV Illumination. Nano Energy 47, 316–324. doi:10.1016/j.nanoen.2018.02.031
 Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A., et al. (2021). Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA A Cancer J. Clin. 71, 209–249. doi:10.3322/caac.21660
 Wang, H., Pastorin, G., and Lee, C. (2016). Toward Self-Powered Wearable Adhesive Skin Patch with Bendable Microneedle Array for Transdermal Drug Delivery. Adv. Sci. 3, 1500441. doi:10.1002/advs.201500441
 Wang, M., Zhang, J., Tang, Y., Li, J., Zhang, B., Liang, E., et al. (2018). Air-Flow-Driven Triboelectric Nanogenerators for Self-Powered Real-Time Respiratory Monitoring. ACS Nano 12, 6156–6162. doi:10.1021/acsnano.8b02562
 Wang, S., Xie, Y., Niu, S., Lin, L., Liu, C., Zhou, Y. S., et al. (2014). Maximum Surface Charge Density for Triboelectric Nanogenerators Achieved by Ionized-Air Injection: Methodology and Theoretical Understanding. Adv. Mat. 26, 6720–6728. doi:10.1002/adma.201402491
 Wang, T., Gu, G., Shang, W., Gan, J., Zhang, W., Luo, H., et al. (2021). A Self-Powered Photodetector Using a Pulsed Triboelectric Nanogenerator for Actual Working Environments with Random Mechanical Stimuli. Nano Energy 90, 106518. doi:10.1016/j.nanoen.2021.106518
 Wang, Z., Cheng, L., Zheng, Y., Qin, Y., and Wang, Z. L. (2014). Enhancing the Performance of Triboelectric Nanogenerator through Prior-Charge Injection and its Application on Self-Powered Anticorrosion. Nano Energy 10, 37–43. doi:10.1016/j.nanoen.2014.08.017
 Wang, Z. L. (2017). On Maxwell's Displacement Current for Energy and Sensors: the Origin of Nanogenerators. Mater. Today 20, 74–82. doi:10.1016/j.mattod.2016.12.001
 Wang, Z. L. (2013). Triboelectric Nanogenerators as New Energy Technology for Self-Powered Systems and as Active Mechanical and Chemical Sensors. ACS Nano 7, 9533–9557. doi:10.1021/nn404614z
 Weaver, C. L., LaRosa, J. M., Luo, X., and Cui, X. T. (2014). Electrically Controlled Drug Delivery from Graphene Oxide Nanocomposite Films. ACS Nano 8, 1834–1843. doi:10.1021/nn406223e
 Yuan, M., Li, X., Liu, J., Zheng, Y., Cheng, L., Tang, N., et al. (2021). Fully Integrated Self-Powered Electrical Stimulation Cell Culture Dish for Noncontact High-Efficiency Plasmid Transfection. ACS Appl. Mat. Interfaces 13, 54762–54769. doi:10.1021/acsami.1c16748
 Zhang, C., Chen, J., Xuan, W., Huang, S., Shi, L., Cao, Z., et al. (2022). Triboelectric Nanogenerator-Enabled Fully Self-Powered Instantaneous Wireless Sensor Systems. Nano Energy 92, 106770. doi:10.1016/j.nanoen.2021.106770
 Zhang, L., Cheng, L., Bai, S., Su, C., Chen, X., and Qin, Y. (2015). Controllable Fabrication of Ultrafine Oblique Organic Nanowire Arrays and Their Application in Energy Harvesting. Nanoscale 7, 1285–1289. doi:10.1039/c4nr06237j
 Zhang, R., Hao, M., Bai, S., Song, P., Jia, X., Gao, W., et al. (2022). Multichannel Driving Triboelectric Nanogenerator for Enhancing the Output Charge Density. Nano Energy 98, 107272. doi:10.1016/j.nanoen.2022.107272
 Zhang, W., Gu, G., Qin, H., Li, S., Shang, W., Wang, T., et al. (2020). Measuring the Actual Voltage of a Triboelectric Nanogenerator Using the Non-grounded Method. Nano Energy 77, 105108. doi:10.1016/j.nanoen.2020.105108
 Zhang, W., Gu, G., Shang, W., Luo, H., Wang, T., Zhang, B., et al. (2021). A General Charge Compensation Strategy for Calibrating the Voltage of a Triboelectric Nanogenerator Measured by a Capacitive Circuit. Nano Energy 86, 106056. doi:10.1016/j.nanoen.2021.106056
 Zhang, Y., Gao, X., Wu, Y., Gui, J., Guo, S., Zheng, H., et al. (2021). Self‐powered Technology Based on Nanogenerators for Biomedical Applications. Exploration 1, 90–114. doi:10.1002/EXP.20210152
 Zhang, Z., Qiu, S., Zhang, X., and Chen, W. (2018). Optimized DNA Electroporation for Primary Human T Cell Engineering. BMC Biotechnol. 18, 4. doi:10.1186/s12896-018-0419-0
 Zhao, C., Feng, H., Zhang, L., Li, Z., Zou, Y., Tan, P., et al. (2019). Highly Efficient In Vivo Cancer Therapy by an Implantable Magnet Triboelectric Nanogenerator. Adv. Funct. Mat. 29, 1808640. doi:10.1002/adfm.201808640
 Zhao, K., Gu, G., Zhang, Y., Zhang, B., Yang, F., Zhao, L., et al. (2018). The Self-Powered CO2 Gas Sensor Based on Gas Discharge Induced by Triboelectric Nanogenerator. Nano Energy 53, 898–905. doi:10.1016/j.nanoen.2018.09.057
 Zheng, Q., Zhang, H., Shi, B., Xue, X., Liu, Z., Jin, Y., et al. (2016). In Vivo Self-Powered Wireless Cardiac Monitoring via Implantable Triboelectric Nanogenerator. ACS Nano 10, 6510–6518. doi:10.1021/acsnano.6b02693
 Zheng, Y., Cheng, L., Yuan, M., Wang, Z., Zhang, L., Qin, Y., et al. (2014). An Electrospun Nanowire-Based Triboelectric Nanogenerator and its Application in a Fully Self-Powered UV Detector. Nanoscale 6, 7842–7846. doi:10.1039/c4nr01934b
 Zheng, Y., Ma, S., Benassi, E., Feng, Y., Xu, S., Luo, N., et al. (2022). Surface Engineering and On-Site Charge Neutralization for the Regulation of Contact Electrification. Nano Energy 91, 106687. doi:10.1016/j.nanoen.2021.106687
 Zhong, L., Li, Y., Xiong, L., Wang, W., Wu, M., Yuan, T., et al. (2021). Small Molecules in Targeted Cancer Therapy: Advances, Challenges, and Future Perspectives. Sig Transduct. Target Ther. 6, 1–48. doi:10.1038/s41392-021-00572-w
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.
Copyright © 2022 Chen, Deng, He, Cheng, Ren and Xu. 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.
		ORIGINAL RESEARCH
published: 08 July 2022
doi: 10.3389/fbioe.2022.940511


[image: image2]
Visualization of Zika Virus Infection via a Light-Initiated Bio-Orthogonal Cycloaddition Labeling Strategy
Judun Zheng1†, Rui Yue1†, Ronghua Yang2†, Qikang Wu3,4†, Yunxia Wu3,4, Mingxing Huang5, Xu Chen5, Weiqiang Lin1, Jialin Huang1, Xiaodong Chen3,4*, Yideng Jiang6*, Bin Yang1* and Yuhui Liao1,5,6*
1Molecular Diagnosis and Treatment Center for Infectious Diseases, Dermatology Hospital, Southern Medical University, Guangzhou, China
2Department of Burn and Plastic Surgery, Guangzhou First People’s Hospital, South China University of Technology, Guangzhou, China
3Department of Clinical Laboratory, The First People’s Hospital of Foshan, Foshan, China
4Department of Burn Surgery & Department of Rheumatology, The First People’s Hospital of Foshan, Foshan, China
5Department of Infectious Disease, the Fifth Affiliated Hospital, Sun Yat-sen University, Zhuhai, China
6NHC Key Laboratory of Metabolic Cardiovascular Diseases Research, Ningxia Key Laboratory of Vascular Injury and Repair Research, Ningxia Medical University, Yinchuan, China
Edited by:
Qitong Huang, Gannan Medical University, China
Reviewed by:
Liewei Wen, Jinan University, China
Zhixiong Wang, National Institutes of Health (NIH), United States
Xiaofeng Lin, Gannan Medical University, China
* Correspondence: Xiaodong Chen, cxd234@163.com; Yideng Jiang, jwcjyd@163.com; Bin Yang, yangbin1@smu.edu.cn; Yuhui Liao, liaoyh8@mail.sysu.edu.cn
†These authors have contributed equally to this work
Specialty section: This article was submitted to Nanobiotechnology, a section of the journal Frontiers in Bioengineering and Biotechnology
Received: 10 May 2022
Accepted: 30 May 2022
Published: 08 July 2022
Citation: Zheng J, Yue R, Yang R, Wu Q, Wu Y, Huang M, Chen X, Lin W, Huang J, Chen X, Jiang Y, Yang B and Liao Y (2022) Visualization of Zika Virus Infection via a Light-Initiated Bio-Orthogonal Cycloaddition Labeling Strategy. Front. Bioeng. Biotechnol. 10:940511. doi: 10.3389/fbioe.2022.940511

