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Editorial on the Research Topic
Bio-Inspired Nanomaterials in Surface Engineering and Bioapplications

Bio-inspired nanomaterials, as a class of easy-to-use biomaterials, have emerged as versatile tools for biosensing, bioimaging, biocatalysis, antibacterial treatment, and biotherapy, and have demonstrated their usefulness in addressing a wide range of biomedical challenges (Huang et al., 2015; Madamsetty et al., 2019; Kumar et al., 2020; Lai et al., 2021). By using diverse chemical modification or biological interaction on the surface, the functional nanomaterial can be constructed to recognize the specific site in complex environments both in vitro and in vivo. While many biological systems require a highly specific lock-and-key approach for molecular interaction, surface engineering provides an alternative method to create specificity of biofunctional nanomaterials (Wu et al., 2016; Kankala et al., 2020). Attaching biological molecules, such as nucleic acids, proteins, and antibodies, at the surface of nanomaterials is a crucial condition to ensure the biosafety of nanomaterials. The primary feature of an advanced nanomaterial is that it provides low toxicity, high biocompatibility, and unique stimulus responses such as light, electricity, and magnetism, which expand its bioapplications (Reddy et al., 2012; Ge et al., 2021; Li et al., 2021).
To present state-of-the-art research in this field, we launched a Research Topic in Frontiers in Chemistry entitled “Bio-Inspired Nanomaterials in Surface Engineering and Bioapplications.” This Research Topic included 11 articles, including 6 original research articles, 3 reviews, and 2 mini reviews, which covered the field of surface treatment, biosensors, tissue engineering, cancer therapy, and other bioapplications.
Several works focus on the surface engineering of nanomaterials because new surface chemistry represents a revolutionary direction in functional biomaterials and has become a topic of interest. Liu et al. reviewed the significant progress in the surface functionalities of metallic implants regarding their physical structure, chemical composition, and biological reaction by surface treatment and bioactive coating. They have presented a perspective on the current challenges and future directions for development of surface treatment on 3D-printed implants. Zhang et al. summarized the existing electroless plating methods for carbon nanotubes, and their applications including electrical, mechanical, thermal, tribological, corrosion resistance, and magnetic properties were discussed in detail. This review is critical for the future research and improvement of electroless metal/alloy nano-coating of carbon nanotubes.
Regarding the application examples, the integration of biomolecules or surface treatment can endow biosensors with high sensitivity and selectivity. Lin et al. developed a sensitive electrochemical biosensor using carbon dots-Fe3O4 nanomaterial (CDs-Fe3O4) for E. coli O157:H7 detection. The functional electrochemical biosensor showed a wide detection range from 10 to 108 CFU/ml and a low detection limit (6.88 CFU/ml). This method has been successfully used to determine E. coli O157:H7 in milk and water samples. Meanwhile, a mini-review summarized the design principle and biosensing application of a pH-responsive DNA motif including triplex DNA, i-motif, and A+-C mismatch base pair-based DNA structures (Zheng et al.). They pointed out that the modification of those DNA motifs into single-cell and modulate intercellular functions will be challenging for future studies.
In the direction of tissue engineering, Han et al. introduced a nanofiber mat with dual bioactive components and a biomimetic matrix structure to improve osteogenesis capability. By combining homogeneous blending and electrospinning technology, the nanofiber mat showed sufficient mechanical properties and a porous structure suitable for cell growth and migration, which have great potential in the application of bone repair materials. By mimicking the composition of the extracellular matrix of native tissues, Xing et al. reported an injectable hydrogel tissue adhesive with excellent biocompatibility. The measured adhesion ability was higher than that of the commercial Porcine Fibrin Sealant Kit, indicating the novel injectable hydrogel might be a promising candidate for a soft tissue adhesive.
Target-triggered nanomaterials have been considered as potential delivery systems, which could achieve the targeted delivery of antitumor drugs, reduced cytotoxicity, and enhanced therapeutic efficacy. Zhou et al. used the redox-responsive star-shaped polymeric prodrug (PSSP) and the dimeric prodrug of paclitaxel (diP) to prepare a co-delivery system (diP@PSSP) for intracellular drug release in tumor cells. The redox-responsive diP@PSSP micelles possessed high drug-loading content of paclitaxel as high as 46.9% and excellent stability. The polymeric prodrug of diP@PSSP micelles also demonstrated good biocompatibility in red blood cells and had a therapeutic effect in HeLa cells. The original research article from Fang et al. reported polypyrrole (PPy)-modified Fe3O4 nanoparticles (PPy@ Fe3O4 NPs) on inhibiting growth and metastasis of non-small cell lung cancer by a combination of photothermal therapy (PTT) and chemodynamic therapy (CDT). PPy was used as a photothermal agent to construct nanocomposites because of its high photothermal conversion efficiency and exceptional photostability. The in vitro and in vivo studies displayed that PPy@Fe3O4 NPs were excellent near-infrared (NIR) sensitive magnetic resonance imaging (MRI)-guided synergistic chemodynamic/photothermal cancer therapy agents, which could decrease the levels of MMP2, MMP9, and MMP13. It provides a new therapeutic strategy for non-small cell lung cancer. As another example, Xia et al. reported a glucose oxidase (GOx)-loaded hydrogel with a pH-sensitive NIR-II photothermal effect for combinational cancer therapy at mild temperature. The hydrogels were engineered via coordination of alginate solution containing pH-sensitive charge-transfer nanoparticles (CTNs) as the second near-infrared (NIR-II) photothermal agents and GOx. Through consuming glucose, the hydrogel mediated starvation therapy, which not only led to exhaustion of tumor cells, but also resulted in aggravated acidity in the tumor microenvironment and downregulated expression of HSP90. By integration of mild NIR-II PTT and starvation therapy, the proposed hydrogel was able to suppress the growth of subcutaneously implanted tumors and completely prevent lung metastasis in a breast cancer murine model. Yu et al. briefly introduced the rational design, construction, and working mechanisms of NIR photoactivatable agents and summarized the recent progress of NIR photoactivatable immunomodulatory nanoparticles for combinational cancer immunotherapy. They described that NIR photoactivatable immunomodulatory nanoparticles might have great potential for clinical treatment of major diseases such as cancer, infectious diseases, and autoimmunity. Zhang et al. discussed recent developments of biomimetic nanomaterials in ferroptosis-related cancer nanomedicine. Many ferroptosis-related nano-inducers have unexpected disadvantages including low circulation time, immune exposure, and ineffective tumor targeting. Biomimetic nanomaterials may be able to provide new solutions to these limitations due to their unique physicochemical properties.
Bio-inspired nanomaterials have a wide range of applications. The contributions in this Research Topic provide various kinds of nanomaterials with unique surface treatment and bioapplications including biosensor, drug delivery, cancer therapy, and tissue engineering functions. The design, fabrication, and other applications of functional nanomaterials are still the major focus in this research field. We believe this Research Topic will provide abundant technology to understand the advanced strategies of bio-inspired nanomaterials in broad applications, inspiring novel ideas for future research fields.
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As a promising treatment option for cancer, immunotherapy can eliminate local and distant metastatic tumors and even prevent recurrence through boosting the body’s immune system. However, immunotherapy often encounters the issues of limited therapeutic efficacy and severe immune-related adverse events in clinical practices, which should be mainly due to the non-specific accumulations of immunotherapeutic agents. Activatable immunomodulatory agents that are responsive to endogenous stimuli in tumor microenvironment can afford controlled immunotherapeutic actions, while they still face certain extent of off-target activation. Since light has the advantages of noninvasiveness, simple controllability and high spatio-temporal selectivity, therapeutic agents that can be activated by light, particularly near-infrared (NIR) light with minimal phototoxicity and strong tissue penetrating ability have been programmed for cancer treatment. In this mini review, we summarize the recent progress of NIR photoactivatable immunomodulatory nanoparticles for combinational cancer immunotherapy. The rational designs, constructions and working mechanisms of NIR photoactivatable agents are first briefly introduced. The uses of immunomodulatory nanoparticles with controlled immunotherapeutic actions upon NIR photoactivation for photothermal and photodynamic combinational immunotherapy of cancer are then summarized. A conclusion and discussion of the existing challenges and further perspectives for the development and clinical translation of NIR photoactivatable immunomodulatory nanoparticles are finally given.
Keywords: near-infrared light, nanomedicine, immunotherapy, photoactivation, phototherapy
INTRODUCTION
Immunotherapy is a type of cancer treatment that uses the body’s immune system to fight cancer (Del Paggio, 2018). Different from traditional treatment methods such as surgery, chemotherapy and radiotherapy that can only be effective for local tumors, immunotherapy is able to remove both local and distant metastatic tumors, and even prevent tumor recurrence (Nam et al., 2019; Li et al., 2021). Immune checkpoint blockade therapy, cancer vaccines, and adoptive T cell therapy are three key approaches for cancer immunotherapy (Pardoll, 2012; Kuai et al., 2017; Fraietta et al., 2018). With the approval of different immunotherapeutic agents by the U.S. Food and Drug Administration (FDA), a great success has been achieved for cancer immunotherapy in the clinic (Zhang and Pu, 2020). However, these agents after traditional systemic administration often have non-specific accumulations in normal tissues, resulting in limited therapeutic efficacy and severe immune-related adverse events (irAEs), such as diabetes mellitus, thyroid dysfunction, hypophysitis, myocarditis, and hypokalemia (Boutros et al., 2016; Song et al., 2018b; Chiang et al., 2018; Eun et al., 2019). Nanomedicines can modulate pharmacological profiles of immunotherapeutic agents and integrate additional therapeutic modalities to enhance the antitumor immunity, while these critical concerns of cancer immunotherapy have not been addressed because of uncontrolled release of agents from nanoparticles (Caster et al., 2019; Lim et al., 2019).
Development of smart immunotherapeutic nanoagents with controlled activation is a promising strategy to improve the efficacy and safety of cancer immunotherapy (Li and Pu, 2020; Wang et al., 2021). Activatable immunotherapeutic nanoagents may be specifically responsive to endogenous stimuli in tumor microenvironment, such as lower pH, higher glutathione concentrations, higher reactive oxygen species (ROS) levels, increased expression levels of certain enzymes, and hypoxic conditions to achieve controlled antitumor immunity (Cheng et al., 2018; Im et al., 2018; Chen et al., 2019; Peng et al., 2019; Wang et al., 2019). However, these endogenous stimuli also exist in normal tissues, which often results in off-target immune activation for such immunotherapeutic nanoagents (Tang et al., 2018).
As an external stimulation, light has the advantages of noninvasiveness, good controllability, and high spatio-temporal selectivity, and thus has been widely utilized for photoactivation of therapeutic agents (Karimi et al., 2017). The photoactivatable agents can be formed via incorporating therapeutic molecules with light-sensitive moieties, while most of them only respond to ultraviolet and visible light (100–650 nm) that shows shallow tissue-penetration depth and high phototoxicity (Gnanasammandhan et al., 2016). By contrast, near-infrared (NIR) light (650–1,700 nm) has minimal photodamage and strong penetrating capability in biological tissues, and thus has been employed to regulate the pharmacological activities of immunotherapeutic agents with the development of NIR photoactivatable immunomodulatory nanoparticles (Lin et al., 2017). Moreover, NIR light can be used for photothermal therapy (PTT) and photodynamic therapy (PDT) of tumors in the presence of photothermal agents or photosensitizers, which will contribute to enhanced antitumor immunity (Tao et al., 2014; Yang et al., 2020). Thus, NIR photoactivatable immunomodulatory nanoparticles with controlled activity and multiple therapeutic actions have been developed for combinational immunotherapy of cancer.
We herein summarize recent progress of NIR photoactivatable immunomodulatory nanoparticles for combinational immunotherapy of cancer. Design principles and construction approaches of NIR photoactivatable immunomodulatory nanoparticles and their working mechanisms to achieve regional selectivity of immune activation are briefly summarized. The feasibility of such NIR photoactivatable immunomodulatory nanoparticles for PTT/PDT combinational immunotherapy to obtain an enhanced therapeutic efficacy and biosafety is highlighted with some discussions of their potential concerns. A general conclusion and discussion of existing challenges and further perspectives in this field are then given.
DESIGN OF NEAR-INFRARED PHOTOACTIVATABLE IMMUNOMODULATORY NANOPARTICLES
NIR light can be converted into local heat and singlet oxygen (1O2) by photothermal agents and photosensitizers, respectively, which will allow for on-demand release and/or activation of therapeutic agents (Li et al., 2019a; Li et al., 2019b; Uthaman et al., 2020). In view of the two different mechanisms, immunomodulatory nanoparticles with photothermal and photodynamic activatable pharmacological actions have been designed and constructed for PTT and PDT combinational immunotherapy.
Photothermal activatable immunomodulatory nanoparticles are generally formed via integrating thermal-responsive components into nanoparticles containing immunodrugs and photothermal agents. Upon NIR laser irradiation, photothermal agents generate local heat to destroy the thermal-responsive components for controlled release of immunotherapeutic agents from nanoparticles. As such, these photothermal activatable immunomodulatory nanoparticles can afford a synergetic action of PTT and immunotherapy. The fabrications of photodynamic activatable immunomodulatory nanoparticles rely on the uses of 1O2-cleavable linkers to conjugate small molecular agents with photosensitizer-based nanoparticles. During PDT processes with NIR laser irradiation, 1O2 is generated by photosensitizers to initiate the cleavage of 1O2-cleavable linkers to liberate caged agents for in-situ activation. Such controlled activation of immunotherapeutic agents in combination with PDT will potentiate antitumor immunity.
PHOTOTHERMAL ACTIVATABLE IMMUNOMODULATORY NANOPARTICLES
Due to the generation of heat during PTT, thermal-responsive phase change materials have been widely used to construct photothermal drug delivery systems to achieve on-demand release of therapeutic agents (Bordat et al., 2019). As an example, Yang’s group reported a phase-transformation nanoparticle to facilitate delivery of anti-PD1 antibody (aPD1) for PTT synergized immunotherapy of melanoma (Zhang et al., 2019). They encapsulated aPD1, iron oxide and perfluoropentane (PFP) into poly(lactic-co-glycolic acid) (PLGA) shell modified with PEG and Gly-Arg-Gly-Asp-Ser (GRGDS) peptides to form phase-transformation nanoparticles (GOP@aPD1). PFP is a type of phase change material that converts from liquid to gas after the temperature increase. Due to the enhanced permeability and retention (EPR) effect and active targeting of GRGDS peptides, GOP@aPD1 showed an effective accumulation at the melanoma sites after systemic administration. Iron oxide nanoparticles acted as a photothermal agent to generate heat under 660 nm laser irradiation, which resulted in phase-transformation of PFP to destroy nanoparticles for controlled release of aPD1. Such synergistic action of PTT and aPD1-mediated immunotherapy achieved enhanced antitumor efficacy, greatly inhibiting the growth of B16F10 tumors. In view of their high biosafety and biocompatibility, GOP@aPD1 was promising for clinical translation, while the long-term biodegradation of iron oxide should be considered.
Thermo-responsive liposomes have shown a great promise for on-demand delivery of drugs for cancer therapy (Zhen et al., 2018; Dai et al., 2019). Jin and coworkers developed a thermo-responsive liposome containing indocyanine green (ICG) as the photothermal agents and polyinosinic:polycytidylic acid (poly I:C) as the immune stimulatory molecule for photothermal-immunotherapy (Xu et al., 2019). Due to the photothermal effect of ICG, NIR laser irradiation at 808 nm increased the temperature to destroy thermo-responsive liposome to release poly I:C. The PTT effect induced cancer cell death and ablation of tumors, and the released poly I:C promoted the maturation of dendritic cells (DCs), which synergistically triggered an antigen-specific immune response to prevent lung metastasis following intravenous injection of cancer cells. Most of the agents in such photothermal activatable immunomodulatory nanoparticles have been approved by FDA, which greatly promotes their clinical uses, while the photostability of ICG should be improved.
NIR photothermal activatable immunomodulatory nanoparticles have shown great promising for cancer immunotherapy, while the tissue penetration depth of first NIR light (NIR-I) was still limited (< 1 cm) (Mura et al., 2013; Jiang et al., 2020). In contrast, the second NIR (NIR-II) light had an increased tissue penetration depth as high as 3–5 cm, which allowed the construction of NIR-II photothermal activatable immunomodulatory nanoparticles (Lyu et al., 2019). As an example, Pu’s group recently constructed a semiconducting polymer nanoadjuvant (SPNIIR) with NIR-II photothermally induced on-demand release of immune adjuvants for enhanced cancer immunotherapy (Li et al., 2020a). Semiconducting polymer-based nanoparticles can be used for molecular imaging, phototherapy, and photoregulation because of their good biocompatibility and unique optical property (Jiang and Pu, 2018). Such SPNIIR with a core-shell structure contained three main components: a semiconducting polymer nanoparticle core as the NIR-II photothermal converter, a toll-like receptor (TLR) agonist (R848) as the immunotherapeutic adjuvant, and a thermally responsive lipid shell on the nanoparticle surface. The thermally responsive lipid shell was constructed using 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), a thermal phospholipid with a phase-transition temperature of 41°C, and an amphiphilic polymer, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-poly(ethylene glycol) (DSPE-PEG), and could be melted after a photothermal effect. SPNIIR exhibited an effective accumulation into tumors after systemic administration, which may be due to their small size and surface PEG corona. Upon NIR-II photoactivation at 1,064 nm, SPNIIR produced heat to induce tumor cell death and immunogenic cell death (ICD). Meanwhile, the generated heat could melt thermally responsive lipid shell for controlled release of R848 to active TLR7/TLR8, thereby promoting the maturation of DCs and priming of antitumor T cells. Via the synergetic action of NIR-II PTT and immunotherapy, the growth of both primary and distant tumors and lung metastasis in a 4T1 tumor-bearing BALB/c mouse model was effectively suppressed after a single treatment. Although these promising results, the stability of SPNIIR in biological systems should be a concern since the phospholipid could be easily oxidized and hydrolyzed. In addition, the doping of imaging probes was required to monitor the accumulation of nanoparticles into tumors so that to optimize the therapeutic window.
In addition to thermally responsive phospholipid, thermo-responsive linker has been utilized to construct NIR-II photothermal activatable drug delivery nanosystems for cancer therapy (Lei et al., 2016). In a recent study of Pu’s group, the authors reported a photothermally activatable polymeric pronanoagonist (APNA) with NIR-II light regulated activity for PTT combinational immunotherapy (Jiang et al., 2021). Within APNA, a NIR-II light-absorbing semiconducting polymer served as a photothermal transducer, which was conjugated with R848 through a thermo-responsive linker (Figure 1A). The APNA mediated photothermal effect under 1,064 nm laser irradiation, which not only led to direct photothermal ablation of tumors and elicitation of ICD of tumor cells, but also resulted in cleavage of the thermo-responsive linker to liberate caged R848 that converted into an intact form after a subsequent hydrolysis by esterase (Figure 1B). The maximal activation ratio of R848 was only 8.5% if the photothermal temperature was kept at 37°C under 1,064 nm laser irradiation, which was dramatically increased to 74% when the photothermal temperature was elevated to above 45°C. Such a photo-regulated immune activation could be achieved in primary tumors of 4T1 tumor-bearing mice at a depth of 8 mm, thereby enabling complete eradication of primary tumors and efficient inhibition of both distant tumors and lung and liver metastasis without causing obvious side effects. Moreover, the relationship between intratumoral immune activation and photothermal depth was unveiled. This work indeed provided a novel approach for remote spatiotemporal controlling of immune activation. A challenge was the complicated synthesis and fabrication processes that would limit the productivity of such immunomodulatory nanoparticles for clinical uses.
[image: Figure 1]FIGURE 1 | (A) Chemical structure of NIR-II absorbing semiconducting polymer conjugated with R848 through a thermo-responsive linker and self-assembly of APNA. (B) Mechanism of antitumor immune response by APNA-mediated NIR-II photothermal immunotherapy. Reproduced, with permission, from Jiang et al. (2021). Copyright 2021, Nature Publishing Group.
PHOTODYNAMIC ACTIVATABLE IMMUNOMODULATORY NANOPARTICLES
The generation of ROS in the PDT process allowed the construction of photodynamic activatable nanoparticles for cancer therapy (Yang et al., 2016; Pei et al., 2018; Uthaman et al., 2020). For example, Yang and Song’s groups reported a black phosphorus quantum dots (BPQDs)-based NIR/ROS-responsive immunoadjuvant nanoparticles for cancer photodynamic immunotherapy (Li et al., 2020b). PEG and ROS-responsive poly(propylene sulfide) (PPS) conjugated with pyrene were grafted onto BPQDs, which was used to encapsulate cytosine-phosphate-guanine oligodeoxynucleotides (CpG ODNs) as a potent adjuvant to form nanoparticles via self-assembly. As an agonist for TLR9, CpG ODNs greatly promote DC maturation, proinflammatory cytokine and chemokine secretion, leading to the activation of immunity (Scheiermann and Klinman, 2014). Upon 660 nm laser irradiation, BPQDs produced ROS to trigger the transformation of hydrophobic PPS to hydrophilic ones, which resulted in nanoparticle disassembly to release CPG ODNs in tumor microenvironment to enhance immunity and small sized BPQDs that could penetrate in deep tumors. As such, the synergistic PDT immunotherapy effectively inhibited the growth of 4T1 tumors and suppressed distant tumor growth and metastasis. In addition to antitumor effect, the on-demand dissociation of nanoparticles to release BPQDs increased tumor penetration for enhanced photoacoustic (PA) imaging, providing a stimuli-responsive nanoplatforms for cancer theranostics, which was much different from most of photoactivatable immunomodulatory nanoparticles.
Sun and coworkers recently reported a sorafenib and chlorin e6 (Ce6) co-loaded ROS-responsive nanoparticle to improve antitumor responses for PDT combinational immunotherapy (Sun et al., 2020). Sorafenib is a small molecular multi-kinase inhibitor that inhibits the functions of immunosuppressive cells in tumor microenvironment, resulting in augmented antitumor immunity via enhancing the activities of tumor-specific cytotoxic T cells (Chen et al., 2014). A ROS-responsive PEGylated hyperbranched polyphosphate containing 1O2-cleavable thioketal linkers was utilized to simultaneously encapsulate Ce6 as a hydrophobic NIR photosensitizer and sorafenib, forming photodynamic activatable immunomodulatory nanoparticles. Under 660 nm laser irradiation, Ce6 generated 1O2 to cleave the 1O2-responsive linkers to destruct the nanoparticles, leading to on-demand release of sorafenib in tumor sites. After treatment in 4T1 tumor-bearing mice, the synergistical action of low-dose PDT and rapidly released sorafenib modulated the immunosuppressive tumor microenvironment to trigger a strong T cell-dependent antitumor immunity, suppressing the growth of primary and distant tumors. Although this was a promising way to achieve controlled release of drugs for amplified antitumor effects, the penetration depth of 660 nm laser was limited.
Li and coworkers developed an organic semiconducting pro-nanostimulant (OSPS) with a NIR photoactivatable immunotherapeutic action for cancer immunotherapy (Figure 2A) (Li et al., 2019c). OSPS was formed through conjugating a photodynamic semiconducting polymer with an indoleamine 2,3-dioxygenase (IDO) inhibitor (NLG919) via a 1O2-responsive linker, followed by self-assembly. The overexpressed IDO enzyme by most cancers degraded the essential amino acid tryptophan (Trp) into kynurenine (Kyn), resulting in immunosuppressive tumor microenvironment (Feng et al., 2018). Owing to its small size and stealthy PEG surface corona, OSPS showed an effective accumulation in subcutaneous tumors after systemic administration, in which, OSPS produced heat and 1O2 upon 808 nm laser irradiation for combinational PTT and PDT, and generation of tumor-associated antigens (TAAs). Meanwhile, the produced 1O2 specifically triggered the cleavage of 1O2-responsive linkers to release caged NLG919, which would undergo a rapid hydrolysis to generate active NLG919 (Figure 2B). Such a remote photoactivation of immunostimulants contributed to modulation of immunosuppressive tumor microenvironment, which in combination with OSPS-mediated phototherapy triggered a strong antitumor immune response. In a 4T1 tumor-bearing mouse model, a single treatment of OSPS could effectively inhibited the growth of both primary and distant tumors and prevented lung metastasis. If the drug loading capability can be further improved, this photoactivatable organic pro-nanostimulants should have a promise for more effective and safer immunotherapy.
[image: Figure 2]FIGURE 2 | (A) Photoactivation of OSPS for synergistic therapeutic action including phototherapy and checkpoint blockade immunotherapy. (B) Structure and NIR photoactivation mechanism of OSPS. Reproduced, with permission, from Li et al. (2019a). Copyright 2019, John Wiley & Sons Ltd.
Using the 1O2-responsive linker, Pu’s group reported an organic polymer nanoenzyme (SPNK) with a NIR photoactivatable enzymatic activity for photodynamic immunometabolic therapy (Zeng et al., 2021). SPNK was constructed based on a semiconducting polymer nanoparticle as the photosensitizer, which was conjugated with kynureninase (KYNase) via PEG chain containing 1O2-responsive linker. KYNase is an enzyme that catalyzes the degradation of immunosuppressive Kyn in IDO overexpressed tumors to reverse Kyn-induced immune suppression (Triplett et al., 2018). Such a photoactivation of nanoenzyme could significantly promote the proliferation and infiltration of effector T cells into B16F10 tumors in living mice, thus triggering an enhanced antitumor T cell immunity. As such, SPNK-mediated synergistic therapeutic action led to complete inhibition of primary tumors and effective suppression of distant tumors. This study provided a novel photodynamic approach for remote control of enzymatic activity to modulate immunometabolism for cancer immunotherapy. However, the synthesis conditions need to be strictly controlled to keep the activity of enzymes, and some strategies should be used to prevent degradation of enzymes by hydrolases during blood circulation.
The activation of abovementioned immunomodulatory nanoparticles relies on the generated 1O2. As PDT can induces cell death, apoptosis-related biomarkers responsive nanoparticles have also been developed for cancer therapy. Zhang’s group reported a peptide self-assembled nanoparticle for PDT combinational immunotherapy (Song et al., 2018a). The peptide consisted of palmitic acid and protoporphyrin IX (PpIX) as the hydrophobic part and a hydrophilic PEG conjugated with an IDO inhibitor 1-methyltryptophan (1MT) through a caspase-responsive peptide sequence, Asp-Glu-Val-Asp (DEVD). The peptide could self-assemble into nanoparticles that effectively accumulated into tumor tissues. Upon 630 nm laser irradiation, the peptide nanoparticles produced 1O2 via PDT effect to induce apoptosis of cancer cells, leading to caspase-3 expression and formation of TAAs, which facilitated antitumor immune response. The expressed caspase-3 could cleave DEVD peptide sequence to release 1MT to further strengthen the immunity and activate CD8+ T cells. Such synergistic effect of PDT and immunotherapy mediated by peptide nanoparticles effectively inhibited the growth of primary tumors and lung metastasis in a CT26 tumor-bearing mouse model. This study provided a unique strategy to regulate the delivery of immunotherapeutic agents with a very high efficacy, while the tissue penetration of light source needs to be further improved for their applications of large and deep-seated tumors.