Zika virus (ZIKV) is a re-emerging flavivirus that leads to devastating consequences for fetal development. It is crucial to visualize the pathogenicity activities of ZIKV ranging from infection pathways to immunity processes, but the accurate labeling of ZIKV remains challenging due to the lack of a reliable labeling technique. We introduce the photo-activated bio-orthogonal cycloaddition to construct a fluorogenic probe for the labeling and visualizing of ZIKV. Via a simple UV photoirradiation, the fluorogenic probes could be effectively labeled on the ZIKV. We demonstrated that it can be used for investigating the interaction between ZIKV and diverse cells and avoiding the autofluorescence phenomenon in traditional immunofluorescence assay. Thus, this bioorthogonal-enabled labeling strategy can serve as a promising approach to monitor and understand the interaction between the ZIKV and host cells.
Keywords: Zika virus, quantum dots (DQs), light-initiated cycloaddition, fluorescent probe, phenanthrenequinone
1 INTRODUCTION
The mosquito-transmitted Zika virus (ZIKV), which belongs to the family Flaviviridae and genus flavivirus, can cause several Zika syndrome including ventriculomegaly and microcephaly (Miner and Diamond, 2017). Recent outbreaks of ZIKV have been reported in more than 30 countries or territories, emerging as a major threat to global health (Sampathkumar and Sanchez, 2016; Hills et al., 2017; Mengesha Tsegaye et al., 2018). The current diagnostic techniques available for ZIKV rely on the reverse transcriptase-polymerase chain reaction assay or ZIKV-specific IgM antibody testing, which play an important role in preventing the spread of disease (Ergünay et al., 2010; Barreiro, 2016; Kikuti et al., 2018; Low et al., 2021). The exploration of cellular signaling pathways on ZIKV infection has also attracted considerable research attention, greatly enriching the study of mechanisms of infection of RNA viruses (Grant et al., 2016; Chen et al., 2018; Chiramel and Best, 2018; Garcia et al., 2020). Among these, visualization of the Zika virus-host cell interactions is essential to comprehend the molecular mechanisms and pathogenesis of ZIKV disease.
Fluorescent dyes have been widely used in viral labeling and real-time imaging, which improve our understanding of the viral infection process (Zheng et al., 2019; Liao et al., 2020; Zhang et al., 2020). Thus, the photobleaching and spectral overlaps of fluorophores are inescapable, greatly affecting the efficacy of fluorophores, greatly affecting the efficacy of tracking dye-labeled viruses, and limiting the application in bioimaging. Fluorescent quantum dots (QDs) can be rationally chosen as an alternative candidate because they have distinguishing optical properties including narrow-band and tunable fluorescence emission, high fluorescence quantum yields, and photostability (Matea et al., 2017; Pleskova et al., 2018). Currently, numerous efforts have been devoted to constructing the QDs–virus imaging modality and demonstrating its capabilities in providing meaningful information (You et al., 2006; Zhang et al., 2012; Ribeiro et al., 2019; Kuang et al., 2020; Chen et al., 2021; Chung and Zhang, 2021; Lin et al., 2021; He et al., 2022; Yi et al., 2022). It is crucial to reveal the real virus–host cell interaction transversion by maintaining viral infiltration after riveting the virus on QDs (Cui et al., 2011; Liu et al., 2012; Hong et al., 2015; Ma et al., 2017). However, riveting virus on QDs via the unmild and uncontrollable physical-chemical process remains challenging.
To address this, we rationally designed a novel strategy with the photo-click cycloaddition-based QDs to tag and track the ZIKV (Scheme1). The light-initiated bio-orthogonal photo-click reaction has been widely applied in numerous biolabeling and bioimaging, enabling visualization of specific biomolecules with precise spatiotemporal control in their native environment (Lim and Lin, 2011; Huang et al., 2013; Herner and Lin, 2016). With this strategy, ZIKV was successfully tracked and visualized after cell entry in different cell lines, such as A549 and SNB19. Moreover, the ZIKV-QDs can map the ZIKV–host cell interactions under chlorpromazine hydrochloride (CPZ)- or nocodazole-treated conditions. This strategy would provide a reliable toolbox to elucidate the virus–host cell interactions and develop potential rapid diagnosis and therapeutic approaches.
2 EXPERIMENTAL SECTION
2.1 Materials and Reagents
Syto13 was obtained from Sigma. Amino-labeled QDs were obtained from Wuhan Jiayuan Quantum Dots Co., Ltd (Wuhan, China). The cell counting kit-8 (CCK-8) was obtained from Dojindo Laboratories (Kumamoto, Japan). 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDCI), N-hydroxysuccinimid esters (NHS), and N,N-4-dimethylaminopyridine (DMAP) were purchased from Energy Chemical (Shanghai, China).
2.2 Cell Lines
A549 cell and SNB19 cell were purchased from ATCC. The cells were cultured in Dulbecco’s modified Eagle medium (DMEM) (Gibco, Ltd., Grand Island, NY, USA). The media were supplemented with 10% FBS (Gibco), 50 U mL−1 penicillin, and 50 μg ml−1 streptomycin. The cells were maintained in a humidified 37°C incubator in 5% CO2.
2.3 Modification of Zika Virus
9,10-phenanthrenequinone (PQ, 11 mg, 4.17*10–5 mol) was dispersed into 10 ml MES buffer, EDC (80 mg, 4.17*10–4 mol) and NHS (120 mg, 4.17*10–4 mol) were added, and then ultrasonic was applied for 15 s, the sealing film was sealed, and then it was shaken at 37°C for 15 min. Then, 100 µl of Zika virus (concentration is 2 mg/ml) was dispersed in 10 ml PBS. The liquid was added to the aforementioned MES buffer, shaken at 37°C overnight, and then purified by a NAP-5 desalting column to obtain Zika virus modified with the PQ group.
2.4 Modification of Quantum Dots
Take 1 µl of quantum dots (QDs) with the carboxyl group (molar concentration is 8*10–6), vinyl ether (VE) 1,000 μl, EDCI 15.3 mg, DAMP 9.8 mg, and put them into a 3-neck flask, respectively, then add 5 ml of dichloromethane to completely dissolve. Then, shake for 2 h at room temperature in a dark environment. Then, go through silica gel column chromatography to obtain quantum dots modified with vinyl ether group.
2.5 The Click Reaction of Zika Virus and Quantum Dots
The Zika viruses and the quantum dots were first modified with the PQ group and vinyl ether group, respectively. After that, these modified ZIKV and QDs were dissolved in a PBS solution and then irradiated with the LED lamp for 1 min to obtain the Zika virus modified with the quantum dots (ZIKV-QDs).
2.6 ZIKV-QD Internalization Assays
ZIKV-QDs and viral nucleic acid dye Syto13 were mixed and incubated for 1 h and then ultracentrifuged at 10,000 g for 0.5 h to remove the remaining dye. Then mixed with Vero or cells and shook 5 times with an interval of 15 min and then incubated in 5% carbon dioxide at 37°C for 24 h. Then, the cells were fixed with 4% paraformaldehyde, and the fluorescence imaging was observed under the confocal laser scanning microscope (CLSM).
2.7 Cell Culture and Cytotoxicity Evaluation In Vitro
SNB19 cells were cultured in DMEM containing 10% fetal bovine serum and 1% penicillin/streptomycin at 37°C in a humidified 5% CO2 atmosphere. Cell density was determined using a hemocytometer before experimentation. Relative cell viabilities were determined by the standard CCK-8 assay. SNB19 cells were seeded into 96-well plates (104 cells per well). After cells were cultured for 12 h, they were added to a fresh culture medium and excited with a LED lamp (0.5 W/cm2) at different times. After incubation at 37°C for 12 h, those cells were added containing 10% CCK-8 DMEM (100 µl). After incubation for 2 h at 37°C, OD450, the absorbance value at 450 nm, was measured with a microplate reader to determine the cell viability.
2.8 Confocal Laser Scanning Microscope
The aforementioned fluorescent dye particles were photographed with a confocal laser scanning microscope (LSM880). The excitation wavelength of the quantum dots is 561 nm, and the emission wavelength is 605 nm. The excitation wavelength of Syto13 is 488 nm, and the emission wavelength is 509 nm.
3 RESULTS AND DISCUSSION
3.1 Feasibility and Characterizations of QD-Modified Zika Virus
Photo-click reaction has been developed as an alternative strategy for spatiotemporally labeling and imaging (Lim and Lin, 2011; Li et al., 2018). Among them, 9,10-phenanthrenequinone (PQ) and electron-rich vinyl ether were widely chosen as photo-click substrates (Supplementary Figure S1, S2). As previous reports revealed that the ZIKV could be chemically labeled with the chemical proteomics strategies owning to the ZIKV surface E proteins to understand the early-stage entry of ZIKV into host cells (Srivastava et al., 2020; King and Irigoyen, 2021). To prepare a fluorescent tracking method, PQ and vinyl ether were functionalized in the ZIKV and QDs, respectively. Then, the ZIKV was labeled with fluorescent QDs via the cyclization under the irradiation (Scheme 1). As shown in Figure 1A, the primary absorbance peak of the as-prepared 9,10-phenanthrenequinone exhibited a significant blue shift that goes from 330 to 310 nm (Supplementary Figure S3), and the absorbance band at 425 nm disappeared along with the irradiation of LED lamp, which was in accordance with the 9,10-phenanthrenequinone analog reported by Zhang group (Li et al., 2018).
[image: Scheme 1]SCHEME 1 | Schematic illustration of Zika virus labeling and imaging via light-initiated photo-click cycloaddition.
[image: Figure 1]FIGURE 1 | Characterizations of Zika virus labeling and imaging via light-initiated bio-orthogonal photo-click cycloaddition. (A) Images of ZIKV and QD solution without (left) or with (right) the irradiation of the LED lamp. (B) Absorbance and fluorescence changes of ZIKV and QDs in CH3CN/PBS solution upon irradiation treatment. (C) Polyacrylamide gel electrophoresis analysis of QDs and ZIKV-QDs. (D) Transmission electron microscopy (TEM) of QDs, ZIKV, and ZIKV-QDs.
Accordingly, the fluorescence intensity of PQ reacted with electron-rich vinyl ether at 450 nm was found to be greatly increased upon increasing irradiation time or concentration (Supplementary Figure S4), resulting in the photo-click reaction between PQ and electron-rich vinyl ether (Coelho et al., 2017). Meanwhile, the color of their mixed solution changed from yellow to colorless, and the blue light can be found, which was consistent with the antecedent results of absorbance and fluorescence (Figure 1B). In addition, the polyacrylamide gel electrophoresis analysis was chosen to validate whether the QDs were labeled on the ZIKV. As shown in Figure 1C, ZIKV-QDs held the original position compared to the QDs, which contributed to the macromolecular proteins of viruses conjugated with QDs by photo-click cycloaddition reaction. On the other hand, transmission electron microscopy (TEM) of ZIKV-QDs shows the typical ZIKV pattern functionalized with QDs, intuitively verifying that the QDs have been successfully decorated in the ZIKV (Figure 1D). Taken together, the photo-click cyclization between PQ and vinyl ether can be applied to label the ZIKV with QDs.
3.2 Quantitative Evaluation of QD-Modified Zika Virus
It is crucial to obtain high-purity viruses in various fields, ranging from virus pathogenesis to structure decomposition and vaccine development. Herein, the ZIKV particles were purified using a discontinuous sucrose gradient (Petruska et al., 2002), and all fractions were titrated by plaque assay. We observed the presence of ZIKV in all fractions, and the purified fraction has high titers above 108 PFU/ml (Supplementary Figure S5). In addition, a high RNA level was obtained at a sucrose concentration of 20%, resulting in 5.0 × 1010 RNA copies/ml (Supplementary Figure S6). To characterize the modification of QDs on ZIKV, we analyzed the particle sizes of ZIKV and ZIKV-QDs using the NanoSight NS300 equipment. As shown in Supplementary Figures S7 and S8, the average size increased from 108.9 ± 8.2 nm to 119.3 ± 11.5 nm, indicating that the QDs were successfully modified on ZIKV. Furthermore, the zeta potential data showed that the complex of ZIKV-QDs has a higher negative potential (−15.47 mV) than that of the individual QDs (−8.14 mV) and ZIKV (−12.03 mV) (Supplementary Figure S9). This result also indicated the successful modification of QDs on ZIKV through the amido bond between the carboxyl group and amino group. Additionally, no significant difference between the ZIKV and ZIKV-QDs viral titers was observed (Supplementary Figure S10), suggesting that the labeling process does not affect the infiltration performance.
3.3 Evaluation of Infiltration Capability With QD-Modified Zika Virus
Next, we evaluated its infiltration capability using the QD-modified ZIKV. In comparison absence of evidence for ZIKV infection in cells, we thus applied QD-modified ZIKV in mapping the infection process. The fluorescence imaging of A549 cells incubated with ZIKV-QDs in the red channel was found to be much brighter compared to the ZIKV group without QDs, and no significant difference in the green emission of Syto13 dye was observed under both conditions (Supplementary Figure S11A). As expected, the fluorescence image of QDs overlaps well with that of a commercially available fluorescent dye of the nucleic acid tracking dye Syto13. Also, the corresponding Mander’s overlap coefficient, a well-established colocation parameter, was performed as 0.94 for the ZIKV-QDs group (Supplementary Figure S11B, S11C). In order to confirm that the QDs were labeled on the ZIKV, ZIKV-QDs were first incubated with the nucleic acid dye Syto13. After that, Syto13-pretreated ZIKV-QDs mixed with cells and subsequently observed interaction behavior between ZIKV and host cell under the confocal laser scanning microscope. To verify the wide application of Syto13-pretreated ZIKV-QDs targeted tracing performance, we also obtained significant fluorescence colocalization experiments on the SNB19 cancer cell line via confocal fluorescence microscopy (Figure 2A). The Pearson correlation coefficient had been drawn via the confocal image (Figure 2B), and the corresponding Mander’s overlap coefficient had also been calculated to be 0.97 (Figure 2C). These bioimaging results demonstrated that the ZIKV labeled with QDs could localize and trace the functions in virus infection procedures.
[image: Figure 2]FIGURE 2 | (A) Confocal microscopic images of ZIKV nucleic acid colocalized with the commercially available organelle trackers Syto13 in SNB19 cells (Flu is the abbreviation for fluorescence). (B) Colocalization scatterplots of (A). (C) Corresponding Pearson correlation coefficient of (A).
3.4 Evaluation of Drug Efficacy Through the QD-Modified Zika Virus
Furthermore, we demonstrated its applicability for assessing the efficacy of ZIKV-related treatments. Here, we introduced two typical kinds of antivirus drugs including CPZ and nocodazole, which could specifically inhibit clathrin-dependent endocytosis and formation of the microtubule, respectively (Xia and Liang, 2019; Sathyamoorthy et al., 2020). The cellular fluorescence intensity of QDs in the group treated with CPZ decreased compared to the control group (Figure 3). This was attributed to the less ZIKV crossing the monolayer of the barrier of Vero cells. In addition, the treatment of nocodazole also obviously abated the entry and infection of ZIKV at 2 h post-inoculation, providing direct evidence that the microtubule polymerization is required for intracellular trafficking of the ZIKV. These results prompt us to use the fluorescent nanoprobe QDs to trace the process of ZIKV infection and evaluate the treatment efficacy with the independent fluorescent signals.
[image: Figure 3]FIGURE 3 | Confocal microscopic images of ZIKV nucleic acid colocalized with the commercially available organelle trackers Syto13 in SNB19 cells treated with different drugs including chlorpromazine and nocodazole.
To further validate the infiltration activity of the QD-labeled ZIKV, we chose the level of nascent protein synthesis to evaluate the ZIKV infection after being treated with CPZ or nocodazole. ZIKV envelope protein E (ZIKV E) is the major structural protein exposed on the cell surface of the particle, which is engaged in viral attachment, penetration, and membrane fusion. Thus, we chose the ZIKV E to study and evaluate the reason why hydrochloride and nocodazole could induce the infection of ZIKV. Western blot experiments indicate that ZIKV infection had a dramatic effect on the synthesis of ZIKV E (Figure 4A, top), similar to the case that cells infected with the translation inhibitor nocodazole (Figure 4A, bottom). At the same time, the CPZ and nocodazole exhibited some side effects (Figures 4B, C), which means these two drugs could not only inhibit the microtubule polymerization but also lead to the cellular apoptosis due to the disruption of intracellular trafficking (Liao et al., 2018). Furthermore, to test the biological application ability of pre-QDs, the cytotoxicity of PQ and VE was tested with Vero cells. After incubation with different concentrations of PQ and VE, there was no significant change in SNB19 cells (Figures 4D, E). In order to evaluate the influence of light on cells, the effect of light was investigated by the standard CCK-8 assay. Following incubation of various times of light ranging from 0 to 5 min, the cellular viabilities were determined to exceed 80% (Figure 4F), indicating its low effect with the LED lamp laser. Taken together, these aforementioned findings indicated that ZIKV-QDs could accurately map and localize the ZIKV via monitoring the fluorescence of QDs under various conditions.
[image: Figure 4]FIGURE 4 | (A) Levels of β-actin and ZIKV envelope protein E (ZIKV E) of SNB19 cells treated with CPZ or nocodazole. Cytotoxicity studies of (B) CPZ and (C) nocodazole. Cytotoxicity studies of (D) PQ and (E) VE, or (F) irradiation time.
4 CONCLUSION
In this work, we developed a novel QD-based probe for reliable labeling and visualization of the Zika virus. This probe leverages photo-activated bio-orthogonal cycloaddition for high-efficient conjugation of ZIKV and QDs, exhibiting a simple labeling process and no influence on the infiltration performance. We verified that such a conjugation of ZIKV and QD probe can localize and trace the functions in the virus infection procedure. Moreover, the infiltration activity of the QD-labeled ZIKV is validated using the anti-ZIKV drugs including CPZ or nocodazole by monitoring the level of nascent protein synthesis. These findings suggest that the proposed QD probe could accurately map and localize the ZIKV via monitoring the fluorescence. Thus, this bioorthogonal-enabled QD probe might be a promising approach for monitoring the pathogenicity activities of ZIKV.
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Coronavirus disease 19 (COVID-19) is still a major public health concern in many nations today. COVID-19 transmission is now controlled mostly through early discovery, isolation, and therapy. Because of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the contributing factor to COVID-19, establishing timely, sensitive, accurate, simple, and budget detection technologies for the SARS-CoV-2 is urgent for epidemic prevention. Recently, several electrochemical DNA biosensors have been developed for the rapid monitoring and detection of SARS-CoV-2. This mini-review examines the latest improvements in the detection of SARS-COV-2 utilizing electrochemical DNA biosensors. Meanwhile, this mini-review summarizes the problems faced by the existing assays and puts an outlook on future trends in the development of new assays for SARS-CoV-2, to provide researchers with a borrowing role in the generation of different assays.
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INTRODUCTION
The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a new member of the β-coronavirus genus, is closely related to SARS-CoV and is also the seventh coronavirus to infect humans (Akalin et al., 2020; Wiersinga et al., 2020; Zu et al., 2020), causing severe respiratory symptoms such as fever (37.3°C), cough and expectoration, nasal obstruction or even dyspnea in humans. A few people developed gastrointestinal symptoms (GI) (Jin et al., 2020a), such as nausea, vomiting, and diarrhea. Although the 2003 SARS-CoV, 2012 Middle East Respiratory Syndrome (MERS-COV), and the current epidemic of SARS-CoV-2 are all Human coronaviruse (HCoV) strains, SARS-CoV-2 is more infectious and pathogenic. At present, the main sources of infection of the disease include patients with COVID-19 patients, asymptomatic infections, and latent infections, which can be transmitted from person to person through droplets, contact, aerosols, and other transmission routes (Anderson et al., 2020; Kalbusch et al., 2020; Lin et al., 2020; Fu et al., 2021; Huang et al., 2021; Pan et al., 2021; Yip et al., 2021). It has been reported that one COVID-19 patient can transmit to three people at the same time (Qing et al., 2020), and the population is generally susceptible, especially elderly patients with chronic diseases who are more likely to become critically ill (Adhikari et al., 2020).
The single-stranded positive-stranded RNA virus, SARS-CoV-2, is 80–220 nm in diameter and has 12–24 nm vesicular rod like spikes. (Figure 1A) (Bullock and Tamin, 2020; Huang et al., 2020c; Lu et al., 2020; Zhou et al., 2020). At the same time, it is also a single-stranded positive-stranded RNA virus with typical “coronavirus” morphological characteristics. Its homology with SARS-COV and MERS genome sequences is close to 79% and 50%, respectively (Lu et al., 2020; Zhou et al., 2020), so it can be modified to detect SARS-CoV-2 by referring to previous detection methods of SARS-COV. The genome of SARS-CoV-2 consists of two noncoding (5′-terminal noncoding region and 3′-terminal noncoding region) and five coding regions (an open reading box 1a/b (ORF1a/b), the S region encoding spinous glycoprotein (S protein), the E region encoding envelope protein (E protein), the M region encoding membrane protein (M protein) and the N region encoding nucleocapsid protein (N protein)) (Xu et al., 2020; Yang and Wang, 2020) (Figure 1B). Among them, ORF1a/b genes are responsible for viral genome replication, transcription and translation (Jalandra et al., 2020; Kirtipal et al., 2020; Udugama et al., 2020; Yang and Wang, 2020). The virus on the surface of the outer coating is mainly composed of four structural proteins, the S protein, the E protein, the M protein and the N protein (Nie et al., 2020). S protein, which enables the virus to enter the host cell, can be used for vaccine, research and development of therapeutic antibodies and diagnosis depending on its advantages. Proteins M and E are responsible for forming the envelope of the virus, whereas the N protein participates in the assembly of viruses (Jalandra et al., 2020; Udugama et al., 2020; Yang and Wang, 2020).
[image: Figure 1]FIGURE 1 | (A) TEM image of SARS-CoV-2 (the blue globules) (Bullock and Tamin, 2020). (B) SARS-CoV-2’s typical structure, S, M, E, and N proteins, encapsulates genomic RNA within virus particles (Kirtipal et al., 2020). (C) A detection workflow of SARS-CoV-2 RNA sequences from clinical samples using the electrochemical biosensor for detection of the S and Orf1ab genes (Kashefi-Kheyrabadi et al., 2022). (D) Schematic diagram of an electrochemical biosensing strategy for SARS-CoV-2 detection using CRISPR/Cas13a. (Heo et al., 2022). (E) Schematic diagram of an electrochemical gene sensor for detecting SARS-COV-2 (Cajigas et al., 2022). (F) Diagram of the preparation steps of the sensor for detecting SARS-CoV-2 S protein. (Abrego-Martinez et al., 2022). (G) Schematic diagram of constructing electrochemical sensor based on Au@Pt/MIL-53 (Tian et al., 2021). (H) Strategy and workflow of SARS-COV-2 antigen detection by CRISPR-based electrochemical sensor (Liu et al., 2022).
At the early stage of the outbreak, metagenomic sequencing obtained the whole genome sequence of the SARS-CoV-2 virus, which provided the basis for the classification of SARS-CoV-2 as a new member of the genus β-coronavirus. Although metagenomic sequencing is costly, it not only provides technical support for the analysis of the origin and pathogenesis of SARS-CoV-2 but also lays the foundation for the development of novel SARS-CoV-2 detection methods (Lu et al., 2020; Wu et al., 2020). As detection methods have improved, the commonly used methods include polymerase chain reaction (PCR) (Yuan et al., 2020), reverse transcription PCR (RT-PCR) (Huang et al., 2020a; Hu et al., 2020; Xie et al., 2020), reverse transcription loop-mediated isothermal amplification (RT-LAMP) (Baek et al., 2020; Yan et al., 2020), regularly interspaced short palindromic repeats-CRISPR-associated (CRISPR-Cas) (Broughton et al., 2020; Ding et al., 2020) and nucleic acid biosensors (Alafeef et al., 2020; Zhu et al., 2020). Currently, Although PCR can yield results with less viral genetic material. However, we still need more sensitive, simple, accurate, and inexpensive rapid assays for SARS-CoV-2 detection.
Electrochemical biosensors could provide the possibility for rapid medical diagnosis by rapid detection of biomarkers (Chen et al., 2018; Huang et al., 2020b; Lu et al., 2021; Raza et al., 2021; Huang et al., 2022), which have been used to detect Zika virus (Afsahi et al., 2018), Ebola virus (Ilkhani and Farhad, 2018), HIV(Nandi et al., 2020), influenza virus (Krishna et al., 2016; Chowdhury et al., 2019), etc. With the advancement of COVID-19 research, electrochemical biosensors, especially electrochemical DNA biosensors, have been widely studied in the detection of SARS-CoV-2.
This mini-review covers the recent progress of the rapid detection of SARS-COV-2 by using electrochemical DNA biosensors for the first time. What’s more, this mini-review summarizes the problems faced by the existing assays and puts an outlook on future trends in the development of new assays for SARS-CoV-2, which can provide researchers with a borrowing role in the development of new assays.
ELECTROCHEMICAL DNA SENSOR DETECTION OF SARS-COV-2
Electrochemical DNA biosensors for the detection of viruses and bacteria are now widely used due to their advantages of higher sensitivity, less sample size, low cost, simplicity, and portability (Adam et al., 2020; Lin et al., 2021; Huang et al., 2022; Mei et al., 2022). The electrochemical DNA biosensors are based on the single-strand DNA or complementary target DNA fixed on the electrode and the target DNA through the principle of base complementarity, resulting in changes in concentration, energy, and other aspects, and this change can be converted into visual electrical signals through the appropriate conversion elements on the sensor (Huang et al., 2020b; Karimi-Maleh et al., 2021). Therefore, they combine biological specific recognition with electrochemical high sensitivity analysis to further realize the detection and analysis of the target, so that it has the potential of immediate detection and diagnosis.
Specific Detection of SARS-COV-2 Nucleic Acid
Recently, nanomaterials have been extensively applied in life science, energy science and other fields (Xu et al., 2019; Zhuang et al., 2019; Kuang et al., 2020; Wen et al., 2020; Chen et al., 2021; He et al., 2021; Liu et al., 2021; Savchenko et al., 2021; Schultz et al., 2021; Wu et al., 2021; Xu and Liu, 2021; He et al., 2022; Yi et al., 2022; Zhuang et al., 2022). At present, nano-materials in electrochemical biosensors have also been broadly concerned for gauging SARS-COV-2. Graphene (G) is considered one of the suitable materials for sensor applications due to its special good properties such as physical properties, electronics as well as oxygen-containing groups, which are introduced in the construction of biosensors and can improve the analytical parameters of electrochemical biosensors (Abdel-Haleem et al., 2021; Meng et al., 2021). Alafeef et al. developed an electrochemical biosensor chip constructed by G that can selectively recognize SARS-CoV-2 RNA (N gene) (Alafeef et al., 2020). It was obtained by immobilizing highly specific ssDNA (antisense oligonucleotides)-capped gold nanoparticles (AuNPs) probes of viral N gene onto G coated filter paper. AuNPs achieve the goal of improving the electrochemical response of the sensor to the target by enhancing the electron transfer process and providing a large surface area for the ssDNA probe. G-ssDNA-AuNPs-built monitoring platform can read the results in 5 min with a handheld reader. When combined with benchtop devices, point-of-care (POC) testing can be offered to economically lag, resource-poor areas. Zhao et al. 2021) synthesized an ultra-sensitive sandwich electrochemical sensor using calixarene functionalized go and SARS-CoV-2 targeted RNA with limit of detection (LOD) as low as 200 copies/mL for clinical samples. Based on this sensor, a smartphone can detect SARS-CoV-2. Moreover, the detection process can detect SARS-CoV-2 samples sensitively, accurately and rapidly without RNA amplification, which also provides effective suggestions for low-cost and simple POC diagnosis.
Rolling circle amplification (RCA) and catalytic hairpin assembly (CHA) in the nucleic acid amplification strategy can be combined with electrochemical analysis to accurately amplify electrochemical signals. Chaibun et al. (2021) designed the electrochemical biosensor for SARS-CoV-2 (S or N gene) RNA based on RCA. The technique can detect viruses as low as one copy/μl in 2 h by differential pulse voltammetry (DPV). It was evaluated in conjunction with quantitative RT-PCR (qRT-PCR) on 106 clinical samples, of which 41 were positive (SARS-COV-2) and nine other samples were positive for other respiratory viruses, with 100% agreement between the two methods. Peng et al. (2021) prepared an electrochemical sensor based on CHA and terminal deoxynucleotidyl transferase (TdT) induced polymerization. When the target gene (ORF1ab gene) combined with hairpin HP1 and HP2 to form a Y-type DNA structure, TdT induced polymerization was further activated. A great quantity of long single-stranded DNA products are generated in the dNTP pool, during which a large number of Ru(NH3)63+ adsorbs on the DNA phosphoric acid skeleton through strong electrostatic interaction. Therefore, this method can be used to obtain evidently boosted electrochemical signals for sensitive monitoring of SARS-COV-2. Kashefi-kheyrabadi et al. (2022) developed an electrochemical sensor without nucleic acid amplification. The detection process is shown in Figure 1C, the S and ORF1ab genes of SARS-CoV-2 can be detected simultaneously within 1 h with LOD as low as 5.0 and 6.8 ag/μl.
Heo et al. (2022) combined CRISPR/Cas13a with the electrochemical biosensor. The detection process is shown in Figure 1D. When the single-stranded RNA (ssRNA) probe was recognized by the SARS-CoV-2 RNA phase, the Cas13a-crRNA complex was formed, which was then introduced into the reporter RNA (reRNA)-coupled electrochemical sensor to activate RNase, thereby cutting reRNA. In this process, redox molecules released by reRNA will cause changes in their current, thus achieving the purpose of sensitive detection. Amplification-free sensors designed by the team enable ultra-low concentration testing of SARS-CoV-2 RNA. This opens the possibility of on-site and high-speed diagnostic COVID-19 testing.
Although many sensors are available to monitor SARS-COV-2, false-positive results from its homologous viruses cannot be ruled out. Cajigas et al. (2022) reported an electrochemical biosensor that can specifically detect SARS-COV-2 and distinguish the homologous viruses of SARS-CoV, Middle East Respiratory Syndrome (MERS), and Human Coronavirus (HKU1) (Figure 1E). Biosensors with immobilized capture probes were combined with modified magnetic beads (MMBS), while the capture probes were first hybridized with the targets and then hybridized with biotinylated signal probes in a sandwich format. The biotinylated signal probe allowed interaction with one of three distinct protein-enzyme compounds containing distinct numbers of horse radish peroxidase (HRP) molecules to generate visual electrical signals by the timing current method. The prepared biosensor provides the possibility to check infected and asymptomatic patients. At the same time, it will also contribute to resisting the COVID-19 pandemic.
Specific Detection of SARS-COV-2 VIRUS/PROTEIN
With the development of nucleic acid testing, there are broad prospects for virus detection, but if the viral RNA is mutated, it can produce false-negative results, so researchers switched to detecting SARS-CoV-2-related proteins. Such as receptor-binding domain (RBD) (Jalandra et al., 2020; Udugama et al., 2020), S protein (Jin et al., 2020b; Wu et al., 2020) and N protein. Therefore, Abrego-Martinez et al. (2022) prepared a biosensor for detecting SARS-CoV-2 (S protein) by fixing probe ssDNA on gold nanoparticles (Figure 1F). Its advantages were fast detection speed, low detection limit (1.30 p.m.), and results that could be obtained in 40 min, but SARS-CoV had a certain response to it, which was negligible compared to SARS-CoV-2. The direct detection of SARS-CoV-2 was achieved by immobilizing ssDNA AuNPs on screen-printed electrode, which was also applied in a handheld potentiostat linked to a smartphone. To further reduce costs, Curti et al. prepared a biosensor targeting SARS-CoV-2 S1 by using an inexpensive and highly conductive single-wall carbon nanotube screen-printed electrode (SWCNT-SPE). The adapted ssDNA can block virus infection in vitro. It is possible to prepare multifunctional sensors (Curti et al., 2022).
Designing a highly sensitive assay is urgent for the early diagnosis and treatment of SARS-CoV-2. Tian et al. (2021) designed a diaptamer sensor for highly selective recognition of SARS-CoV-2 N protein using the metal-organic framework MIL-53 Au@Pt Nanoparticles and enzymes, as shown in the Figure 1G. The detection limit was as low as 8.33 pg/ml.
CRISPR-Cas is an efficient, simple and powerful gene targeting technology (Liu and Fan, 2014), and the nucleic acid detection of CRISPR/Cas nuclease holds great promise for the development of SARS-COV-2 diagnostics under high sensitivity, specificity and reliability (Chertow Daniel, 2018; Li et al., 2019). Liu et al. (2022) combined this method with electrochemical analysis to prepare a sensor for SARS-COV-2 virus detection (Figure 1H). the signal of electrochemical impedance spectroscopy (EIS) signal was linked to the morphology and presence of the RCA-DNA structure, which was determined by the DNA cleavage activity of Cas12a attachment regulated by target-induced competition. Therefore the sensor was also responsible for its ability to test SARS-COV-2 with high specificity.
The nucleic acid and virus/protein determinations are summarised in Table 1. Compared to the traditional testing methods (PCR, RT-PCR), electrochemical DNA sensors have demonstrated their ability to detect SARS-CoV-2 with ease of use, no need for expensive instruments, lower detection limits, higher sensitivity, and specificity. In particular, it has the advantage of shorter detection times, demonstrating its ability to detect and control outbreaks rapidly. The miniaturised electrochemical biosensor can be combined with lateral flow assay (LFA), loop-mediated isothermal amplification (LAMP), RT-LAMP approaches, clustered regularly interspaced short palindromic repeats (CRISPR) and other methods to further increase sensitivity. In fact, we also hope that by comparing the different assays, other researchers will be able to create more sensitive, rapid, economical, and accurate COVID-19 assays.
TABLE 1 | Comparison of SARS-CoV-2 electrochemical genetic sensor detection methods.
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The rapid, sensitive and accurate determination of SARS-CoV-2 is crucial for the prevention and control of the epidemic. Electrochemical DNA biosensors have the advantages of high sensitivity, high selectivity, and economical portability, et al., which have been gradually applied to SARS-CoV-2 detection. In this mini-review, the latest researches on electrochemical DNA biosensors for the monitoring of SARS-CoV-2 in recent years have been summarized. Although there are many electrochemical DNA biosensors for SARS-CoV-2 detection, there are still some opportunities and challenges: 1) the preparation of working electrode materials should be simpler; 2) the stability of the electrochemical DNA biosensors should be guaranteed; 3) how to achieve simultaneous detection of multiple different genes? Of course, with the further in-depth research, the above problems will be effectively solved, which will provide the possibility for the commercial application of electrochemical biosensors for SARS-CoV-2 detection.
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Superoxide dismutase (SOD) was immobilized in zeolite imidazolate framework-8 (ZIF-8) through biomimetic mineralization method, namely SOD@ZIF-8, which was then used in the treatment of nerve damage by eliminating reactive oxygen species (ROS). A series of chemical characterization and enzymatic activity researches revealed that SOD was successfully embedded into ZIF-8 without apparent influence on the antioxidant activity of SOD. Cell level experiments showed that SOD@ZIF-8 could be effectively endocytosed by cells. The activity of SOD@ZIF-8 in scavenging ROS played a critical role in protecting SHSY-5Y cells from MPP+-induced cell model and relieving cell apoptosis, indicating that SOD@ZIF-8 could effectively rescue ROS-mediated neurological disorders though removing excessive ROS produced in vitro.
Keywords: biomimetic mineralization, SOD@ZIF-8, nerve damage, ROS scavenging, neurological disorders
INTRODUCTION
Reactive oxygen species (ROS), which is frequently mentioned in the field of biology and medicine, refers to oxygen-containing substances with high reactivity, specific including superoxide anion (O2 −), hydrogen peroxide (H2O2), hydroxyl radical (OH˙), singlet oxygen (1O2), peroxide free radical (LOO˙), hydrogen peroxide lipid (LOOH), peroxynitro group (ONOO−), hypochlorous acid (HOCl), ozone (O3) and so on. ROS generated in the process of oxygen metabolism are essential for cell signaling and immune response (Finkel, 2011; Sena and Chandel, 2012). However, the excessive expression of ROS is deleterious especially in the brain, since it induces oxidative damage of protein, lipid and DNA. As such, ROS are highly responsible for the development of many nerve damage such as cerebral palsy, Alzheimer’s diseases, schizophrenia and Parkinson’s diseases (PD) (Dietrich-Muszalska and Kontek, 2010; Popa-Wagner et al., 2013; Yan et al., 2013). Superoxide dismutase (SOD), as a crucial member of the antioxidant system, can efficiently catalyze the decomposition of superoxide radical to hydrogen peroxide and oxygen (Hall et al., 2010; Hu and Tirelli, 2012; Van Raamsdonk and Hekimi, 2012). Therefore, it has demonstrated therapeutic potential in the treatment of ROS-mediated diseases including inflammation, diabetes, radiation injuries, and central nervous system (CNS) disorders (Seshadri et al., 2010; Wang et al., 2010). However, due to the relatively instability character and short intracellular half-lives of proteins, direct use of SOD has been hampered by poor pharmacokinetics, rapid renal clearance, degradation by proteases in the serum and low cellular membranes penetrating ability (Tong et al., 2012; Chen et al., 2013; Liu et al., 2021a; Li et al., 2022a). Thus, to enhance SOD stability and bioavailability with desirable catalytic activity, immobilization method has been investigated by using different solid supports such as organic polymers, magnetic nanoparticles and mesoporous silica (Wu and Yang, 2017; Li et al., 2021). Among these materials, metal-organic frameworks (MOFs), consisting by metal ions nodes and organic ligands, have been increasingly proven to be a robust solid support in the enzyme immobilization due to its large surface area, tunable porosity and functionality, favorable excellent thermal/mechanical stability (Orellana-Tavra et al., 2015; Lian et al., 2016; Lian et al., 2017; Abdelhamid, 2021; Hoseinpour and Shariatinia, 2021; Li et al., 2022b). Generally, MOF-based immobilization approaches are mainly included by physical adsorption or entrapment, which have demonstrated unique advantages such as high loading efficiency of enzymes and excellent stability against high temperature and organic solvents (Ding et al., 2021). Nevertheless, these strategies are not able to achieve the size control of enzyme-MOF composites and maintain the enzymatic activity due to MOF-induced destabilization of enzymes’ conformation. Recently, biomimetic mineralization approach for MOF synthesis has been adopted to encapsulate the enzyme molecules within protective exteriors through self-assembly process (Liang et al., 2015; Chen and Ma, 2016; Liang et al., 2016; Mehta et al., 2016; Abdelhamid, 2020; Fan et al., 2021). These enzyme-MOF composites are able to solve the unfavorable solvent effect of enzymatic structure and limited loading of large enzyme into MOF pores. Unlike other encapsulation approaches such as coprecipitation, enzyme molecules can trigger nucleation of porous crystals by concentrating the MOF building blocks in the process of biomimetic mineralization (Xie et al., 2010; He et al., 2016; Jiang et al., 2017; Zhu et al., 2022). Notably, enzyme-MOF composites obtained from this method can enlarge the bioactive temperature range of enzyme and enhance the stability in a facile manner, demonstrating a great promise in the biomedical application (Montanari et al., 2012; Tabrez et al., 2012; Zhu et al., 2012; Li et al., 2020; Yang et al., 2020).
Herein, SOD was embedded into zeolite imidazolate framework-8 (ZIF-8) through biomimetic mineralization method (denoted as SOD@ZIF-8). The SOD@ZIF-8 assembly was then employed as ROS scavenger in neuronal damage treatment. Significantly, a n neuronal damage cell model was established to evaluate the therapeutic effect of SOD@ZIF-8 (Scheme 1).
[image: Scheme 1]SCHEME 1 | Antioxidant biomimetic assembly as “intracellular scavenger” for the treatment of neuronal damage.
RESULTS AND DISCUSSION
Firstly, ZIF-8 with various molar ratios of 2-dimethylimidazole/Zn2+ (4:1, 24:1 and 48:1) were synthesized to investigate the suitable morphology and particle size for biomedical applications. As shown in Figure 1, micro-scaled SOD@ZIF-8 composites with size of more than 3 μm were obtained at the molar ratios of 4:1 and 24:1, respectively. Moreover, their morphology is too irregular to illustrate a single assembly enzyme complex. When the molar ratio was fixed at 48:1, regular dodecahedron structure and smaller size of SOD@ZIF-8 with 150–200 nm was achieved, which was preferable for the biomedical applications. Further, SOD was immobilized into ZIF-8 through biomimetic mineralization method. SEM and TEM images (Figure 2) suggested that the morphology and particle size did not change significantly compared with me-ZIF-8. Importantly, after ZIF-8 immobilization, the SOD activity was improved compared with free SOD (Figure 3), suggesting the biomimetic mineralization stategies could help enhance the enzymatic activities of SOD. This phenomenon might result from the fact that ZIF-8 benefit the dispersion of SOD, thus exposing more enzyme-activity centers and promoting enzymatic activity.