Controlled antitumor immunity have been achieved by photodynamic activatable nanoparticles through regulating the activation of immunotherapeutic agents, while they still have some limitations. The endogenous ROS existed in the biological systems potentially results in off-target activation of drugs and thereby induces side effects. The biosafety of products for ROS-responsive moieties after photoactivation is questionable and needs to be systematically investigated. In addition, all existing photodynamic activatable nanoparticles only respond to visible or NIR-I light, and those that can be activated by NIR-II light have not been explored.
DISCUSSION
We herein have summarized the recent development of immunomodulatory nanoparticles with NIR photoactivatable pharmacological features for combinational immunotherapy of cancer. Due to the existences of photothermal agents or photosensitizers, these immunomodulatory nanoparticles can generate heat or ROS upon NIR photoirradiation to destroy thermal- or ROS-responsive moieties to allow on-demand release of immunotherapeutic agents, which greatly improve the bioavailability and selectivity. By combining with PTT and/or PDT, such NIR photoactivatable antitumor immunity often leads to improved therapeutic efficacy in treating tumors and preventing metastases.
Before the successful translation of NIR photoactivatable immunomodulatory nanoparticles for clinical trials, some key issues should be addressed. First, the long-term biosafety of nanoparticles in living bodies is questionable and should be systemically evaluated. Development of biodegradable or clearable nanoparticles is a good way to address this issue (Li and Pu, 2019). Second, the tissue penetration depths of NIR-I and NIR-II light are still limited and only suitable for superficial tumors. The use of light delivery technologies can achieve deep delivery of NIR light into biological tissues for treatment of deep-seated tumors (Maruoka et al., 2018). Third, it is challenging for real-time monitoring of dynamic immune activation to evaluate therapeutic efficacy. Imaging reporters that are specifically responsive to immune response can be combined with immunomodulatory nanoparticles to realize immune theranostics of cancer (He et al., 2020; Ramesh et al., 2020). In the future, these NIR photoactivatable immunomodulatory nanoparticles may show a great promise for clinical treatment of cancer and other diseases, such as infectious diseases and autoimmunity.
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Photothermal therapy (PTT) that utilizes hyperthermia to ablate cancer cells is a promising approach for cancer therapy, while the generated high temperature may lead to damage of surrounding normal tissues and inflammation. We herein report the construction of glucose oxidase (GOx)-loaded hydrogels with a pH-sensitive photothermal conversion property for combinational cancer therapy at mild-temperature. The hydrogels (defined as CAG) were formed via coordination of alginate solution containing pH-sensitive charge-transfer nanoparticles (CTNs) as the second near-infrared (NIR-II) photothermal agents and GOx. In the tumor sites, GOx was gradually released from CAG to consume glucose for tumor starvation and aggravate acidity in tumor microenvironment that could turn on the NIR-II photothermal conversion property of CTNs. Meanwhile, the released GOx could suppress the expression of heat shock proteins to enable mild NIR-II PTT under 1,064 nm laser irradiation. As such, CAG mediated a combinational action of mild NIR-II PTT and starvation therapy, not only greatly inhibiting the growth of subcutaneously implanted tumors in a breast cancer murine model, but also completely preventing lung metastasis. This study thus provides an enzyme loaded hydrogel platform with a pH-sensitive photothermal effect for mild-temperature-mediated combinational cancer therapy.
Keywords: hydrogels, photothermal therapy, starvation therapy, second near-infrared light, tumor metastasis, cancer therapy
INTRODUCTION
Photothermal therapy (PTT) that utilizes photoconversion to produce heat for tumor ablation has been explored as a non-invasive therapeutic strategy for cancer (Cheng et al., 2017; Jung et al., 2018; Zhao et al., 2018). In view of the high spatiotemporal controllability of light, PTT has the advantages of high treatment specificity and minimal side effects, which is different from conventional therapeutic strategies such as radiotherapy and chemotherapy (Liu et al., 2011; Ju et al., 2015; Li and Pu, 2019; 2020). High temperature (>50°C) is usually required to induce complete tumor cell death during PTT, which potentially results in damage of surrounding normal tissues and inflammation (Zhu et al., 2016; Yang et al., 2017; Gao et al., 2019). Therefore, mild PTT strategies at a low therapeutic temperature have attracted a great attention (Zhou et al., 2018; Ding et al., 2020; Yuan et al., 2020). However, the therapeutic efficacy of mild PTT is often compromised by the upregulated expression of heat shock proteins (HSPs) that are associated with hyperthermia-induced cell damage (Ali et al., 2016; Wang et al., 2016; Wang et al., 2017). To overcome heat resistance of cancer cells, HSP inhibitors have been used to amplify the effect of mild PTT (Tang et al., 2018). Most of existing mild PTT strategies are relied on the first near-infrared (NIR) light (NIR-I, 650–950 nm) that shows too shallow tissue penetration depth to deliver sufficient heating to the internal regions of solid tumors (Gao et al., 2021). Compared to NIR-I light, the second near-infrared (NIR-II) light (1,000–1700 nm) has greatly improved penetrating capability in biological tissues (Li et al., 2021; Luo et al., 2021; Wang et al., 2021). In this regard, it is highly desired to develop mild NIR-II PTT for tumor ablation with high safety and efficacy.
Starvation therapy that blocks the energy metabolism of cancer cells has emerged as an effective therapeutic strategy for cancer (Guo and Kohane, 2017; Zhang et al., 2017; Zhang et al., 2019). To date, some strategies such as vascular embolization, inhibition of glucose transporter, and direct intratumoral glucose consumption have been adopted to starve cancer cells (Butler et al., 2013; Liu et al., 2017; Cheng et al., 2019; Tang et al., 2021). Among them, glucose oxidase (GOx)-based starvation therapy via catalyzing the oxidation of glucose in tumor cells has achieved remarkable efficacy in inhibiting tumor growth (Dinda et al., 2018; Fu et al., 2018; Ranji-Burachaloo et al., 2019). However, this therapeutic model often encounters the issues of low therapeutic benefits and potential systemic toxicity (Ren et al., 2020). In addition, GOx-mediated tumor starvation can downregulate the expressions of HSPs due to the blocking of energy supply, which will contribute to enhanced PTT efficacy (Wang et al., 2012; Chen et al., 2017; Cao et al., 2020). The combination of PTT and starvation therapy has been adopted to treat tumors, which indeed achieves high antitumor efficacy with the neglect of side effects (Hu et al., 2019; Gao et al., 2020; Wang et al., 2020; He et al., 2021). Therefore, it is still highly desired to explore new strategies that integrate PTT and starvation therapy with combinational action for cancer treatment with high efficacy and safety.
In this study, we report a GOx-loaded alginate hydrogel with pH-sensitive NIR-II photothermal effect for treatment of solid tumors via combinational action at mild-temperature (Figure 1A). Alginate is used as matrix to construct hydrogels because of its excellent biocompatibility and degradability (Lee and Mooney, 2012). Alginate hydrogels have unique properties of good gelling capacity, low toxicity, excellent injectability, and low cost, and thus have been used for drug delivery, cancer therapy, molecular imaging and tissue engineering (Ouyang et al., 2019; Hernández-González et al., 2020; Johnson et al., 2020; Patrick et al., 2020). The CAG hydrogels containing pH-sensitive charge-transfer nanoparticles (CTNs) as the NIR-II photothermal agents and GOx as the starvation therapeutic agents can be locally formed via Ca2+ coordination in tumor tissues (Wang et al., 2019; Liu et al., 2021). Glucose was consumed to enable starvation therapy because of gradual release of GOx from CAG hydrogels, which also led to aggravated acidity in tumor microenvironment and inhibited expression of HSP90. As such, NIR-II PTT effect of CTNs was activated to mediate effective tumor ablation at a low temperature. Therefore, CAG-mediated combinational action of mild NIR-II PTT and starvation therapy afforded much higher therapeutic efficacy relative to sole treatment (Figure 1B). Such treatment could not only significantly suppress the growth of subcutaneous 4T1 tumors in living mice, but also completely prevent lung metastasis.
[image: Figure 1]FIGURE 1 | Design and fabrication of CAG hydrogels for mild-temperature-mediated NIR-II PTT and starvation combinational therapy. (A) Schematic illustration of the preparation of CAG hydrogels. (B) Schematic illustration of working mechanism of CAG hydrogels for mild-temperature-mediated NIR-II PTT and starvation combinational therapy.
MATERIALS AND METHODS
Materials and Reagents
Bovine serum albumin (BSA), 3,3′,5,5′-tetramethylbenzidine (TMB), silver nitrate (AgNO3) and GOx were purchased from Sigma-Aldrich (St. Louis, United States). Anhydrous CaCl2 and sodium alginate were purchased from Aladdin Reagent Co. Ltd. (Shanghai, China). Cell counting kit-8 (CCK-8) and calcein-AM and propidium iodide apoptosis detection kit were purchased from Dojindo Laboratories (Kumamoto, Japan) and Dalian Meilun Biotech Co. Ltd. (Dalian, China), respectively. RPMI 1640 cell culture medium, fetal bovine serum (FBS), and penicillin-streptomycin were obtained from Gibco (Grand Island, NY, United States). TdT-mediated dUTP-biotin nick end labeling (TUNEL) kit was obtained from Roche (Sweden). Ultrapure water used in this study was prepared via a water purification system (PALL Cascada, MI, United States).
Synthesis of Charge-Transfer Nanoparticles
To synthesize pH-sensitive CTNs, 4.8 mg TMB dissolved in anhydrous ethanol was added into 2 ml solution containing 1.7 mg AgNO3 and 3.4 mg BSA under ultrasonic oscillation at room temperature for 30 min. The products were purified by dialysis using a dialysis bag (molecular weight cut-off = 3 kDa) for 4 days to obtain CTNs.
Synthesis of CAG Hydrogels
To synthesize CAG hydrogels, 1 mg GOx and 200 mg sodium alginate were co-dissolved in 15 ml phosphate buffer saline (PBS) and then mixed with CTNs at a final concentration of 20 mg/ml. The mixed solution was then injected into 12 ml Ca2+ solution (1.8 mM) in a crystal bottle, forming CAG hydrogels. Similarly, CA hydrogels without GOx loading were synthesized via injecting CTN solution into 12 ml Ca2+ solution (1.8 mM) and the formed CA hydrogels were used as control.
Characterization Techniques
Dynamic light scattering (DLS) and zeta potential measurements of CTNs were used a Zetasizer Nano-series (Nano-ZS90, Malvern, United Kingdom). UV-vis-NIR absorption spectra of CTNs at different pH conditions were recorded on a Persee spectrophotometer (TU-1810, Beijing, China). Scanning electron microscopy (SEM) images of formed hydrogels were observed using a SEM (SU8010, HITACHI, Tokyo, Japan).
Photothermal Effect Evaluation
The photothermal properties of CA and CAG hydrogels were evaluated by exposing samples under 1,064 nm laser at the power density of 1 W/cm2 for different time. In a typical experiment, the mixture of 20 μl CTN (0.96 mg/ml), 50 μL alginate (10 mg/ml) and 1 μl GOx (1 mg/ml) was added in a 96-well plate containing 30 μl Ca2+ aqueous solution. The temperature of mixed solution under laser irradiation was recorded using a Fotric 220s photothermal camera. Furthermore, the photothermal stability of hydrogels was investigated by turning on/off the laser for five cycles.
Evaluation of Glucose Oxidase Release From Hydrogels
CAG hydrogels were prepared as above described, and the formed CAG hydrogels were put in 5 ml PBS solution under shaking at 37°C. After incubation for different time, supernatant was collected and then centrifugated for absorption measurement to confirm the release of GOx.
In vitro Cell Apoptosis Analysis
To evaluate the in vitro therapeutic efficacy of hydrogels, cell apoptosis analysis was conducted. 4T1 cancer cells were seeded in 6-well plates (1 × 105 cells/well) and incubated at 37°C for 24 h. Then the cells were treated with PBS, CA, or CAG hydrogels for 24 h, followed by 1,064 nm laser irradiation at the power density of 1 W/cm2 for 15 min. After culture for 12 h, the cells were incubated in cell culture medium containing calcein-AM/PI mixed solution for another 30 min. Fluorescence images of stained cells were captured using a fluorescence microscope (Leica DMi8, Germany). The green and red fluorescence area ratios were quantified using ImageJ software. For CCK-8 assay, 4T1 cancer cells were seeded in 96-well plates (1 × 104 cells/well) and incubated at 37°C for 24 h. Then the cells were treated with PBS, CA, or CAG at different CTN concentration for 24 h. The treated cells were irradiated by 1,064 nm laser (1 W/cm2) for 5 min. The cells without laser irradiation were used as the control. After laser irradiation, the cells were cultured for 12 h, and then the cell culture medium was carefully removed and fresh medium containing CCK-8 agent was added into each well. After culture for another 2 h, the absorbance of each well at 450 nm was measured using a Bio-Tek ELX800 spectrophotometric microplate reader (Vermont, America). The absorbance was used to calculate the cell viability.
In vivo Evaluation of HSP90 Expression During Photothermal Therapy
The animal procedures were approved by the Animal Care and Use Committee of Donghua University. Male 4–6 week-old BALB/c nude mice (∼20 g) were purchased from Shanghai SLAC Laboratory Animal Co., Ltd. 4T1 tumor-bearing mice were established by subcutaneously injecting 4T1 cancer cells (2 × 106 cells/mouse) into the right flank of each mouse. The 4T1 tumor-bearing nude mice were randomly divided into six groups when the tumor volume reached ∼100 mm3. The tumors were treated with PBS, CA, or CAG for 12 h, and then exposed under 1,064 nm laser irradiation (1 W/cm2) for 10 min in a discontinuous manner. The temperature of tumor sites during laser irradiation was monitored using an IR thermal camera and controlled to be lower than 45°C. After treatment for 1 day, the mice were euthanized, and tumors were collected and used for immunofluorescent staining of HSP90. The fluorescence staining images of tumor sections were captured using a fluorescence microscope (Leica DMi8, Germany). The mean fluorescence intensity (MFI) of HSP90 staining was quantified using the ImageJ software.
In vivo Antitumor Efficacy Evaluation
The 4T1 tumor-bearing nude mice were treated with PBS, CA, or CAG without or with 1,064 nm laser irradiation (1 W/cm2) for 10 min in a discontinuous manner to control tumor temperature below 45°C. After different treatments, a caliper was used to measure the tumor sizes every 2 days for 20 days. Tumor volumes were calculated as follows: volume = (length) × (width)2/2, and relative tumor volume was calculated as V/V0 (V0 was the initial tumor volume). After treatments for 20 days, the mice were euthanized, and the tumors were extracted and weighed to evaluate tumor inhibition ratios. The tumors were collected for hematoxylin and eosin (H&E) and immunohistochemical TUNEL and Ki67 staining.
In vivo Anti-metastasis Efficacy Evaluation
After different treatments for 20 days, in vivo anti-metastasis efficacy was evaluated. The treated mice were intraperitoneally injected with 0.15 ml D-luciferin (20 mg/ml) and the peritoneum was opened to expose lungs. The lungs were then used for bioluminescence imaging using in vivo imaging system (VISQUE Invivo Smart-LF, Vieworks, Korea). Bioluminescence intensities of lungs were quantified using a Living Image software. To further assess the anti-metastasis efficacy of different treatments, the lungs were collected and washed with PBS, and the numbers of metastatic tumor nodes were counted. The collected lungs were then used for H&E staining to observe tumor metastasis.
In vivo Biocompatibility Evaluation
After different treatments, the body weights of 4T1 tumor-bearing nude mice were measured every 2 days for 20 days to evaluate the in vivo biocompatibility. After treatments for 20 days, the mice were euthanized and heart, liver, spleen, and kidney were collected and used for H&E staining.
Statistical Analysis
The significant difference between the experimental statistics is analyzed by One-way ANOVA and Tukey’s multiple comparison tests. When the p-values were <0.05, the values were statistically regarded to be significantly different. p < 0.05 was indicated by (*), p < 0.01 by (**) and p < 0.001 by (***).
RESULTS AND DISCUSSION
Synthesis and Characterization of Hydrogels
To construct GOx-loaded pH-sensitive photothermal hydrogels, pH-sensitive CTNs with activatable NIR-II photothermal conversion property were first synthesized. Hydrodynamic diameter of CTNs was measured to be 14.7 nm (Supplementary Figure S1, Supporting information). The surface zeta potential of CTNs was around -22.2 mV (Supplementary Figure S2, Supporting information). The characteristic absorption of CTNs at different pH conditions was different and higher absorption in the NIR-II regions could be observed at acidic conditions (Figure 2A). The color of CTN solution gradually changed from blue to gray as the increase of pH from 5 to 9 (Supplementary Figure S3, Supporting information). The photothermal property of CTN solutions was different at pH = 5, 7, or 9 under 1,064 nm laser irradiation. The temperature rise of CTNs at pH = 5 was much faster than those at pH = 7 and 9 (Supplementary Figure S4, Supporting information). These results indicated that the synthesized CTNs were pH-sensitive photothermal agents. The pH-responsive photothermal property of CTNs may be due to different charge-transfer efficiency between the components within nanoparticles at different pH conditions (Wang et al., 2019).
[image: Figure 2]FIGURE 2 | Characterization of CAG hydrogels. (A) UV-vis absorption spectra of CTN at different pH conditions. (B) Representative SEM images of CA and CAG hydrogels. (C) Photographs of CA and CAG hydrogels after injecting alginate solution (5 mg/ml) containing CTN or CTN and GOx into aqueous solution at the Ca2+ concentration of 1.8 mM. (D) Temperature changes of aqueous solution containing CA or CAG under 1,064 nm laser irradiation at the powder density of 1 W/cm2 for different time. (E) Evaluation of photothermal stability of CA and CAG hydrogels after five cycles of laser on/off. (F) Release profile of GOx from CAG hydrogels after incubation at 37°C for different time.
As shown in Figure 2B, CA hydrogels with loading of CTNs and CAG hydrogels with loadings of CTNs and GOx could be formed via coordination reaction of alginate with Ca2+. SEM images showed that the morphologies of CA and CAG were similar (Figure 2C), indicating that loading of CTNs and GOx did not affect the morphology of hydrogels. The photothermal performances of CA and CAG hydrogels were evaluated under 1,064 nm laser irradiation. Heating curves and thermal images showed that the temperatures increased rapidly for solutions containing CA and CAG hydrogels under 1,064 nm laser irradiation at the power density of 1 W/cm2 for 5 min (Figure 2D and Supplementary Figure S5, Supporting information).There was no significant difference in the aspect of photothermal property between CA and CAG hydrogels, suggesting the loading of GOx showed neglectful influence on the photothermal effect of hydrogels. Moreover, the temperature increase of hydrogels did not have obvious changes after five cycles of laser on/off, indicating that CA and CAG hydrogels had good photothermal stability (Figure 2E). The release profile showed that GOx was gradually released form CAG hydrogels, and the cumulative release ratio could reach 76.0% after incubation at 37°C for 24 h (Figure 2F).
Evaluation of in vitro Therapeutic Efficacy to 4T1 Cancer Cells
In vitro therapeutic efficacy of CA and CAG hydrogels was evaluated using 4T1 cancer cells. Fluorescence images showed that obvious dead cells (red fluorescence signals) were observed in CA and CAG groups after 1,064 nm laser irradiation at the power density of 1 W/cm2 for 15 min, while almost no dead cells were found in control and the other treatment groups (Figure 3A). The quantitative assay of fluorescence intensity indicated that the percentage of apoptotic cells was 79.0 and 97.8% for CA and CAG treatment and laser irradiation, respectively, while the percentage of apoptotic cells was less than 2% in the other groups (Figure 3B). Moreover, the therapeutic efficacy was evaluated by measuring the cell viability of 4T1 cancer cells after different treatments. Without laser irradiation, the cell viability of both CA and CAG treated cells at different CTN concentrations was higher than 90%, which indicated there was no obvious cytotoxicity for hydrogels. However, after 1,064 nm laser irradiation at the power density of 1 W/cm2 for 5 min, the cell viability was decreased with the increase of CTN concentrations (Figure 3C). At the same CTN concentrations, the cell viability of 4T1 cancer cells after CAG treatment plus laser irradiation was lower relative to that after CA treatment with laser irradiation. These results suggested that CA and CAG could kill cancer cells via PTT effect, and the therapeutic efficacy of CAG was higher than that of CA.
[image: Figure 3]FIGURE 3 | Evaluation of in vitro therapeutic efficacy of hydrogels. (A) Fluorescence images of live (green) and dead (red) 4T1 cancer cells after incubation with PBS, CA or CAG hydrogels without or with 1,064 nm laser irradiation (1 W/cm2) for 15 min. (B) Quantification of fluorescence intensity of 4T1 cancer cells after different treatments. (C) Cell viability of 4T1 cancer cells after incubation with PBS, CA or CAG hydrogels at different CTN concentrations without or with 1,064 nm laser irradiation (1 W/cm2) for 5 min.
Evaluation of HSP90 Expression During Photothermal Therapy
4T1 tumor-bearing mice were used as models to investigate the therapeutic efficacy of hydrogels. To achieve mild NIR-II PTT and starvation combinational therapy, the temperature of tumors during PTT should be controlled below 45°C. After treatment with PBS, CA or CAG, tumors were irradiated with 1,064 nm laser in a discontinuous manner and the tumor temperatures were monitored. During laser irradiation, the temperatures of tumor sites for CA and CAG treated mice gradually increased, and similarly reached around 44°C after 3 min of laser irradiation and maintained at this temperature for another 7 min (Figures 4A,B). The tumor temperature for mice after treatment with PBS only reached around 39°C after 10 min of laser irradiation.
[image: Figure 4]FIGURE 4 | Evaluation of mild NIR-II PTT and intratumor expression of HSP90. (A)In vivo Thermal imaging of 4T1 tumor-bearing mice after treatment with PBS, CA, or CAG hydrogels under 1,064 nm laser irradiation at the powder density of 1 W/cm2 for 10 min. (B) Temperature changes of tumor sites of 4T1 tumor-bearing mice after different treatments under 1,064 nm laser irradiation (1 W/cm2) for different time. (C) Immunofluorescence HSP90 staining of tumors after different treatments. The blue fluorescence signals indicated cell nucleus stained by 4′,6-diamidino-2-phenylindole (DAPI), and the red fluorescence signals indicated HSP90 stained by antibody. (D) Mean fluorescence intensity (MFI) of HSP90 staining in different groups.
The expressions of HSP90 in tumor tissues after different treatments were then evaluated. As shown in the immunofluorescence staining images, the strongest staining signal was detected for the tumors after treatment with CA plus 1,064 nm laser irradiation, suggesting PTT upregulated the expression of HSP90 (Figure 4C). Compared to the PBS control group, the staining signals for CAG treated tumors regardless of laser irradiation were much weaker. Quantitative assay showed that the tumors after CA treatment plus laser irradiation had the highest expression level of HSP90, while the expression level of HSP90 in tumors after CAG treatment plus laser irradiation was reduced (Figure 4D). This indicated that CAG treatment could greatly inhibit the expression of HSP90 due to gradual release of GOx from hydrogels.
In vivo Antitumor Efficacy Evaluation
To evaluate the antitumor efficacy of hydrogels, 4T1 tumor-bearing mice were treated with PBS, CA, or CAG hydrogels, followed by 1,064 nm laser irradiation for 10 min in a discontinuous manner to maintain the maximum tumor temperature below 45°C. Compared to the PBS control group, only the growths of tumors from SA and SAC treated mice with laser irradiation were inhibited, suggesting the effective therapeutic efficacy (Figure 5A). The slight inhibition of tumor growth for CA treated and laser irradiated mice should be due to sole mild NIR-II PTT. The relative tumor volume in the SAC treated and laser irradiated mice were much lower than that for the mice after treatment with CA plus laser irradiation. Such a higher therapeutic efficacy for CAG was attributed to the combinational action of mild NIR-II PTT and starvation therapy. Tumor weights in CA and CAG-mediated treatment groups were lower than those in the other groups (Figure 5B). In particular, the tumor weight for CAG treated and laser irradiated mice were 5.7-fold lower relative to that for CAG treated mice without laser irradiation. The tumor inhibition rate for CAG treatment plus laser irradiation was calculated to be 83.0%, which was 1.7 and 6.4-fold higher than that for CA plus laser treatment and sole CAG treatment, respectively (Figure 5C).
[image: Figure 5]FIGURE 5 | Evaluation of in vivo antitumor efficacy of hydrogels. (A) Relative tumor volumes of 4T1 tumor-bearing mice after treatment with PBS, CA, or CAG hydrogels under 1,064 nm laser irradiation at the powder density of 1 W/cm2 for 10 min. (B) Tumor weights of 4T1 tumors of mice after different treatments. (C) Tumor inhibition ratio of 4T1 tumors in tumor-bearing mice after different treatments. (D) H&E, TUNEL and Ki67 staining of 4T1 tumors from mice after different treatments.
To further investigate the therapeutic efficacies of hydrogels, histological staining of tumors was performed. As shown in H&E staining images, necrotic tumor cells were clearly observed in the CA and CAG treated and laser irradiated groups, while which were almost not found in tumors after the other treatment (Figure 5D). The necrosis in CAG treated and laser irradiated tumors was much more conspicuous than that in CA treated and laser irradiated tumors. The results of immunohistochemical TUNEL staining also indicated that obvious staining of necrotic cells could be found in CA and CAG treated tumors with laser irradiation, while nearly no cell necrosis was observed in the other treatment groups. The staining signal of necrotic cells in CAG treated and laser irradiated group was stronger than that in CA treated and laser irradiated group. Furthermore, the tumors after treatment with CA and CAG plus laser irradiation showed lower expressions of Ki67 as compared to the control group, indicating CA and Cag-mediated therapy could inhibit the proliferation of tumor cells. The inhibitory efficacy for CAG-mediated therapy was higher than that of CA-mediated treatment. The histological staining results were consistent with the tumor growth results, further confirming that CAG exhibited higher antitumor efficacy than CA.
The body weights of 4T1 tumor-bearing mice after different treatments for 20 days were almost the same as that of control mice (Supplementary Figure S6, Supporting information). H&E staining images of heart, liver, spleen and kidney from 4T1 tumor-bearing mice showed that no abnormal morphologies were found for these tissues after CA and CAG treatments plus 1,064 nm laser irradiation (Supplementary Figure S7, Supporting information). These results demonstrated that CA and CAG-mediated therapy did not cause obvious systematic toxicity.
In vivo Anti-metastasis Efficacy Evaluation
In addition to inhibition of tumor growth, prevention of tumor metastasis is necessary to achieve ideal treatment of tumors. Bioluminescence imaging was conducted to evaluate the anti-metastasis efficacy of hydrogels. Obvious bioluminescence signals were observed in lungs of mice after treatments with PBS, CA, or CAG without 1,064 nm laser irradiation and mice treated with PBS plus laser irradiation (Figure 6A). The bioluminescence signals in lungs of CA or CAG hydrogel-treated and laser irradiated mice were much lower than those in the other groups. More importantly, nearly no bioluminescence signal could be detected for mice after treatment with CAG hydrogels with 1,064 nm laser irradiation. The quantitative analysis showed that the bioluminescence intensity for CA or CAG treated mice with laser irradiation was much lower relative to those for the other treated mice (Figure 6B). The lowest bioluminescence intensity was found in lungs of mice after CAG treatment plus laser irradiation.