[image: Figure 1]FIGURE 1 | SEM images of ZIF-8 with the molar ratios of 2-dimethylimidazole and zinc acetate at 4:1 (A) and 24:1 (B). The scale bars are 5 μm.
[image: Figure 2]FIGURE 2 | SEM images (A) and TEM images (B) of SOD@ZIF-8. The scale bars are 100 nm for A and 200 nm for (B)
[image: Figure 3]FIGURE 3 | The enzymatic activities of free SOD and SOD@ZIF-8 under various concentrations.
Meanwhile, chemical elements analysis of SOD@ZIF-8 showed the presence of Cu signal in the composites, presenting immobilization of enzyme harboring Cu element in ZIF-8 through biomimetic mineralization (Figure 4). To further validate the efficient assembly of SOD enzyme, SOD was labeled with fluorescein isothiocyanate (FITC) and then incorporated into ZIF-8 to construct FITC-labeled SOD@ZIF-8 through biomimetic mineralization. As shown in (Figure 5), green fluorescence of FITC-labeled SOD was clearly shown in the SOD@ZIF-8 assembling enzyme through laser confocal microscope. The fluorescence intensity of FITC showed a gradually increasing trend from the peak to the middle and then reduced to the bottom, indicating the successful incorporation of SOD into ZIF-8. Besides, The BCA result suggested that the loading efficiency of SOD in SOD@ZIF-8 was 23.43 wt%, which was a relatively high level among the reports of SOD immobilization.
[image: Figure 4]FIGURE 4 | Elemental analysis of SOD@ZIF-8.
[image: Figure 5]FIGURE 5 | CLSM photographs of FITC-SOD@ZIF-8 with various depth at the z-axis of (A) 50 nm, (B) 100 nm, (C) 150 nm, (D) 200 nm, (E) 250 nm. 488 and 530 nm were chosen as the wavelengths for the detection of the fluorescence of FITC. The scale bars are 200 μm.
To investigate the applications of SOD@ZIF-8 composites in vitro, cell viability was examined to determine their potential cytotoxicity through MTT assay. As shown in Figure 6, compared with pure ZIF-8, the entrapment of SOD into ZIF-8 through biomimetic mineralization significantly reduced the cytotoxicity of ZIF-8 at various concentrations of 20–100 μg/ml. Negligible cytotoxicity was observed in SOD@ZIF-8 composites at the concentration of 60 μg/ml, indicating that SOD@ZIF-8 presented a satisfactory biocompatibility against cells. Subsequently, SOD was labeled with FITC and then employed to determine the cellular uptake of SOD@ZIF-8 by fluorescence microscope. As shown in Figure 7, strong green fluorescence was observed in FITC-SOD@ZIF-8 nanocomposites-treated cells, and It can be clearly found that the particles are located in the cell rather than on the cell surface, verifying that SOD@ZIF-8 were efficiently uptake by cells. The superior endocytosis of SOD@ZIF-8 composites by cells was mainly attributed to the nanosized structure, which was essential for intracellular release of SOD to cleave ROS in vitro.
[image: Figure 6]FIGURE 6 | Toxicity of drugs with the same SOD content on SHSY-5Y cells. The concentrations of SOD@ZIF-8 varied from 20 to 100 μg/ml.
[image: Figure 7]FIGURE 7 | Cellular uptake ability of SOD@ZIF-8 detected by CLSM.
For these encouraging advantages, we then investigated the ROS scavenging ability of SOD@ZIF-8 composites. 1-Methyl-4-phenylpyridinium (MPP+) as a neurotoxin was able to cause cell death in human neuroblastoma SH-SY5Y cells due to the intracellular elevation of ROS and apoptosis induction, which typically was used to resemble nerve damage phenotype (Ding et al., 2021). As shown in Figure 8, obvious cell death was exhibited after SH-SY5Y cells were incubated with 2 mM MPP+. In contrast, cells pre-treated with SOD@ZIF-8 composites demonstrated an increasing viability after exposure to MPP+, confirming the protection afforded by SOD@ZIF-8 composites against neurotoxin. Subsequently, 2′-7′-dichlorodihydrofluorescein diacetate (DCFH-DA), which was used to directly measure the redox state of cells, were adopted to detect ROS generation of SH-SY5Y cells. As shown in Figure 9A, SH-SY5Y cells treated with MPP+ exhibited an enhanced expression of ROS, leading to the cell death. Meanwhile, a significant decrease of ROS expression was achieved after SOD@ZIF-8 composites treatment, which was in agreement with MTT results. To confirm the protective effect of SOD@ZIF-8 composites, the activity of caspase-3 was detected. As illustrated in Figure 9B, compared with untreated cells, MPP+ treatment triggered caspase-3 activation, leading to the apoptotic death of SH-SY5Y cells. However, a significant decrease of caspase-3 expression was achieved in SOD@ZIF-8 treatment, revealing that SOD@ZIF-8 composites inhibited apoptotic effect by downregulation of caspase-3.
[image: Figure 8]FIGURE 8 | Viability of SHSY-5Y cells exposed to MPP+ after different treatments.
[image: Figure 9]FIGURE 9 | ROS scavenging activity of various nanomaterials in MPP+ treated SHSY-5Y cells detected by flow cytometry with DCFDA-H2 dye (A) and the detection of apoptosis by measuring the activity of effector caspase-3/7 (B).
To assess the long-term therapeutic effect of SOD@ZIF-8 composites, SH-SY5Y cells were incubated with SOD@ZIF-8 in advance, subsequently treated with MPP+ following several days. As shown in Figure 10, SOD@ZIF-8 composites achieved a better protective effect compared with free SOD during 1, 2 and 5 days. Meanwhile, the protective effect afforded by SOD@ZIF-8 composites was gradually decreased in a time-dependent manner, where still 70% cell viability was achieved after 5-days treatment. These results could confirm that biomimetically mineralized enzymes maintained a persistent protective effect for cells. Interestingly, simultaneous administration of SOD@ZIF-8 composites and MPP+ demonstrated a little lower protective effect, which was probably caused by the delayed release of SOD from SOD@ZIF-8 composites after cellular uptake. Similarly, less protective effect was achieved when cells were pre-incubated with MPP+ and then treated with SOD@ZIF-8, indicating that SOD@ZIF-8 composites was attributed to prevention of MPP+-induced cell damage. These results demonstrated that biomimetically mineralized SOD@ZIF-8 provided a strong therapeutic efficacy and possessed a persistent protective effect in SH-SY5Y cells. In comparison with other reports concerning about treatment of oxidative damage diseases based on ZIF-8 nanomaterials, our study exhibits satisfactory antioxidant duration and therapeutic effects (Table 1) (He, 2020; Zhang, 2022; Liu, 2021b). We believe that this study has important implications for the application of ZIF-8-based antioxidant nanomaterials in neurodegenerative diseases, as well as other diseases associated with oxidative damage.
[image: Figure 10]FIGURE 10 | Long-term persistence effect of SOD@ZIF-8. Cells were pretreated with MPP+ (MPP+ first)or pretreated with SOD@ZIF-8 (Day 0 exp to Day 5 exp), washed and continued to culture for several days (gray time period in schematic diagram) and then exposed to MPP+ for 24 h. Cell viability was quantified by MTT assay.
TABLE 1 | Study on the diagnosis and treatment of oxidization-related diseases based on ZIF-8 nanomaterials.
[image: Table 1]CONCLUSION
In summary, SOD was successfully immobilized in the ZIF-8 through biomimetic mineralization method. The composite SOD@ZIF-8 showed satisfactory enzymatic activity and excellent stability against temperature, pH and ion environment. Moreover, compared with free SOD, SOD@ZIF-8 composites were capable of realizing efficient cellular uptake to scavenge intracellular ROS induced by MPP+ in neuroblasts, benefiting the cell survival state and cell activity significantly. Our study suggested that SOD@ZIF-8 composites could be employed as a potential approach for the treatment of nerve damage and other oxidative stress-stimulated neurological disorders.
METHODS
Construction of SOD@ZIF-8 through biomimetic mineralization
The SOD@ZIF-8 composites through biomimetic mineralization was constructed according to previous reports (Fan et al., 2021; Zhu et al., 2022). Briefly, 2 ml of 2‐methylimidazole (HMeIM) solution (15.68 mg/ml) was mixed with 2 ml of Zn(OAc)2 solution (8.76 mg/ml), 200 μL of methanol and 1 ml of SOD solution (1 mg/ml). The compound was incubated at room temperature for 24 h, and then solids were collected by centrifugation and washed until no absorbance at 280 nm could be detected in the supernatant. Subsequently, solids were lyophilized to obtain SOD@ZIF-8 composites. The SOD loading in ZIF-8 was determine by BCA assay kit (Beyotime, Nanjing, China). Synthesis of FITC−SOD@ZIF-8.
20 mg SOD and 10 mg FITC were dissolved in 50 ml of PBS (50 mM, pH 8.0) and the mixture was stirred at room temperature for 24 h in the dark. The mixture was dialyzed against distilled water using Amicon® Ultra-15 ultrafiltration tube (Millipore, MA) until no absorbance at 488 nm could be detected in the supernatant and then lyophilized to obtain FITC−SOD. Compound FITC−SOD@ZIF-8 was constructed as described in the above section.
SOD enzymatic activity detection
SOD enzymatic activity was determined by nitro blue tetrazolium (NBT) assay and pyrogallol autoxidation assay. For NBT assay, solution containing 75 μM NBT, 13 mM methionine, 20 μM riboflavin, and free SOD or SOD@ZIF-8 were mixed in PBS buffer (25 mM, pH 7.4), respectively. The mixtures were detected at the absorbance at 560 nm using UV-2700 spectrophotometer (Shimadzu, Kyoto, Japan). For pyrogallol autoxidation assay, 240 μL enzyme solutions (1 mg/ml) was added to 750 μL Tris-HCL (pH 8.2) and incubated for 20 min 10 μL pyrogallol solution (50 mM) was then mixed into the enzyme solutions and the absorbance at 325 nm was measured for 1 min by UV-2700 spectrometer (Shimadzu, Kyoto, Japan). Characterization of SOD@ZIF-8 Composites.
After depositing samples evenly onto a rigorously cleaved silicon wafer surface, scanning electron microscopy (SEM) images and elemental analysis of SOD@ZIF-8 were obtained on a Hitachi FE-SEM S-4800 instrument with an acceleration voltage of 3 kV. Transmission electron microscopy (TEM) was carried on a JEM-2100F filed emission electron microscope with an acceleration voltage of 200 kV.
Cell viability assay
SH-SY5Y cells were seeded into 96-well plates at a density of 7,000 cells/well overnight. Different formulations were added into the cells for 6 h and 2 mM MPP+ was subsequently added for 24 h. 20 μL of MTT solution (5 mg/ml) was added into each well and incubated at 37°C for another 4 h. Finally, dimethyl sulfoxide (DMSO) was used to dissolve the formed formazan crystal and the absorbance at 492 nm was measured by a GF-M3000 microplate reader (CAIHONG, Shandong, China).
ROS detection of SH-SY5Y cells
ROS levels in SHSY-5Y cells were determined according to Reactive Oxygen Species Assay Kit (Beyotime, Nanjing, China). SH-SY5Y cells were seeded into 6-well plates at a density of 2.0×105 cells per well and pre-treated with different formulations for 6 h. Cells were then exposed to 2 mM MPP+ for 2 h at 37°C and stained with 10 μM DCFH-DA for 20 min at 37°C. ROS expression was detected by flow cytometry (Accuri C6, Beckman, NJ) and analyzed using Beckman Coulter software.
Statistical analysis
GraphPad Prism 8.0.2 was utilized for all statistical analyses. The outcomes were compared via Student’s t-tests. *p < 0.01, **p < 0.005, ***p < 0.001.
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Lipid hormone is produced by highly differentiated endocrine cells and directly secretes into the blood circulation or tissue fluid to act as information transmission. It influences the physiological functions of the human body by controlling the metabolic processes of multiple tissue cells. Monitoring the levels of lipid hormone is of great importance for maintaining human health. The electrochemical sensor is considered as an ideal tool to detect lipid hormone owing to its advantages such as quick response, convenience and low economic costs. In recent 3 years, researchers have developed various electrochemical sensors for the detection of lipid hormone to improve their sensitivity or selectivity. The use of nanomaterials (such as carbon nanomaterials, precious metal and polymer) is a key research object and a breakthrough for improving the sensing performance of electrochemical sensors for detection of lipid hormone. This paper reviews and discusses the basic principle, nanomaterials, actuality and future development trend of electrochemical sensors for the detection of lipid hormone in the past 3 years.
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1 INTRODUCTION
A range of hormones, including steroid and fatty acid derivative hormone, are classified as lipid hormone because of their lipid chemical makeup. Sex hormone, adrenocortical hormone and vitamin D (VD) are three primary subtypes of steroid hormones. The three primary types of fatty acid derivative hormones are prostaglandin, leukotriene, and iso-prostaglandin. Although the human body contains relatively little of these compounds, they can have a big physiological impact such as regulating menstruation (Critchley et al., 2020), preventing anxiety (McHenry et al., 2014) and regulating blood sugar levels (Vargas et al., 2020). Hormonal imbalances can be harmful to human health (Adegoke et al., 2021). Levels of all lipid hormones are significant diagnostic indicators for possible disease status (Pelizzaro et al., 2021). Thus, early detection by measuring the level of hormone has important significance for the identification of human diseases and the advancement of medical science.
Currently, the traditional analysis methods of lipid hormone are high-performance liquid chromatography (Ozgocer et al., 2017), liquid chromatography-mass spectrometry (Zhang et al., 2021), chemical luminescence method (Abdulsattar and Greenway, 2019) and enzyme-linked immunosorbent assay (Yin et al., 2019). However, these traditional detection techniques have the limitations of complex preparation steps, high analysis costs and time-consuming. Under these circumstances, electrochemical biosensors offer certain benefits over conventional analytical techniques, including simplicity, portability and quick detection. (Felix and Angnes, 2018) which has been applied in the fields of drug research, clinical diagnosis, food safety testing, environmental monitoring and other fields (Aydin et al., 2019). The types of the electrochemical sensor of lipid hormone that have been reported including electrochemical immunosensors (Mathew et al., 2020), electrochemical aptamer sensing (Tang et al., 2022) and electrochemical molecular imprinted polymer (MIP) sensors (Rebelo et al., 2020). Many nanomaterials including graphene, carbon nanotubes, gold nanoparticles (AuNPs) and adapters were applied in the preparation of the sensor.
This paper mainly reviews the application of electrochemical biosensors in lipid hormone detection in the past 3 years, including various kinds of detection principles, the application of nanomaterials, performance and advantages of these electrochemical sensors. We also summarize the future direction of electrochemical biosensors in lipid hormone detection, containing the challenges of current techniques and emerging applications.
2 PRINCIPLE OF ELECTROCHEMICAL SENSORS FOR DETECTION OF LIPID HORMONE
The biosensor is an instrument that uses immobilized bio-sensitive materials (antibodies, enzymes, receptors, cells, microorganisms, nucleic acids, etc.) as biometric elements to recognize the required target molecule and converts the analyte concentration into electrical signals for detection (Ronkainen et al., 2010). In general, an electrochemical biosensor has three components including biometric elements, sensors and electronic systems.
Nanomaterials are often applied to modify the electrode to amplify the detection signal. Commonly used nanomaterials include carbon nanomaterials (such as carbon nanotubes, carbon quantum dots and graphene), precious metal nanomaterials [such as gold (Au) and silver (Ag)], metal oxides (such as copper oxide and titanium oxide), polymer nanomaterials (such as MIP and conducting polymers) and biological nanomaterials (such as adapters) (Raza et al., 2021). Furthermore, the synergistic effect of multi-component nanomaterials can provide more obvious additional advantages.
The common detection methods of electrochemical sensors are cyclic voltammetry (CV), differential pulse voltammetry (DPV), square wave voltammetry (SWV) and electrochemical impedance spectrum (EIS). These detection methods all have their own uses and characteristics: CV may be used to verify both the reversibility of a reaction and the existence of intermediates in redox processes. With DPV and SWV, target analytes can even be detected at picomolar or femtomolar concentrations (Goud et al., 2021). EIS may be used to determine if the electrode/electrolyte interface impedance changes when the target is bound to the surface-immobilized biorecognition element. It has broad measured range and high detection stability as its main traits (Li et al., 2019). With the progress of electrochemical sensors, the detection method has gradually developed from desktop to portable and wearable biosensors (Samson and Koh, 2020). The schematic representation of the electrochemical biosensor for detection of lipid hormone is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic representation of the electrochemical biosensor for detection of lipid hormone.
3 RESEARCH ON THE ELECTROCHEMICAL SENSOR OF LIPID HORMONE
Electrochemical sensors for the detection of lipid hormone have had significant success recently. A summary of electrochemical sensors for the detection of lipid hormone is listed in Table 1.
TABLE 1 | A summary of electrochemical sensors for the detection of lipid hormone.
[image: Table 1]3.1 Electrochemical sensors for the detection of steroid hormone
Current electrochemical sensing technology to detect steroid hormone is mainly used for early diagnosis of disease, pregnancy research, food toxicity and pollution levels (Kelch et al., 2020). The following is a review of the electrochemical sensors of progesterone, 17β-estradiol, testosterone, cortisol, and VD.
3.1.1 Electrochemical sensors for the detection of progesterone
Progesterone is most commonly used as a pregnancy biomarker (Goh et al., 2016), which also has a central role in biology and medicine (Kanninen et al., 2019; Polat et al., 2020). Monitoring progesterone concentrations has been reported to be important in the autoimmune disease in women during menstruation (Chang and Wang, 2020), the dairy industry that can supply trustworthy data on mammalian reproduction by keeping track of progesterone levels (Yu and Maeda, 2017) and the environmental health protection by monitoring the progesterone in the wastewater (Cui et al., 2021).
Naderi and Jalali modified glassy carbon electrode (GCE) for progesterone accurately trace analysis in human serum samples and medicines using multi-wall carbon nanotubes (MWCNTs), AuNPs and poly-L-serine (Naderi and Jalali, 2020). DishaKumari et al. (2021) used magnetic graphene oxide (MGO) nanocomposite as an electrode material for the loading of bio-receptors. The increased surface area with strong electric conductivity improved sensor responsiveness. This design amplified the electrochemical signal and avoided the requirement of labeling enzymes and substrates.
Recently, progesterone detection has been accomplished using a variety of aptamer-based sensor designs. A photo-electrochemical sensor was created by Li et al. (2020) using magnetic-optical Fe3O4@SiO2@TiO2-NH2-aptamer-nanoparticles. The sensor could selectively capture progesterone in complex biological samples. Samie and Arvand prepared a label-free electrochemical progesterone aptamer sensor using graphene quantum dots-NiO-Au hybrid nanofibers/NH2 functionalized MWCNTs (GQDs-NiO-AuNFs/f-MWCNTs) and was successfully used to determine progesterone in human serum samples and pharmaceutical preparations (Samie and Arvand, 2020). Moreover, Zhu’s team simultaneously used antibodies and aptamer together to propose a progesterone sandwich assay, designing a sandwich-structured cathode photochemical biosensor (Zhu et al., 2020). The advantages of the sensor were easier progesterone determination, higher sensitivity and selectivity.
3.1.2 Electrochemical sensors for the detection of estradiol
So far, multiple electrochemical sensors of estradiol were aiming for 17β-estradiol, which is a natural estrogen secreted by humans and domestic animals with the strongest estrogen activity. Even trace amounts of exogenous 17β-estradiol entering the body can cause significant damage to our health (Pu et al., 2019). So, effective 17β-estradiol monitoring is important.
In the research field of 17β-estradiol electrochemical sensor, composite nanomaterials made of carbon nanomaterials and other nanomaterials have been widely used. Tanrikut’s team prepared a highly efficient sensor to detect 17β-estradiol by using the NiFe2O4-mesoporous carbon (NiFe2O4-MC) nanocomposite which displayed an optimal electron transfer rate (Tanrikut et al., 2020). Supchocksoonthorn et al. designed a 17β-estradiol sensor employing carbon dots/polyaniline (CDs/PANI) composite (Supchocksoonthorn et al., 2021). 17β-estradiol and CDs/PANI are connected by hydrogen bonds and stacking to govern adsorption. Chang et al. demonstrated a split aptamer-based electrochemical estradiol aptamer sensor, with the first piece functionalized with adamantane and the second piece that had gold nanoparticles label (Chang et al., 2021). The disposable laser-scribed graphene electrode strip with exceptional sensitivity was successfully created from the sensing platform. In order to find 17β-estradiol in the eel Lee et al. (2020) serum, developed a screen-printed carbon electrode (SPCE) with 17β-estradiol-imprinted poly (aniline-co-metanilic acid) (EIPs) and tungsten disulfide (WS2). Da Silva and Pereira modified the electrode with MIP and carbon black (CB) to improve the sensitivity of the electrode by more than 173% compared with GCE (da Silva and Pereira, 2022). This electrochemical sensor could be easily fabricated and detect 17β-estradiol rapidly with a limit of detection (LOD) of 30 nM.
In addition to MIP electrochemical sensors based on carbon nanomaterials, Regasa and Nyokong created an electrochemical sensor based on MIP supported by AgNPs capped with 2-mercaptobenzoxazole (Regasa and Nyokong, 2022). The sensor was used to measure 17β-estradiol in actual water samples without the need of sample preconcentration processes, resulting in satisfactory selectivity, sensitivity, reusability and storage stability performances.
3.1.3 Electrochemical sensors for the detection of testosterone
Testosterone is the most essential steroid released by testicular stromal cells (Gugoasa and Stefan-van Staden, 2018) whose levels are related to many male hormone disorders and cardiovascular diseases.
To create a testosterone-imprinted electronically conductive polymer (TIECP) on the sensing electrodes, Liu et al. optimized the synthetic self-assembly of poly (aniline-co-metanilic acid) and testosterone using an electrochemical method (Liu et al., 2020). This technique optimized the conductivity of nanomaterials. Moreover, Bulut’s team synthesized a new phenylenediamine-benzodithiophene polymer (pBDBT) used to manufacture biosensors for testosterone detection (Bulut et al., 2020). A platform for real-time field detection was provided by glutaraldehyde-fixed testosterone antibodies on the polymer-coated SPCE surface. It can be used for testosterone analysis in illicit drugs.
3.1.4 Electrochemical sensor for the detection of cortisol
Cortisol is an important glucocorticoid found in a variety of biological fluids. Abnormally elevated cortisol levels can cause hypertension, damage to muscle tissue and immune system.
Now, more and more studies of electrochemical sensors for cortisol are being developed. For example, Vargas et al. (2020) developed a dual-electrochemical immunosensor based on gold microchip for the simultaneous detection of insulin and cortisol, which relied on competitive immunoassays with alkaline phosphatase (ALP) labeling . In addition, Liu et al. (2021) designed the electrochemical immunosensor for flexible AuNPs/MWCNTs/polydimethylsiloxane thin films and Naik et al. (2021) designed the “smart bandage” microfluidic platform sensor for graphene/silver solution. These three sensors are all used to detect cortisol and have the potential for instant applications.
In the study of cortisol molecularly imprinted polymers sensors, Tang et al. (2021). used a high permeability sweat-absorbing porous hydrogel to prepare a non-invasive, touch-based MIP electrochemical sensor Besides, poly glycidylmethacrylate-co ethylene glycol dimethacrylate (GMA-co-EGDMA) were used for the research of flexible MIP biosensor (Mugo and Alberkant, 2020). These two sensors have the advantages of being stretchable, small-portable and without sampling, and can serve as human wearable devices and instant application devices.
In addition to using a single biometric element to develop sensors, Huang et al. (2021) presented a highly sensitive and selective electrochemical sensor with an aptamer-antibody sandwich mode A specific combination of antibodies and aptamers was utilized to identify the target cortisol. Whereafter, Yu et al. (2022) suggested a novel electrochemical aptamer sensor using functionalized graphene (FG) and nitrogen-deqcarbon quantum dots (N-CQDs) integrating MIP techniques for trace analysis of cortisol in saliva samples.
3.1.5 Electrochemical sensors for the detection of VD
VD is not only a lipid-soluble vitamin but also an immunomodulatory hormone that has two present forms of VD2 and VD3 (Charoenngam and Holick, 2020). As the best marker for the monitoring of VD levels, 25-hydroxy VD (25(OH)D) is frequently employed in clinical diagnosis (Binkley et al., 2010; Farrell and Herrmann, 2013).
In the field of VD electrochemical sensors based on carbon nanomaterials, Thangphatthanarungruang prepared a graphene nanocomposite sensor for simultaneously measuring vitamins (A, D, E and K) that are lipid-soluble in various matrix samples (infant milk, yogurt and parsley) (Thangphatthanarungruang et al., 2020). Anusha designed a label-free impedance sensor using ethyl-3-(3-dimethyl aminopropyl) carbodiimide-N-hydroxysuccinimide/graphitic carbon nitride-β-cyclodextrin (EDC-NHS/GCN-β-CD)@AuNPs composite to assay serum samples for the presence of 25(OH)D3 (Anusha et al., 2022). It is less destructive to its biomolecular activity, thus improving the sensitivity of detection. Kaur et al. (2021) designed a voltammetric immunosensor based on molybdenum sulfur MoS2/AuNPs/tin fluoride oxide with 25(OH)D3 as the target molecule The result showed that the MoS2-modified AuNPs model demonstrated excellent detection conductivity, sensitivity and stability.
Some electrochemical sensors using VD3 aptamer were also reported. Wadhwa’s team prepared a portable electrochemical aptamer sensor to identify VD3 employing graphene quantum dot-gold hybrid nanoparticles (GQD-Au) with a LOD of 0.70 nM (Wadhwa et al., 2020). Subsequently, Shuo et al. (2021) proposed a novel electrochemical aptamer sensor for sensitively detecting 25(OH)D3 by fixing DNA tetrahedra on Au surfaces and a technique for catalytic hairpin assembly (CHA) amplification.
In addition, Anusha’s group synthesized a new composite material based on polyaniline-polypyrrole (PANI-PPY) copolymer doped with silver-cobalt (Co-Ag) and ionic liquid (IL) (Anusha et al., 2021). The composite material was first used to modify the GCE. Later, a manual paper sensor was created using the suggested material. And using two different tests to detect VD3 in serum and urine samples.
3.2 Electrochemical sensors for the detection of fatty acid derivative hormone
The fatty acid derivative hormone is a metabolite produced by lipids through oxidative and enzymatic metabolic pathways including iso-prostaglandin and prostaglandin. Prostaglandin regulates pathological processes in female reproductive function (Niringiyumukiza et al., 2018), inflammation, and tissue repair (Rael, 2016). The lipid peroxidation biomarker 8-iso-prostaglandin F2α and carotid subclinical atherosclerosis showed a significant positive connection (Alharby et al., 2019).
In previous reports, electrochemical sensors of prostaglandin E1 (Zheng et al., 2016) and 8-iso-prostaglandin F2α (Sanchez-Tirado et al., 2017) have been successively reported. With the deepening understanding of the fatty acid derivative hormone and the development of electrochemical sensors, Ganguly et al. (2021) developed a three-electrode planar gold microelectrode system with flow-based nanopore membranes for electrochemical immunosensors for detecting prostaglandin E2 (PGE2). This sensor can be used in both clinical and home settings for a more immediate, fast and accurate diagnosis of urinary tract infection.
4 CONCLUSION AND FUTURE PERSPECTIVES
This paper mainly describes the recent research progress of electrochemical biosensors in the field of lipid hormone detection in the past 3 years. This could help the future development of such sensors in medicine and science. Furthermore, combined with the important role and significance of lipid hormones such as progesterone, estradiol, testosterone, cortisol, VD, prostaglandin in regulating human life activities and disease control, and the easy application of electrochemical sensors, the development of lipid hormone electrochemical sensors has attracted more and more attention in recent years.
Overall, so far, there are more comprehensive and mature studies of steroid electrochemical sensors than those of fatty acid derivative. Current electrochemical biosensors for fatty acid derivative hormone use only antibodies as recognition elements. In the future, electrochemical sensors will have considerable potential for development and applications in the detection of lipid hormone. A key opportunity for the development of electrochemical sensor and biosensor platforms is the introduction of innovative functional nanomaterials and analytical technologies. Such as new electrode materials with more selectivity and sensitivity, more portable wearable sensors and instant application sensors still need to be continuously explored by researchers.
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Osteosarcoma (OS), as a typical kind of bone tumors, has a high incidence among adolescents. Traditional tumor eradication avenues for OS such as chemotherapy, surgical therapy and radiation therapy usually have their own drawbacks including recurrence and metastasis. In addition, another serious issue in the treatment of OS is bone repair because the bone after tumor invasion usually has difficulty in repairing itself. Hydrogels, as a synthetic or natural platform with a porous three-dimensional structure, can be applied as desirable platforms for OS treatment. They can not only be used as carriers for tumor therapeutic drugs but mimic the extracellular matrix for the growth and differentiation of mesenchymal stem cells (MSCs), thus providing tumor treatment and enhancing bone regeneration at the same time. This review focuses the application of hydrogels in OS suppression and bone regeneration, and give some suggests on future development.
Keywords: osteosarcoma, bone repair, hydrogels, OS suppression, bone regeneration
INTRODUCTION
Osteosarcoma (OS), as a well-known primary bone tumor, involves the invasion of tumors into bone tissue and often occurs in children and adolescents (Mann et al., 2022). Reports suggested that OS has become the second leading cause of death among young cancer patients, especially to the stage of tumor lung metastasis (Siclari and Qin, 2010; Roessner et al., 2021). OS patients may suffer from disability and even death, eliciting heavy blows and losses to the society. Although developing quickly, there are often no obvious clinical signs or severe pain in the early stage of OS. Therefore, it’s critical but tricky for the diagnosis and treatment of OS. To date, clinical treatment strategies include allogeneic bone transplantation and mechanically processed prosthesis (Gianferante et al., 2017; Simpson and Brown, 2018). However, defects such as insufficient allogeneic bone sources and poor biocompatibility severely limit their applications. Besides, most OS can be clean up by surgical intervention, but usually fails to completely ablate the tumor, thus causing post-surgery recurrence and metastasis (Lin et al., 2015; Chen et al., 2017; Friesenbichler et al., 2017; Haghiralsadat et al., 2017; Liu et al., 2021; Wang et al., 2021; Xu et al., 2022). Thus, to avoid postoperative recurrence and metastasis as much as possible, chemotherapy and radiotherapy are combined after surgery. Unfortunately, radiotherapy is reluctant to exert effect in OS and OS is susceptible to chemotherapy resistance (Bohnke et al., 2007; Campbell, 2009; Gianferante et al., 2017; Shoag et al., 2019; Pattee et al., 2020). What’s more, the patients receiving chemotherapy often suffer from side effects including hair loss and vomiting, which will obviously decrease the quality of life (Bosma et al., 2018). At the same time, patients suffered from OS and surgical resection will have bone defects, eliciting acute pain and disability. Thus, implementing the development of OS therapy is a pretty tough work. Correspondingly, innovative and effective methods are urgently needed to guide the therapy of OS in clinical problems (Liao et al., 2021a).
As discussed above, it’s vital to ensure the complete resection of OS after surgery but remains difficulty. Besides, radical resection is dangerous because of the complex anatomical structure and blood vessels in the bone tissues (Wang et al., 2018a; Liu et al., 2019; Wang et al., 2019; Zhang et al., 2019; Yang et al., 2020a; Pan et al., 2020). Along with the development of biotechnology and nanotechnology, novel alternative strategies with less side effects are developed. Specifically, photothermal therapy (PTT) is becoming a promising method that can covert near-infrared (NIR) light into thermal damage in tumor tissues (Chu and Dupuy, 2014; Chen et al., 2016; Liu et al., 2019; Wang et al., 2020; Xu et al., 2021), rejecting tumor region without damaging other organs or tissues (Xing et al., 2016; Shan et al., 2018; Pan et al., 2019; Hou et al., 2020; Jiang et al., 2020). PTT is based on various nanoparticles such as gold (Li Volsi et al., 2017; Mahmoodzadeh et al., 2018; Liao et al., 2019), carbon (Du et al., 2019; Farzin et al., 2019; Guo et al., 2022; Zhang et al., 2022) and copper nanomaterials (Liu et al., 2018). For example, PTT using gold nanoparticles has desirable therapeutic efficacy for prostate cancer in clinical trials (Rastinehad et al., 2019; Taneja, 2020). However, these nanomaterials usually have unsatisfactory biocompatibility and limited bioavailability. Thus, an appropriate carrier is needed to avoid these defects of nanoparticles and benefit their biological applications. More importantly, bone metabolism is becoming unbalanced because of the invasion of tumors into bone, leading to bone defect that is difficult to repair itself (Velasco et al., 2015; Wang et al., 2018b; Khajuria et al., 2018; Zhang et al., 2018). Therefore, therapeutic drugs, growth factors and/or stem cells are urgently needed. Benefiting from the continuous development in biomaterials science, bone tissue engineering scaffolds become a fascinating material with great hope to bone regeneration (Gong et al., 2009; Ni et al., 2014; Li et al., 2018a; Shi et al., 2019). Among various tissue engineering scaffolds, hydrogels with excellent bioactivity, biocompatibility and biodegradability have attracted much attention of researchers. Hydrogels are three-dimensional porous mesh gel with abundant water absorbance (Xu et al., 2020). It can not only afford a vehicle for tumor therapeutic drug but mimic the extracellular matrix (ECM) for the growth and differentiation of mesenchymal stem cells (MSCs), thus providing tumor treatment and enhancing bone regeneration at the same time (Chen et al., 2020). Moreover, when integrating hydrogels with other drug delivery systems such as liposomes and microspheres, carriers with better performance can be created by synergism.
Herein, we discussed the recent advances in the use of hydrogels to achieve OS therapy, with emphasis on suppressing the tumors and Promoting bone regeneration (Scheme 1). We believe that This review will provide a useful reference for hydrogels-based OS therapy and the field of complex diseases to combine tumor therapy and tissue engineering.
[image: Scheme 1]SCHEME 1 | The applications of hydrogels-based therapeutics for suppressing the tumors and promoting bone regeneration in osteosarcoma treatment.
SUPPRESSING THE TUMORS BY HYDROGELS
The conventional therapy strategies for OS comprise the combination of chemotherapy with surgical methods (Dou et al., 2013). Chemotherapy for OS began in the 1970s, which includes doxorubicin (DOX), cisplatin et al. Despite great expectations are expected in chemotherapy, the overall efficacy of which are no more than 60% (Lai et al., 2007) attributing to the high toxic effects of chemotherapy and drug resistance in secondary cancer. Therefore, it’s crucial to construct an artificial implant for the local administration and controlled-release of chemical drugs (Wu et al., 2018).
Several researches have demonstrated that hydrogels are capable of treating tumors due to their porous structure and versatile biocompatibility. It’s acceptable to administer therapeutic drugs or functional cells into the resected OS area with the help of hydrogels (Yang et al., 2020b). With the advantages of providing continuous drug release for tumor illumination, hydrogels encapsulated with drugs can afford localized tumor therapy, replacing systemic chemotherapy administered intravenously (Zheng et al., 2017; Yang et al., 2018; Chen et al., 2019; Peng et al., 2022). As an example, chitosan-based hydrogels are designed for therapeutic agents and cell delivery for tumor therapy (Pan et al., 2019). Besides, thermoresponsive hydrogel based on PEG-g-chitosan (PCgel) can benefit T lymphocyte infiltration into the gel and allow a sustainable release of cells (Jiang et al., 2020). Further, reports have suggested the gelatin gel for the release of anti-carcinogenic drugs (Hu et al., 2018). Wu et al. united gelatin methacryloyl (GelMA) hydrogel with gemcitabine hydrochloride loaded liposomes for OS ablation, which exhibited desirable properties in antitumor and sustained release (Wu et al., 2018). Specifically, the hydrogel system showed feasible application in eradicating OS in vivo by MG63-bearing mice.
Because of the complexity and diversity of tumor pathogenesis, the effect of single chemical drug may be compromised. Thus, synergistic chemotherapy is needed to solve the problem. For instance, Combretastatin A-4 (CA4) are able to bind the tubulin of endothelial cells, disturbing the formation of blood vessel and ultimately, eliciting tumor necrosis through inhibiting the supply of oxygen and nutrients (Perez-Perez et al., 2016). Unfortunately, CA4 can only work on the internal tumors with rich vascular, but often fail to treat the edge of the tumor tissues. Nevertheless, the peripheral tumor tissues are sensitive to traditional drugs like DOX and docetaxel (DTX). For this issue, Zheng et al. developed an injectable thermosensitive hydrogel system for the co-encapsulation and sequential release of CA4 and DTX (Figure 1A) (Zheng et al., 2017). CA4 was released preferentially, which could damage the neovascularization system and inhibit the exchange of nutrients. The followed release of DTX could clean up the surface cells of tumor tissues and lead to apoptosis of the tumor (Figures 1B,C). Likewise, Sun et al. co-loaded Oxaliplatin (OXA) and Alendronate (ALN) onto mPEG45-PLV19 thermosensitive hydrogel (Sun et al., 2020). OXA is a widely accepted anticancer drug, which can induce immunogenic death (ICD) for tumor elimination. ALN have bone affinity as well as the effect of inhibiting bone destruction. Studies found that the system could inhibit the progress of OS and prevent tumor lung metastasis.
[image: Figure 1]FIGURE 1 | (A) Sequential Drug Delivery with Gel-MP Construct, Showing Preparation of Gel/CA4−MP/DTX for Two-Pronged Locally Synergistic Chemotherapy of Osteosarcoma. (B) Variations of body weight and survival rate. (A) Change of body weight and (B) survival rate of K7 osteosarcoma-grafted mice after treatment of PBS as control, Gel−MP, CA4, DTX, CA4+DTX, Gel/CA4−MP, Gel−MP/DTX, or Gel/CA4−MP/DTX. [Data were represented as mean ± SD (n = 10; (*) p < 0.05)].
Currently, the OS treatment regimen is mostly DOX, methotrexate (MTX), and cisplatin (CDDP) based. The clinical efficacy of this regimen was proved by the systemic administration of the aforementioned drugs (Bielack et al., 2009). Ma et al. successfully established a system based on poly (L-lactide-co-glycolide)-poly (ethylene glycol)-poly (lactide-co-glycolide) (PLGA-PEG-PLGA) for delivering CDDP, MTX, and DOX (Ma et al., 2015). In the human osteosarcoma model of nude mice, the triple-delivery system could induce enhanced tumor apoptosis, displaying high tumor suppression efficacy. Furthermore, the evaluation of alteration in mice’s bodies and their organs histological analysis in ex vivo experiment revealed less toxic effects and obvious organ damage after localized treatment. Therefore, local co-delivery of CDDP, MTX, and DOX via thermos-sensitive hydrogels might be a promising option for better osteosarcoma treatment. “Smart” hydrogels are novel biomaterials that are influenced by external stimuli. Thus, multiple investigations have been carried out to determine the scope of bio-medical implementations, for instance, regenerative engineering and therapeutic delivery. Jalili et al. established nano-engineered hydrogel comprising poly (NIPAM-co-AM)/MNPs, for local and on-demand injection for delivering drugs (doxorubicin (DOX)) (Figure 2A). In this investigation, shear-thinning hydrogels capable of self-recovering were engineered by manipulating gelatin methacrylate (GelMA) network’s crosslinking density. Prior to this crosslinking GelMA pre-polymer solution was mixed with DOX-loaded Poly (NIPAM-co-AM)/MNP nanogels (GelMA/(poly (NIPAM-co-AM)/MNPs)). The magnetic field and temperature-dependent DOX release from (GelMA/(poly (NIPAM-co-AM)/MNPs)) were evaluated. Lastly, the efficacy of this new form of DOX-carrying drug on pre-osteoblast and osteosarcoma cells was investigated in vivo (Figure 2B).
[image: Figure 2]FIGURE 2 | (A) Schematic depiction of nanocomposite hydrogels fabrication that can be injected for drug release in response to stimuli. (B) MOS-Js, live or dead staining indicated more dead cells upon exposure with free DOX than nanogels and nanocomposites loaded DOX (Scale bar 100 μm).