[image: Figure 6]FIGURE 6 | Evaluation of in vivo anti-metastasis efficacy of hydrogels. (A) Bioluminescence images of lung from 4T1 tumor-bearing mice after treatment with PBS, CA, or CAG hydrogels under 1,064 nm laser irradiation at the powder density of 1 W/cm2 for 10 min. (B) Bioluminescence intensity of lung from 4T1 tumor-bearing mice after different treatments. (C) Photographs and H&E staining images of lung from mice after different treatments. Red circles indicate the metastatic tumor nodes. (D) Number of metastatic tumor nodes of lungs from mice after different treatments.
H&E staining was also used to evaluate the lung metastasis after different treatments. As shown in the photographs and H&E staining images, metastatic tumor nodes were not observed in the lungs of mice after treatment with CAG hydrogels plus laser irradiation, which however were clearly observed in lungs of mice in the other treated groups (Figure 6C). The treatment of CA or CAG hydrogels plus laser irradiation greatly reduced the numbers of metastatic tumor nodes as compared to the treatments of PBS, CA, or CAG without laser irradiation and PBS plus laser irradiation (Figure 6D). In particular, the number of tumor metastasis in lungs of CAG treated and laser irradiated mice was significantly lower than that in lungs of CAG treated mice without laser irradiation. These results suggested that CAG-mediated therapy greatly prevented lung metastasis of 4T1 tumors.
CONCLUSION
We have constructed a GOx-loaded smart hydrogel with pH-sensitive photothermal conversion property for combinational NIR-II PTT and starvation therapy of solid tumors at mild-temperature. The hydrogels (CAG) were locally formed after intratumoral injection of alginate solution containing CTN and GOx, which enabled gradual release of GOx into tumor sites. Through consuming glucose, CAG mediated starvation therapy, which not only led to exhaustion of tumor cells, but also resulted in aggravated acidity in tumor microenvironment and downregulated expression of HSP90. The NIR-II photothermal conversion property of CTNs was activated in acidic condition, which allowed for mild NIR-II PTT with a high efficacy due to the inhibited expression of HSP90. Via the combinational action of mild MIR-II PTT and starvation therapy, CAG was able to greatly suppress the growth of subcutaneously implanted tumors and completely prevent lung metastasis in a breast cancer murine model, while sole mild MIR-II PTT failed to do so. To the best of our knowledge, this study reports the first smart hydrogel platform with pH-sensitive NIR-II photothermal effect for mild-temperature-mediated combinational cancer therapy.
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pH-responsive DNA motifs have attracted substantial attention attributed to their high designability and versatility of DNA chemistry. Such DNA motifs typically exploit DNA secondary structures that exhibit pH response properties because of the presence of specific protonation sites. In this review, we briefly summarized second structure-based pH-responsive DNA motifs, including triplex DNA, i-motif, and A+-C mismatch base pair-based DNA devices. Finally, the challenges and prospects of pH-responsive DNA motifs are also discussed.
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INTRODUCTION
Deoxyribonucleic acid (DNA), as the main carrier of genetic information for living organisms, has been widely studied (Zhang and Seelig, 2011; Lu et al., 2013). Because of its thermodynamic programmability, high structural features, facile synthesis, and possible conjugation to a host of molecules and nanodevices, DNA has presented an impressive potential to engineer a variety of molecular devices with applications ranging from molecular sensors to therapeutic tools (Ablasser, 2021; Kremarová et al., 2021). Thanks to those crucial properties, the functionalized DNA devices have been studied. The precise definition of the operational characteristics, especially the sensitivity, is indispensable for the development of DNA-based molecular machines to regulate the vital biological processes and sense (Ranallo et al., 2015; Manish et al., 2019). The degree of their response sensitivity to different environmental stimuli, such as metal ions (Collie and Parkinson., 2011), pH value (Gehring et al., 1993), light (Beharry et al., 2011), and enzymatic activities (Wickham et al., 2012), is determined by the magnitude of their folding structure (Simon et al., 2014).
DNA molecular devices are DNA self-assemblies induced by external stimuli, perform quasi-mechanical movement at the micro-nano scale, and have attracted increasing attention in the fields of biosensing, drug delivery, and biomedical detection (Kay and Leigh., 2015; Abendroth et al., 2015; Tani et al., 2021). By taking advantage of the high designability and the versatility of DNA chemistry, several groups have recently developed pH-dependent DNA-based nanodevices (Fu et al., 2019). Such functionalized DNA devices typically exploit DNA secondary structures that display pH dependence because of the presence of specific protonation sites. These structures include triplex DNA, i-motif, and A+-C mismatch base pair-based DNA, displayed in Figure 1. The pH-responsive property is highly due to the protonation of adenine and cytosine in the A+-C mismatch pair, triplex DNA, and i-motif, respectively (Soto et al., 2002). Different physical methods such as nuclear magnetic resonance (NMR), calorimetry, X-ray fiber, UV/Vis spectroscopy, and diffraction methods have been applied to characterize the thermodynamic stabilities (Plum et al., 1990) kinetic properties (Maher et al., 1990), and structural features (Wärmländer et al., 2003) of the different DNA structures and their relative motifs.
[image: Figure 1]FIGURE 1 | Different conformational DNA structure configurations. (A) Different configurations of the parallel and antiparallel triplex DNA. (B) The key element C+-C in the i-motif DNA. (C) The protonation center of A+-C in the pH-dependent DNA motif.
In this review, we mainly described the pH-dependent DNA structures including triplex DNA, i-motif, and A+-C mismatched DNA structures and their applications in biosensor, living cells imaging, and accurate regulation of the pH response range. Through the studies of the different pH-dependent DNA structures, we expect that the DNA nanotechnology and its related field will continue to develop rapidly. At a fundamental level, further studies should aim at greater understanding of the conformational transformation mechanisms at the nanometer scale. In terms of applications, we expect that many of these elegant DNA molecular devices will soon be used in vivo. These further studies could confirm the power of DNA nanotechnology in biology, material science, chemistry, and physics.
THE DIFFERENT CONFORMATIONAL PH-DEPENDENT DNA DEVICES
Triplex DNA Nanodevices
Triplex nucleic acids have recently attracted attention as part of the rich “toolbox” of the structures used to develop DNA-based nanodevices and materials. In the 1980s (Singleton and Dervan, 1992), DNA was first utilized to assemble nanostructures on the basis of the specific base-paring of single-stranded DNA overhangs, and a set of sophisticated DNA-based nanostructures have been rationally designed. Apart from the base-paired duplex structure of oligonucleotides, supramolecular DNA assemblies formed by the interaction of the double-helix DNA strand and an auxiliary single-stranded overhang were used to form triplex assemblies through Hoogsteen interactions, termed triplex-forming oligonucleotide. Different triplex structures between double-helix DNA domains and single-stranded oligonucleotides domains are demonstrated in Figure 1, including the parallel triplex structures composed of C+·G-C, G·G-C, and T·A-T and antiparallel triplex structures formed by C+·G-C, G·G-C, T·A-T, and A·A-T strands. There are different parameters such as mutations in the triplex domains, the number and kind of the triplex bridges, the pH value, and the presence of binders or ions, which would have an effect on the stability of the triplex DNA nanodevices. With the purpose of building sophisticated and functionalized molecular machines, a host of groups have devoted constant efforts to developing new mechanisms of manipulated structural reconfiguration by controlling those parameters.
Motivated by the above description, some pH-responsive triplex switch has been designed for the rational regulation of the thermodynamic property. Such triplex switch is generally combined with three key elements: pH-dependent protonation center C+·G-C, T·A-T, and the linker connecting the single-strand triplex-forming overhang to the hairpin duplex domain. Taking the key elements into account, Mariottini and coworkers demonstrated that the acidic constant (pKa) of the pH-dependent nanoswitch could be rationally regulated by the design of the intrinsically disordered domain which connected with the hydrogen-bond-forming regions (Mariottini et al., 2019).To investigate this assumption, a pH-dependent triplex nucleic acid nanoswitch was designed, which can generate an intramolecular triplex conformation through the interaction of Hoogsteen between a single-strand triplex-forming overhang and the hairpin duplex domain, shown in Figure 2A. The gradual increase of the triplex nanoswitch destabilizing pH value could be observed when the linker length is shortened. In a nutshell, they demonstrated that the regulation of the observed pKa is greatly attributed to a purely entropic function of the linker length, which can be weakened by improving the number of protonation centers contained in the single-stranded triplex-forming overhang. All the strategies present a predictable and versatile approach to reasonably regulate the thermodynamics and the kinetics of the synthetic structures and expand the range of their application into the designing of nanomolecular devices with a reversible pH dependence and use for controllable drug delivery.
[image: Figure 2]FIGURE 2 | The representative study based on the pH-dependent DNA motif. (A) pH triplex nanoswitches with rationally tailored pKa (Mariottini et al., 2019), reproduced with permission. Copyright 2019, Journal of the American Chemical Society. (B) Y-shaped DNA nanostructure based on the i-motif DNA (Chen B et al., 2020), reproduced with permission. Copyright 2020, ACS. (C) pH-dependent DNA switch containing A+-C mismatch pairs (Thompson et al., 2020), reproduced with permission. Copyright 2020, Springer Nature.
The triplex DNA structures play a pivotal role in the designing of stimuli-responsive nucleic acid devices. The generation of the metal-organic frameworks and the substrate-loaded microcapsules based on DNA which are unlocked by the pH-stimulated conformation of the triplex nucleic acid structures have been amplified by the triplex DNA structures (Liao et al., 2016; Chen B et al., 2020). In addition, the thermodynamic property of the triplex DNA structures with protonation centers and linker led to the regulation of pKa. Despite the reported accomplishment of applying the triplex DNA structures in nanobiotechnology, significant future challenges should be envisaged. Those preliminary results highlight the importance of the DNA triplexes in the future nanomedicine applications.
I-Motif DNA Structure
In 1993, Gueron and coworkers first reported the i-motif structure (Gehring et al., 1993). They reported that the protonated cytosine-rich (C-rich) sequences could assemble into a four-stranded structure, intercalated motif in an acidic condition, while changing to single strands under basic or neutral conditions. Taking advantage of this finding, the in vivo existence of the i-motif structures has been a hot spot. Therefore, the intermolecular assembly among different C-rich strands cannot be easily controlled because of their self-association. Alternatively, different functionalized i-motif DNA units can be put into an interlocked structure to prevent the unessential interstructural association of i-motifs and make them be a potential molecular material for biosensing.
The practicability of approaches for molecular biosensing containing an adjustable dynamic range is important for understanding and controlling the essential biological processes. Nesterova and coworkers reported design strategies of sensitively pH-responsive sensor based on the nucleic acid i-motif (Nesterova and Nesterov, 2014). Through the reasonable manipulation of the i-motif and collaboration of allosteric control elements, they successfully managed to narrow the total response range to 0.2 pH and delivered a transition midpoint with 0.1 pH units precision. By incorporating three vital characteristics of reversibility of the transition range, intrinsic incorporation of i-motif folding, and incorporation adjustment, their presented strategy can be used in pH-sensitive DNA devices and can be applied to expand the manipulation of other four-strand based structures and will promote the development of the ultraresponsive elements for the signaling systems and the artificial molecular devices.
Relying on the pH-dependent i-motif, Chen and coworkers designed a Y-shaped DNA nanosensor, which can be anchored on the surface of the tumor cell by the specific recognition of an aptamer (AS1411), demonstrated in Figure 2B (Chen Y et al., 2020). By labeling pH-independent fluorescence pair on the Y-shaped DNA, the obvious FRET performance could be observed when putting the anchored tumor cell into different pH conditions. In an acidic solution, the C-rich single strand can fold to i-motif structure, and the FRET acceptor is excited. In a neutral condition, the i-motif was opened and the quenching strand significantly decreased the background FRET signal. The Y-shaped DNA sensor displayed a distinct narrow pH response range of 0.5 units, which can sense the tiny variation of the extracellular pH value of the tumor cells. With those advances, the Y-shaped i-motif containing sensor was successfully applied to sensing the MCF-7 cells and displayed a visual fluorescence date. The designed pH-dependent i-motif sensor has a potential for the early diagnosis of cancer and to be used in the demonstration of the cellular physiological progress related to the extracellular pH.
Over the past few years, Yamuna’s group has used the i-motif structure DNA nanodevices as a pH sensor to map the temporal and spatial pH changes inside the living cells and the whole living organisms; with appropriate modifications, this method can also be applied to explore cellular endocytic pathways (Surana et al., 2011; Modi et al., 2013). These studies are crucial for the future research of the DNA nanotechnology. We can design many more molecular devices based on the i-motif structures, which can be used in early cancer diagnostics, molecular operations in the living cells, and drug delivery.
A+-C Mismatched Base Pair-Based pH-dependent DNA Nanostructure
pH dependence DNA nanodevices lay the foundation for various indispensable applications, exclusively based on the structure of the DNA triplex and i-motif. Both structures are dissociated under near neutral solution and are stable in acidic solution with the presence of the interesting protonation site. However, strict sequence requirements are essential for them to own the pH dependence property, which greatly limits the application of the pH-dependent DNA. The i-motif based pH-dependent DNA nanostructure needs to be C-rich, and the triplex pH-dependent DNA nanostructure needs to be neither polypyrimidine nor polypurine. The capability to design general DNA sequences would help us to know more about the physicochemical nature of DNA and create more applications.
Aiming at addressing the limitation mentioned above, as early as 1992, A+-C pair was based on the competitive binding of the non-perfectly complementary duplex DNA domain and the complementary strand, and adenine and cytosine were non-perfectly complementary base pairs in the neutral solution (Boulard et al., 1992). But in an acidic condition (e.g., pH = 5.0), adenine is protonated and then is hybridized with cytosine, forming the A+-C mismatch base pair. In the near neutral condition (e.g., pH = 8.0), A+ is deprotonated and the A+-C pair dissociates. Then the A+-C mismatch pair-based device is used in rationally designing the programmable pH-responsive DNA devices, shown in Figure 2C (Siegfried et al., 2010; Thompson et al., 2020).
Fu and coworkers reported a universal principle not for triplex but for i-motif forming pH-responsive DNA sequences design (Fu et al., 2019), in which the binding equilibrium changes could be controlled by the pH value of the external solution environment. To demonstrate this mechanism, they first designed a DNA strand M with the length of 20 nucleotides (nt), and a corresponding hairpin strand contained mismatch base pairs to destabilize the hairpin structure, forming MH5. When the pH value of the solution is 8, the hairpin structure of MH5 is opened and hybridized with M to generate a perfectly matched, continuous, 17-bp-long DNA duplex. When the pH value of the solution is 5, the dangling single-stranded overhang of MH5 can be hybridized back to form a hairpin structure and displace strand M. At the end of their work, they applied the design principle to the hybridization chain reaction (HCR), a common method for signal amplification. Their strategy opens new ways to a wide range of potential applications in the DNA-based nanomachines and gives new ideas into nucleic acid structures in vivo.
Taking advantage of the high generality and the programmability of the A+-C pair-based DNA structure, combining it with other DNA secondary structures, a set of pH-dependent DNA nanodevices would be generated. Taking such structures into account when designing interaction or folding of nucleic acids in such abnormal pH environment, it would greatly facilitate the development of the DNA nanodevices in the biomedical detection and the field of DNA nanotechnology.
CONCLUSION
In this review, we summarized the recent research on pH-responsive DNA motifs, including triplex DNA, i-motif, and A+-C mismatch base pair-based DNA structures. By rationally modulating the main elements and utilizing the physicochemical nature of the pH sensitive structures, the application of those devices can be commonly used in the biochemical detection and dynamically regulating the pH response range. The variation of the DNA devices’ conditions may lead to revisable conformational changes between the opening and closing states of the pH-dependent nucleic acid structure. In addition to the direct tuning, the pH value can also be fueled by the biocatalytic reaction; for example, urease or glucose oxidase (GOx) has been used in the presence of urea or glucose to motivate the production of the basic or acidic aqueous solution, respectively (Grosso et al., 2015; Gao et al., 2018). Despite the reported accomplishments in applying the pH-responsive DNA motif from rational design to analytical application, some essential future challenges can also be envisaged. For example, the self-assembly of the pH-sensitive DNA-based one-dimensional to three-dimensional nanostructures could generate stimuli-responsive, reconfigurable nanodevices acting as switchable catalytic reservoirs or novel drug carriers. The modification of those DNA nanostructures into single cell and the use of triplex DNA, i-motif structure, and A+-C mismatched pairs as functional units modulating intercellular functions would be more and more important.
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To assist or replace the traditional suture techniques for wound closure, soft-tissue adhesives with excellent adhesion strength and favorable biocompatibility are of great significance in biomedical applications. In this study, an injectable hydrogel tissue adhesive containing adipic acid dihydrazide–modified gelatin (Gel-ADH) and oxidized sodium alginate (OSA) was developed. It was found that this tissue adhesive possessed a uniform structure, appropriate swelling ratio, good injectability, and excellent hemocompatibility and cytocompatibility. The adhesion capacity of the developed adhesive with optimized component and concentration was stronger than that of the commercial adhesive Porcine Fibrin Sealant Kit. All these results suggested that the developed hydrogel was a promising candidate for a soft-tissue adhesive.
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INTRODUCTION
Rapid hemostasis and effective wound closure are very important in wound repair. Conventional suturing is usually time consuming and cannot close the wound immediately, which can lead to a variety of pathologic scenarios, such as tissue morbidities and mortalities (Geng et al., 2020; Zhu et al., 2020). Sutureless wound closure, which primarily utilizes medical adhesives, shows adequate ability in wound sealing and healing with less pain and scars (Gowda et al., 2020; Zhou et al., 2021). In addition, compared to conventional suture, it is more acceptable by the patient. Therefore, there are different types of medical adhesives have been developed in recent years. However, most of the available adhesives have certain limitations. For example, fibrin glue has favorable biocompatibility and can facilitate wound repair, but it cannot be used alone because of its unreliable mechanical and adhesion capacity. Besides, it is rather expensive and may lead to a risk of blood-borne disease or virus infections (Du et al., 2020; Gao et al., 2020). In comparison with fibrin glue, cyanoacrylates have much stronger adhesion capacity, but the excessive heat and the cytotoxic byproducts produced in the fast polymerization process during bonding are a major concern (Lv et al., 2021). Additionally, their poor elasticity cannot accommodate the movement of soft tissues under a highly dynamic physiological environment (Li et al., 2020; Zhao et al., 2021). Therefore, development of ideal medical adhesives with good biocompatibility, sufficient mechanical property, tunable biodegradability, and rapid and strong adhesion has a great application value in wound closure and healing (Neuffer et al., 2004; Gillman et al., 2020).
Herein, by mimicking the composition of the extracellular matrix (ECM) of native tissues, a strategy to prepare adhesives with good biocompatibility and multiple functions, from polypeptide and polysaccharide, was proposed (Yang et al., 2017; Ke et al., 2020). Firstly, gelatin was modified with adipic acid dihydrazide (Gel-ADH) and sodium alginate was oxidized (OSA) with NaIO4. Then, the hydrogel adhesive was prepared through the Schiff base reaction between Gel-ADH and OSA. The results showed that the Gel-ADH/OSA hydrogel had an appropriate swelling ratio, good injectability, excellent biocompatibility, and improved adhesion capacity.
MATERIALS AND METHODS
Materials
Sodium alginate (low viscosity), gelatin (from porcine skin), and sodium periodate (NaIO4) were purchased from Aladdin Industrial Corporation (Shanghai, China). Dulbecco’s modified Eagle medium (DMEM) and fetal bovine serum (FBS) were purchased from Life Technologies Corporation (California, United States). A Porcine Fibrin Sealant Kit was purchased from Guangzhou Bioseal Biotech Co., Ltd. All other chemicals were purchased from Sigma-Aldrich and used as received unless specified otherwise.
Preparation of OSA
Oxidized sodium alginate was synthesized as reported previously (Yuan et al., 2018). Briefly, 3.00 g raw sodium alginate (SA) was dissolved in ultrapure water (300 ml) and 4.86 g NaIO4 was added. After that, the mixed solution was stirred for another 4 h without light, and then 5 ml ethylene glycol was added in the mixed solution to terminate the oxidation. The final product was dialyzed (MWCO = 3,500 Da) for 3 days in distilled water. Finally, the product was lyophilized. To confirm the characteristic peak of the aldehyde group in OSA, a Fourier transform infrared (FTIR) spectroscope (Nicolet IS 10, Thermo Scientific, United States) was used and the measurement was performed at room temperature and recorded in the 4,000–400 cm−1 range.
Preparation of Gel-ADH
To synthesize ADH-modified gelatin, 3.00 g gelatin and 2.40 g adipic acid dihydrazide were dissolved in 300 ml ultrapure deionized water with stirring at 55°C. Then, 0.50 g EDC and 0.50 g HOBt were added to the solution. Finally, 0.1 M HCl solution was used to adjust the pH of the abovementioned solution to 5. The mixed solution was stirred overnight. The final product was dialyzed (MWCO = 7,000 Da) for 5 days in distilled water (Hozumi et al., 2018). The 1H NMR spectra of the Gel-ADH was measured by using a 600 Hz NMR spectrometer (JNM-ECZR-600 Hz, JEOL, United States )
Degree of Oxidation Study
The degree of oxidation was obtained by the titration method (Reakasame and Boccaccini, 2018). In brief, W g OSA, 5 ml anhydrous ethanol, and 5 ml hydroxylamine hydrochloride solution were added in a flask. Then, the solution was heated to reflux for 3 h and left to set for at least another 2 h. When the solution was cooled to room temperature, 0.1 M NaOH was used to titrate the mixture. When the color of the mixed solution became yellow, the titration was stopped and the volume (V1) of the titrimetric NaOH solution was recorded immediately. Then, 5 ml anhydrous ethanol and 5 ml hydroxylamine hydrochloride solution were added to another flask. The previous steps were repeated and the volume (V2) of titrimetric NaOH solution was recorded. The oxidation degree (OD) was calculated by the following Equation:
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Preparation of Gel-ADH/OSA Hydrogels
Lyophilized OSA and Gel-ADH were dissolved in the PBS solution (pH = 7.4). The prepolymer concentration was 10, 15, and 20% (w/v), respectively. The Gel-ADH and OSA solution were added to a glass bottle to prepare the four types of hydrogels. The volume ratio of the Gel-ADH and OSA solution was 1:1 and 2:1, respectively. The prepared hydrogels were represented as 10% Gel-ADH/OSA 1:1, 15% Gel-ADH/OSA 1:1, 20% Gel-ADH/OSA 1:1, and 20% Gel-ADH/OSA 2:1 accordingly.
Gelation Time of the Gel-ADH/OSA Hydrogel
Gelation time was measured at room temperature by tilt tests. Briefly, four abovementioned types of mixed solutions were injected into glass test tubes immediately after preparation. The tube was tilted horizontally every second, and then, the time when the solution did not have any flow was recorded as the gelation time.
Swelling Behavior of the Gel-ADH/OSA Hydrogel
The hydrogel samples were lyophilized and immersed in PBS (pH = 7.4). The initial weight of the lyophilized hydrogel was recorded as W0. After 12 and 24 h, the hydrogel samples were taken out from the PBS solution and the PBS on the surface of the hydrogels was wiped with filter papers. The weight of the hydrogels at predetermined intervals was recorded as Wt. The swelling ratio was calculated as follows:
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Micromorphology of the Gel-ADH/OSA Hydrogel
The microstructure of the lyophilized Gel-ADH/OSA hydrogel was observed by SEM (XL30 ESEM, Philips, Netherlands). The freeze-dried hydrogels were put on a platform and coated with a gold layer. Then, the cross-sectional morphology images were observed by SEM.
Hemolytic Activity of the Gel-ADH/OSA Hydrogel
The erythrocytes were extracted from the fresh mouse blood by centrifugation (1,000 rpm, 5 min) and diluted to 5% (v/v) with PBS solution (pH = 7.4). The prepared four types of hydrogels were mixed with the erythrocytes solution and incubated for 3 h (37°C). Finally, the mixtures were centrifuged at 2,500 rpm for 10 min and the absorbance of the supernatant from each tube was obtained by using a microplate reader (MK3, Thermo, United States ) at 540 nm. The percentage of hemolysis was calculated as follows:
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where ODp, ODw, and ODm were the absorbance of the supernatant obtained from the erythrocytes mixture with PBS, ultrapure H2O, and prepared hydrogels, respectively. Cells treated with the PBS solution were used as a positive control, while cells treated with H2O were used as a negative control. The hemolytic activity was measured in triplicate.
Cytocompatibility of the Gel-ADH/OSA Hydrogel
The cytocompatibility of the hydrogels to L929 cells was evaluated by the CCK-8 method (Zhang et al., 2020). Briefly, the cells were incubated in DMEM supplemented with 10% FBS and 1% penicillin–streptomycin solution at 37°C with 5% CO2. The four abovementioned types of hydrogels were prepared in 96-well plates at 37°C, and the cells (5 × 103 cells/well) were cultured with the hydrogels. After 1 and 3 days, 10 μl of CCK-8 was added to each well and incubated for another 2 h. Finally, the absorbance of each well was obtained by using a microplate reader (MK3, Thermo, United States ) at 450 nm. The hydrogel-free DMEM was used as a control. The viability of cells was measured in triplicate.
Rheological Analysis
The rheological measurements of the hydrogels were conducted by using a rheometer (MCR 302, Anton Paar, Austria) at 25°C. A 20% Gel-ADH/OSA 1:1 hydrogel was placed on a 25 mm diameter parallel plate of the rheometer. A shear-thinning test using the Gel-ADH/OSA adhesive was measured with a shear rate in the range of 0–200 1/s.
Adhesive Capacity of the Gel-ADH/OSA Hydrogel
A tissue adhesion capacity test was performed using fresh porcine skins. The porcine skins were immersed in PBS (pH = 7.4) overnight before use. Then, the porcine skins were cut into two oblong samples (6 cm × 1.5 cm). A 200 μl of Gel-ADH solution was applied on the first porcine skin, and 200 μl of OSA solution was applied on the second porcine skin. After that, two porcine skins were overlapped and the contacting area was 2 cm × 1.5 cm. Finally, the porcine skins were loaded 50 g for 5 min. The adhesion capacity (kPa) was recorded with a universal tester at a rate of 10 mm/min.
Statistical Analysis
All samples were measured in triplicate, and the data were represented as mean ± standard deviation (SD). All data were analyzed by one-way analysis of variance (ANOVA), and a value of p < 0.05 was considered to be statistically significant.
RESULTS AND DISCUSSION
Synthesis and Characterization of OSA and Gel-ADH
The preparation scheme of OSA and Gel-ADH is shown in Figure 1. Figure 2A shows the FTIR spectra of SA and OSA. Compared with the spectra of SA, a new absorption peak at 1726 cm−1 which is due to the aldehyde group was observed in OSA. The oxidation degree of OSA used in this study was about 79%. The 1H NMR spectra of Gel and Gel-ADH are shown in Figure 2B. Compared with the curve of Gel, new methylene peaks of ADH at 2.07 and 1.46 ppm were found in the Gel-ADH, indicating that gelatin was successfully modified with adipic acid dihydrazide. The degree of substitution (DS) of ADH, defined as the number of ADH moieties per 100 carboxyl groups of gelatin, was determined from the 1H NMR spectra (Figure 2B) by comparing the integrals of signals at 1.46 (A1.46) and 2.60 ppm (A2.60). DS, which was expressed as A1.46/(A1.46 + A2.60) × 100% (Yan et al., 2017), was calculated to be 67%.
[image: Figure 1]FIGURE 1 | Synthesis of (A) oxidized sodium alginate (OSA) and (B) adipic acid dihydrazide–modified gelatin (Gel-ADH).
[image: Figure 2]FIGURE 2 | (A) FTIR spectra of SA and OSA. (B)1H NMR spectra of Gel and Gel-ADH.
Characterization of the Gel-ADH/OSA Hydrogel
Without further treatment, the sol-gel transition of the Gel-ADH/OSA hydrogel occurred relatively fast, as indicated by tilt tests (Figure 3A). Meanwhile, the hydrogel adhesive developed here was completely transparent and would not cover the underlying tissues when used by surgeons. Figure 3B shows the gelation time of the Gel-ADH/OSA hydrogel with different components and concentrations. The gelation time of 10% Gel-ADH/OSA 1:1, 10% Gel-ADH/OSA 1:1, 15% Gel-ADH/OSA 1:1, and 20% Gel-ADH/OSA 2:1 was 16.7, 11.3, 8.7, and 9.3 s, respectively. For wound sealing, the gelation time of the hydrogel adhesive can affect the hemostasis of damaged tissues. Some commercial tissue adhesives have strong adhesion capacity, but the gelation time is too slow, which may not be enough to stop bleeding in the event of a sudden loss of blood (Qiao et al., 2021). Here, the gelation time of 20% Gel-ADH/OSA 1:1 and 20% Gel-ADH/OSA 2:1 was under 10 s. The Gel-ADH/OSA hydrogel with higher concentration had more amino and aldehyde groups to accelerate the Schiff base reaction rate.
[image: Figure 3]FIGURE 3 | (A) Schematic illustration of the preparation of Gel-ADH/OSA hydrogels. (B) Gelation time, (C) swelling ratio, and (D) SEM images of Gel-ADH/OSA hydrogels with different components and concentrations (scale bar = 100 μm, *p＜0.05, **p ＜ 0.01, n = 3).
An appropriate swelling ratio is an important prerequisite for medical tissue adhesive to maintain a lasting and stable adhesion effect in vivo (Liang et al., 2021). If the swelling ratio is too high, the adhesive will squeeze the trauma area, which is not conducive to the adhesion of the wound. The swelling ratio of Gel-ADH/OSA adhesive is dependent on the prepolymer component and concentration. As shown in Figure 3C, with the increase of prepolymer concentration or the content of Gel-ADH, the swelling ratio decreased which may be caused by the increased internal cross-linking sites in the system. This result indicated that the dense network restricted the expansion of the hydrogel. The swelling ratio of 15% Gel-ADH/OSA 1:1, 20% Gel-ADH/OSA 1:1, and 20% Gel-ADH/OSA 2:1 was under 1,000%. However, the swelling ratio of 10% Gel-ADH/OSA 1:1 decreased after 24 h, probably because of its low concentration, resulting in faster rate of degradation. All these studies proved that Gel-ADH/OSA had good swelling ratio and excellent biodegradability.
Figure 3D shows the internal microscopic morphology of the lyophilized hydrogel characterized by scanning electron microscopy. With the increase of the Gel-ADH component and prepolymer concentration, the porosity decreased gradually. Meanwhile, a uniform microstructure usually provides better mechanical properties theoretically for hydrogels (Pourjavadi et al., 2020). The network structure of Gel-ADH/OSA adhesive presented a high degree of homogeneity.
Biocompatibility of the Gel-ADH/OSA Hydrogel In Vitro
It is well known that one of the key factors hindering the wide application of biomedical adhesives is their toxic and side effects on cells or their degradation products that can lead to wound tissue infection and necrosis. To investigate the biocompatibility of the Gel-ADH/OSA hydrogel, L929 cells were employed and directly incubated with the Gel-ADH/OSA hydrogel. Then, the CCK-8 assay and live/dead staining were performed on the first and third day of incubation (Figures 4A,B). Compared to that of the control group, cells cultured with Gel-ADH/OSA hydrogels with different compositions and concentrations showed a survival rate higher than 90% at both day 1 and day 3, indicating the hydrogels have no obvious negative effect on cell viability. This result was also consistent with the live/dead staining (Figure 4B). Most of the cells were stained green in all the groups.
[image: Figure 4]FIGURE 4 | (A) Cell viability assay of L929 cells after being incubated with Gel-ADH/OSA hydrogels with different components and concentrations for 1 and 3 days (B) Live/dead staining of L929 cells after being incubated with the 20% Gel-ADH/OSA 1:1 hydrogel for 1 and 3 days (scale bar = 100 μm). (C) Image and (D) quantitative analysis of the hemolytic activity of Gel-ADH/OSA hydrogels with different components and concentrations.
Meanwhile, a hemolysis test was carried out to investigate the hemocompatibility of Gel-ADH/OSA hydrogels. The gross appearance of the erythrocytes after been treated with the solution of PBS, Gel-ADH/OSA hydrogels with different compositions and concentrations, and pure water is shown in Figure 4C. The solutions from Gel-ADH/OSA hydrogels were found to be light red, which was similar to those of the PBS group, while the water group showed bright red color. Figure 4D shows the quantitative analysis result of the hemolysis test, and the hemolysis ratios of Gel-ADH/OSA hydrogels were 0.82–1.44%, indicating Gel-ADH/OSA hydrogels have excellent hemocompatibility.
Rheological and Tissue Adhesion Capacity of Gel-ADH/OSA Hydrogels
To check whether the Gel-ADH/OSA adhesive has a shear-thinning property, a static shear rate sweep was performed. As shown in Figure 5A, with the increase of shear rate, the viscosity of the hydrogel decreased rapidly. When the shearing rate was 15 1/s, the 10% Gel-ADH/OSA 1:1 and 20% Gel-ADH/OSA 2:1 had a low viscosity of 18 Pas. When the shearing rate was 18 1/s, the 15% Gel-ADH/OSA 1:1 and 20% Gel-ADH/OSA 1:1 had a low viscosity of 9 Pas. Therefore, the Gel-ADH/OSA adhesive was shear-thinning because of dynamic Schiff base covalent bonding. As shown in Figure 5B, the Gel-ADH/OSA adhesive had excellent injectability in the process of application (Yang et al., 2020).
[image: Figure 5]FIGURE 5 | (A) Shear-thinning ability of Gel-ADH/OSA hydrogels with different components and concentrations. (B) Injectability of the 20% Gel-ADH/OSA 1:1 hydrogel. A schematic and quantitative analysis of (C) a standard lap shear test and (D) a standard peel test using Gel-ADH/OSA hydrogels with different components and concentrations. A commercialized Porcine Fibrin Sealant Kit served as the control (*p＜0.05, n = 3).
To explore the adhesion capacity of Gel-ADH/OSA hydrogels in vitro, standard shear and peer tests were performed (Suneetha et al., 2019) (Figures 5C,D). As shown in Figure 5, with the increase of prepolymer concentration, the shear and peer stress of Gel-ADH/OSA hydrogels increased significantly. That is because the gelatin and sodium alginate are sticky inherently, and the Gel-ADH/OSA hydrogel with higher concentration had more amino and aldehyde groups to accelerate the Schiff base reaction rate. Meanwhile, the high oxidation degree of OSA would accelerate cross-linked reactions and improve the adhesive strength of the hydrogel. Since the 20% Gel-ADH/OSA 1:1 has more sites to react with amino groups on the surface of skin tissue, the lap shear strength (45 ± 14 kPa) and peel stress (28 ± 6 kPa) were higher than those of other groups, including the commercial adhesive Porcine Fibrin Sealant Kit. Previous studies also showed that the Fibrin Sealant has limited adhesion strength (Chow et al., 2021). To further confirm the biomedical application potential of the hydrogel adhesive, wound sealing and healing investigation will be performed in the future animal studies.
CONCLUSION
In this study, an injectable hydrogel tissue adhesive was developed, and the hydrogel showed a suitable swelling ratio, good injectability, and excellent biocompatibility. We also found that the adhesion capacity was related to the prepolymer component and concentration. The 20% Gel-ADH/OSA 1:1 hydrogel showed the highest adhesion ability, which was also higher than that of the commercial Porcine Fibrin Sealant Kit. All these results suggested that the polysaccharide-based hydrogel was a promising candidate for a soft tissue adhesive.
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Chemotherapy is one of the commonly used therapies for the treatment of malignant tumors. Insufficient drug-loading capacity is the major challenge for polymeric micelle–based drug delivery systems of chemotherapy. Here, the redox-responsive star-shaped polymeric prodrug (PSSP) and the dimeric prodrug of paclitaxel (PTX) were prepared. Then the dimeric prodrug of PTX (diPTX, diP) was loaded into the core of the star-shaped polymeric prodrug micelles of PSSP by hydrophobic interaction forming the redox-responsive prodrug micelles of diPTX@PSSP for intracellular drug release in tumor cells. The hydrodynamic diameter of diPTX@PSSP nanoparticles was 114.3 nm ± 2.1 (PDI = 0.219 ± 0.016), and the micelles had long-term colloidal stability and the drug-loading content (DLC) of diPTX and PTX is 16.7 and 46.9%, respectively. The prepared micelles could broke under the reductive microenvironment within tumor cells, as a result, the dimeric prodrug of diP and polymeric prodrug micelles of PSSP were rapidly disassembled, leading to the rapid release of intracellular drugs. In vitro release studies showed that under the condition of reduced glutathione (GSH) (10 mM), the release of PTX was significantly accelerated with approximately 86.6% released within 21 h, and the released PTX in cytoplasm could promote the disintegration of microtubules and induce cell apoptosis. These results indicated that the new type of this reduction-sensitive nanodrug delivery system based on dimeric prodrug@polymeric prodrug micelles would be a promising technology in chemotherapy.
Keywords: drug delivery, dimeric prodrug, polymeric prodrug micelles, high drug loading, reduction-sensitive
INTRODUCTION
Polymeric micelles with a well-defined core-shell structure, which can improve the solubility, bioavailability, and circulation half-life of hydrophobic drugs thus became a promising nano-carrier for cancer treatment (Feng et al., 2020; Gauger et al., 2020; Yi et al., 2021a). Due to the unique physiological property of tumor blood vessels, polymer micelles usually from 50 to 150 nm can be passively enriched in tumor tissues through the enhanced permeability and retention (EPR) effect (Yi et al., 2021b; Ghosh and Biswas, 2021; Kaur et al., 2021). Although nano-sized polymeric micelles can efficiently accumulate in tumor tissues, insufficient drug loading is still one of the main challenges for polymeric micelles in the drug delivery system.
The prodrug is obtained by directly coupling the drug and the carrier through chemical bonds, which can accurately control the drug loading and increase the solubility and stability of the drug (Deng et al., 2021; Du et al., 2021; Yang et al., 2021). It thus changes the biodistribution, improves pharmacokinetics and pharmacodynamics, increases therapeutic effect, and reduces side effect (Dhiman et al., 2021; Wang et al., 2021). FDA-approved polymers such as PLGA, PEG, and dextran have been widely used in the development of polymer-drug conjugates (prodrugs) (Li et al., 2017; Hong et al., 2020; Zeng et al., 2020; An et al., 2021). The therapeutic effect of nano-drug not only depends on the enrichment effect of nanoparticles in tumor tissues, but also on the exposure amount of free drugs. In order to achieve controlled drug release in tumor cells, many efforts have been devoted to introduction of chemical bonds between drugs and polymers, which are the intrinsic stimuli of the tumor microenvironment, such as acidity, redox potential, and specific enzymes (Chakroun et al., 2020; Hao et al., 2020; Sun and Zhong, 2020; Uthaman et al., 2020). For redox potential, the concentration of glutathione (GSH) in tumor cells is much higher than that in the extracellular. Among them, the concentration of tumor cells is much higher than that in the normal cells (∼2 μmol) (Tang et al., 2020). The disulfide bonds introduced in the polymeric prodrug micelles can be reduced at high levels of GSH in the cytoplasm, leading to the dissociation of the carriers and subsequent intracellular release of the drug (Chen et al., 2018; Wang et al., 2020). Therefore, designing reduction-sensitive disulfide bonds as bridge bonds to construct polymeric prodrug nanoparticles is a common strategy for drug delivery systems.
Moreover, polymer prodrugs can also be used as drug carriers to load other drugs for combination therapy (Yi et al., 2016; Lu et al., 2020). It is worth noting that the drug loading and encapsulation efficiency of small hydrophobic drugs loaded by amphiphilic polymers are usually low (less than 10%) (Shen et al., 2017; Wang et al., 2017). This result may be mainly attributed to the formation of large drug aggregates through the packing of drug molecules with a long-range order (Cai et al., 2015). The design of the dimeric prodrug has emerged as one of the new potential strategies for increasing drug loading by hydrophobic interactions, due to the fact that drug dimers can prevent large particle formation (He et al., 2018). Furthermore, the dimeric prodrug possess the stronger intermolecular hydrophobic interactions than the free drug because of the increased surface area and the enhanced tendency of the prodrug to aggregate (Pei et al., 2018; Li et al., 2020; Zuo et al., 2020). Therefore, the design of the drug delivery system based on dimeric prodrug can improve drug loading effectively.
In order to obtain the nanodrug delivery system with a high drug-loading content (DLC), in this study, a prodrug micelle with DLC composed of a redox-responsive star-shaped polymeric prodrug of paclitaxel (PTX) and a redox-responsive dimeric prodrug of PTX was established to inhibit the growth of tumor cells. As shown in Scheme 1, the star-shaped polymeric prodrug (4-arm-PEG-SS-PTX, PSSP) and the reduction-sensitive dimer-PTX (PTX-SS-PTX, diP) with disulfide linker were synthesized by a thiol-disulfide exchange reaction and an esterification reaction, respectively. Then the dimeric prodrug of diP was loaded into the hydrophobic core of the polymeric prodrug of PSSP micelles by the hydrophobic interaction to obtain diP@PSSP micelles. The diP@PSSP micelle has good stability, the size of the diP@PSSP micelle is 114.3 nm ± 2.1 (PDI = 0.219 ± 0.016), and the DLC of diPTX and PTX is 16.7 and 46.9%, respectively. This diP@PSSP micelle is specifically internalized into tumor cells by EPR effect and the disulfide bond could be cleaved immediately under the condition of high concentration of GSH, thereby releasing PTX and diPTX. Subsequently, the released diPTX and PTX could also be released from the dimeric prodrug of diP. Finally, the released drug would disrupt the balance of microtubule polymerization and depolymerization to inhibit the growth of tumor cells.
[image: Scheme 1]SCHEME 1 | A reduction-sensitive nanodrug delivery system based on dimeric prodrug@polymeric prodrug micelles for drug delivery. (A) The structure of the star-shaped polymeric prodrug (4-arm PEG-SS-PTX, PSSP) and reduction-sensitive dimer-PTX (PTX-SS-PTX, diP) with disulfide linker. (B) diP was encapsulated into the core of PSSP micelles to obtain diP@PSSP micelles by hydrophobic effect. (C) PTX release mechanism of diP@PSSP micelles in tumor cells.
RESULTS AND DISCUSSION
Characterization of the Prepared Prodrug
Redox-sensitive disulfides were introduced into the dimer prodrug and polymer prodrug to control drug release, the synthetic route of the redox-sensitive dimeric prodrug of dimer-PTX (PTX-SS-PTX, diP), and the star-shaped polymeric prodrug (4-arm-PEG-SS-PTX, PSSP) was shown in Figure 1A. The PTX reacted with 3,3′-dithiobispropionic acid to obtain the prodrug of diP by the esterification reaction (Yi et al., 2021a). Characterization was obtained by 1H NMR, The signal at δ 2.5–2.8 is assigned to the methylene proton beside the disulfide bond and the ester group in deuterated dichloromethane, and the integral ratio of δ 2.5–2.8 is about four times than that of δ 5.46, which shows the successful synthesis of the dimeric prodrug of diP (Figure 2). Next, diP was treated with DTT to afford PTX-SH by the redox reaction and then PTX-SH reacted with excess 2,2′- dipyridyl disulfide to obtain the product of pyridyl disulfide-PTX (PTX-SS-Py) by the thiol-exchange reaction. The 1H NMR spectrum of PTX-SS-Py was shown in Supplementary Figure S1; the shift at δ 8.71 was attributed to methyne proton of the pyridyl disulfide group and the integral of δ 8.71 and δ 5.85 is close to 1:1, and the mass data of PTX-SS-Py was 1,051.3357; the result was close to the theoretical value (calcd [M + H]+ = 1,051.3351) (Supplementary Figure S2), which shows the successful synthesis of the PTX-SS-Py. Finally, the star-shaped polymeric prodrug of PSSP was synthesized via the thiol-exchange reaction between 4-arm PEG-SH and PTX-SS-Py. The characteristic peaks of PTX-SS-Py units (δ 5.54, 5.46, 5.38, 2.89, 2.84, and 2.76) and PEG units (δ 3.50, 3.31) were observed for PSSP (Figure 3). Moreover, the intensity ratio of the two signals at δ 5.58 and δ 3.50 on PTX units and PEG units, respectively, is close to 1:124, indicating that the PSSP with a four-armed star-shaped amphiphilic polymer was prepared successfully. The above shows that the redox-sensitive dimeric prodrug of diP and the star-shaped polymeric prodrug of PSSP were synthesized successfully.
[image: Figure 1]FIGURE 1 | Facile synthesis of the redox-sensitive dimeric prodrug of dimer-PTX (PTX-SS-PTX, diP) and the star-shaped polymeric prodrug of 4-arm PEG-SS-PTX (PSSP).
[image: Figure 2]FIGURE 2 | 1H NMR spectrum (400 MHz, CDCl3) of diPTX.
[image: Figure 3]FIGURE 3 | 1H NMR spectrum (400 MHz, d-DMSO) of PSSP.
Characterization of the Micelles
The hydrophobic dimeric prodrug of diP was encapsulated in the polymeric prodrug micelles of PSSP to prepare diP@PSSP micelles. The DLC of diP and PTX were determined and calculated by high-performance liquid chromatography (HPLC) to be 16.7 and 46.9%, respectively. The size of micelles is one of the key parameters affecting their stability in vivo. The average diameters of the prepared PSSP and diP@PSSP micelles were 83.1 ± 0.4 nm (PDI = 0.124 ± 0.016) and 114.3 ± 2.1 nm (PDI = 0.219 ± 0.016), respectively, determined by the dynamic light scattering (DLS) (Figure 4A). The PSSP and diP@PSSP micelles have good stability, while their size remained essentially unchanged during 20-day storage at room temperature (Figure 4B). The morphology of PSSP and diP@PSSP micelles were investigated by a transmission electron microscope (TEM). The micelles showed spherical morphology and the sizes were smaller than the micelles obtained by DLS, which might be caused by the collapse of the hydrophilic PEG shell in the dry state (Wu et al., 2020) (Figures 4C,D). This size of micelles ranged from 50 to 150 nm could passively target the tumor with high efficiency through EPR effect (Kang et al., 2020; Kuang et al., 2020). Then the character of the reduction-sensitive was verified in this drug delivery system, DLS was used to monitor the size change of PSSP and diP@PSSP micelles in response to 10 mM GSH (Figure 5). The results showed that the PSSP and diP@PSSP micelles were quickly destabilized by GSH to form smaller and larger aggregates simultaneously within 6 h, the particle size distribution continued to change with the increase of time. This may be due to GSH triggering the cleavage of the disulfide bond of PSSP and diP to form water-soluble PEG and release water-insoluble PTX. The above results indicate that PSSP and diP@PSSP micelles were prepared successfully by self-assembly, and the PSSP and diP@PSSP micelles have good size distribution and excellent reduction responsiveness.
[image: Figure 4]FIGURE 4 | (A) Hydrodynamic size distribution of PSSP and diP@PSSP micelles. (B) Stability assay of PSSP and diP@PSSP micelles in PBS during 20-day storage at room temperature. The TEM images of (C) PSSP and (D) diP@PSSP micelles. The scale bar is 100 nm.
[image: Figure 5]FIGURE 5 | The size changes of (A) PSSP and (B) diP@PSSP micelles in response to 10 mM GSH at pH 7.4 determined by DLS, respectively.
Drug Release and Cytotoxicity Assay
The PTX release behaviors of the diP@PSSP micelles in reduction environment of 10 mM GSH were evaluated in vitro, the results were shown in Figure 6. Only less than 10% of the PTX was cumulative released at pH 7.4 in absence of 10 mM GSH within 48 h, which simulates the physicochemical environment of blood circulation. This indicates that the micelle of diP@PSSP have good stability to inhibit premature drug leakage, which may be due to the hydrophobic interaction between PTX and diPTX and the stable disulfide bond of the conjugated PTX (Yang et al., 2019). However, a significant increase in drug release was observed at the condition of 10 mM GSH. The cumulative drug release of diP@PSSP micelles was about 85% within 48 h. These results show that the disulfide bonds collapse occurred under the activation of GSH, which can accelerate the release of PTX from diP@PSSP micelles (Su et al., 2018). In order to verify the prepared prodrug micelles in a short period of time is not seriously destructive to red blood cells (RBCs), the hemolysis of PSSP and diP@PSSP micelles was studied (Chibhabha et al., 2020). As shown in Figure 7A, the prepared micelles had no obvious corrosive effect on the behavior of RBCs. In addition, PSSP and diP@PSSP micelles exerted neglectable hemolysis (<5.0%) for RBCs at the concentration of 200 μg ml−1 (Figure 7B). The results show that the prepared PSSP and diP@PSSP micelles were safe drug delivery systems with good biocompatibility.
[image: Figure 6]FIGURE 6 | PTX was released from a PBS solution of diP@PSSP micelles containing 0.1% (w/v) Tween 80 (pH 7.4, 0.1 M) at 37°C, with or without 10 mM GSH.
[image: Figure 7]FIGURE 7 | (A) The hemolysis ratio induced by PSSP and diP@PSSP micelles with the concentration of 200 μg ml−1 incubated at 37°C for 6 h in dark. (B) Optical microscopic observation of the dispersion states of the RBCs after incubated with H2O, PBS, PSSP, and diP@PSSP micelles for 6 h. Scale bar: 50 μm.
It is well known that PTX is a hydrophobic drug that induces apoptosis in tumor cells by promoting microtubule disintegration. Microtubule is a kind of natural biological macromolecule existing in cells, which can continuously change its assembly and disassembly state in a few seconds in life activities (Chan and Coen, 2020). In order to studied the effect of polymeric prodrug PSSP and diP@PSSP micelles on microtubules of HeLa cells, the morphology of microtubules was observed by CLSM after the HeLa cells were incubated with the PSSP and diP@PSSP micelles for 8 h. As shown in Figure 8A, compared with the control group, PSSP and diP@PSSP micelles showed significant contraction effect on the microtubules of HeLa cells. This is due to the presence of PTX in PSSP and diP@PSSP micelles, and the PTX released under reduction condition in tumor microenvironment can bind to specific sites of tubulin to prevent its depolymerization. To study the cytotoxicity of the diP, PSSP, and diP@PSSP micelles, the HeLa cells were incubated with these samples at the concentrations of 1.25, 2.50, and 5.00 μg ml−1 for 48 h. As shown in Figure 8B, the diP, PSSP, and diP@PSSP micelles exhibited toxicity in HeLa cells, indicating the tumor cells are very sensitive to these redox-responsive prodrugs. The inhibitory effect of PSSP micelles on HeLa cells growth was weaker than that of diP, which might be related to the protective shell of PEG. Moreover, the cell viability of diP@PSSP on HeLa cells is weaker than that of diP, which may be attributed to two reasons, one is that the solubility of diP is enhanced by PSSP carrier to facilitate its phagocytosis by cells and the other is that the released PTX in tumor environment exerts its drug effect. In general, diP@PSSP micelles with high drug loading not only have good biocompatibility but also can achieve controlled drug release in tumor cells and inhibit the growth of tumor cell.
[image: Figure 8]FIGURE 8 | (A) Detection of microtubules in HeLa cells after incubation with PSSP and diP@PSSP micelles for 8 h, respectively. (B) Viability of HeLa cells treated with diP, PSSP, and diP@PSSP nanoparticles under different concentration for 48 h, respectively. Scale bar: 20 μm.
CONCLUSION
In summary, a new type of drug delivery system of diP@PSSP with high DLC and excellent stability was developed based on prodrug–drug complexes and dimeric prodrug. The polymeric prodrug diP@PSSP micelles possessed high DLC of PTX as high as 46.9% and excellent stability. The controlled release of PTX under the 10 mM GSH could be achieved for reductive-sensitive diP@PSSP micelles. In addition, the polymeric prodrug of diP@PSSP micelles showed good biocompatibility in RBCs and therapeutic effect in HeLa cells. We hope that this strategy will be used to facilitate the provision of multiple therapeutic drugs for a variety of purposes, in particular to overcome multidrug resistance.
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The challenge of effectively regenerating bone tissue through tissue engineering technology is that most tissue engineering scaffolds cannot imitate the three-dimensional structure and function of the natural extracellular matrix. Herein, we have prepared the poly(L-lactic acid)–based dual bioactive component reinforced nanofiber mats which were named as poly(L-lactic acid)/bovine serum albumin/nanohydroxyapatite (PLLA/BSA/nHAp) with dual bioactive components by combining homogeneous blending and electrospinning technology. The results showed that these nanofiber mats had sufficient mechanical properties and a porous structure suitable for cell growth and migration. Furthermore, the results of cell experiments in vitro showed that PLLA/BSA/nHAp composite nanofiber mat could preferably stimulate the proliferation of mouse osteoblastic cells (MC3T3 cells) compared with pure PLLA nanofiber mats. Based on these results, the scaffolds developed in this study are considered to have a great potential to be adhibited as bone repair materials.
Keywords: bone tissue injure, nanofiber mat, bioactive components, recognition sites, massive bone tissue regeneration
INTRODUCTION
Bone defects, accounting for about 50% of surgical operations, caused by various reasons are very prevalent in clinical surgery (Saravanan et al., 2019; Yuan et al., 2020; Wang et al., 2021). Treatment of complex bone defects with irregular shapes or at the interfacial zone with soft tissues, such as cartilage-to-bone, tendon-to-bone, and ligament-to-bone insertion sites remains a clinical challenge (Wang et al., 2019a; Huang et al., 2020). Autograft remains the gold standard for bone repair (Damien and Parsons, 2010; Zimmermann and Moghaddam, 2011). However, it has two fatal flaws limited in clinical practice, namely, significant donor site morbidity and poor capability for machining to accommodate irregular defects. Additionally, autogenous bone transplantation raises significant concerns about the spread of disease and immune responses (Chen et al., 2016; Ye et al., 2019). With the intersection of orthopedic surgery and tissue engineering development, bone substitutes such as ceramics and bone cement have been universally used in clinical practice. However, these materials or scaffolds are usually a three-dimensional structure mismatched with host cells, which may inhibit cell growth, vascularization, and bone regeneration (Jakus et al., 2016; Zhu et al., 2018; Wang et al., 2019b). It is necessary to develop bone tissue engineering scaffolds that are capable of effectively replacing and regenerating fragmented large bulk bone tissue without inducing complications (Oryan et al., 2014; Wang et al., 2019c).