Currently, the therapeutic drug’s maximum tolerated dose (MTD) is not only important for determining the formulation’s concentration, but also for predicting its success in the clinical setting (Kim et al., 2010; Ranade et al., 2014). Even though the MTD of some drugs showed improvement to some extent through the polymer-regulated delivery mechanism, the MTD of drugs that are delivered by hydrogel still needs additional research. For localized OS treatment, Yang et al. used thermo-sensitive hydrogel to incorporate DOX into the poly (D,Llactide-co-glycolide)-poly (ethylene glycol)-poly (D,L-lactide-co-glycolide) (PLGA-PEG-PLGA) (Yang et al., 2018). The PLGA-PEG-PLGA triblock copolymer was successfully prepared and proved by 1H NMR. Furthermore, hydrogel characters, including rheological evaluation, sol-gel phase transition, and drug release in the in vitro experiment were studied. The DOX-packed hydrogel’s cytotoxicity was evaluated in vitro, in K-7 (mouse osteosarcoma cancer) and Saos-2 (human osteosarcoma cancer) cells. Lastly, the DOX-loaded hydrogel’s antitumor efficacy was determined in vivo in the K-7 mice tumor model. DOX-loaded hydrogel’s systemic toxicity and the safety of its local delivery were assessed by mice’s organ pathological analysis and their survival rate. Similarly, Yu et al. suggested a procedure for local Sun and chlorin e6 (Ce6) delivery by zwitterionic redox-responsive hydrogels for preventing the relapse of osteosarcoma (Figure 3A) (Yu et al., 2020). Yu synthesized hydrogels using a redox-responsive cross-linker (DSDMA), in which drugs Ce6 and Sun were introduced, a complex called Sun/Ce6@Gel (Figure 3B). This composite was administered in the residual cavity instantly post tumor eradication. Ce6 and Sun are liberated from the zwitterionic hydrogels because of redox sensitivity post-implantation at the surgery site (Figure 3C). This should result in reduced anti-apoptotic and increased pro-apoptotic gene expression. The potency of Ce6-and Sun-packed hydrogel as a postoperative osteosarcoma therapy was determined in both in vitro and in vivo conditions (Figures 3D–F).
[image: Figure 3]FIGURE 3 | (A) Schematic depiction of Sun/Ce6@Gel synthesis and Sun and Ce6 synergistic antitumor impact in inhibiting mice tumor recurrence. Sun/Ce6@gel was generated by fusing Ce6, Sun, DSDMA, and SBMA for 2 h, and was administered in the residual cavity, thereby it inhibited tumor relapse post osteosarcoma marginal eradication. Casp-3: caspase-3. The degeneration and DSDMA–SBMA hydrogels release data. (B) Hydrated DSDMA–SBMA hydrogels weight alternations in the solution of PBS supplemented with DTT (100 mM). (C) Individual tumor growth kinetics during the treatment. (D) Invivo nude mice tumor recurrence bioluminescence images. POD, postoperative days. (E) Survival rates (F) Mice’s body weights were measured, and the effective doses of Sun and Ce65 were selected as 5mg and 1 mg per kg, respectively.
PROMOTING BONE REGENERATION BY HYDROGELS
Osteosarcoma originates at the epiphyseal end with a rich blood supply. The osteosarcoma effect on bone is huge, and the body takes time to repair or heal itself. Therefore, stem cells, small-molecule, external scaffolds, or growth factor drugs are required (Velasco et al., 2015; Wang et al., 2018b). Recently, computer-assisted digital technology, material mechanics, and bone tissue engineering scaffolds (e.g., 3D printed scaffolds, microspheres, and hydrogels) have progressed a lot with the continuous advancement in the field of biomaterials (Li et al., 2017; Xu et al., 2017). Hydrogels can imitate extracellular matrix (ECM) and improve bone repair by proliferating and differentiating MSCs (Liu et al., 2022). Thus, bone regeneration has widely been studied because of its outstanding osteoinductivity and bio-compatibility, -activity, and—degradability (Feng et al., 2019). Yap et al. established a novel thermoreversible hydrogel scaffold comprising glyoxal (Gx), PLuronic F127, and carboxymethyl hexanoyl chitosan (CA), injected for encapsulating human osteosarcoma MG-63 cells. These hydrogel encapsulated cells proliferated >400% during a 5-day incubation period. The results suggest that F127/CA/Gx hydrogel can envelop cells for tissue engineering (Yap and Yang, 2020). Prosthodontic-inspired photopolymerization stimulated by blue light is a gentle process for initiating the polymerization of monomers (Chen et al., 2020; Downs et al., 2020; Feng et al., 2022), The blue light initiator in the hydrogel system commences hydrogel cross-linking. Human Bone contains 50%–70% inorganic calcium and phosphorus. Nano hydroxyapatite (Ca10(PO4)6(OH)2, nHA) has been proven to provide nutrition for bone defects and also help repair bone (Li et al., 2018b; Tan et al., 2021). However, nHA can also inhibit tumors (Barbanente et al., 2021). The hybrid nHA hydrogel is hypothesized to furnish an ECM mimic post osteosarcoma eradication and stimulate bone defect restoration. Liao et al. used light-induced photopolymerization for developing GNRs/nHA hybrid hydrogel (Figure 4A) (Liao et al., 2021b). To generate a biocompatible hydrogel, methacrylate gelatin (GelMA) and methacrylated chondroitin sulfate (CSMA) were used. The nHA and GNRs dissipated easily in the hydrogel. The developed GelMA/CSMA hydrogel, GNRs/nHA hybrid were used for eradicating the residual tumor after surgery via PTT and for healing defects after bone tumor surgical resection (Figure 4B). The GelMA/CSMA hydrogel photothermally treated tumors residues left after surgery and repaired the bone deformities in a tibia osteosarcoma mice model (Figures 4C–E).
[image: Figure 4]FIGURE 4 | (A) The diagrammatic GNRs/nHA hybrid hydrogel preparation. (B) The hybrid GNRs/nHA hydrogel application for photothermal treatment and regeneration of bone tumor. (C) The micro-CT reconstruction in each group of mice after treatment for 2 weeks; (D) The bone volume (BV) parameter in each mice group (*p < 0.05, **p < 0.01); (E) The tibia bone tumor H&E stained images of different groups.
Osteocytes are crucial for the bone remodeling process, during which the trapped osteoblasts phenotypically alter to mature as osteocytes. The underlying osteocyte mechanisms are still debatable, and it has few study models. E. J. Lee et al. studied how alterations in the mechanical features of bone matrix that lack minerals can affect the phenotypic transformation of osteoblast to osteocyte in a 3D setting via bioprinting-based technology called Combing Extrusion printing on Cellulose scaffolds with Lamination (ExCeL) (Lee et al., 2019). Similarly, Vashisth et al. established a biomimetic 3D hybrid scaffold after studying the natural bone architecture with nano-microscale features, favorable porous interconnected structure, and mechanical strength (Vashisth and Bellare, 2018). The key hybrid scaffold constituents are core-sheath nanofibers and hydrogel, which are organized suitably to generate a microenvironment that resembles bone. The core-sheath nanofibers are specifically coiled tightly into a ring to imitate the osteon and reinforced in a hydrogel matrix.
In comparison with traditional biometal scaffolds (like that of titanium and titanium-based alloys), Young’s polyetheretherketone (PEEK) model resembles more human cortical bone, thereby, alleviating osteoporosis and osteonecrosis risk triggered by stress shielding (Wang et al., 2014; Torstrick et al., 2018). Based on this, Yin et al. fabricated a novel and versatile coating made from GelMA hydrogels and TOB-laden MXene nanosheets on an inert orthopedic PEEK material, to eliminate remaining cancerous cells, prevent infection related to bacteria, and guide the regeneration of bone tissues (Yin et al., 2020).
How cancerous cells and their normal counterparts have anchorage-dependency and react to the stiffness and adhesion ligand density of the same ECM is still unclear. Jiang et al. analyzed the impact of ECM adhesion ligand density and stiffness on osteosarcoma cells (bone cancerous cells) and osteoblasts (bone-producing cells) via poly (ethylene glycol) diacrylate (PEGDA) and GelMA hydrogels (Figure 5A) (Jiang et al., 2019). When osteosarcoma cells were cultured in 3D PEGDA/GelMA hydrogel matrix, they showed high dependence on the stiffness of the matrix by modulating the integrin-induced pathway of focal adhesion (FA), whereas osteoblasts showed high sensitivity toward matrix adhesion ligand density by modulating the integrin-induced pathway of adherens junction (AJ) (Figure 5B). But in the 2D hydrogels surface culture, bone cancerous cells presented a different behavior and showed sensitivity to the matrix adhesion ligand density due to their “forced” attachment to the substrate, similar to anchorage-dependent osteoblasts.
[image: Figure 5]FIGURE 5 | (A) Schematic illustration of various anchorage-independent osteosarcoma cells and anchorage-dependent osteoblasts responses to adhesive activity and stiffness of scaffold (B) Respond of osteoblasts and osteosarcoma cell’s mechanisms to stiffness and adhesion ligands of ECM, respectively. ECM’s stiffness and not the matrix adhesion influences the growth of osteosarcoma cells by regulating the integrin-induced FA signaling pathway, while osteoblasts are primarily influenced by ECM adhesion ligands via the integrin-induced AJ signaling pathway modulation.
CONCLUSION AND PROSPECTS
Hydrogels are enormous water meshes that characteristically resemble extracellular matrix. These are very porous and have excellent biological compatibility and degradability. They are capable of introducing growth factors that can repair bone defects (Torstrick et al., 2018; Zhang et al., 2018). Therefore, they are good suiters for repairing bone. Literature indicates potential hydrogels application for regenerating bone tissue. For potential bone cancer therapy, these should first be capable of curing tumors. Administering drugs or other molecules directly at the resected tumor site for treatment is highly advised. Hydrogels provide sustainable drug release for tumor eradication (Ali Gumustas et al., 2016; Hu et al., 2020). Some act by delivering the drug directly to the specific system 126. Localized hydrogel therapy for cancer treatment can replace systemic chemotherapy given orally or intravenously (Zheng et al., 2017; Yang et al., 2018; Chen et al., 2019). With the discovery of new hydrogel functions, their implementations are no longer limited to repairing tissues, it has extended to bone repair and tumor eradication (Table 1).
TABLE 1 | Recent summary of therapeutic strategies for hydrogel osteosarcoma.
[image: Table 1]However, hydrogel’s application in osteosarcoma is limited for the following reasons, first, despite extensive literature research on hydrogels, clinical applications have encountered bottlenecks, and only a few hydrogels have been approved and commercialized (Fan et al., 2022; Li et al., 2022). Additionally, cytotoxicity is often stimulated because of the hydrogel’s inorganic nature and the metal ions involved. Hydrogels are mainly developed from raw materials that are non-essential to organisms. With further investigations solving the aforementioned issues associated with osteosarcoma therapy-related hydrogels, it is expected that a promising candidate might be discovered that would contribute to human health and well-being.
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Radiotherapy (RT) plays a pivotal role in the comprehensive treatment of multiple malignant tumors, exerting its anti-tumor effects through direct induction of double-strand breaks (DSBs) or indirect induction of reactive oxygen species (ROS) production. However, RT resistance remains a therapeutic obstacle that leads to cancer recurrence and treatment failure. In this study, we synthesised a tantalum-carbon-integrated nanozyme with excellent catalase-like (CAT-like) activity and radiosensitivity by immobilising an ultrasmall tantalum nanozyme into a metal-organic framework (MOF)-derived carbon nanozyme through in situ reduction. The integrated tantalum nanozyme significantly increased the CAT activity of the carbon nanozyme, which promoted the production of more oxygen and increased the ROS levels. By improving hypoxia and increasing the level of ROS, more DNA DSBs occur at the cellular level, which, in turn, improves the sensitivity of RT. Moreover, tantalum–carbon-integrated nanozymes combined with RT have demonstrated notable anti-tumor activity in vivo. Therefore, exploiting the enzymatic activity and the effect of ROS amplification of this nanozyme has the potential to overcome resistance to RT, which may offer new horizons for nanozyme-based remedies for biomedical applications.
Keywords: hypoxia, nanozyme, radiotherapy, ROS, tantalum
1 INTRODUCTION
Malignant tumors are refractory diseases with high morbidity and mortality rates, which seriously threatens human health (Sung et al., 2021). Radiotherapy (RT) is a commonly used treatment modality (Gong et al., 2021) that achieves locoregional tumor control mainly through direct physical damage to DNA or indirect damage from reactive oxygen species (ROS) (Schaue and McBride, 2015). However, in clinical practice, patients can develop different degrees of resistance to RT, leading to treatment failure and recurrence of metastasis, thus limiting the efficacy of RT for treatment of tumors (Makhov et al., 2018). Addressing the sensitivity of RT has become a pivotal issue in the efficacy of RT in patients with tumors (Huang and Zhou, 2020; Thielhelm et al., 2021; Li et al., 2022).
Thus far, the possible mechanisms of radiation resistance include ROS levels, tumor cell hypoxia, DNA radiation damage repair, glutathione (GSH) content, cell proliferation, cycle regulation, and the activation of related RT resistance signaling pathways (Song et al., 2017a; Xie et al., 2019; Chen et al., 2020; Suo et al., 2020; Huang et al., 2021a). The free radicals generated during RT treatment are the main source of ROS, which promote the effects of RT by acting on DNA double-strand breaks (DSBs) (Cheng et al., 2018; Sun et al., 2018; Srinivas et al., 2019; Huang and Pan, 2020). In addition, the supply of oxygen in the tumor microenvironment is a crucial factor in the killing effect of RT (Dou et al., 2018). Studies have revealed that the tumor microenvironment is in a hypoxic state, which induces large secretion of vascular production factors, chemokines, and biologically active mediators, promoting tumor progression and metastasis (Gilkes et al., 2014; Hompland et al., 2021; Kopecka et al., 2021). The radiosensitivity of cells irradiated in the presence of oxygen is approximately three times higher than that in the absence of oxygen; therefore, the radiation dose required to kill oxygen-depleted cells is significantly higher than that required to kill fully oxygenated cells (Kabakov and Yakimova, 2021; Telarovic et al., 2021). The existence of a hypoxic tumor microenvironment enables the broken single-stranded DNA structure to be repaired by moieties such as sulfhydryl groups, resulting in fewer DNA damage sites, reduced tumor cell apoptosis, and ultimately radioresistance. In contrast, RT generates a large amount of ROS, which are produced by bombarding oxygen molecules with high-energy electrons. Thus, some tumors are less sensitive to RT owing to their high levels of internal hypoxia and low oxygen content (Graham and Unger, 2018; Bolland et al., 2021).
In recent years, owing to the excellent biocompatibility and safety of nanomaterials, nanotechnology-based RT sensitisation has garnered considerable attention and has exhibited promising potential for improving the effectiveness of RT, reducing toxic side effects, and improving prognosis (Gao et al., 2017; Chen et al., 2019; Huang et al., 2021b; Sun et al., 2021). Several metal element nanoparticles with high atomic numbers exhibit RT sensitising properties (Guo et al., 2017; Feng et al., 2018; Huang et al., 2019; Lu et al., 2021; Yang et al., 2021; Yang et al., 2022). It has a high X-ray absorption capacity, which can increase the dose of precipitated RT. When the metal nanoparticles reach the tumor site, they are subjected to radioactive irradiation, and after the particles absorb radiation, various effects (such as the photoelectric and Compton effects) occur, releasing a diverse range of particles such as photoelectrons, Compton electrons, and Auger electrons, which react with organic molecules or water in cancer cells to generate a large number of free radicals, thus improving the effect of RT. In addition, nanoparticles can achieve nano-RT sensitisation by regulating the cell cycle, depleting GSH, remoulding tumor vasculature, relieving hypoxia in the tumor microenvironment, and loading chemotherapeutic drugs (Zhang et al., 2019; Lyu et al., 2020; Wang et al., 2021; Zhou et al., 2021; Gao et al., 2022). For instance, Pei Pan et al. (2022) exploited an integrated nanosystem (Bac@BNP) that enhances the sensitivity of RT by modulating the cell cycle and increasing the level of ROS. In a study by Ma et al. (2021), a bismuth nitrate-loaded cisplatin prodrug (NP@PVP) was synthesised to enhance DNA damage after RT by improving the amount of ROS production; meanwhile, cisplatin in NP@PVP can be released slowly to inhibit DNA damage repair, with temporal and spatial synchronisation.
Tantalum (Ta) is a non-toxic, biologically inert element with a large atomic number (Z = 73) and is a “biophilic metal” with excellent biocompatibility, and it has been widely used in medical implants in the human body (Koshevaya et al., 2021; Mani et al., 2022). According to previous studies, Ta-based nanomaterials can not only be applied as low-toxicity and high-efficiency radiosensitizers but can also be utilised as excellent functional group carriers for loading drugs to modulate the biological behaviour of tumors, which has the advantage of “multi-functional integration” and exhibits considerable potential for biomedical applications (Song et al., 2017b; Chen et al., 2017). In this study, a Ta–carbon nanozyme was used as a logical layout, as shown in Scheme 1, and it demonstrated outstanding catalase-like (CAT-like) activity. It alleviates the hypoxic tumor microenvironment by catalysing hydrogen peroxide and increasing ROS levels to cause more DNA DSBs, thus producing a highly potent anti-tumor effect in the presence of RT. In a human HeLa cancer model, the tumor suppression rate of Ta–carbon nanozyme combined with RT was greater than 81%, which was significantly higher than that of RT alone. In addition, no noticeable side effects of Ta–carbon nanozyme were identified in this study.
[image: Scheme 1]SCHEME 1 | Illustration of the design and synthesis of Ta-PMCS for radiation therapy enhancement.
Based on these findings, Ta–carbon nanozyme boosted the effectiveness of RT, suggesting that a new treatment strategy was developed to overcome the limitations of RT by combining the enzymatic activity and radiosensitizer properties of nanozymes.
2 MATERIALS AND METHODS
2.1 Materials
Zn(NO3)2⋅6H2O, 2-methylimidazole, hexadecyl trimethyl ammonium bromide (CTAB), Tantalum(V) ethoxide, and human cervical cancer HeLa cells were acquired from Shanghai Cell Bank and cultured in DMEM medium (Solarbio, China) with 10% foetal bovine serum (FBS, Gibco, United States) and 1% penicillin/streptomycin (Sangon Biotech) in a humidified environment at 37°C and 5% CO2. 6-week-old female BALB/c nude mice (17–21 g) were provided by Jiangsu Jicui Yaokang Biotechnology.
2.2 Construction of Ta-carbon nanozyme and characterization synthesis of Ta-ZIF-8 nanoparticles
A solution of Zn(NO3)2⋅6H2O (32 mmol in 500 ml CH3OH) was poured into a solution containing 135 mmol 2-methylimidazole, tantalum(V) ethoxide, and 0.3 mmol CTAB in methanol (400 ml), and the resulting solution was stirred for 2 h at room temperature. The white solid precipitate was separated via centrifugation and washed with methanol.
2.3 Synthesis of Ta-zif-8@msio2 core@shell nanoparticles
ZIF-8 was dispersed in 240 ml of a 10 vol% methanol solution that had already been adjusted to pH using NaOH; subsequently, 6 ml of an aqueous CTAB (0.068 mol/L) solution was added. Thereafter, TEOS (1.2 ml) was added dropwise to the solution, and the resulting dispersion was stirred for 0.5 h. The resulting core-shell nanoparticles were separated through centrifugation and washed with ethanol.
2.4 Synthesis of porphyrin-like mesoporous carbon nanozyme
The Ta-ZIF-8@mSiO2 core@shell sample was pyrolysed at 800°C for 2 h under flowing N2 and thereafter allowed to cool slowly to room temperature. The pyrolysed sample was subsequently etched with a 4 M NaOH solution to remove the mSiO2 shell, followed by centrifugation and washing with deionised water several times until the supernatant was neutral.
2.5 Characterization
The morphology of the nanozyme was characterised using transmission electron microscopy (TEM; JEM-2010 ES500W, Japan) and field emission scanning electron microscopy (SEM; Zeiss Merlin Compact). SEM images were captured, and energy-dispersive spectrometry (EDS) mapping was performed using a TESCAN MIRA4 instrument. TEM was performed using a Titan G260-300 field-emission electron microscope. Particle distribution analysis was performed on a Malvern Zetasizer Nano ZS90 instrument. Powder X-ray diffraction patterns were measured on a Bruker D8 Advance 25, and the data were collected in the range of 5–45° at a scan rate of 15 min−1. Fourier-transform infrared spectroscopy was performed using a Thermo Scientific Nicolet 6700 spectrometer.
2.6 Cell counting kit-8 assay (CCK8 assay)