The hybrid fiber material, which is synthesized by electrospinning, possesses the characteristics of enhanced biocompatibility, high porosity, good mechanical properties, large specific surface area, and adjustable hydrophilicity. The micro-/nanofibers prepared by electrospinning can theoretically mimic the three-dimensional structure of an extracellular matrix (ECM), thereby facilitating the proliferation and migration of related cells in the tissue (Li et al., 2014; Rezk et al., 2018a; Aoki et al., 2020). In recent years, new technologies based on electrospinning have been applied to the fabrication of three-dimensional (3D) nanofibrous scaffolds. In these works, fabricated 3D scaffolds derived from electrospun nanofibers have been used for bone tissue engineering. Satpathy et al. reported a nanohydroxyapatite (nHAp) nanoparticle-doped electrospun polyvinyl alcohol (PVA)–chitosan composite nanofibrous mat, which was successfully fabricated with improved performance for the potential application as a bone tissue regeneration material. The author claims that the incorporation of HAp nanoparticles improves the biocompatibility as well as bioactivity of PVA–chitosan composite scaffolds for osteoblast, and such composite scaffolds may serve as a good template for bone tissue engineering (Satpathy et al., 2019). Ye et al. prepared a bone scaffold (nanohydroxyapatite/PLLA/gelatin (nHA/PLA/GEL) 3D nanofibrous scaffolds) based on combining electrospinning, homogenizing, freeze-drying, and thermal crosslinking techniques. This research concluded that the combined use of nHA and the BMP-2-derived peptides synergistically and significantly promoted BMSC osteogenic differentiation in vitro and bone regeneration in a rat cranial bone defect model (Ye et al., 2019).
Inorganic osteogenic nanoparticles have been extensively synthesized for a bone regeneration scaffold due to its easily modified surface (Liu et al., 2016). Sokolova et al. reported a porous scaffold, which is composed of poly(lactide–coglycolide) (PLGA) and nanohydroxyapatite (nHAp) for bone substitution. All authors in this research alleged that it is expected to enhance bone growth around an implanted scaffold or inside a scaffold for tissue engineering (Sokolova et al., 2020). Bauer et al. synthesized biphasic nHAp and whitlockite composite scaffolds with different ratios by changing the content of Mg2+ ions for strengthening osteogenic differentiation of human mesenchymal stem cells (hMSCs) (Bauer et al., 2020). Chen et al. prepared porous hydroxyapatite composite scaffolds through 3D bioprinting for bone tissue engineering (Chen et al., 2019). These reported scaffolds with different proportions of inorganic osteogenic nanoparticles had porous structures for facilitating cell proliferation and migration, but the matrix materials used do not have the sufficient ability to induce effective osteogenesis, which is mainly due to the lack of strong bioactive sites that recognize the host cytomembranes.
Bovine serum protein (BSA) is a globulin in bovine serum, mainly composed of proteins, peptides, hormones, etc., and it has abundant cell recognition sites to promote cell adhesion and proliferation (Li et al., 2017; Liu et al., 2020). As in previous research, a linear gradient of active protein was readily loaded into uniaxially aligned nanofibers by backfilling the active protein onto the bare regions by a graded mask of BSA (Tanes et al., 2017). Additionally, Wu et al. demonstrated a simple and general strategy by first creating a graded mask of BSA on nanofibers; it is beneficial to improve the biocompatibility of the material (Wu et al., 2018). However, they added the different gradient growth factors for the purpose of improving tissue regeneration, but the release of growth factors was difficult to control.
Poly(L-lactic acid) (PLLA) is a biodegradable material that is often used for tissue regeneration, whose degradation cycle and mechanical properties matched the growth of osteoblasts (Shim et al., 2010; Schofer et al., 2012; Qi et al., 2016; Wang et al., 2016). Beyond this, PLLA can be blended with natural active materials or inorganic particulate matter for electrospinning (Shim et al., 2010; Rajzer et al., 2018; Ye et al., 2019). However, the acidic degradation products of pure PLLA can inhibit osteoblasts and promote the growth of osteoclasts, which may have a negative effect on bone regeneration. Based on this, we believe that, by combining these bioactive factors, its drawbacks can be modified and their advantages will be magnified. The synergistic effect of these three substances will provide a biomimetic microenvironment for the growth of osteoblasts. Therefore, we will attempt to use PLLA as the base framework material, adding bioactive BSA and polyhydric nHAp dual components to neutralize the acid product as well as improve the osteogenesis effect.
MATERIALS AND METHODS
Materials
Poly(L-lactic acid) (PLLA, Mw = 125,000 g/mol) was purchased from Shenzhen MaiQi Biomaterials Co., Ltd. (Shenzhen, China). BSA (Mw = 66,446 g/mol, isoelectric point = 4.7) was purchased from Shanghai Titan Scientific Co., Ltd. (Shanghai, China). Nanohydroxyapatite (nHAp) was purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) was purchased from Shanghai Darui Fine Chemical Co., Ltd. (Shanghai, China). MC3T3 cells were obtained from Shanghai Institute of Biochemistry and Cell Biology (SIBCB, CAS, China). All culture media and reagents were purchased from Invitrogen and Sigma-Aldrich (St. Louis, MO) unless stated otherwise. All chemicals used in the experiments are analytical grade reagents and used without further purification.
Fabrication of Nanofiber Mats
The nanofibers mat was prepared by the electrospinning technology. In brief, 0.8 g PLLA and 0.08 g BSA was dissolved into 10 ml HFIP under vigorous stirring at room temperature for 24 h. Then, the HFIP solution with a uniform concentration of 1% nHAp was added into the solution for preparing PLLA/BSA/nHAp electrospinning solution. After 48 h of intense magnetic stirring, the well-mixed solution was drawn into a plastic syringe, followed by connecting it with the DC voltage and sprayed at a feeding rate of 1.0 ml/h through a metal needle with an inner diameter of 0.8 mm at the same time. The nanofiber mat is collected on a rectangular grounded metal plate covered with an aluminum foil. The voltage and receiving distance between the needle and the metal plate was set at 10 kV and 15 cm, respectively. All processes were carried out at about 50 ± 5% relative humidity. The collected nanofibers mat was first put into a fume hood for self-volatilizing for 48 h to remove residual HFIP and then put in a vacuum drying oven for 24 h at a constant temperature for subsequent characterization and testing.
Characterization of Nanofibers and Nanofiber Mats
A scanning electron microscope (SEM, Phenom XL, Netherlands) was used to test the microscopic morphology of the nanofibers after spraying gold. The diameter distribution of nanofibers from the SEM fiber images can be measured by using ImageJ software (National Institutes of Health, MD, United States). To see the structure of single fiber, the fiber was further measured by transmission electron field electron microscopy (TEM, JEOL JEM-2100).
The apparent water contact angle (WCA) was measured three times for each sample using a contact angle instrument (OCA40, DataPhysics, Germany) when the deionized water droplet was stable at room temperature. Both WCA values of the left and right sides were measured, and an average value was applied.
The porosity of nanofiber mats was measured by the ethanol immersion method as previously described using the reported formula (Zhu et al., 2017; Du et al., 2019). In brief, 5 ml (V1) ethanol was first filled in a measuring cylinder, and then nanofibrous mats (n = 4) were immersed in ethanol for 10 min, respectively. The resulting volume of ethanol was recorded as V2, and the residual volume of ethanol in a measuring cylinder after removing the wet nanofibrous mats was V3. The porosity (p) was calculated according to the following formula:
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The apparent density (ρa) was calculated by ρa = m/v, where m is the mass and v stands for the volume of the samples (Du et al., 2019).
The structure and properties of the nanofiber mat were analyzed by Fourier transform infrared spectroscopy (FTIR, Avatar 380, United States) in the range of 400–4,000 cm−1 wavenumbers at a resolution of 2 cm−1. Using X-ray diffraction (XRD, Tokyo, Japan) under the condition of 40 KV tested the crystal structure of the nanofiber mat, sample scanning was performed at a 2θ angle (5°–80°). STAPT-1000 instruments (Linseis, German) were used to evaluate the thermal properties andthe thermal stability of nanofiber mats. In brief, the samples were heated from 25°C to 800°C under a flow of nitrogen (10 ml/min), and the thermogravimetric analysis (TGA) curves were measured at a heating rate of 10°C/min.
The stress–strain curves and Young’s modulus of the nanofiber mats were tested in dry conditions using a general test machine (HY-940FS, Shanghai Hengyu Instrument Co., Ltd., China) (Hong et al., 2011; Zheng et al., 2013). Before the measurement, three sample strips were randomly cut from nanofiber mat for the tensile test to get an average result. The tensile speed of nanofibers mats was 5 mm/min before the sample fracture.
Cell Culture With Nanofiber Mats
MC3T3 cells were grown in a carbon dioxide incubator at 37°C and 5% CO2. A Dulbecco’s modified eagle medium (DMEM) containing 10% fetal bovine serum and 1% penicillin–streptomycin solution was used. Nanofiber mats were prepared on glass cover plates and placed at the bottom of 24-well plates, respectively. The surface of the sample was fixed by a stainless steel ring. Before inoculation, the stainless steel ring, glass cover plates, and nanofiber mat were sterilized with 75% ethanol for 12 h and then soaked in a culture medium to ensure a uniform distribution on the nanofibers mat. Then, MC3T3 cells with a certain density (1.0 × 104/well) were incubated on the nanofiber mat for cell adhesion and proliferation, and the medium was changed every 3 days. After MC3T3 cells were cultured in a 24-well plate for 1, 4, and 7 days, the cell viability was determined by the CCK-8 method. Fluorescence microscopy (Nikon, Japan) and SEM were used to observe the cell adhesion of nanofibers mats. For the immunofluorescence observation, the samples were fixed with 4% paraformaldehyde, following staining with rhodamine-conjugated phalloidin and DAPI. Finally, the residual dye of actin and nuclei of the cells were washed with PBS.
Western Blot Testing
For the determination of osteogenic-associated gene expression level of MC3T3 cells which were cocultured with different nanofiber mats, MC3T3 cells (1 × 105 cells/well) were cultured in a 6-well plate for 1, 4, and 7 days. At a period of 1, 4, and 7 days of culture, sodium dodecyl sulfate polyacrylamide gel electrophoresis was used for the protein extraction, which was then moved onto a polyvinylidene difluoride membrane surface (Merck Millipore, German). The membranes were then treated with 5% bovine serum albumin (BSA) and then incubated with monoclonal antibodies for RUNX2, OCN, and actin at 4°C overnight. The samples were then incubated with HRP-conjugated secondary goat anti-rabbit antibody (RT, 2 h), followed by the quantitative analysis using Amersham ECL Plus reagents on an Image Quant LAS 4000 (GE, United States).
Statistical Analysis
The results of all our work were expressed as mean standard deviation (SD) one-way ANOVA for data analysis, and Origin Pro 9.5 for the Tukey’s test for specificity difference assessment with a significant level set at 0.05.
RESULTS AND DISCUSSION
A simple and effective strategy to regulate the preparation and construction of functional bone regeneration induced nanofibers mats with dual bioactive components via homogeneous blends combined with the electrospinning technology is proposed. Figure 1 shows the fabrication process and formation mechanism of the functional scaffold with a three-dimensional structure. We prepared a uniformly dispersed mixed solution by separately dissolving the components and then blending them. This solution is easier to electrospin to form regular fibers than a solution which is prepared by “one-pot blending.” The biodegradable PLLA as a frame material for mechanical support, as well as bioactive polymer BSA from a natural life source with osteogenic induction activity, and nHAp nanoparticles were combined together by electrospinning to promote bone regeneration.
[image: Figure 1]FIGURE 1 | The schematic diagram of PLLA/BSA/nHAp nanofiber mat preparation by electrospinning and mechanisms of regulating bone cellular phenotype by nanofibers.
Apparent Morphology and Microstructure of Prepared Nanofibers
Nanofiber-based scaffolds are very suitable material for bone repairing due to its three-dimensional structure with a biomimetic extracellular matrix, which can enhance differentiation of osteoblasts and mineralization due to their ECM-like structures (Srouji et al., 2011; Cheng et al., 2018; Kouhi et al., 2019). Bone tissue is generally composed of inorganic salts (e.g., HAp), organic fibrous matrices (collagen I), and cells. As a result, bone repair requires the application of inorganic materials to pack the defect and collagen membrane to inhibit the rapid growth of nearby soft tissues (Feng et al., 2019). Therefore, by incorporating the osteogenic active substance into an electrospun scaffold via the electrospinning technology, it can promote the osteogenic differentiation and bone healing.
In this study, three nanofibers mats, namely, PLLA, PLLA/BSA, and PLLA/BSA/nHAp nanofiber mats were prepared as an induction carrier for bone regeneration. PLLA, PLLA/BSA, and PLLA/BSA/nHAp nanofiber mats can also be easily processed into any shape and appearance as shown in Figure 2A. The three-dimensional structure of nanofiber mats is closely related to the cell phenotype. The microstructure of nanofiber mats is not only related to the electrospinning technological parameter, such as voltage, solution concentration, and receiving distance, but also related to the dispersibility of nHAp nanoparticles in polymer materials. Therefore, we have electrospun PLLA, PLLA/BSA, and PLLA/BSA/nHAp—three kinds of fibers—under the best electrospinning by adjusting parameters and tested its morphology by SEM. As shown in Figures 2B–E, all the nanofibers’ surface renders an interconnected porous network structure by SEM, and the diameter of the nanofibers remains relatively well with ImageJ analysis software. In addition to this, we found that the PLLA, PLLA/BSA, and PLLA/BSA/nHAp nanofibers diameter, respectively, were 0.150 ± 0.044 μm, 0.110 ± 0.025 μm, and 0.150 ± 0.056 μm (Figures 2C–2E). Compared with pure PLLA nanofiber mats, the reduced diameter of the PLLA/BSA nanofibers may be related to the presence of positive charge in BSA, which neutralized with the negative charge output by the voltage generator during the electrospinning. On the other hand, the mercapto group in BSA is very active, which can bind to a variety of small molecules and enhance the tractive force of the droplet surface in the process of electrospinning. What is noteworthy is that, compared with the PLLA/BSA nanofiber mats, PLLA/BSA/nHAp nanofibers mat has a larger diameter, which may be due to the addition of the uniform dispersion of nHAp particles as in Figure 2F (red arrow). Although nHAp is uniformly mixed in the electrospinning solution, it also increased the viscosity of the mixed solution, so the diameter of PLLA/BSA/nHAp nanofibers is relatively thicker than that of PLLA/BSA nanofibers.
[image: Figure 2]FIGURE 2 | (A) The appearance images and (B) SEM images at different multiples of prepared PLLA, PLLA/BSA, and PLLA/BSA/nHAp nanofibers. (C–E) Normal distribution of PLLA, PLLA/BSA, and PLLA/BSA/nHAp nanofibers, respectively. (F) TEM image of PLLA/BSA/nHAp nanofiber. (G) Porosity and apparent density. (H) Water contact angle of PLLA, PLLA/BSA, and PLLA/BSA/nHAp nanofibers mats, respectively. (*p < 0.05).
It is reported that a higher porosity could provide cells with more space for attachment and proliferation and also improve nutrition transport (Menon et al., 2015). As shown in Figure 2G, among PLLA, PLLA/BSA, and PLLA/BSA/nHAp nanofiber mats, PLLA/BSA/nHAp nanofiber mat has the largest porosity and the smallest apparent density. The porosity and apparent density of prepared nanofiber mats are related to the fiber diameter and the three-dimensional structure of mats. Although PLLA/BSA/nHAp nanofiber mat and PLLA nanofiber mat have the same statistical average fiber diameter, the morphology of PLLA/BSA/nHAp nanofiber is not regular due to the dispersion of nanoparticles in a fiber matrix.
The hydrophilicity of biomaterials also plays an extremely important role in tissue engineering applications (Yu et al., 2020). The wetting property of the fiber mats is not only related to mats’ three-dimensional structure but also related to the physical and chemical properties of the mats material itself. PLLA has weak hydrophilicity and no natural cell recognition site, which leads to a poor cell affinity. However, the natural material BSA has a lot of natural cells recognition sites and preferable cellular affinity, which could be the high potential scaffold material of bone tissue engineering. Herein, the water contact angle was used to evaluate the surface hydrophilicity of prepared nanofiber mats. As illustrated in Figure 2H, the dynamic change of the water contact angle was measured to evaluate the hydrophilicity of mats. The obtained results demonstrated that the water contact angle of PLLA/BSA nanofiber mat decreased compared with the PLLA nanofibers mat. This can be attributed to the hydrophobic property of PLLA. Compared with the PLLA/BSA nanofibers mat, the hydrophilicity of PLLA/BSA/nHAp nanofibers mat decreased again, indicating that nHAp further enhanced the hydrophilicity of nanofibers mat due to its rough fibrous surface structure, which may help the nanofiber mat to recruit more cells on the surface of mats.
Chemical Structure and Characteristics
The ATR-FTIR spectrum identifies materials and their interactions by determining chemical bonds (Holm et al., 2007). According to Figures 3A,B, it can be seen from the infrared spectrum of the PLLA nanofiber mat that there was no obvious absorption peak above 3,000 cm−1, which indicates that PLLA basically contains no hydroxyl and carboxyl groups. The absorption peak at 1746.09 cm−1 represented the stretching vibration of ester carbonyl in PLLA. The peak around 2,977.08 cm−1 was the -C-H- group stretching vibration of PLLA. The absorption peak at the wavelength of 1,085.34 cm−1 represented the stretching vibration absorption of -C-O- in PLLA. Compared with a pure PLLA nanofiber mat, the characteristic peak of both PLLA/BSA and PLLA/BSA/nHAp nanofiber mats appeared around 1,530–1,640 cm−1, which may due to the presence of α-helical proteins in BSA (Patel et al., 2019). The comparison of PLLA/BSA and PLLA/BSA/nHAp nanofibers mats showed no significant change in the peak value, indicating that the addition of BSA and nHAp nanoparticles had little effect on the structure of polymer PLLA, and it also indicates that the three substances are closely bound together by an intermolecular force or hydrogen bonding.
[image: Figure 3]FIGURE 3 | Chemical properties of nanofibers mat include the following: (A, B) FTIR spectra curves of 4,000–400 cm−1 range and 2000–1,000 cm−1 range; (C) XRD with 5–80°range; (D) TGA curves with 50–800°C range, and (E, F) DTG curves with 0–800°C and 0–150°C range.
The crystal structures of the PLLA nanofibers mat and composite nanofibers mats were accurately characterized by XRD (Figure 3C). The inorganic phase composition of the PLLA/BSA/nHAp nanofibers mat was studied by the XRD analysis. As previously reported, PLLA polymer is a semicrystalline material that can be identified by XRD at specific peaks at 21.5° and 29.5°. Compared with the PLLA nanofiber mat, the XRD patterns of the PLLA/BSA/nHAp nanofibers mat had little changes in the crystal structure, due to the excellent physical mixing between apatite nanoparticles and PLLA/BSA matrix.
The thermogravimetric analysis reveals the change of material mass with the increase of temperature and time to evaluate the thermal stability of the material (Zhu et al., 2017). The principle of TGA detection is to measure the residue after the thermal degradation of the sample and evaluate the thermal stability of the sample. TGA curves of nanofibers mats are shown in Figure 3D. We could simply analyze that the weight loss at 250–300°C was caused by the thermal decomposition of PLLA. In addition, there was only one turning point on the thermal degradation curves of the three materials, and the initial degradation temperature was between 250 and 300°C, which indicated that the addition of BSA and nHAp did not significantly change the thermal stability of the composites compared with the PLLA nanofiber mat. As shown in Figures 3E,F, the peak thermal decomposition temperatures of different components are different, and it represents the maximum rate of weight loss that occurs. The DTG curve reveals that the initial temperature of the thermal degradation of nanofibers decreases with the addition of BSA, and this is due to BSA, which is a natural active ingredient with poor thermal stability; the heating process may lead to the aggravation of an intermolecular motion in the nanofiber mat. Therefore, the maximum thermal decomposition rate corresponding to the temperature of composite nanofibers mats was reduced by further introducing BSA.
Mechanical Properties
Suitable mechanical properties similar to the bone tissue are beneficial for bone tissue repairing via a specific cell phenotype (Matinfar et al., 2019; Zhu et al., 2019). In this study, the radial stress–strain curves, modulus at 5% strain, tensile strength, and elongation at break of PLLA, PLLA/BSA, and PLLA/BSA/nHAp nanofiber mats under dry state tested by a unidirectional stretching machine were used to evaluate mats’ mechanical properties (Figure 4A). As shown in Figures 4B,C, it was obvious that all the nanofiber mats showed a regular curve with a quick increase. Additionally, we can see the tensile strength of the PLLA/BSA nanofibers mat was strikingly higher than the pure PLLA nanofiber mat. This phenomenon was attributed to the coexistence of BSA and PLLA, which leads to the enhancement of the intermolecular force of electrospun solution. Much more than this, the decrease of fiber diameter and the increase of nanofiber mat density can also lead to an increase of tensile strength and initial modulus. Additionally, the introduction of BSA also further improved the tensile strength, and this may be related to the hydrogen bond interface and a serious entanglement occurred between the molecular chains of BSA and PLLA components (Figure 4D). The addition of BSA and nHAp did not significantly change the elongation at break of the scaffold, possibly due to nHAp and BSA evenly dispersed in the fibers (Figure 4E). The modulus test at 5% strain results showed that, with the addition of BSA, the modulus of the PLLA nanofiber mat was increased. But when nHAp is continued to be added, the modulus of the PLLA/BSA nanofiber mat was decreased, which is the appearance of nHAp caused by a more serious nHAp–PLLA or nHAp–BSA interface bonding.
[image: Figure 4]FIGURE 4 | Mechanical properties of nanofibers mats: (A) photographs of fracture of mat strips; (B) stress-strain curves from begin to break, and (C) stress–strain curves from begin to 10% strain; (D) tensile strength, (E) elongation at break, and (F) modulus at 5% strain of PLLA, PLLA/BSA, and PLLA/BSA/nHAp nanofibers mat under a dry situation. (*p < 0.05).
Biocompatibility and Osteogenic Effect in In Vitro
As we know, the micro-/nanofibers can mimic the three-dimensional structure of the extracellular matrix, which will provide a matrix for cell adhesion and proliferation. Ensuring cell survival in vitro is one of the key techniques for assessing the biocompatibility of scaffolds (Rezk et al., 2018b; Du et al., 2018; Rather et al., 2020). As one of the most important elements in bone tissue engineering, MC3T3 was selected in this study to evaluate their proliferation characteristics on nanofiber mat. The proliferation of MC3T3 incubated on the surface of nanofibers mat was analyzed by using the CCK-8 assay after 1, 4, and 7 days (n = 3 for each group) of culture. From the histogram in Figure 5A, the results indicated that a slight increase in the proliferation profile on the PLLA/BSA composites nanofiber mat and PLLA/BSA/nHAp nanofibers mat than pure PLLA nanofibers mat was observed after 1 day of culture. The number of MC3T3 cells per mm2 after culture for 7 days is shown in Figure 5B. After 7 days of culture, the number of cells on both the PLLA/BSA nanofibers mat and PLLA/BSA/nHAp nanofibers mat was more compared with the PLLA nanofibers mat. The cells showed a good proliferative activity on the surface of the PLLA/BSA/nHAp nanofiber, mat and the biocompatibility of the scaffold was good. The results indicated that PLLA/BSA/nHAp nanofiber mat with a biomimetic extracellular matrix was beneficial to the growth of osteoblasts.
[image: Figure 5]FIGURE 5 | Biocompatibility tests results: (A) CCK-8 assay of the proliferation viability of MC3T3 cultured for 1, 4, and 7 days. (B) Number of MC3T3 cells per mm2 after culture for 7 days. (C) DAPI (blue)/rhodamine-conjugated phalloidin (red) staining assay after 4 days of culture. (**p < 0.01 and *p < 0.05).
DAPI and rhodamine-conjugated phalloidin were applied to staining nucleus and cytoskeleton of proliferative MC3T3 cells with blue fluorescence and red fluorescence, respectively. The morphology of the cellular activity from fluorescence microscopy images is shown in Figure 5C for day 4 of MC3T3 proliferation. The results indicated that MC3T3 cells cultured on the surfaces of PLLA and PLLA/BSA nanofiber mats presented a similar polygonal shape, while on the surfaces of the PLLA/BSA/nHAp nanofiber mat spread more homogeneously and presented cell-specific pseudopods, suggesting that the addition of nHAp uniformly dispersed in the PLLA/BSA nanofibrous matrix promoted the cell proliferation on nanofiber mat. Therefore, the cells might achieve rapid osteogenic differentiation on PLLA/BSA/nHAp nanofibers mat, indicating the potential application of bone tissue engineering.
After cells adhere to the surface of nanofibers mats, they entered the stage of rapid proliferation and growth. Therefore, the establishment of cell–cell interaction is essential for the subsequent differentiation and growth of cells. SEM images of MC3T3 cells proliferation after seeding on different nanofiber mats for 4 days are shown in Figure 6A. It can be seen that the MC3T3 was equally deposited onto the surfaces of scaffolds. Moreover, according to the results of the number of MC3T3 cells per mm2 and percentage of cell area as in Figures 6B,C, MC3T3 cells on the surfaces of PLLA/BSA/nHAp nanofibers mat displayed spindle or triangular shapes and showed a greater spread property than the other two groups. The results suggested that PLLA/BSA/nHAp composite nanofiber mat could provide the appropriate environment for cell adhesion and proliferation.
[image: Figure 6]FIGURE 6 | (A) SEM images of cells after 4 days of culture in vitro. (B, C) Number of MC3T3 cells per mm2 and percentage of cells area after 4 days’ culture, respectively. (D) Western blot results for detecting proteins (RUNX2, OCN, and β-actin) associated with osteogenesis in MC3T3 cultured for 1, 4, and 7 days, respectively (*p < 0.05).
The basic principle of western blot is to stain the cells or biological tissue samples treated by gel electrophoresis with specific antibodies and obtain the information of the expression of specific proteins by analyzing the location and depth of staining. The expression of osteogenic proteins (i.e., RUNX2, OCN, and β-actin) in MC3T3 cultured with PLLA nanofiber mat, PLLA/BSA nanofiber mat, and PLLA/BSA/nHAp nanofiber mat for 1 day, 4, and 7 days were qualitatively detected by a western blot assay, respectively. As shown in Figure 6D, the cell cultured with the PLLA/BSA/HAp nanofibers mat was shown obviously increased the protein expression level more than the PLLA and PLLA/BSA nanofiber mat after either 4 days or 7 days. It is worth noticing that the band intensity of PLLA/BSA was the strongest among the three kinds of nanofibers mats, indicating that the osteogenesis-related protein expression levels in the group with BSA were significantly better than pure PLLA nanofibers mat after 4 days. The protein expression also showed a similar trend after 7 days, indicating that the addition of BSA and HAp induced the preferable osteogenesis effect.
CONCLUSION
In summary, a nanofiber mat with dual bioactive components and biomimetic matrix structure (PLLA/BSA/nHAp) with improved osteogenesis capability was successfully developed by homogeneous blending, following the electrospinning of poly(L-lactic acid), bovine serum albumin, and nanohydroxyapatite as comonomers in this work. PSM also exhibited salutary surface wettability and matched mechanical properties with bone tissue. A coculture with cells and an osteogenic effect in in vitro studies indicated that the migration and protein (RUNX2, OCN, and β-actin) associated with the osteogenesis of osteoblast can prominently speed up by the bioactive nanofibers mat. Meanwhile, the introduction of BSA and nHAp in PLLA nanofibers enables PLLA/BSA/nHAp with the capability of promoting ossification, which substantially facilitates the potential osseous regeneration to repair a large bone defect. Therefore, it is envisioned that PLLA/BSA/nHAp as promising bioactive scaffolds holds a high potential in the applications of bone tissue engineering.
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Non-small cell lung cancer (NSCLC) is considered to be a principal cause of cancer death across the world, and nanomedicine has provided promising alternatives for the treatment of NSCLC in recent years. Photothermal therapy (PTT) and chemodynamic therapy (CDT) have represented novel therapeutic modalities for cancer treatment with excellent performance. The purpose of this research was to evaluate the effects of PPy@Fe3O4 nanoparticles (NPs) on inhibiting growth and metastasis of NSCLC by combination of PTT and CDT. In this study, we synthesized PPy@Fe3O4 NPs through a very facile electrostatic absorption method. And we detected reactive oxygen species production, cell apoptosis, migration and protein expression in different groups of A549 cells and established xenograft models to evaluate the effects of PPy@Fe3O4 NPs for inhibiting the growth of NSCLC. The results showed that the PPy@Fe3O4 NPs had negligible cytotoxicity and could efficiently inhibit the cell growth and metastasis of NSCLC in vitro. In addition, the PPy@Fe3O4 NPs decreased tumor volume and growth in vivo and endowed their excellent MRI capability of observing the location and size of tumor. To sum up, our study displayed that the PPy@Fe3O4 NPs had significant synergistic effects of PTT and CDT, and had good biocompatibility and safety in vivo and in vitro. The PPy@Fe3O4 NPs may be an effective drug platform for the treatment of NSCLC.
Keywords: PPy@Fe3O4 nanoparticles, photothermal therapy, chemodynamic therapy, non-small cell lung cancer, tumor metastasis
INTRODUCTION
Lung cancer remains the most common malignant cancer, which has the highest rates of mortality. (Nasim et al., 2019; Woodman et al., 2021) Non-small cell lung cancer (NSCLC) is one of the histological subtypes, which accounts for approximately 80–85% among lung cancers. (Oser et al., 2015) Over the last decade, considerable progress has been made in the treatment of NSCLC, helping us to understand tumor biology deeply and promoting the early detection and multimodal cancer treatment. (Herbst et al., 2018) However, metastatic lung cancer is still an incurable disease and has a median survival of only 5 months. (Riihimäki et al., 2014; Rosell and Karachaliou, 2015) At present, the conservative therapeutic methods including surgery, radiotherapy and chemotherapy are efficient modes to manage advanced lung cancer, but remain unsatisfactory for improving the therapeutic efficacy. (Luo et al., 2018) As such, continuous researches on novel therapeutic compounds and combination treatments are required to amplify clinical outcomes and to improve the survival outcomes of NSCLC.
In recent years, new advances in the bioapplication of nanomaterials substantially improved the diagnosis and treatment of tumors. (Guan et al., 2021; Zhao et al., 2021) Compared with conventional inorganic nanoparticles (NPs) and small molecule-based organic nanocarriers, polymers show excellent biocompatibility, biodegradability and minimal side effects on normal tissues. (Wang, 2016) Besides, polymer chemical structures can provide various responsive components for both external stimuli [such as light, (Hribar et al., 2011) radiofrequency, (Zhang et al., 2016) ultrasound, (Paris et al., 2015) and magnetic field (Mirvakili et al., 2020)] and internal states (such as pH, (Wang et al., 2016) temperature, (Zhang et al., 2020) enzyme, (Wei et al., 2016) and redox (Zhuang et al., 2018) environment). Recently, polypyrrole (PPy) NPs have extensively investigated as powerful photothermal agents exhibiting high photothermal conversion efficiency and exceptional photostability. (Zha et al., 2013) Meanwhile, PPy NPs are easy to fabricate, with low cost and high yield. (Phan et al., 2018; Yang et al., 2018) And it is well known that iron oxide NPs are positive contrast agents for T2 weighted magnetic resonance imaging (MRI) due to their low toxicity and superior magnetic properties. (Wei et al., 2017) In this study, since Fe3+ ions are used as the oxidation agents to produce PPy NPs, many ferric (Fe3+) and ferrous ions (Fe2+) remain in the obtained PPy NPs. And Fe ions in the PPy NPs are selected as precursors for in situ formation of Fe3O4 crystals onto the surface of pre-synthesized PPy NPs. The final products (PPy@Fe3O4 NPs) possess both chemodynamic therapy (CDT) and photothermal therapy (PTT) functions, holding tremendous potential for remarkable efficiency to inhibit tumor growth. PTT, which uses photothermal agents to ablate tumors by converting absorbed light energy into intense localized heat, has attracted widespread attention as a non-invasive therapeutic technology. (Chen et al., 2019) On the other hand, CDT is an emerging therapy that generates toxic hydroxyl radicals (·OH) from endogenous hydrogen peroxide (H2O2) using Fenton/Fenton-like reaction to control tumor progression in the tumor microenvironment (TME). (Tang et al., 2019) As generally known, compared with normal cells, cancer cells have special intracellular microenvironment with higher levels of H2O2 and weak acidity, which offers prerequisites to CDT application. (Yang et al., 2017, 2019; Shen et al., 2018) Thus, PPy@Fe3O4 NPs, which have noteworthy synergistic therapeutic effects, may play different roles in the growth and metastatic of NSCLC.
Extracellular matrix (ECM) is a complex biopolymer mixture produced by different kinds of cells in the extracellular space. The ECM not only is crucial in cell adhesion and tissue organization, but also modulates cell differentiation, activation and migration. (Pickup et al., 2014; Eble and Niland, 2019) Matrix metalloproteinases (MMPs) belong to a large family of zinc-dependent endopeptidases that are involved in ECM degradation and play essential roles in cancer progression-associated pathways, including tumor growth, invasion and migration. (Gonzalez-Avila et al., 2019) Matrix metalloproteinase 2/9/13 (MMP2/9/13) are key members of the MMP family. Among these MMPs, MMP2 and MMP9 can selectively degrade type IV collagen, promoting tumor cells migrating through the basement membrane. (Wang et al., 2018) And MMP13 has the capability to degrade native collagen fibrillar types I, II, III, and VII and is related to the ECM remodeling. MMP2, MMP9 and MMP13 have been found upregulated and enhance the migration capability of lung cancer cells (Li et al., 2019; Han et al., 2020). Meanwhile, down-regulating the expression of MMP2, MMP9 aand MMP13 can reduce tumor cell growth, proliferation and metastasis (Tan et al., 2015; Poudel et al., 2016). We are wondering if PPy@Fe3O4 NPs could decrease the expression of MMP2, MMP9 and MMP13.
In this research, we examined the anti-tumor efficacy of the novel PPy@Fe3O4 NPs in vitro and in vivo. Our results displayed that the growth of tumors was considerably inhibited by the PPy@Fe3O4 NPs, and the levels of MMP2, MMP9 and MMP13 decreased. These results demonstrated that PPy@Fe3O4 NPs were excellent MRI-guided synergistic chemodynamic/photothermal cancer therapy agents and might be promising drugs to treat NSCLC because of inhibition of tumor growth and metastasis.
MATERIALS AND METHODS
Chemicals and Reagents
Polyvinyl alcohol 1788 (PVA; Alcoholysis degree: 87.0–89.0%), iron (III) chloride anhydrous (FeCl3; 99.9%) and pyrrole (99%) were purchased from Aladdin chemistry Co., Ltd. (Shanghai, China). Absolute ethyl alcohol (C2H5OH; AR) and ammonium hydroxide solution (NH3·H2O; 28.0–30.0%) were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Deionized water (H2O) was prepared by a Milli-Q water purification system (Millipore, Bedford, MA, United States). All the chemical reagents were used without further purification.
Preparation of PPy@Fe3O4 Nanoparticles
We synthesized the PPy@Fe3O4 NPs by a very facile electrostatic adsorption method. First, PVA (0.75 g) was added in the deionized water (10 ml) and heated to 95°C until the solution was entirely dissolved. Later, FeCl3 (0.373g, 2.30 mmol) was mixed homogeneously with the above mixture under strong magnetic stirring for 1 h. Next, pyrrole monomer (69.2μl, 0.9970 mmol) was slowly dropped, and the reaction was maintained for 4 h at 4°C under magnetic stirring. The final solution turned dark green, indicating that PPy NPs were successfully synthesized. Subsequently, the solution (2.5 ml) was taken out, mixed with deionized water (15 ml) and ethanol (2 ml) under stirring at 70°C. Afterwards, 1 ml 1.0 wt% aqueous ammonia liquid was dropped into the solution followed by stirring for 30 min. Then 1 ml of 1.0 wt% aqueous ammonia liquid was added dropwise again, and the mixture lastly maintained for 30 min at 70°C. Finally, after being washed three times by deionized water, the PPy@Fe3O4 NPs were collected by centrifugation (11000rpm) for 50 min.
Characterization of PPy@Fe3O4 NPs
The morphology and size of PPy@Fe3O4 NPs were determined using a JEM-200 transmission electron microscopy (TEM, JEOL, Tokyo, Japan) at 200kV acceleration voltage. The characteristic functional group and crystal structures of nanomaterials were measured using Fourier-Transformed Infrared (FTIR) spectrometer and X-ray powder diffraction (XRD) respectively.
Photothermal Effect Evaluation
Briefly, aqueous solutions of PPy@Fe3O4 NPs with different concentrations (100, 200 and 400 μg/ml) were separately irradiated by an 808 nm near-infrared (NIR) laser (1.0W/cm2). The temperature profiles were monitored and recorded using a thermal imaging camera (Fotric, Shanghai, China) over time. Then the PPy@Fe3O4 NPs (400 μg/ml) solutions were irradiated with the NIR laser for 10 min, and cooled down to room temperature. Last, we calculated the photothermal conversion efficiency (η) by the temperature curves according to published study. (Leng et al., 2018)
Cytotoxicity Assay
We evaluated the cytotoxicity of the PPy@Fe3O4 NPs by cell counting kit-8 (CCK-8) assays. In detail, normal human bronchial epithelial cells (BEAS-2B) and Human lung adenocarcinoma cells (A549) were respectively seeded into 96-well plates at a density of 104 cells per well and cultured in pH7.4. The following day, we replaced the medium with fresh medium (pH7.4) containing the PPy@Fe3O4 NPs of different concentrations (25, 50, 100, 200, 400 μg/ml) for another 24 h. Then we changed the medium with 100 μl serum-free medium and 10 μl CCK-8 reagent. Following incubation for 2 h, we measured the absorbance value of wells at 450 nm using a microplate reader (Thermo, United States). The calculated formulas were listed in Supplementary Material.
ROS Detection Assay
The A549 cells were incubated in the culture plates and divided into four groups: 1) control; 2) PPy@Fe3O4 (400 μg/ml); 3) H2O2 (100 μM); 4) PPy@Fe3O4 (400 μg/ml) + H2O2 (100 μM). After 24 h of treatment, we used the probe solution 2, 7-dichlorodihydrofluorescein diacetate (DCFH-DA; Beyotime Biotechnology, Shanghai, China) to estimate the intracellular reactive oxygen species (ROS). After DCFH-DA treatment for 20 min, the cells were washed three times by phosphate buffered saline (PBS) buffer and blank medium was added. Finally, we acquired images using Confocal laser scanning Microscopy (CLSM, Leica Microsystems, Mannheim, Germany).
Anticancer Effect in vitro
The anti-cancer effect of PPy@Fe3O4 NPs was evaluated by the Calcine-AM/propidium iodide (PI) test (Beyotime Biotechnology, Shanghai, China) and the Annexin V-FITC/PI apoptosis kit (Multi Sciences, Hangzhou, China). To investigate the PTT effect of the PPy@Fe3O4 NPs, A549 cells were incubated in the culture plates at pH6.5 and divided into 6 groups; group 1 with cells only; group 2 cultured with NIR only; group 3 cultured with H2O2 (100 μM) only; group 4 cultured with PPy@Fe3O4 NPs (400 μg/ml) + NIR; group 5 cultured with PPy@Fe3O4 NPs (400 μg/ml) + H2O2 (100 μM); group6 cultured with PPy@Fe3O4 NPs (400 μg/ml) + H2O2 (100 μM) + NIR. After incubation with PPy@Fe3O4 NPs (400 μg/ml) for 12 h, the cells of group 2,4 and 6 were exposed to an 808 nm NIR laser (1.0 W/cm2) for 10 min. Afterwards, we stained the A549 cells with Calcein-AM and PI for about 15 min, and images were acquired by CLSM.
And we detected cell apoptosis by Annexin V-FITC Apoptosis kit. The A549 cells in different groups were harvested and washed with PBS and Binding Buffer. Then the cells were resuspended in 500 μl Bind Buffer with 5 μl Annexin V-FITC and 10 μl PI solution to mix evenly for 5 min at room temperature in darkness. And we measured cell apoptosis immediately by flow cytometry (cytoflex LX, Beckman Coulter).
Transwell Migration Assay
In vitro migration assay, 24-well Transwell chambers with a polycarbonate filter membrane of 8 μm pore size (Corning, United States) were used to assess the effect of the PPy@Fe3O4 NPs on A549 cell migration. Cells were divided into control group and PPy@Fe3O4 group. After starvation of A549 cells for 24 h, we resuspended cells in serum-free RPMI 1640 medium and serumfree RPMI 1640 medium containing the PPy@Fe3O4 NPs at a concentration of 400 μg/ml respectively. Next, the A549 cells were inoculated into the upper chamber and the RPMI 1640 medium was placed in the lower chamber. After culturing for 24 h, the A549 cells that migrated to the bottom of the membranes were immobilized and stained with 1% crystal violet (Beyotime Biotechnology, Shanghai, China). Finally, the migrated cells of each groups were counted under a microscope (Leica, Germany).
Western Blotting
A549 cells (5*105) were seeded into 6-well plate and divided into the control group and the PPy@Fe3O4 group (400 μg/ml). After incubation for 24 h, the cells were washed by PBS and lysed in RIPA buffer. Then we removed the cell debris by centrifugation, and the supernatants were harvested and stored at −80°C. Equivalent amounts of protein (25 µg) were separated on 10% SDS-PAGE and transferred onto 0.22 um polyvinylidene difluoride (PVDF) membranes. The membranes were blocked and subsequently incubated with primary antibodies including anti-MMP2/MMP9/MMP13 (Abclonal, China, 1:1,000 dilution) and anti-β-actin (Proteintech, China, 1:10,000 dilution). The following day, we washed the membranes three times for 10 min each time by Tris-buffered saline with Tween20 (TBST), and then incubated them in the corresponding secondary antibody (goat anti-rabbit IgG horseradish peroxidase (HRP), goat anti-mouse IgG-HRP, 1:1,000, Affinity Biosciences, China) at room temperature for 2 h. Following washing three times for 10 min with TBST buffer, the membranes were treated with enhanced chemiluminescence (ECL, EpiZyme, Shanghai, China) reagent for exposure.
Magnetic Resonance Imaging in vivo
For in vivo MRI measurements, we intratumorally injected the A549 tumor-bearing mice with 200 μl of 3 mg/ml PPy@Fe3O4 NPs, when tumor size reached visible size (7–9 mm in diameter). Then we scanned the mice before and 3 h after injection. Thus, we successfully acquired the high-resolution T2-weighted MRI scan images of mice by a 3.0T MRI system (Ingenia 3.0T CX, Philips Healthcare). The T2-weighted MRI parameters were as follows: pulse waiting time (TR) = 2,800 ms, echo time (TE) = 60 ms, slice width (SW) = 5.0 mm.
Tumor Treatment in vivo
When the tumors reached 7–9 mm in diameter, we divided the mice into four groups (n = 6 per group): 1) control; 2) PBS + NIR; 3) PPy@Fe3O4 NPs (3 mg/ml); 4) PPy@Fe3O4 NPs (3 mg/ml) + NIR. The mice of group3 and 4 were injected intravenously with 200ul PPy@Fe3O4 NPs (3 mg/ml) and the mice of group2 was injected intravenously with 200ul PBS. Then 8 h after injection, the mice of group2 and 4 were irradiated with 808 nm laser (1W/cm2) for 10 min. Meanwhile, we measured the temperature changes of the tumor by a FLIR A300 thermal imaging camera. Simultaneously, tumor volume and body weight were monitored every 2 days. On day 14, the mice were sacrificed. Then the major organs were isolated for photograph or histological analysis (hematoxylin and eosin (H and E) staining), and the tumor was stained subsequently by immunohistochemistry (Ki67) and immunofluorescence (TUNEL).
Immunohistochemistry and Immunofluorescence
The tumor tissues specimens of mice were fixed in 4% paraformaldehyde for 24 h and embedded in paraffin. Then the tissue blocks were cut into sections of 3-5 um thickness. For Ki67 staining, the sections were immunostained overnight at 4°C with an anti-Ki67 antibody (Abcam). After washing in PBS, the sections were subsequently incubated with the second antibody for 1 h. Then the slides were stained with 3, 3-diaminobenzidine (DAB) and hematoxylin separately, dehydrated, and mounted. Images were captured using a microscope (Leica, Leica DMi8). For TUNEL staining, the proportion of apoptotic cells were performed by terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) staining kit (Servicebio, Wuhan, China). We obtained all images using a CLSM.
Statistical Analysis
All results and measurements were shown as the mean ± SD (standard deviation). Comparison between the mean values of different groups were analyzed by one way analysis of variance (ANOVA) or Student’s t-test: (*) p < 0.05 was considered statistically significant; (**) p < 0.01 and (***) p < 0.001 was considered highly statistically significant; (****) p < 0.0001 was considered extremely statistically significant.
RESULTS
Synthesis and Characterization of the PPy@Fe3O4 NPs
We used TEM to determine the sizes and morphologies of PPy@Fe3O4 NPs. The PPy@Fe3O4 NPs are shown in Figure 1A, Figure 1B and Supplementary Figure S1. As we can see, the mean diameter of PPy@Fe3O4 NPs was measured to be 71.0 nm, and many tiny Fe3O4 nano-crystals were surface adsorbed on PPy NPs. The FTIR spectrum showed clearly the characteristic absorption peaks of PPy, indicating the successful formation of PPy (Figure 1C). And XRD patterns showed that the PPy@Fe3O4 NPs had characteristic peaks (Figure 1D), which could be indexed to the Fe3O4 nanocrystals (JCPDS No. 65–3,107). (Wang et al., 2020) The above results demonstrated that the PPy@Fe3O4 NPs had been successfully prepared.
[image: Figure 1]FIGURE 1 | The characterization of PPy@Fe3O4 NPs. (A) Low- and (B) medium-magnification TEM image of the PPy@Fe3O4 NPs. (C) FTIR spectra of PPy@Fe3O4 NPs. (D) XRD spectra of PPy@Fe3O4 NPs.
Photothermal Performance of PPy@Fe3O4 Nanaparticles
As shown in Figure 2A, the aqueous dispersion of PPy@Fe3O4 NPs had a broad absorption throughout the visible to the NIR region, which demonstrated that PPy@Fe3O4 NPs were good potential PTT agents. We further evaluate the photothermal properties of PPy@Fe3O4 NPs with NIR light irradiation. With the prolonging of the irradiation time and increased concentration of PPy@Fe3O4 NPs, the temperature rose rapidly (Figure 2B). Finally, when the concentration of PPy@Fe3O4 NPs reached 400 μg/ml, the temperature reached about 70°C after 5 min of irradiation, which was high enough for irreversible tumor ablation (Figure 2C). Next, we tested the photothermal conversion efficiency (ŋ) of PPy@Fe3O4 NPs, which can show the capability of converting energy of light into heat. As shown in Figure 2D, the ŋ value of PPy@Fe3O4 NPs was figured out to be ∼51.8%, which is much higher than traditional PTT agents, such as Cu2-xSe nanocrystals, Cu9S5 nanocrystals and Au nanorods. (Hessel et al., 2011; Tian et al., 2011)
[image: Figure 2]FIGURE 2 | Evaluation of the photothermal properties of the PPy@Fe3O4 NPs. (A) UV-Vis-NIR absorption spectra of PPy@Fe3O4 NPs. (B) Temperature changes of PPy@Fe3O4 NCs at varying concentrations for 5 min with laser irradiation. (C) The curves of temperature increase with irradiation and nature cooling for PPy@Fe3O4 NCs solution (400 μg/ml). (D) Linear regression with a system time constant of the cooling curve shown in (C).
In vitro Cell Cytotoxicity Assay
To assess the cytotoxic effects of PPy@Fe3O4 NPs, the CCK8 assay was performed on BEAS-2B and A549 cells. The cells were incubated with PPy@Fe3O4 NPs (0, 25, 50, 100, 200, 400 μg/ml) for 24 h to test the cell viability. The results indicated that PPy@Fe3O4 NPs exhibited lower cytotoxicity towards normal and cancer cells as high as 400 μg/ml (Figure 3), demonstrating that they have good biocompatibility.
[image: Figure 3]FIGURE 3 | Cell viability of A549 cells and BEAS-2B cells cultured with PPy@Fe3O4 NPs for 24 h at different concentrations.
The PPy@Fe3O4 NPs Increase Intracellular ROS Generation Induced by H2O2 and Induce Cell Apoptosis
Chemodynamic therapy is an effective therapeutic treatment that causes damage of tumor cells by producing ROS. To examine the effects of PPy@Fe3O4 NPs on ROS production, we detected ROS by fluorescent probe 2′, 7′-dichlorofluorescein-diacetate (DCFH-DA), which was oxidized to 2, 7′-dichlorofluorescein (DCF) in the presence of ROS. As displayed in Figure 4A, compared with control group, the intensity of DCF fluorescence in H2O2 group and PPy@Fe3O4 NPs group increased weakly. When treated with both H2O2 and PPy@Fe3O4 NPs, the cells displayed strong and extensive green fluorescence, indicating that PPy@Fe3O4 NPs could increase Fenton-induced ROS generation in the presence of H2O2.
[image: Figure 4]FIGURE 4 | The PPy@Fe3O4 NPs increase intracellular ROS generation induced by H2O2 and induce cell apoptosis. (A) Brightfield images and confocal images of ROS level in A549 cells. (B) Confocal images of Calcein-AM and PI co-stained A549 cells in different groups. Scale bar, 100 μm. (C) Cell apoptosis measured by flow cytometry.
Given the desirable photothermal conversion performance and significant synergistic effects, we further determined the in vitro therapeutic efficacy of PPy@Fe3O4 NPs through Calcine-AM/PI test. Living cells were stained with green fluorescent calcein AM, while dead cells were stained with red fluorescent PI (Figure 4B). Compared with the control group, A549 cells exhibited strong green fluorescence and no red fluorescence under exposure of NIR laser radiation, which indicated that the viability of the cells was not compromised. In contrast, H2O2 slightly increased the percentage of dead cells. And A549 cells showed a remarkable cell death after treatment by PPy@Fe3O4 NPs with NIR irradiation or PPy@Fe3O4 NPs with H2O2, suggesting that the photothermal therapy and chemodynamic therapy of the PPy@Fe3O4 NPs could effectively killed the A549 cells. When A549 cells were treated by the combination of PTT and CDT, very few living cells were observed. To sum up, PPy@Fe3O4NPs have satisfactory synergistic therapeutic effects.
We measured the influence of PPy@Fe3O4 NPs on cell apoptosis by using Annexin V/PI staining and flow cytometry (Figure 4C, Supplementary Figure S2). The early apoptosis cells were defined as Annexin V (+)/PI (−), and cells in the late stage of were considered as Annexin V (+)/PI (+). The flow cytometry results showed that NIR group had no evident difference compared to the control group. Nevertheless, after treatment with H2O2, the percentage of apoptosis cells increased to 8.9%. After treatment by PPy@Fe3O4 NPs with NIR irradiation and PPy@Fe3O4 NPs with H2O2, the percentage of apoptosis cells significantly increased to 42.75% and 27.35%. And most surprisingly, the apoptosis rate in the PPy@Fe3O4 NPs + H2O2 + NIR group increased highly to 76.99%, which further demonstrated that the PPy@Fe3O4 NPs + H2O2 + NIR group had the highest killing effect due to synergistic PTT and CDT.
The PPy@Fe3O4 Nanoparticles Inhibit the Migration of Lung Cancer Cells and Decrease MMP2/MMP9/MMP13 Expression Levels
To assess cell mobility in response to the PPy@Fe3O4 NPs, we used transwell cell cultures in vitro, which certified the effect of PPy@Fe3O4 NPs on suppressing the migration of lung cancer cells (Figures 5A,B).
[image: Figure 5]FIGURE 5 | The PPy@Fe3O4 NPs inhibit the migration of human lung cancer cells. (A,B) The migration capacity of A549 cells measured using transwell assays after PPy@Fe3O4 NPs (400 μg/ml) treatment for 48 h. Scale bar, 100 μm. (C) Protein levels of MMP2/MMP9/MMP13 in different groups.
MMP2/9/13 had been found to play vital functions in the invasion and metastasis of malignant tumors. Therefore, we examined the impact of PPy@Fe3O4 NPs on these protein expressions in A549 cells using western blotting (Figure 5C). The outcomes showed that the expressions of MMP2, MMP9 and MMP13 were obviously declined in the PPy@Fe3O4 NPs group compared to the control group. In summary, these experiments suggested that PPy@Fe3O4 NPs could suppress the growth and metastasis of A549 cells.
The PPy@Fe3O4 Nanaparticles Inhibit the Growth of Xenograft Tumors in Nude Mice
To identify the therapeutic efficacy of PPy@Fe3O4 NPs on tumor growth in vivo, we conducted further comparative studies. 1 × 106 A549 cells were subcutaneously injected into BALB/c nude mice. When the volumes of tumors reached to approximately 100 mm3, we divided the mice into four groups randomly: 1) control; 2) PBS + NIR; 3) PPy@Fe3O4 NPs; 4) PPy@Fe3O4 NPs + NIR. Mice of the group 2 were injected with 200ul PBS via the tail vein, and mice of group 3, 4 were injected with PPy@Fe3O4 NPs (3 mg/ml) via the tail vein. After 8 h, the mice of group 2, 4 were irradiated by an 808 nm NIR laser (1.0W/cm2) for 10 min. Meanwhile, by using an infrared thermal camera, we found that the tumor temperature of mice injected with PPy@Fe3O4 NPs rapidly increased to ∼53°C during irradiation, which was sufficient for ablating tumors. However, the tumor temperature of the group 2 had negligible rise (Figures 6A,B). After 14 days, the mice were sacrificed and the tumor volumes and body weights were recorded (Figures 6C–E). The growth of tumors in group 2 was similar to the control group, demonstrating that NIR alone could not inhibit tumor growth. Whereas, tumor growth in the group 3 was partially inhibited due to CDT of PPy@Fe3O4 NPs. Noticeably, the tumor growth in group 4 was substantially inhibited because of the synergistic effects of PTT and CDT. Representative pictures of the tumors in different groups further determined the therapeutic efficacy. There was no obvious difference in body weight among the groups, suggesting that the adverse effect of PPy@Fe3O4 NPs was negligible. Additionally, the main tissues and organs of different groups were collected for H&E staining to estimate the safety of various treatments (Figure 6F). We could not find evident damage in the group 2, 3, 4, compared to the control group, illustrating that the PPy@Fe3O4 NPs were biologically safe in vivo.