HeLa cells were seeded into 96-well plates at a density of 4000 cells/well and incubated overnight. Thereafter, the cells were treated with Ta–carbon nanozyme and administered 0 or 6 Gy RT. Cell viability was detected using CCK8 reagent (HY-K0301, MCE), as instructed. Briefly, 10 μL CCK8 reagent with 90 μL serum free medium was added to each well and cultured for 1 h in a 37°C incubator. Optical density values at 450 nm were measured using a microplate reader (ELx800, BioTek, United States).
2.7 Colony formation and cell cycle assays
Colony formation assays were used to assess the effectiveness of Ta–carbon nanozyme for radiosensitisation. Cells were evenly seeded into 6-well plates (1000 per well) and incubated for 10–14 days after different treatments. Thereafter, the cells were fixed in methanol for 20 min, stained with crystal violet solution for 15 min, washed in PBS, air-dried, and photographed. Finally, colonies (more than 50 cells) were counted manually using a microscope (0D140BC, Ningbo Shunyu Instrument Co., Ltd.). For cell cycle distribution, cells were collected, fixed overnight in 75% ice-cold ethanol, and incubated with propidium iodide (PI) solution (Seville, Wuhan, China) with RNase for 30 min at 37°C protected from light. The cell cycle distribution was examined using a CytoFLEX flow cytometer (Beckman Coulter, United States) and visualised using Modfit software (Version 3.1).
2.8 Transwell migration and invasion assay
Transwell assays were performed to determine the migration and invasion abilities of HeLa cells. Cells in a suspension containing 200 μL of serum-free DMEM medium at a density of 5 × 105/ml were inoculated in Transwell chambers (Corning, NY, United States) with or without matrix gel coating, subsequently placed in 600 μL of DMEM medium with 20% FBS, and incubated for 24 h in a 37°C incubator. Thereafter, the cells were fixed in 4% paraformaldehyde, stained with 0.1% crystalline violet, and the inside of the chambers was wiped off with a swab. Five random fields from each chamber were selected for analysis. The images were photographed and collected using an inverted microscope.
2.9 Apoptosis and live/dead assay
To detect the cell apoptosis rate, we used the Annexin V-FITC/PI (#KGA108, KeyGen Biotech, China) double staining method. A total of 106 cells were suspended in 500 μL binding buffer containing 5 μL AnnexinV-FITC and 5 μL PI. The cells were incubated in the dark at room temperature for 15 min and quantified using FACS analysis. The data were analysed using FlowJo software (version 10). To distinguish living cells from dead cells, a Calcein/PI Cell Viability/Cytotoxicity Assay Kit (#C2015M, Beyotime Biotechnology, China) was used to perform the live/dead assay. Cells were incubated with Calcein AM/PI assay solution at 37°C for 30 min and thereafter observed under a fluorescence microscope, where Calcein AM stained live cells with green fluorescence and PI stained dead cells with red fluorescence.
2.10 Intracellular reactive oxygen species (ROS) generation
An ROS assay kit (#S0033S, Beyotime, China) using the fluorescent probe DCFH-DA was used to assess the intracellular levels of ROS. The DCFH-DA probe was diluted with 1:1000 in serum-free medium and incubated with cells at 37°C for 30 min before detection of ROS levels through flow cytometry or fluorescence microscopy.
2.11 γ-H2AX immunofluorescence analysis
To assess the extent of DNA damage, we performed immunofluorescence analysis to detect phospho-histone-H2AX (γ-H2AX) foci. After RT, the cells were incubated for 2 h and thereafter fixed with 4% paraformaldehyde and Triton X-100 permeated cells. After three washes with PBS, add anti-phosphorylated histone γ-H2AX rabbit monoclonal antibody (#9718, CST, United States) diluted 1:1000 and incubated overnight at 4°C. The next day, the sections were incubated with cy5-conjugated goat anti-rabbit secondary antibody (#GB27303, Servicebio, China) for 1 h at room temperature, stained with DAPI (#C1006, Beyotime, China) for 5 min, and observed under a fluorescent microscope (DMI3000B, Leica, Germany).
2.12 In Vivo anti-tumor study
All experiments involving mice were approved by the ethics committee of Tongji Hospital. Six-week-old female BALB/c nude mice were purchased from Jiangsu Jicui Yaokang Biotechnology and bred in-house under specific-pathogen-free conditions. HeLa cells (1 × 106/100 μL) were subcutaneously injected into the right lower buttocks of the mice. When the volume of the tumor reached approximately 200 mm3, the mice were randomly grouped into four groups (five mice per group): 1) saline; 2) Ta–carbon nanozyme; 3) saline + RT; and 4) Ta–carbon nanozyme + RT. Tumor volume and body weight of the mice were recorded every other day and maintained until the 14th day. Tumor volume was measured as follows: tumor volume (mm3) = maximum length (mm) × vertical width (Gong et al., 2021) (mm2)/2. At the end of the experiment, orbital blood was extracted from the mice and they were sacrificed through cervical dislocation. Tumor tissue and major tissue organs were removed and fixed with formalin or frozen directly in an 80°C refrigerator to prepare paraffin or frozen sections, respectively.
2.13 H&E staining, immunohistochemistry, DHE and HIF-1a
Paraffin sections of tumor tissues were stained with haematoxylin and eosin (H&E) to examine the morphology, structure, apoptosis, and necrosis of the tumor cells. For the proliferation ability of cells, we detected the expression level of Ki-67 through immunohistochemical staining with a Ki67 antibody (#27309-1-AP, 1/400 dilution, Proteintech, China). Dihydroethidium (DHE) and immunofluorescence of HIF-1A were performed to assess oxidative stress and hypoxia levels in tumor tissues.
2.14 Biosafety evaluation
To determine the biosafety of Ta–carbon nanozyme, the blood supernatant of mice was collected to detect liver and kidney functions. In addition, paraffin sections of heart, liver, spleen, lung, and kidney were stained with H&E.
Statistical analysis
All statistical analyses were performed using the GraphPad Prism 8.0.2 software. Data are presented as the mean ± standard deviation. Two-way analysis of variance (ANOVA) or two-tailed Student’s t-test were used to evaluate statistical significance. A p value less than 0.05 were regarded as statistically significant (*p < 0.05, **p < 0.01, and ***p < 0.005).
3 RESULTS AND DISCUSSION
3.1 Synthesis and characterization of Ta-carbon nanozyme
The synthesis of Ta–carbon nanozyme is illustrated in Scheme 1. In previous studies, Ta-modified MOF-derived mesoporous carbon nanozymes were first synthesised. The complete synthesis procedure did not involve complex conditions for the steady synthesis of Ta–carbon nanozymes. First, the surface morphology and composition of the Ta–carbon nanozyme were characterised by SEM, TEM, and EDS. As shown in Figure 1A, the prepared Ta–carbon nanozyme had a uniform spherical structure with an average size of approximately 300 nm, which was also confirmed by the TEM image (Figure 1B) and dynamic light scattering (Supplementary Figure S1). The composition distribution was investigated in detail through high-angle annular dark-field scanning TEM mapping, as shown in Figures 1C–E. The EDS data showed that C and Ta were present in the Ta–carbon nanozyme (Supplementary Figure S2). The activity of Ta-carbon nanozyme before and after soaking in water for 14 days indicating its good stability (Supplementary Figure S3). The crystal structure of the Ta–carbon nanozyme was characterised by X-ray diffraction (XRD). The XRD pattern (Figure 1F) exhibited a wide diffraction peak indexed to carbon. After investigating the nanozyme activity, the Ta–carbon nanozyme was observed to have CAT-like activity that can catalyse the decomposition of H2O2 to generate O2 and H2O. The amount of O2 produced in the system depended on the concentration of H2O2 in the reaction system. As shown in Figure 1G, with increasing H2O2 concentration, the rate of oxygen generation also increased.
[image: Figure 1]FIGURE 1 | Characterization of the Ta-PMCS. (A) SEM image of the Ta-PMCS; (B) TEM image of the Ta-PMCS; (C) HAADF image of Ta-PMCS; (D,E) Elemental mapping images of C, and Ta. (F) PXRD of Ta-PMCS; (G) catalase-like activity of Ta-PMCS.
3.2 Ta-carbon nanozyme exerts radiosensitization in vitro
The CCK-8 assay detected the cell viability of Ta–carbon nanozyme at 0 and 6 Gy with different concentration gradients (Figure 2A). When the Ta–carbon nanozyme concentration reached 60 μg/ml, the cell survival rate decreased to approximately 50%, whereas only 22% of the Ta–carbon nanozyme combined with the RT group. These results suggest that the exposure of HeLa cells to Ta–carbon nanozyme following combined RT can significantly reduce the proliferative activity of the cells. Thereafter, we used a concentration of 30 μg/ml of Ta–carbon nanozyme and 6 Gy as the radiation dose for subsequent experimental validation. Meanwhile, the clone formation assays (Figure 2B) indicated that pretreatment with Ta–carbon nanozyme combined with RT significantly inhibited proliferation and colony formation, with an inhibition rate of 74%, which was 26% and 28% in the RT and Ta–carbon nanozyme groups, respectively (Figure 2C). These results support the view that Ta–carbon nanozyme combined with RT has a greater inhibitory effect on HeLa cell proliferation than either Ta–carbon nanoparticles or irradiation alone, indicating that Ta–carbon nanozyme and RT can both suppress cell proliferation and have a synergistic effect. In addition, given that the capacity of tumor cells to migrate and invade is closely related to cancer progression, metastasis, recurrence, and poor prognosis, we conducted transwell experiments to assess the effect of Ta–carbon nanozyme combined with RT on the invasive and migratory capacity of HeLa cells. As anticipated, compared with exposure to Ta–carbon nanozyme or RT alone, after treatment with Ta–carbon nanozyme and RT, the ability of HeLa cells to migrate and invade was significantly weakened (Figure 3). To assess the anti-tumor effect, the apoptosis rate and cell cycle arrest induced by the control, Ta–carbon nanozyme, RT, and Ta–carbon nanozyme + RT were evaluated through flow cytometry. Apoptosis is a key mechanism underlying anticancer effects and radiosensitivity in tumor therapy. In Figures 4A,B, the apoptosis results and apoptosis rates of the different treatment groups are illustrated. When the cells were exposed to Ta–carbon nanozyme and RT separately, the apoptosis rates were 9.75 and 13.18%, respectively. When the two were used in combination, the apoptosis rate increased further and reached 36.29%, indicating that the Ta–carbon nanozyme has a RT-enhancing effect. The cell cycle distribution of the different treatment groups is shown in Supplementary Figure S4. The Ta–carbon nanozyme alone did not block the cell cycle in the G2/M phase before radiation treatment. In comparison to the RT group, Ta–carbon nanozyme combined with RT slightly arrested the cell cycle in the G2/M phase, and it is widely believed that blockade in the G2/M phase triggers the apoptotic cell death. To further evaluate the therapeutic effect of Ta–carbon nanozyme under normoxic and hypoxic conditions, calcein-AM (live cells) and PI (dead cells) staining was performed on HeLa cells. Under normoxia, green fluorescence was observed in almost the entire field of vision, with nearly no cell death in the control group. Under hypoxic conditions, the tumor cell-killing ability of the RT group was weaker than that of the normoxic group. However, the killing ability of the Ta–carbon nanozyme + RT group was comparable to that of the normoxic state, indicating that the Ta–carbon nanozyme has a CAT-like catalytic ability to alleviate the hypoxic state of tumor cells (Figure 5). To understand the sensitisation mechanism of RT in depth, ROS and γ-H2AX levels were measured. ROS are mainly derived from mitochondria and contribute to the level of oxidative stress in cells. Previous studies have reported that ROS can damage proteins, cause DNA damage, and induce apoptosis. Thus, we measured ROS levels in each group, as shown in Figure 6. According to the FCM results, intracellular ROS levels were elevated in cells treated with Ta–carbon nanozyme alone, 2.5 times higher than in the control group and 2 times higher than in the RT alone treatment group. When Ta–carbon nanozyme was combined with RT, ROS levels were 2.4 times higher than those in the RT group. Fluorescence microscopy images confirmed this change in the ROS levels (Supplementary Figure S5). This implies that more DNA DSBs can be generated, resulting in a sensitising effect of RT. The generation of DSBs in cancer cells offers a deeper understanding of radiation-induced lesion development within these cells, and the measurement of γ-H2AX levels is a highly sensitive tool for identifying DSB generation in response to irradiation. Therefore, nuclear γ-H2AX foci were measured through immunofluorescence staining with different treatment groups (Figure 7). Cells treated with Ta–carbon nanozyme + RT demonstrated a significant increase in the number of DSBs compared to cells treated with Ta–carbon nanozyme or RT alone. The observed increase in DNA damage may be due to cellular uptake of Ta nanoparticles, increasing the dose of RT precipitation, and relieving intracellular hypoxia in tumor cells, leading to the formation of more γ-H2AX lesion. The quantitative assessment of γ-H2AX foci density revealed that the γ-H2AX foci levels were 1.6-fold higher in the Ta–carbon nanozyme + RT treatment group than in the RT treatment group, illustrating the potential of Ta–carbon nanozyme as an effective radiosensitizer.
[image: Figure 2]FIGURE 2 | Assessment of the anti-proliferation ability of Ta-PMCS in vitro. (A) CCK-8 assay of HeLa cells treat with Ta-PMCS or Ta-PMCS + RT at different concentration gradients. (B,C) Colony formation assays were used to detect the proliferation of HeLa cells treated with the control, Ta-PMCS, RT or Ta-PMCS + RT. *p < 0.05, **p < 0.01, ***p < 0.005.
[image: Figure 3]FIGURE 3 | The migration and invasion ability of HeLa cells treated with the control, Ta-PMCS, RT or Ta-PMCS + RT were detected by Transwell assay (scale bar: 50 μm).
[image: Figure 4]FIGURE 4 | Annexin V-FITC/PI dual-staining was used to assess the apoptosis rates of HeLa cells. (A) Control; (B) Ta-PMSC (20 ug/mL); (C) RT (6 gy); (D) Ta-PMSC (20 ug/mL) + RT (6 gy). *p < 0.05, **p < 0.01, ***p < 0.005.
[image: Figure 5]FIGURE 5 | Fluorescence images of HeLa cells co-stained with Calcein AM (live cells, green) and PI (dead cells, red) treat with the control, Ta-PMCS, RT or Ta-PMCS + RT under hypoxia (1% O2) and normoxia (21% O2) conditions (scale bar: 50 μm).
[image: Figure 6]FIGURE 6 | ROS levels were measured by flow cytometry after treat with different treatments. (A) Control; (B) Ta-PMSC; (C) RT; (D) Ta-PMSC + RT; (E) merged imaged of (A), (B), (C) and (D). (F) Mean fluorescence intensity of ROS generation. *p < 0.05, **p < 0.01, ***p < 0.005.
[image: Figure 7]FIGURE 7 | Immunofluorescence staining of γ-H2AX of HeLa cells treated with the control, Ta-PMCS, RT or Ta-PMCS + RT to assess DNA damage (scale bar: 50 μm).
3.3 Tantalum-carbon nanozyme composites inhibited tumor growth in vivo
Considering the biological properties of Ta–carbon nanozyme, such as favourable anti-tumor effects in vitro by increasing ROS levels and alleviating hypoxia in the tumor microenvironment, we further investigated the inhibitory effect and biosafety of Ta–carbon nanozyme in a HeLa cancer-bearing mouse model. A total of 106 cells were subcutaneously injected into the mice to construct HeLa tumor-bearing BALB/c nude mice. At the time point when the tumor volume was 200 mm3, the mice were divided into four groups (n = 4): 1) saline solution group, 2) Ta–carbon nanozyme group (8 mg/kg), 3) RT group (6 Gy), and 4) Ta–carbon nanozyme + RT group (8 mg/kg, 6 Gy). The mice were administered saline or Ta–carbon nanozyme via the tail vein at a dose of 8 mg/kg once every other day three times, followed by 0 or 6 Gy RT 24 h later, respectively. Tumor volume and body weight were measured every alternate day for each group of mice. Thereafter, the mice were sacrificed on day 14, and the tumors were weighed simultaneously. The gross appearance of the tumor is shown in Figure 8A. As shown in Figures 8B,C, the tumor volume in the saline group (control group) increased rapidly. The Ta–carbon nanozyme and RT alone group exhibited a certain tumor inhibition effect, and the Ta–carbon nanozyme + RT group exhibited the best tumor suppression effect (82%), suggesting that Ta–carbon nanozyme can fully improve the efficiency of RT. There was no severe body weight loss during the observation period among the four groups, indicating minimal systemic toxicity and no significant side effects (Figure 8D). Thereafter, H&E, Ki-67, ROS, and HIF-1a staining were collected from each group of tumor sections. H&E (Figures 9A–D) staining revealed that the Ta–carbon nanozyme combined with RT induced a significant reduction in the number of tumor cells and an increase in the rate of apoptosis or necrosis compared with other treatment modalities. In Figures 9E–H, immunohistochemistry Ki-67 staining results confirmed that the Ta–carbon nanozyme + RT group was the most effective in inhibiting proliferation. We then assessed the oxidative stress and hypoxia levels in the tumor tissue. Measurement of intratumoral ROS generation in mice treated with the DCF exhibited significantly enhanced staining in mice that had been treated with the Ta–carbon nanozyme + RT combination (Figures 10A–D). Because the neoplastic microenvironment in solid tumors is characterised by a typical hypoxic state, it promotes tumor progression and resistance to RT, and HIF‐1α is an important regulator of hypoxia. Therefore, we assessed the expression levels of HIF-1α in tumor tissues using immunofluorescence staining. In comparison with the control group, HIF expression was reduced in the Ta–carbon nanozyme group, indicating that the Ta–carbon nanozyme exhibits peroxidase activity, alleviates hypoxia in the tumor microenvironment, and has the potential for RT sensitisation (Figures 10E–H). These results suggest that the combination of Ta–carbon nanozyme and RT effectively overcomes intratumor hypoxia and enhances oxidative stress levels, thereby enhancing DNA DBS and antitumor effects. In recent years, the excellent performance of nanomaterials in drug delivery, molecular imaging, tumor therapy, and several other applications makes them a promising biomedical application material. The underlying toxicity in vivo is a considerable concern for the use of nanomaterials in pharmaceutical and clinical applications. Thus, at the end of this study, we evaluated the biosafety of the Ta–carbon nanozyme in mice. As shown in Figure 11, the tissue structure and cell morphology of the main organs (heart, liver, spleen, lung, and kidney) stained by H&E confirmed that these nanoparticles had little or no systemic toxicity when administered in vivo. Moreover, the plasma biochemical indices of the different treatment groups were within the normal range, and serum aspartate aminotransferase, alanine aminotransferase, alkaline phosphatase, creatinine, and blood urea nitrogen of the mice did not exhibit any significant abnormalities, implying that the liver and kidney functions were normal (Supplementary Figure S6). The obtained results suggest that the Ta–carbon nanozyme exhibits excellent biocompatibility and may offer a promising strategy for RT.
[image: Figure 8]FIGURE 8 | Tumor growth inhibition after treated with the control, Ta-PMCS, RT or Ta-PMCS + RT in vivo. (A) The gross tumor appearance after treat with different treatments; (B) tumor volume changes in different groups; (C) tumor weight; (D) body weight changes. *p < 0.05, **p < 0.01, ***p < 0.005.
[image: Figure 9]FIGURE 9 | HE and Ki67 staining of tumor sections in different groups (scale bar: 50 μm). (A,E) Control; (B,F) Ta-PMCS; (C,G) RT; (D,H) Ta-PMCS+RT.
[image: Figure 10]FIGURE 10 | ROS and HIF-1α staining of tumor sections in different groups (scale bar: 50 μm). (A,E) Control; (B,F) Ta-PMCS; (C,G) RT; (D,H) Ta-PMCS+RT.
[image: Figure 11]FIGURE 11 | HE staining of major organs in mice injected with different treatments (scale bar: 50 μm).
4 CONCLUSION
In this study, we successfully constructed a viable and efficient Ta–carbon nanozyme with prominent CAT-like activity and ROS amplification to enhance tumor RT by alleviating hypoxia and generating ROS. The synthesis of Ta–carbon nanozymes is simple, convenient, and low-cost, without the requirement of multiple enzymes and complicated reactions. It exhibits CAT-like activity and catalyses the decomposition of H2O2 to generate O2 and H2O, improving the production of oxygen in the tumor microenvironment. Additionally, with a higher atomic number of TA, its absorption capacity for X-rays is strong, which can increase the dose of radiation precipitation, and the ROS produced can cause more DNA DSBs, thereby enhancing the effect of RT. In a human cervical cancer model, the tumor suppression rate of the Ta–carbon nanozyme combined with the RT group was more than 80%, which was markedly higher than that of RT alone group (62%). In addition, H&E staining of important organs and liver and kidney functions demonstrated that the Ta–carbon nanozyme had no clear toxic side effects in vivo. Therefore, this study provides a simple, feasible, clinically valuable, safe, and effective RT treatment strategy for overcoming RT resistance.
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@Strong optical absorbance and utiization for PTT, PAI