[image: Figure 6]FIGURE 6 | The PPy@Fe3O4 NPs inhibit the growth of tumor xenografts in nude mice. (A) Infrared thermography pictures of A549 tumor-bearing mice treated with PBS and PPy@Fe3O4 NPs under irradiation (808 nm, 1.0 W/cm2). (B) Profile of temperature variation of the tumor areas. (C) Tumor photo excised on day 14 after treatments. (D) Relative tumor volume and (E) body weight of mice in different groups. (F) H&E staining of main organs collected from mice in different groups. Scale bar, 100 μm. (G) Representative immunohistochemical stain images for Ki67 in xenograft tumors. Scale bar, 100 μm. (H) Representative TUNEL stain images in xenograft tumors. Blue color: DAPI staining for cell nuclei. Green color: positive apoptotic cells. Scale bar, 100 μm.
Next, we evaluated the proliferation and apoptosis of tumor cells by immunocytochemistry and immunofluorescence (Figures 6G,H). We noticed that PPy@Fe3O4 NPs could slightly reduce the expression of the proliferation marker Ki67 and increase apoptosis, compared with the control group. Moreover, treatment of PPy@Fe3O4 NPs with NIR further significantly decreased the level of Ki67 and caused cell apoptosis more effectively. These results clearly showed that PPy@Fe3O4 NPs with NIR could suppress effectively tumor growth in vivo.
The PPy@Fe3O4 Nanoparticles can Serve as Magnetic Resonance Imaging Contrast Agents to Detect Tumors
MRI offers excellent spatial resolution and tissue penetration, which is a noninvasive method for the identification and early cancer diagnosis. We used PPy@Fe3O4 NPs as contrast agents to evaluate the contrast-enhancing effect in vivo (Figure 7A). We treated the tumor-bearing mice with the PPy@Fe3O4 NPs by intratumor injection, and utilized T2 weighted MRI to observe the tumor before PPy@Fe3O4 NPs injection and 2 h post-injection (Figures 7B,C). Compared with pre-injection, we revealed that the signal intensity of tumor sites changed obviously 2 h after injection, which indicated that the PPy@Fe3O4 NPs might be ideal contrast agents for MRI in future applications.
[image: Figure 7]FIGURE 7 | The PPy@Fe3O4 NPs can serve as MRI contrast agents to detect tumors. (A) Representative MRI images of A549 tumor-bearing mice; (B) T2-weighted MRI before and (C) after injection of PPy@Fe3O4 dispersions.
DISCUSSION
For a long time, NSCLC has been a type of disease characterized by late diagnosis and resistance to therapy. (Hirsch et al., 2017) The greatest challenge in the modern nanomedicine of lung cancer is to develop promising tools for diagnosing and treating the advanced NSCLC owing to the rapid metastasis, which is the major impediment of successful treatments in the clinical procedures. Encouragingly, in this study, the PPy@Fe3O4 NPs showed satisfactory safety and efficacy as eminent photothermal agents for NSLC therapy. Additionally, we revealed that PPy@Fe3O4 NPs could suppress the proliferation, migration and metastasis of cells of NSCLC.
Polypyrrole nanoparticle, a flexible and conductive polymer, is a recognized valuable multipurpose material due to its conductive properties, outstanding stability and high absorbance in the NIR region. Therefore, it can be used in various biomedical fields, especially in the therapy of cancer. (Chiang and Chuang, 2019) Nevertheless, because of some shortcomings of PPy, such as insolubility to water, the photothermal applications of PPy-based nanoparticles are still in the development. (Chen and Cai, 2015; He et al., 2018) For overcoming these shortcomings, we formed Fe3O4 crystals onto the surface of PPy NPs in this study. Fe3O4 greatly improved the solubility and could be used as T2 contrast agents in MRI to provide diagnostic information. (Wang et al., 2012; Wei et al., 2017) And we disclosed the synergistic therapeutic effects of PPy@Fe3O4 NPs, including PTT and CDT. PPy@Fe3O4 NPs converted NIR light energy into heat energy and initiated the Fenton reaction under the mildly acidic conditions of the TME. Therefore, the apoptosis of cells would be induced and the growth and metastasis of cells would be inhibited.
In PTT, different kinds of photothermal agents contribute to the localized heating of cells and tissues. When irradiated by the light of appropriate wavelength, these agents absorb the photon energy and the singlet ground state could be converted to a singlet excited state. The excited electrons can go back to the ground state through vibrational relaxation, mediated by the interaction between the excited molecules and the surrounding molecules. Thus, the heating of the surrounding microenvironment appears due to increased kinetic energy. (Li X. et al., 2020) When the temperature reaches a certain value, cell necrosis will happen. (Knavel and Brace, 2013) Considering the high NIR photothermal conversion efficiency of PPy@Fe3O4 NPs, we performed a series of experiments to assess whether PPy@Fe3O4 NPs could be potential photothermal agents to inhibit the proliferation of lung cancer cells. We first studied the cytotoxicity of PPy NPs by CCK8 assay in vitro and the outcomes showed that the PPy@Fe3O4 NPs had negligible cytotoxicity to BEAS-2B and A549 cells as high as 400 μg/ml. Additionally, our study showed that administration of the PPy@Fe3O4 NPs did not induce damage to major organs, which reflected the safety of the PPy@Fe3O4 NPs in vivo. The Safety and efficiency of PPy@Fe3O4 NPs demonstrated that the PPy@Fe3O4 NPs might be perfect candidates for further clinical application of lung cancer. Then Annexin V-FITC/PI assay and Calcine-AM/PI test were performed to observe apoptosis induced by the PTT of PPy@Fe3O4 NPs. The results indicated that PPy@Fe3O4 NPs had strong apoptosis-inducing effects on A549 cells under the condition of NIR irradiation. For in vivo experiments, the data showed that PPy@Fe3O4 NPs under the NIR irradiation condition obviously caused severe tumor damage while the adjacent normal tissue would not be affected. Meanwhile, the results of the Ki67 and TUNEL assay also demonstrated that PTT of PPy@Fe3O4 NPs could inhibit growth and induce apoptosis of cells.
Chemodynamic therapy, which is regarded as in-situ treatment by Fenton and Fenton-like reactions, has received an increasing amount of attention. (Min et al., 2020) The highly oxidative •OH or O2 generated from Fenton and Fenton-like reactions, can be stimulated by the endogenous H2O2 of cancer cells and catalyzed by transition metal ions or their complexes. (Li Y. et al., 2020) Briefly, PPy@Fe3O4 NPs dissolve ferrous ions under the mildly acidic conditions of the TME and activate the Fenton reaction. The Haber–Weiss reaction is as follows:
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On the one hand, excessive production of •OH can oxidize vital cellular constituents, such as DNA, proteins and lipids, which can induce cell apoptosis or necrosis. (Goldstein et al., 1993) On the other hand, O2 production mediated by Fenton reaction can alleviate tumor hypoxia, which may improve cancer therapeutic combination strategies. (Ma et al., 2016) As we all know, hypoxia is a crucial driver to drug resistance in tumor therapy. (Piao et al., 2017) Thus, the Fenton reaction can enhance the anticancer efficacy by supplying O2 to the hypoxic TME, when used with other anticancer methods. Additionally, iron ions exert a crucial role in the process of ferroptosis, where lipid ROS level increases due to the suppression of system xc- and glutathione (GSH) synthesis. (Liu et al., 2018) GSH is the major endogen antioxidant system that leads to a decrease of ROS. (Cajas et al., 2020) Herein, Fenton reaction-based nanomaterials are of great importance in lung cancer therapy. DCFH-DA fluorescence intensity assays showed that PPy@Fe3O4 NPs significantly increased ROS levels generated from A549 cells under the conditions of H2O2. We also found that the PPy@Fe3O4 NPs promoted apoptosis of the cells of lung cancer induced by H2O2, as revealed by the Annexin V-FITC/PI assay and Calcine-AM/PI test. Therefore, the results of these experiments draw the following conclusion that PPy@Fe3O4 NPs could enhance antitumor effects through ROS damage.
Migration and invasion are two essential features of tumor metastasis. In metastasis, cancer cells invade and migrate from the primary site to the extracellular matrix and surrounding basement membrane, which further colonize the distant site. (Albuquerque et al., 2021) Therefore, the inhibition of migration and invasion could suppress the progression of lung cancer and extend the survival of patients. In our research, transwell chambers were established to confirm the inhibitory efficacy of PPy@Fe3O4 NPs on A549 cell migration. The results showed that all PPy@Fe3O4 NPs significantly suppressed A549 cell migration. Moreover, tumor metastasis is a very complicated process that involves the interaction of various genes and proteins, especially MMPs. MMPs have been reported as proteolytic enzymes with the capacity of degrading the extracellular matrix components and other secreted proteins of the lungs. (Gonzalez-Avila et al., 2019) And they are also associated with endothelial basement membrane destruction. The crack in the basement membrane allows cells to enter the circulation, which transports the tumor cells to the distant extravasation site. (Bonomi, 2002) MMP2, MMP9 and MMP13 are prominent enzymes that promote tumor cell invasion and migration and regulate the progress of epithelial-to-mesenchymal transition (EMT), which is a transformation process of the epithelial cells to the mesenchymal cells and can promote cancer metastasis. (Scheau et al., 2019) Meanwhile, the levels of these proteins all had been reported to be elevated in certain lung cancer patients. (Li et al., 2019; Han et al., 2020) Here, our results indicated that MMP2, MMP9 and MMP13 were manifestly downregulated by PPy@Fe3O4 NPs. Thus, these findings suggested that PPy@Fe3O4 NPs suppressed human lung cancer cell metastasis.
CONCLUSION
In our study, we synthesized PPy@Fe3O4 NPs and demonstrated the safety and effectiveness of the PPy@Fe3O4 NPs in vivo and in vitro. The PPy@Fe3O4 NPs exhibited excellent synergistic effects of PTT and CDT, which could inhibit the growth and metastasis of lung cancer cells efficiently. Additionally, the PPy@Fe3O4 NPs was remarkable MRI contrast agents for tumors. However, the underlying mechanisms of tumor growth and metastasis need to be further discussed. Taken together, our study revealed the potential of PPy@Fe3O4 NPs to develop a new therapeutic strategy for NSCLC.
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Ferroptosis, as a recently discovered non-apoptotic programmed cell death with an iron-dependent form, has attracted great attention in the field of cancer nanomedicine. However, many ferroptosis-related nano-inducers encountered unexpected limitations such as immune exposure, low circulation time, and ineffective tumor targeting. Biomimetic nanomaterials possess some unique physicochemical properties which can achieve immune escape and effective tumor targeting. Especially, certain components of biomimetic nanomaterials can further enhance ferroptosis. Therefore, this review will provide a comprehensive overview on recent developments of biomimetic nanomaterials in ferroptosis-related cancer nanomedicine. First, the definition and character of ferroptosis and its current applications associated with chemotherapy, radiotherapy, and immunotherapy for enhancing cancer theranostics were briefly discussed. Subsequently, the advantages and limitations of some representative biomimetic nanomedicines, including biomembranes, proteins, amino acids, polyunsaturated fatty acids, and biomineralization-based ferroptosis nano-inducers, were further spotlighted. This review would therefore help the spectrum of advanced and novice researchers who are interested in this area to quickly zoom in the essential information and glean some provoking ideas to advance this subfield in cancer nanomedicine.
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INTRODUCTION
The Severe Problems in Treating Cancer and the Requirement of a New Application
From the report of the American Cancer Society, except cardiovascular diseases, tumors have become the second cause of death (Cortes et al., 2020). Similarly, according to the report from the World Health Organization, there were 9.6 million deaths caused by cancers in 2018 worldwide, which were 1/6 of the total deaths (Cortes et al., 2020). Although more and more researchers have devoted their studies toinnovating new cancer treatments, malignant tumor is affecting more patients with an increasing mortality rate (Altekruse et al., 2011). Cancer is still threatening people’s health severely. Nowadays, surgery, radiotherapy, chemotherapy, immunotherapy, and biotherapy are widely used in clinical cancer treatments. However, a high risk of relapse is also found in surgery because of the incomplete tumor cutting. The toxicity of radiotherapy and chemotherapy impairs patients’ normal organ functions, whereas biotherapy is too expensive to be afforded by most of the patients (Liu et al., 2019). In the past 10 years, immunotherapy, a promising cancer treatment (Yoon et al., 2018; Adams et al., 2019; Chu et al., 2019), has been impeded to be widely used in the clinic because of the narrow anticancer spectrum, the induction of potential autoimmune toxicity, and tumor escaping from the immune system (Adams et al., 2019; Sanmamed and Chen, 2019). Therefore, a safe and effective cancer treatment is yet to be invented to improve the effectiveness of cancer treatment and ameliorate the quality of patients’ life. In this case, nanotechnology can provide novel methods in treating cancers; nanomaterials can not only be used for loading and specifically targeting the chemotherapeutic drugs to the tumor sites but also have been included in other tumor treatment strategies.
The Definition, Characteristics, and Association of Ferroptosis With Chemotherapy, Radiotherapy, and Immunotherapy for Enhancing Cancer Treatment Effects
Because of different morphologies, cell death is usually divided into three groups: apoptosis, autophagy, and necrosis (Gao and Jiang, 2018). Ferroptosis is a newly discovered cell death which is different from any other regulatory cell death in morphology, biochemistry, and genetics (Dixon et al., 2012). The cells in which ferroptosis occurs have smaller mitochondria, increased mitochondrial membrane concentration, reduced or disappeared mitochondrial cristae, and the rupture of the outer mitochondrial membrane. In addition, the inhibitors of apoptosis, autophagy, and pyrolysis cannot inhibit ferroptosis (Dixon et al., 2012; Yan et al., 2021). The sensitivity of cells toward ferroptosis is related to the regulation of multiple biological pathways, including iron metabolism, amino acid and glutathione (GSH) metabolism, and lipid metabolism (Stockwell et al., 2017).
Chemotherapy, one of the most common treatments for malignant tumors, prevents cancer cell proliferation and induces “cell death.” Chemotherapeutic drug resistance of tumor cells can be alleviated effectively by blocking ferroptosis. Some laboratories have reported that RSL3, the GSH peroxidase 4 (GPX4) inhibitor, can trigger ferroptosis via increasing reactive oxygen species (ROS) accumulation and lipid peroxidation (LPO) levels within the cells, thereby enhancing the antitumor efficacy of cisplatin (Sui et al., 2018; Zhang et al., 2020). In addition, erastin, a ferroptosis inducer, improves the antitumor effects of certain drugs such as temozolomide (Chen et al., 2015), cisplatin (Liu and Wang, 2019; Li et al., 2020), vemurafenib (Tsoi et al., 2018), and docetaxel (Zhou et al., 2019) in killing specific cancer cells.
Radiotherapy is a sufficient treatment in oncology which uses low linear energy–delivered ionizing radiation (such as X-ray or γ-rays) to kill or control malignant cells. Ionizing radiation releases free radicals directly or indirectly through the radiolysis of water to damage the cells (Bischoff et al., 2009). Several studies have shown that the ferroptosis inducers RSL3, erastin, sorafenib (SRF), and sulfasalazine synergistically enhance the radiation efficacy in the models of glioma, lung cancer, fibrosarcoma, melanoma, breast cancer, and cervical cancer (Pan et al., 2019; Lei et al., 2020; Ye et al., 2020).
Immunotherapy is a novel tumor treatment model. Programmed cell death protein 1 (PD-1) and programmed cell death ligand 1 (PD-L1) inhibitors are most widely used in this treatment to prevent PD-1 on the surface of T cells. In this case, cancer cells conduct “immune evasion” from T cells, restoring the T cell killing function toward cancer cells. Wang et al. found that with PD-1 inhibitors, the tumor volume of the tumor-bearing mouse was significantly reduced, and the lipid ROS was significantly increased at the same time (Wang et al., 2019). After applying the ferroptosis inhibitor lipoxstatin-1, the effect of PD-L1 inhibitors was reduced, which showed that ferroptosis plays an important role in immunotherapy.
The marketed drugs such as sulfasalazine (Chen et al., 2015; Ma et al., 2015; Roh et al., 2016), SRF (Louandre et al., 2013), and artemisinin and its derivatives (Roh et al., 2017; Chen et al., 2019) have been shown to induce ferroptosis in some tumors; therefore, they have great clinical value. At the same time, some of the malignant tumors such as human adrenal cortical carcinoma are very sensitive to the induction of ferroptosis, which means that ferroptosis may be directly used in the treatment of malignant tumors (Belavgeni et al., 2019). The progress of ferroptosis-related studies provides new strategies for tumor treatment sensitization and new ideas for developing new drugs.
The Advantages of Biomimetic Nanomaterials and the Potential in Combining With Ferroptosis
A nanocarrier is a new type of drug delivery system at nanoscale. Because of the unique properties and easy modification, the nanocarrier is considered as a new generation of safe and specifically targeted drug carrier (Yang et al., 2016; Han et al., 2018). Nanocarriers have been successfully applied in diagnosis and precision therapeutic drug delivery for a better curative effect and reduced side effects due to their suitable size, easy modification, strong targeting ability, high cellular uptake, and good biocompatibility (Sumer and Gao, 2008; Melancon et al., 2011), which provide a new strategy to treat malignant tumors (Weissleder and Pittet, 2008; Barreto et al., 2011; Storm and Kiessling, 2011; Hrkach et al., 2012). However, some limitations have greatly hindered the clinical transformation of nanocarriers, for example, the toxicity as well as the degradation and metabolism of nanomaterials in the human body (Chou et al., 2014; Li et al., 2016; Shen et al., 2017). If nanomaterials enter the human body, there will be complex interactions between the drug carrier and the physiological environment, such as surface dissolution, protein adsorption, and/or non-specific cellular uptake which cause unfavorable tissue distribution, immune attack, and toxicity (Blanco et al., 2015). Therefore, the biocompatibility evaluation of nanocarrier materials has drawn more attention, such as blood compatibility, immune compatibility, and systemic toxicity. Nanomaterials with good biocompatibility can minimize the immune response of the body and reduce toxicity and side effects (Grossman and Mcneil, 2012). In tradition, the biocompatibility and biodistribution of nanoparticles can be partially optimized by nanoparticle surface modification (for example, PEGylation) (Xu et al., 2015; Moyano et al., 2016; Ni et al., 2021).
In 1994, a s cientific research team headed by J. W. Bulte used horse spleen apolipoprotein as a raw material to synthesize a protein-encapsulated nano-single crystal superparamagnetic iron oxide as a magnetic resonance imaging (MRI) contrast agent (Bulte et al., 1994). This was the first time that the bionic technology was applied to a nanoassembly system. Since then, nano-biomimetic materials have entered a rapid developed stage. Biomimetic functionalization of nanoparticles could solve many problems in the physiological environment, endowing nanomedicines with better biological characteristics. For example, due to the antigenic diversity of the cell membrane, biomimetic modification provides a range of functions associated with the cell origin, including immune evasion, long circulation, efficient drug delivery, and active targeting (Zhen et al., 2019; Choi et al., 2020). As showed in Table 1, a lot of biomimetic nanomaterials are applied in cancer theranostics in recent years. Among them, biomimetic strategies for ferroptosis therapy can be divided into biofilm modification, protein modification, polyunsaturated fatty acids (PUFAs) modification, and biomimetic mineralization (Figure 1).
TABLE 1 | Biomimetic nanomaterials for cancer theranostics.
[image: Table 1][image: Figure 1]FIGURE 1 | Schematic illustration of biomimetic nanomaterials for inducing ferroptosis.
Since Stockwell named ferroptosis for the first time in 2012, there have been a lot of research studies conducted to study its molecular mechanism and corresponding signal transduction pathways and try to find new and more efficient ferroptosis inducers for cancer treatments. So far, various genes, small molecules, and nanomaterials have been elucidated to possess the ability of inducing cell ferroptosis (Dixon et al., 2015; Louandre et al., 2015; Yu et al., 2015; Ma et al., 2016; Shen et al., 2018). However, the lack of endogenous iron and half-helical genes or molecular reagents cannot sufficiently improve the efficiency of the Fenton reaction. In addition, the selectivity of genes and small molecules is weak, and their adverse reactions also obstruct the clinical application transformation. In this case, the introduction of nanomedicine has brought bright future for developing new ferroptosis inducers in tumor-specific treatment. Among them, the unique physicochemical properties of nanomaterials can compensate the deficiencies of traditional drugs, such as low targeting efficiency, poor solubility, and severe adverse reactions, and can also introduce new properties such as magnetism, photothermal effects and electrochemical properties (Jiang et al., 2021). Most importantly, the ferroptosis nano-inducer can make up for the lack of endogenous iron and accelerate the ferroptosis process of tumor cells by improving the efficiency of the Fenton reaction.
Ferroptosis-induced nanomaterials can be mainly divided into two categories: one is iron-based nanomaterials and the other is non–ferrous-based nanomaterials. Due to the importance of iron in ferroptosis, iron-based compounds with abundant iron ions, such as iron oxide nanoparticles (IO NPs), are the most popular nanomaterials in ferroptosis application–related research. In addition, there are also some iron-free nanomaterials which can induce cancer cell death by cooperating with endogenous iron. For example, Kim et al. created an iron-free, ultrasmall α-melanocyte–stimulating hormone and polyethylene glycol–modified silica nanoparticles which are effective ferroptosis inducers for tumor suppression and targeted therapy (Kim et al., 2016). This review mainly summarized the latest developments of biomimetic nanomaterials in the field of the development trends of ferroptosis-related tumor treatment and some considerations about the principles, advantages, and limitations of these bionic strategies.
A VARIETY OF BIONIC NANOMATERIALS ARE USED FOR FERROPTOSIS-MEDIATED TUMOR TREATMENT
Biofilm Modification
With the inspiration of the natural biological system, biofilm bionics has drawn scientists’ attention (Fang et al., 2017). In recent years, various biofilms have been extracted to modify nanoparticle surfaces to produce multifunction bionic nanoparticles which are composed of nanoparticles as the core and natural biofilms as the shell. The nanoparticle core endows the bionic nanoparticle high selectivity, and biofilms also make it natural. By comparing with the attachment of nanomaterial functional groups, biofilm bionic nanomaterials are easy to prepare with better biocompatibility to lower immune rejection and toxicity. Therefore, biofilm bionic nanomaterials show great application prospects in medicine.
Leukocytes are immune cells which maintain the normal functions of the immune system, including macrophages, neutrophils, eosinophils, basophils, and lymphocytes (Xuan et al., 2015). The bionic nanomedicine of the leukocyte membrane can be constructed for targeted delivery of antitumor drugs by utilizing the mutual recognition between the leukocyte and tumor surface antigen–antibody (Molinaro et al., 2020). The receptors on the neutrophils’ surface can interact with chemokines and adhesion factors in the tumor microenvironment to enrich the drug (Zhang et al., 2019; Sun et al., 2020). Kang et al. reported that NMNP-CFZ, a neutrophil membrane biomimetic nanoparticle, was able to block tumor metastasis by capturing tumor cells from the blood stream and specifically targeting the tumor microenvironment prior to metastasis (Kang et al., 2017). Macrophages are non-specific immune cells that can bind specifically to tumor surface antigens and have chemotactic properties to the tumor microenvironment. Bionic modification of the macrophage membrane can reduce the clearance rate of drug carriers in vivo, prolong the systemic circulation time, enrich drugs in the tumor site, significantly inhibit the tumor growth, and improve therapeutic effect (Zhao et al., 2018). Lymphocytes can be divided into NK cells, T cells, and B cells. NK cells are innate immune cells and can secrete cytokines to activate T cells and regulate immune responses (Wehner et al., 2011). The NK cell membrane has the function of tumor targeting and inducing M1-type polarization of macrophages (Deng et al., 2018).
In 2019, Xie and coworkers constructed a magnetosome Pa-M/Ti-NCs; the core of the magnetosome was a superparamagnetic and controllable Fe3O4 nanocluster (NCS) which was made via a one-pot hydrothermal approach (Wan et al., 2020). This specific structure can not only be used for MRI and magnetic targeting but also delivers a large amount of Fe ions to conduct the Fenton reaction and induce ferroptosis (Figure 2). At the same time, the previously designed leukocyte membrane by using N3 covered NCS with a typical membrane protein (such as CD44 and CD45) to prolong circulation time and promote the loading of Ti, a TGF-β inhibitor within the membrane, and the coupling with the dibenzocyclooctyne-modified PD-1 antibody. After getting into the tumor, Pa and Ti worked together to create an immunogenetic microenvironment to elevate the concentration of H2O2 within the polarized M1 macrophage which promoted the Fenton reaction with iron ions released from NCS. The produced hydroxyl free radicals (•OH) then induced ferroptosis of tumor cells, and the exposed tumor antigens enhanced immunogenicity of the microenvironment further. In the B16F10 xenograft model, the signal of free NCS without membrane coating was detected at the tumor site for up to 6 h. The 24-h signal did not satisfy because of the fast clearance. In comparison, the leukocyte-coated NCS could significantly inhibit phagocytosis of macrophages to increase circulation and enhance EPR, and therefore, a better antitumor effect could be achieved.
[image: Figure 2]FIGURE 2 | Schematic illustration of the NMNP-CFZ nanoplatform for ferroptosis/immunomodulation synergism in cancer. Reprinted with permission from Ref. (Lyu et al., 2020) Copyright 2019 American Chemical Society.
Macrophages, a subclass of leukocytes, are important effector cells in innate immunity which have great functional plasticity during tumor development and metastasis. More and more studies have proved that macrophages are used in cancer treatment for better therapeutic effects (Wan et al., 2020). Inspired by the macrophage-based cancer therapy and exosome-like drug delivery, in 2021, Li and his colleagues designed an exosome; the M1 macrophages which were transfected by CCR2 plasmids were coincubated with Fe3O4 nanoparticles and further extruded into exosome-like nanovesicles (denoted as CCR2 (+)-Fe-M1-NVS) to act as a nano-Fenton reactor and M2 repolarization inducer to restrict lung metastasis synergistically (Li et al., 2021). Both in vitro and in vivo experiments have found that CCR2 (+)-Fe-M1-NVS was similar to the mature macrophages which accumulated at tumor metastases through the CCR2-CCL2 (C–C chemokine-receptor 2 and -ligand 2, respectively) axis. Fe3O4 nanoparticles and M1-related factors (such as H2O2) were known as catalysts of the Fenton reaction to promote the ferroptosis of tumors and jointly induce the repolarization of macrophages, therefore stimulating tumor-specific immune responses. At the same time, the repolarization of M2 macrophages induced H2O2 accumulation by upregulating T-cell–stimulating factors, activated T cells, and synergistically induced ferroptosis by releasing interferon-γ, thereby inhibiting the uptake of cystine by tumor cells, leading to LPO. By investigating the cell coculture system and the 4T1 mouse xenograft model, the targeted therapy and synergistic cytotoxicity were verified.
Platelets are small fragments of the cytoplasm derived from megakaryocytes in the bone marrow. Platelets have a relatively low content in the blood, but they are super-important for body hemostatic function. When there is a wound, platelets can be quickly recruited to the wound to activate both internal and external coagulation systems for hemostasis (Senturk, 2010). Because of the fast response to vasculature damage, the recognition of circulated tumor cells, and the specific binding to the damaged area, platelet-coated nanoparticles have been widely used in cancer treatment (Zhang et al., 2018). At the same time, endothelial reticulum endocytosis can also be reduced, and the immune escape of nanomedicine can be increased to extend the blood circulation of medicine and finally promote the efficacy of the drugs (Hu et al., 2015; Dehaini et al., 2017; Chen et al., 2019; Wang et al., 2019).