@ Unique electrical property

@Easy surface modiication

@ High surface-to-volume ratio

@ Thermal stabilty

@ High photoluminescence quantum yield

@ Utiization for PTT, CDT, PDT

@ Good biocompativilty

@ High photothermal conversion efficiency

@ Cheap and simple manufacturing method

@ Biodegradability and rapid metabolism

@ Optical and electrical properties better than carbon-based metal NPSs and sulfur-
based metal NPSs

@ For making photosensitizers

@Facile diffusion of ROSs through their porous structures

@ High specific surface area

@ Controllable size, shape and function of the pore
@Efectively enhance the ROS generation effect
@High PSs loadings

Disadvantages

@ Limited stabiity under aqueous conditions.

®Ag NPs with diameters less than 200 nm are prone to
aggregation
@ Potential toxicity

@ Dark toxicity
@ DNA mutation
@Being exdited only by short-wave visible light

‘@Most Ir complexes are water-insoluble

@ Limited stabilty under aqueous conditions
@ Toxicity accumulation of NPs
@Physical damage from magnetic guidance

@ Potential toxicity
@ Limited biodegradabiity

@ Low drug loading capacity
@ Low quantum yield and superheating effects under
980 nm light source:

@Induce inflammatory reactions and cytotoxicity

@ Limited biodegradabiity

@ Low utilization of visible light

@Expensive and complex synthetic method

@ The degradation products have potential toxicity
@Kiling efficiency on hypoxic tumor cells is limited

@®Wezak absorption in the biowindow and low photo
catalytic activity in a TME

@ The inherent instabilty of BP NSs and BP QDs in
water-air environments

@ Complex design, lengthy preparation steps and high
operating costs

@ Early clearance by body immune system
@Off-target acoumulation

@ Untimely drug release abilty
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Nanoliposomes @ Biocompativilty and biodegradabilty @ Low drug loading capacity
@High structural flexibility @ Limited stabilty in vivo
@Targeted delivery and triggered release @ Uncontrolled drug leakage
@Easy and diverse surface modification @ The inevitable seif-quenching effect of water-insoluble PSs
@Prolonged tissue penetration and retention of PSs

MSNs @ Large specific surface area and huge specific pore volume @ The larger the specific surface area, the greater the cytotoxicity

@Easy and diverse intemnal and external surface modification
@High loading efficiency
@High targeting

Dendrimers @ Controliable molecular size @ High molecular weight, high-densiy surface positive charge increases the toxicity of
‘@Large number of terminal functional groups dendrimers
@ Large number of cavities in the molecule

Hydrogels @Good biocompatibility @ Low mechanical strength
@Eficient adhesion to biotic surfaces @Poor repeatabiity of material properties
@Delivery of hydrophilic drugs

Polymers @The designability and diversity of composition, structure and @ Limited storage stabiity
function
‘@Diverse surface modification @ Potential toxicity
@High loading efficiency and sustained release @ Limited loading capacity for hydrophic drugs
@®Good circulation stabilty @ Complex synthesis process

@Improve PSs solubilty, permeabity, and targeting
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Polymer micelles

Bimetalic NPs.

Semiconducting polymer NPs

M-RP/BP@ZnFe,0, (Kang et al., 2022)

PPa-CPD (Sajjad et al., 2022)

ToHAU@Pt-PEG-Ce6/HA (Bu et al., 2021)
Aw/Ag NR (Jin et al., 2021b)

(BI/BIO-based lateral nano-
heterostructure (Qiu et al., 2021)
IrO,-Gox@HA NPs (Yuan et al., 2022a)
Mn-ZGGO (Ding et al., 2021b)
ICG@PEI-PBA-HA/CeO, (Zeng et al.,
2021)

UGTM NPs (Cheng et al., 2021)
CM@UCNP-RO/PTD (Jin et al., 20212)
MC540/MNPS@MIPS/UCNP (Lin et al,
2021b)

Mo,C@N-Carbon-3@PEG (Hou et al.,
2022)

E8 (Ding et al., 2021a)

UI0@Ca-Pt (Ren et al., 2021)
MIL-101(Fe)@TCPP (Chen et al., 2021b)
NMOF@SF/TPZ (NST) (Yu et al,, 2022)
Ag-AgCI@AU NMs (Liu et al., 2021)

Ce6-SB3CT@Liposome (Lip-SC) (Liu
etal, 2021a)

HMSN@Au@MnO,-Fluorescein Derivative

(HAMF) (Chen et al., 2021c)
AuNCs@mSiO>@MnO; (Yin et al., 2021)

CCT-DPRS (Mindit et al., 2018)

OPeH (Liu et al., 2021b)

(PFFA)-Ceb (Tseng et al., 2021)
MPEG-S-S-PCL-Por (MSLP) (Xia et al.,

2021)
ICG/CAC-LDH (Wang et al., 20213)

AuyBis-SR NPs (He et al., 2021a)
Micelle-Ir (Liu et al., 2021¢)

MIP/Ce6 (i et al, 2021a)
C05S,-ICG (Jiang et al., 2021b)

FeS,@SRF@BSA (Feng et al., 2021)
Zr-MOF@PPa/AF@PEG (Wang et al.,
2021b)

AUGMOF-FA (Cai et al., 2021b)
Lip(PTQ/GA/AIPH) (Dai et al., 2021b)
M(AID@PI-PEG-RGD (Zhang et al., 2021d)

P-NPs (Zhong et al,, 2021a)

DOX-CA4P@Gel (Zhong et al., 2021b)

IR780/PTX/FHSV miceles (Yang et al.,
20212)
Au-AgNP-Ag-HM (Wang et al., 2021c)

PSBTBT-Ce6@Rhod NPs (Bao et al.
2021)

photosynthesis
ZnFe,0; enhances the productiity of ROS through the
Fenton reaction and can also induce apoptosisin MB-231
cels through oxidative stress

PPa enhances the photocatalytic performance of
photosensitizers via covalent and - interactions
Oxygen enrichment in tumor and PDT by Pt

Increases heat and ROS production by altering the
amount of Ag*, triggering ICD in tumor cells
Oxygen-independent PDT using BIO,

Enhancement of type Il PDT by GOx and IrO, NPs
Oxygen-independent PDT using MnO; shell

CeO; catalyzes H,0, to O, through Ce®*/Ce** cerium
valence cycling

Oxygen-enriching role of thylakoid membranes of
chloroplasts in tumors and photodynamic therapy
PEG-TK-DOX releases DOX in response to ROS and
prevention of tumor metastasis by CD73 antibody
Using MIPs to target tumor cells and prevent PD-1/PD-L 1
immune blockade

Photocatalytic Oxygen Generation by Mo,C

Targeting anoxic TME and catalyzing H,0; to produce O,
using engineered Escherichia col

Increase intracellular oxygen content by endogenous
oxygen through CaO and Pt

Fenton reaction increases intracellular oxygen levels

Disturbed redox metabolism in tumor cells caused by
GSH depletion and Fenton reaction oxygen enrichment
Au nanorods produces O through a photocatalytic
reaction

The released SB-3CT can effectively activate NK cells and
enhance the immune system by inhibiting the shedding of
soluble NKG2D ligands

Enhancement of intracellular oxygen level by catalytic
reaction of MO, and Au NPs

Acid-TME-responsive dual nanozyme-catalyzed reaction
to enhance intracelular oxygen level via MO,
nanosheets

CaF2NPs convert low-dose X-radiation to Wei-green light
to excite Rb to generate ROS, while releasing SU to infibit
tumor angiogenesis

MnO, NPs convert H,0; to O, which further promotes
the generation of 'O, from PpiX and improves the
generation efficiency of 'O,

Using perfluorocarbons to increase intracelular oxygen
levels

Ampiifies oxidative stress intumor cells by depleting GSH
and producing ROS

Induces intracelular GSH depletion through redox
reactions, and can also be decomposed to generate Cu+
and CeB+, which stimulates Fenton-like reactions to
generate OH

The photothermal effect of NPs is enhanced by the
introduction of Bi

Promotion of singlet oxygen generation and photothermal
effect via BODIPY-Ir

PTT by IrO, and TME-responsive PDT by MnO,
Promoting Fenton reaction to generate ROS through PTT

The combination of Fenton-fike reaction and PDT
enhanced ROS production and antitumor effect
Zr-MOF@PPA/AF@PEG take advantage of the PDT-
induced hypoxia to activate HIF-1 inhibitor AF to enhance
the anti-tumor effect and achieve the synergistic PDT-
chemotherapy (PDT-CT) therapeutic effects
Fe,O(0AC)o(H20}**-mediated Fenton reaction and Au
nanorod-mediated PTT

PTDT/PTT/PDT synergistic therapy via PTT, PTDT
prodrug and GA

Synergistic treatment of chemotherapy, PTT and PDT by
ICG and DOX

Synergistic chemophotodynamic therapy that releases
PTXin response to high concentrations of glutathione and
H,0, in tumor cells increases intranuclear PSs through
nuclear membrane disassembly

The gel can be slowly degraded under acidic TME, and
DOX and CAAP are released in different time sequences
for tumor therapy

Release of PTX and IR780 in response to GSH for
chemophototherapy

The imaging of intracellular caspase-3 and ROS by DEVD
and Au-Ag-HM differentiates cancer cels from normal
cells

PSBTBT NPs loaded with Rhodamine B and Ce for
combined PTT/PDT therapy
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progesterone  poly-L-serine/AuNPs/MWCNTs ~ CV, EIS human serum 1-2000 200 Naderi and Jalali, (2020)
progesterone  MGO DPV, CV tap water 1% 107-1000 15 x 107 DishaKumari et al. (2021)
progesterone  Fe;0,@5i0,@ EIS milk 0.001-6 3x10° Liet al. (2020)
TiO,~NH,-aptamer-cDNA
progesterone  BSA/aptamer/GQDs-NiO- DPV human serum, 10-100 18 x 10° Samie and Arvand, (2020)
AuNFs/f-MWCNTs pharmaceutical
products
progesterone  aptamer-Au-CuO-Cu,0/ photoelectrochemical  human serum 0.5-180 017 Zhu et al. (2020)
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17-estradiol  NiFe,0,-MC CV, DPV, SWV drug tablets 20-566 688 Tanrikut et al. (2020)
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(2021)
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CNC/CNT
cortisol MWCNTS/CMK-3/AgNPs CV, DPV human saliva 27 x 25 x 10 Huang et al. (2021)
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1-NPP, 1-Naphthyl phosphate; DTSP, dithiobis (succinimidyl propionate); GA, glutaraldehyde; CNC, carbon nanotube; CNT, cellulose nanocrystal; CMK-3, ordered mesoporous carbon

CMK-3; Cys, Cysteamine; DSP, thiol cross-

inker.





OPS/images/fbioe-10-993015/fbioe-10-993015-g001.gif





OPS/images/fbioe-10-993015/crossmark.jpg
©

|





OPS/images/fbioe-10-991949/fbioe-10-991949-t001.jpg
Nanomaterials Particle sizes Antioxidants Antioxidant activity Treatment of References

disease
Ce0,@ZIF-8 About 100 nm Ce0, SOD, CAT ischemic stroke He et al. (2020)
SOD@ZIF-§ About 150 nm SOD SOD Noise-induced hearing loss Zhang et al. (2022)

ZIF-8@PB-QCT About 100 nm PB-QCT SOD, CAT Parkinson’s disease Liu et al. (2021b)
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Type

Neoantigen vaccines

mRNA-based vaccines

Biomimetic nanobiomaterials-based
nanovaccines

Delivery platform

HOL nanodisk
Acid-activatable micellar
nanoparticle
a-melitin-NP

AC-NPs
NPs

RNA-LPX
LNPs

A2-LNPs
RNA-NPs

C1LNP

CPG-CCNP
MOF@FM

PLGA

PEl modified macrophage
membrane

APC-MS

R-aAPC-IL2

Immunological effects

Inducing high levels of antigen-specific CTL responses.
Inducing interferon-  secrete and promoting the activation of T cells and
neoantigens.

Inducing increased activation of APCs and increased antigen-specific CD8*
T cell response.

Resulting in stronger activation of CD8 + T cels.

Inducing DC maturation, presenting new antigens to CD8" T cels, and
enhancing the effect of CD8* CTL activation

Triggering plasma lie DCS and macrophages to release interferon-a (FN-a).

Activating CD8 T cells after single immunization.

Inducing tumor-infitrating antigen-specific T cells and IFN-y strong secretion.
Activating high levels of PDL1* CD86* myeloid cells.

Inducing the expression of inflammatory cytokines by stimulating the TLR4
signaling pathway of DCs.

Triggering T cell proliferation.

Inducing IL-6 and IFN-y secretion.

Enhancing the uptake and maturation of bone marrow derived DCs.
Promoting antigen uptake and prolferation, and finally triggering the effective
activation of T cells and strong T cell specific immune response.

Promoting the polyclonal expansion of human T cels.

Promoting the proliferation of antigen-specific CD8 + T cells and increasing the
secretion of Inflammatory cytokines.
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