Yang et al. reported the production of a magnetic nanoparticle Fe3O4-SAS@PLT (Jiang et al., 2020). Sulfasalazine (SAS) is used to treat rheumatism which can inhibit not only inflammatory cell migration and the IκB kinase pathway but also cysteine intake to suppress the tumor growth and induce ferroptosis (Roh et al., 2016). The SAS activity has been proved by a clinical tumor model when the concentration is high. SAS was uptaken by magnetic nanoparticles and camouflaged by the platelet membrane; this composite was used for cancer treatment by inducing the ferroptosis effect. As a ferroptosis inducer, the synergy between Fe3O4 and SAS reduced the SAS dose significantly. In vitro, the concentration of Fe3O4-SAS@PLT for maximum inhibition was lower than Fe3O4-SAS, which indicated that PLT coating enhanced cytotoxicity because of the high binding affinity between PLT and the CD44 receptor on tumor cells (Ye et al., 2019). At the same time, PLT coating increased the cellular uptake of the nanoparticle composite. Therefore, platelet membrane coating can escape from the immune system, specifically bind to tumors, and maximize the uptake of the ferroptosis-inducible nanoparticle by the tumor which showed a great potential in treating tumor metastases.
In recent years, cancer cell–coated nanocarriers have drawn researchers’ attention. This type of biomimetic membrane can camouflage nanomedicine as cancer cells to deliver drugs to the tumor site via mutual cancer cell recognition and adhesion to achieve effective cancer treatment (Zhang et al., 2019; Zhen et al., 2019). The design and application of cancer cell–coated nanocarriers have become hot topics for cancer diagnosis and treatment. Cancer cells could endow nanoparticles the ability to target the tumor specifically and escape from the immune system to improve the accumulation of nanoparticles in the tumor (Zhang et al., 2019; Zhen et al., 2019). Yang et al. reported a novel nanoplatform mFe (SS)/DG as ROS–ferroptosis–glycolysis regulators for the anticancer immune cycle (Yang et al., 2021). Constructed by Fe3+ and disulfide (-S-S-)-containing organic ligand, the nanosystem with a suitable surface and structure can effectively load GOx and doxorubicin (DOX) and can be further coated by the 4T1 cell membrane to decrease immune clearance and realize efficient tumor targeting. This nanoplatform can consume intracellular GSH via -S-S- bond and catalyze glucose to generate excessive ROS in tumor sites, improve cascade-amplified ferroptosis, and elicit immunogenic cell death in combination with DOX. By combining tumor metabolism and immune function, the biomimetic nanoplatform provides a potential antitumor strategy.
Tang et al. designed a nanoreactor which was composed of cancer cell–coated organic iron framework and GOx (Wan et al., 2020). In this nanoreactor, GOx catalyzed the production of H2O2 from glucose for the induction of the ferroptosis effect. When the nanoreactor reached the tumor site, MOF collapsed because of the release of Fe2+ from high concentration of GSH reduced Fe3+ worked with GOx to produce H2O2 (Figure 3); then the Fenton reaction between H2O2 and Fe2+ released •OH to promote the ferroptosis effect. The fluorescent intensity of the cancer cell–coated nanoreactor NMIL-100@RhB@C was as twice as NMIL-100@RhB and could be endocytosed easier by 4T1 cells. Furthermore, the detection of the antiphagocytosis ability of NMIL-100@RhB@C and NMIL-100@RhB against macrophages (Raw 264.7) indicated that fluorescent intensity increased twice in NMIL-100@RhB incubated Raw264.7. NMIL-100@RhB@C–injected mice showed higher fluorescent intensity on the tumor site, especially within the tumor site, than NMIL-100@RhB–injected mice which proved that the cancer-coated nanoreactor can specifically bind to the tumor site. During nanoreactor transportation, the cancer cell coating can protect the nanoreactor from proteinase and immune system degradation, and therefore, high concentration of GOx can reach and be endocytosed by the tumor. Overall, these cascade reactions provided a safer and more efficient way to inhibit the tumor growth by triggering both ferroptosis and tumor cell starvation.
[image: Figure 3]FIGURE 3 | Schematic illustration of the preparation and cascade processes for cancer therapy of NMIL-100@GOx@C. Reprinted with permission from Ref. (Wan et al., 2020). Copyright 2020 American Chemical Society.
The cell membrane biomimetic nanoprobe is a new type of probe which actively identifies specific tumor cells via the EPR effect or molecular targets to shift tumor therapy from the tissue and organ level to the molecular level. At the same time, the cell membrane nanoprobe restricts the clearance of the reticuloendothelial system and prolongs the circulation time in the body significantly. Therefore, it has unique advantages in tumor-targeted precision therapy. Although the design of biomimetic cell membranes has bright prospects, new problems have also existed. For example, how to stabilize the biological effects of heterogeneous white blood cells in the body is unignorable. Whether the cancer cell membrane will express oncogenes and whether its biological safety can be guaranteed are also yet to be studied. After the cancer cell membrane enters the body, the changes of the internal immune system can be triggered. At the same time, some issues may be encountered, such as how to produce abundant various cell membrane nanoprobes efficiently, simplify the production process with reduced cost, and how to ensure the activity and stability of biofilm materials which will be the direction of future research. In addition, how to improve interactions between the biofilm and the tumor site to improve its recognition ability also should be considered because there may be limited opportunities for nanomaterials in vivo to establish contacts with the tumor before clearance.
Protein Modification
Proteins are big molecules with biological functions. The protein nanocarrier system is composed of different structures and functions of animals and plants or recombinant proteins and drugs which have good biocompatibility, biodegradability, low antigenicity, high stability, and drug loading capacity and are easy to make (Lee et al., 2016; Sandra et al., 2019). There are a large amount of free amino acids on the protein surface, and they can be modified with photothermal molecules, fluorescent dyes, chemotherapeutic drugs, image probes, photosensitizers, and many other small functional molecules which make the protein nanoparticle a good nanocarrier to prolong anticancer drug loading and circulating for improved cancer imaging and treatment (Wang et al., 2015). For example, due to its good biocompatibility and stability, bovine serum albumin (BSA) is often used for nanomaterials’ surface modification. In the process of stripping lamellar MoS2, an effective stripping agent and stabilizer, BSA can achieve the large-scale preparation of ultrathin MoS2 nanosheets under ultrasonic conditions. In another study, as a template, BSA is expected to enable the programmed preparation of TMD QDs to improve their biocompatibility and stability (Wang et al., 2020). In addition, in ferroptosis-related studies, iron ion–based proteins (hemoglobin, ferritin, etc.) are often involved in enhancing the level of iron ions, or some functional proteins such as GOx are often associated with H2O2 production.
Hemoglobin (Hb) is one of the most well-studied natural and red endogenous proteins to transfer oxygen in the blood vessels (Liu et al., 2018). Because of high oxygen capability, it is always used to donate oxygen in photodynamic therapy. Hb has four heme groups, which contain irons and can be used as iron supplements in the ferroptosis effect (Xu et al., 2020). These iron ions can be released in the presence of H2O2 and produce •OH via the Fenton reaction (Xu et al., 2020). Li and colleagues constructed a nanoplatform SRF@Hb-Ce6 via loading SRF to the Hb-coated photosensitizer Ce6 (Figure 4) (Xu et al., 2020). Both oxygen and irons in Hb brought opportunities for the combination of PDT and ferroptosis effect. In this nano platform, high oxygen concentration promoted PDT efficiency significantly; SRF and intrinsic iron in Hb greatly elevated lipid peroxide production and suppressed GPX4 to induce strong ferroptosis effects. This nanoplatform could also enhance T-cell infiltration at the tumor site and the release of IFN-γ to downregulate SLC3A2 and SLC7A11 which increased the sensitivity of tumors toward ferroptosis. By comparing with free Ce6, the fluorescent image of SRF@Hb-Ce6 showed a stronger intensity at the tumor site which indicated SRF@Hb-Ce6 had specific binding.In the in vivo study, SRF@Hb-Ce6-treated tumor-bearing mice had smaller tumor sizes and higher survival rates. Therefore, SRF@Hb-Ce6 can promote both PDT and the ferroptosis effect, which showed us a promising strategy in treating cancer safely via the combination of two treatments.
[image: Figure 4]FIGURE 4 | Schematic illustration showing the components of SRF@Hb-Ce6, the synthesis process, and the combined PDT and ferroptosis therapy. Reprinted with permission from Ref. (Xu et al., 2020). Copyright 2020 American Chemical Society.
Ferritin is a protein which can store irons. It has been identified by overexpressed TFR1 as a new type of missile platform (Liang et al., 2014; Truffi et al., 2016). In addition, the stored irons, released from ferritin intracellular autophagy, can induce ferroptosis easily (Ensor et al., 2002; Miyamoto et al., 2003; Phillips et al., 2014; Gao et al., 2016; Hou et al., 2016; Keshet et al., 2018; Yang et al., 2021). Therefore, with intrinsic iron absorption capacity and difficult-to-identify characteristics, ferritin has more advantages than inorganic materials or MOF materials in treating ferroptosis. In 2021, Wang et al. covalently linked BSA-Ce6 (Ce6 coupled BSA) and ferritin by azobenzene (Azo) to fabricate a new hypoxia-responsive device BcFe@SRF for SRF loading which provided an unparalleled opportunity for the synergistic treatment of high-efficiency photodynamic (PDT) and ferroptosis (Figure 5). The designed BcFe@SRF had suitable particle size, stable dispersion, and excellent tumor-homing performance. Importantly, in a hypoxia environment, BcFe@SRF could be gradually degraded and release BSA-Ce6, ferritin, and SRF for triggering PDT, the iron-catalyzed Fenton reaction, and destroying tumors’ antioxidant defenses, respectively. Apart from the PDT effect, studies have also found that BcFe@SRF-mediated low-oxygen laser irradiation could not only promote the production of LPO but also depleted intracellular GSH and reduced the expression of GPX4. In summary, the BcFe@SRF nanoreactor uses a variety of ways to promote the accumulation of intracellular ROS and exerts significant antitumor effects both in vitro and in vivo.
[image: Figure 5]FIGURE 5 | Schematic illustration showing fabrication procedures and antitumor mechanisms of the BCFe@SRF nanoreactor for the synergistic PDT and ferroptosis therapy. Reprinted with permission from Ref. (Wang et al., 2021). Copyright 2021 The Author(s).
Transferrin (TF) is a glycoprotein to carry irons and mediate iron endocytosis when it binds to the transferrin receptor (TFR) (Torti and Torti, 2013). TF has been proved to be expressed in various types of cancer cells. (Johnsen et al., 2017) The upregulated TFR level on the surface of cancer cells enhances TF-mediated iron endocytosis and can therefore be a sufficient and specific cancer treatment (Weed et al., 1963; Daniels et al., 2012). More Fe3+ can be captured by extra TF to further accelerate TFR endocytosis. Shen et al. constructed a nanosphere TF-LipoMof@PL by coating the TF-modified pH-sensitive lipid membrane on piperlongumine (PL)-loaded MOF (Xu et al., 2021). The lipid membrane could promote TF-mediated iron endocytosis to provide a prerequisite of the ferroptosis effect. As a ferroptosis inducer, PL provided H2O2 for producing ROS via the Fenton reaction. In vitro, the TF-precipitated nanosystem showed higher tumor cytotoxicity. ICP-MS–measured intracellular iron levels showed TF-LipoMof@PL-applied cancer cell had the highest iron level, which means TF could increase iron endocytosis. The in vivo study had similar results, among 4T1-transplanted mice with a high TFR expression level; TF-LipoMof@PL-treated cells had the highest ROS level and induced the strongest iron effect. Therefore, TF-LipoMof@PL had the best anticancer effect.
GOx is a natural enzyme; H2O2 can be released when it oxidizes dextrose to gluconic acid in the present of oxygen (Wang et al., 2016). The tumor growth is highly dependent on glucose supply; tumor cells will be too starving to grow once glucose supply is stopped (Zhang et al., 2018; Xie et al., 2019; Yang et al., 2019). GOx-inducing glucose oxidation could lower the glucose level, which makes it attractive in cancer treatment. This treatment is the so-called starvation therapy (Fu et al., 2018; Yu et al., 2018; Zhang et al., 2018; Fu et al., 2019; Hanjun et al., 2019; Xie et al., 2019). At the same time, a high level of H2O2 was produced during GOx catalyzation which can cooperate with the iron-based nanomaterial to promote ferroptosis (Bankar et al., 2009; Fu et al., 2018; Hanjun et al., 2019). An et al. designed a 4,4′-azonzenecarboxylic acid (Azo)–BSA–modified zeolitic imidazolate framework (ZIF) nanoplatform with Fe3+-gallic acid and GOx encapsulation (designated as FGGZA) (An et al., 2020). FGGZA achieved sustained Fe2+/H2O2 supply and decreased pH and O2 levels, which can significantly improve the ferroptosis reaction microenvironment. In a hypoxic microenvironment, azo achieved charge reversal, leading to selective tumor aggregation based on efficient cell internalization activated by hypoxia. This reasonably designed biomimetic nanosystem will present great potential in clinical transformation of ferroptosis tumor treatment.
As the main component of protein, amino acid modification is also considered to be an effective biomimetic method. Due to the lack of arginine (Arg) succinate synthase (ASS) in a variety of tumors, such as breast cancer, renal cell carcinoma, melanoma, and hepatocellular carcinoma, the tumor cells themselves cannot produce Arg (Ensor et al., 2002; Phillips et al., 2014; Keshet et al., 2018). Considering that the consumption of Arg at tumor sites will lead to the demand for Arg-modified nanomaterials, Arg is considered a targeted part of tumor diagnosis and treatment. In 2018, Wang et al. used a one-pot method to fabricate an Arg-rich manganese silicate nanobubble (AMSN)–based ferroptosis inducer which was endowed the high-efficiency GSH depletion capacity to inactivate GPX4 to induce ferroptosis (Figure 6) (Wang et al., 2018). In this case, Arg acted as a surface-capping ligand to provide ideal water dispersibility, biocompatibility, and tumor-homing ability. In comparison with traditional nanoparticles, the ultrathin surface layer and nanobubble structure of Arg significantly improved the rate of GSH depletion in AMSNs and inactivated tumor cells by GPX4. Fer-1 and DFO can remarkably reduce the toxicity of AMSNs. As the concentration of AMSNs and the incubation time increased, the protein expression level of GPX4 decreased and the activity of GPX4 reduced. Then, fluorescein dichlorodiacetate (DCFH-DA) proved that as AMSNs depleted GSH, the level of reactive oxygen species in the cell increased. The level of LPO was monitored by the specific probe C11-BODIPY581/591. The fluorescence intensity of AMSNs was stronger than that of the control group, and it was proportional to the concentration and the incubation time. These results indicated that ferroptosis plays a crucial role in AMSN-induced cell death. In addition, the degradation of AMSNs during GSH depletion caused Mn ions and drug release to enhance the contrast of T1-weighted MRI and the effect of chemotherapy. Different from the iron-based nanomaterials which induce ferroptosis through the Fenton reaction or manganese-based nanomaterials which only provide auxiliary functions to consume GSH in tumor treatment, AMSN can directly induce ferroptosis in vitro and in vivo, and therefore, high-efficiency tumor targeted therapy can be achieved.
[image: Figure 6]FIGURE 6 | Schematic illustration of the preparation and ferroptosis-induced cancer therapy of AMSNs. Reprinted with permission from Ref. (Wang et al., 2018). Copyright 2018 American Chemical Society.
In the process of protein nanomaterial–induced ferroptosis, apart from the high structural stability, excellent biocompatibility, and wonderful biodegradability of protein nanocarriers, the natural properties of proteins can be used, such as the iron-rich protein, or the protein improves the transport efficiency of iron which can increase the concentration of endosomal iron ions and improve the effect of ferroptosis further. However, these protein nanoparticles still have shortcomings. For example, the size of protein nanoparticles cannot be precisely controlled if they are prepared by covalent or non-covalent binding due to uncontrollable self-assembly behavior. Some proteins are difficult and expensive to be obtained, such as ferritin. More attention should be paid to maintain protein activity in appropriate temperature and buffer solution to avoid inactivation during the process of the experiment. At the same time, immunogenicity brought by the enzyme itself should also be concerned. Due to the large size and the fixed three-dimensional structure of some proteins, it is more difficult to modify the surface of some nanomaterials than long-chain polymers (e.g., PEG and PVP). In addition, the macrophage system uptakes nanomaterials significantly because of the wide size distribution and easy aggregation which reduce the concentration of protein nanoparticles in the tumor site. Furthermore, many excellent inorganic nanomaterials cannot directly interact with proteins, which limits the application of inorganic nanomaterials in tumor diagnosis and treatment. Therefore, it is still necessary to continue to explore protein nanoparticles with precise and controllable size to overcome the existing drawbacks listed before.
Polyunsaturated Fatty Acid Modification
PUFAs are important components of the phospholipid bilayer which is crucial in maintaining the fluidity of the cell membrane. Excess PUFAs will be oxidized into ·OH by Fe2+ via the Fenton reaction. These ·OH can further oxidize PUFAs in a chain reaction to produce a large amount of LPO and finally induce cell ferroptosis. In 2017, Zhou et al. used hydrophobic linoleic acid hydrogen peroxide (LAHP) and hydrophilic oligoethylene glycol to modify phosphate groups on the surface of IO NPs to develop a Fenton reaction–based nanosystem (Figure 7) (Zhou et al., 2017). Under this circumstance, IO NPs with a diameter of 22 nm were used as carriers of LAHP polymers with surface anchoring groups. Hydrophilic polymers grafted with oligoethylene glycol units were used as end-capping molecules on the surface of IO NPs; therefore, IO-LAHP nanoparticles possessed water dispersibility, proton permeability, and biocompatibility. At the same time, H+ could penetrate the polymer brush to dissociate Fe2+ from the surface of the IO-LAHP nanoparticles as an iron source and realize the on-demand release of Fe2+ by the nanosystem under tumor acidic conditions. As one of the main products of LPO, LAHP was decomposed into free radicals and 1O2 by catalytic ions (such as Fe2+and Ce4+) through the Russell mechanism (Miyamoto et al., 2003; Miyamoto et al., 2006). After intravenous injection of IO-LAHP nanoparticles in mice, the overall tumor growth was significantly inhibited. By evaluating the efficiency of IO-LAHP nanoparticles in producing activated 1O2 and in cancer treatment in vitro and in vivo, LAHP-modified IO NPs can treat cancer effectively through the non-photodynamic process when 1O2 is produced in engineering biochemical reactions.
[image: Figure 7]FIGURE 7 | Preparation and ferroptosis-mediated cancer therapy of IO-LAHP. Reprinted with permission from Ref. (Zhou et al., 2017). Copyright 2017 Wiley-VCH.
Similarly, the addition of exogenous PUFA DHA to tumor cells provides a new possible nanomaterial construction which induced ferroptosis by promoting LPO because cancer cells tend to actively take up lipoproteins to meet the lipids’ demands for rapid membrane turnover (Favre, 1992). At the same time, the lipoprotein platform can transport lipids in the plasma naturally, and it is also a particularly suitable carrier for omega-3 PUFAs (ω-3 PUFAs) (Gotto et al., 1986). Based on this knowledge, in 2017, Ou et al. uniformly incorporated w-3 PUFA docosahexaenoic acid (DHA) into a low-density lipoprotein (LDL) to construct LDL-DHA nanoparticles (Ou et al., 2017). After treating using LDL-DHA, both rat and human liver cancer cells underwent significant LPO, GSH depletion, and the deactivation of the lipid antioxidant GPX4. The antitumor effect of LDL-DHA nanoparticles was evaluated in mice with HepG2 xenografts. PBS, LDL-TO and LDL-DHA, and Fer-1 or LDHA + Fer-1 were injected intratumorally to treat tumor-bearing mice, and the growth of the tumor treated by the low-density lipoprotein DHA was significantly inhibited. The combination of Fer-1 and LDL-DHA can remarkably antagonize the GPX4 activity, level of LPO, and tumor volumes which were treated by LDL-DHA alone.
So far, many studies have proved that ω-3 PUFAs have cytotoxicity toward various cancer cell cultures in a dose-dependent manner (Lindskog et al., 2006; Lim et al., 2009). However, the dosage required to induce anticancer effects in the culture is hard to achieve (Conquer and Holub, 1998) through dietary intake which may explain the inconsistent results from the treatment of established tumors through dietary intake of ω-3 PUFAs (Noguchi et al., 1997; Swamy et al., 2008; Gleissman et al., 2011). Poor solubility in water and easy forming of emboli make direct intravascular injection of ω-3 PUFAs inviable (Mellor and Soni, 2001). Even in cell culture experiments, organic solvents such as ethanol or dimethyl sulfoxide are needed to dissolve the ω-3 PUFAs in the growth media. Therefore, nanoparticles should be good tools to treat tumors. Ferroptosis can be regulated during unsaturated fatty acid metabolism; unsaturated fatty acid–loaded nanoparticles also have great prospects in this field. However, considering the uncertainty of the degree of ferroptosis induced by a single unsaturated fatty acid, more combinations of nanomaterials should be considered, such as with small-molecule ferroptosis inducers or iron-based nanomaterials to design more advanced nanomaterials in the treatment of tumor ferroptosis.
Biomimetic Mineralization
Biomineralization is a common process in which inorganic ions are combined with biological macromolecules to generate hard biomaterials in organisms. Organisms (bacteria, plants, animals, etc.) with different compositions can generate minerals in the body, endowing them on specific biological functions. The biological mineralization is a highly controlled process that exists naturally and is regulated by the genetics of the organism. It can achieve the precise control of the assembly of the crystal shape and structure from the molecular level to mesoscopic level, attracting more attention of scientists in the biomedical field. For example, the nanodrug slow-release system based on biomineralization has received extensive attention in cancer treatment due to easy preparation and modification, good biocompatibility, and biodegradability; therefore, a multifunction nanoplatform related to biomineralization has been developed for a variety of biomedical applications (Srivastava et al., 2018).
CaCO3 is one of the most common inorganic materials found in nature. Because of the low cost, bio-absorbility, and good biocompatibility, CaCO3 has attracted wide attention of many researchers and scientists (Mao et al., 2016). However, high crystallization made CaCO3 degrade slowly in the biological environment, which would impede drug release and therefore block the progression of its application as a drug release system (Maleki Dizaj et al., 2015). The development and application of the amorphous calcium carbonate (ACC) nanostructure has finally solved these intrinsic limitations. Compared with the CaCO3 crystal, ACC nanoparticles have a higher energy level and can be hydrolyzed easily within cells. After a series of experiments (Min et al., 2015; Dong et al., 2018; Wang et al., 2018), the advantages of the ACC nanodrug carrier have been demonstrated. Zhao’s group obtained an ACC-based, pH-sensitive drug delivery system by co-condensing DOX and a calcium precursor which can only release DOX under an acidic tumor microenvironment to kill cancer cells (Zhao et al., 2015). Furthermore, organic-modified ACC can further improve the bio-functionality and biocompatibility of nanocomposites without changing its original clinical advantages.
Luo et al. chelated DOX with Fe2+ and co-condensed with the calcium precursor to construct an ACC-coated Fe2+-DOX core in a one-step process based on amorphous ACC which can be used for tumor targeting and ferroptosis treatment (Figure 8) (Xue et al., 2020). In this case, the combination of DOX and Fe2+ can not only be loaded sufficiently into ACC but also minimize the sensitivity of ferrous towards oxidative stress before it releases from the host cell so that the biodegradable ACC can work with DOX and Fe2+ synergistically. The thin CaSi layer covered at the core is coupled with PAMAM to endow the specific tumor binding and provide a balance between circulatory life and tumor-specific uptake. DOX can be released within the cancer cells when acid-induced ACC degradation has occurred and H2O2 produced Fe2+-promoted ferroptosis. This nanocomposite has showed a strong ferroptosis effect and will be used in clinic.
[image: Figure 8]FIGURE 8 | Synthesis scheme of ACC@DOX.Fe2+-CaSi-PAMAM-FA/mPEG and its complementary ferroptosis/apoptosis-based therapeutic action. Reprinted with permission from Ref. (Xue et al., 2020). Copyright 2020 The Authors.
Compared with synthetic nanomaterials, these biosynthetic nanominerals have good physiological stability, biodegradability, and biological activity and simple and economical synthesis process, and only need a simple bionic water system. Therefore, the design of a variety of nano-biominerals by combining biomineralization technology and ferroptosis for tumor treatment has broad application prospects in tumors. However, biomimetic-mineralized nanomaterials also faced many problems. For example, some biomimetic-mineralized nanomaterials about urinary calculus, such as calcium oxalate, calcium phosphate, and uric acid, may not degrade well in vivo and require further manual intervention to remove them. Because the biomimetic mineralization is highly ordered, it is difficult to control the reaction process during the artificial preparation, and some reaction conditions are relatively demanding. In addition, biomimetic mineralized nanomaterials synthesized in vitro may also cause immune reaction in a certain degree when applied in vivo. In addition to genetic regulation and other biological methods to control the synthesis of biomimetic mineralized materials, scientists still need to make unremitting efforts to further explore the generation mechanism and action properties of biomimetic mineralization.
CONCLUSION, FRESH PERSPECTIVE, AND FUTURE DIRECTIONS
Due to the antiapoptotic effect of tumor cells caused by overexpression of apoptosis-inhibiting proteins and multidrug resistance, apoptosis-based treatment strategies cannot achieve satisfactory therapeutic effects. Ferroptosis, a novel non-apoptotic programmed cell death, has become a hot topic in cancer research and has gradually attracted wide attention in the field of cancer nanomedicine. The emergence of biomimetic nanomaterials brings new opportunities for the clinical translation of ferroptosis-triggered nanomaterials. Synthetic nanoparticles are combined with natural biological materials to create biomimetic nanomedicine inspired by nature. These nanomaterials not only have the adjustability and flexibility of synthetic materials but also have the functionality and biocompatibility of natural materials, thus giving nanomaterials many advantages such as good versatility and a long in vivo cycle. Moreover, some components of biomimetic materials can enhance ferroptosis more effectively. This review summarized the latest research studies in the field of biomimetic nanomaterials to trigger ferroptosis of tumor cells and enhance tumor therapy. We hope that this review will provide new ideas and insights for the application of biomimetic nanomaterials in the biomedical field.
Despite the rapid progress of ferroptosis-based cancer therapeutics, the potential clinical applications of ferroptosis nanomedicine still face many challenges. For example, there are significant differences in the sensitivity of ferroptosis toward various species and tissues. And the sensitivity of ferroptosis inducers (SRF, erastin, etc) is also diverse. Therefore, it is of great significance to search for biological indicators that can reflect the sensitivity of cells and individuals to ferroptosis and to develop new ferroptosis inducers to improve the level of tumor diagnosis and treatment. In addition, several studies have shown that the combination of different therapies (e.g., PDT and PTT) with ferroptosis therapy through nanotechnology can achieve better therapeutic effects, further overcoming the barriers of ferroptosis treatment (Wang et al., 2021; Yuan et al., 2021).
There are still a lot of difficulties in the large-scale application of biomimetic nanoparticles to trigger ferroptosis due to the difficulties existed in the preparation, storage, and application process of some biomimetic nanoparticles. Theoretically, while bionic methods can effectively reduce the response of the body, there is still a lack of long-term tracking validation in in vivo experiments which need more exploration by excellent scientists. Because of the deficiency of the iron content for some ferroptosis nano-inducers, iron ion loading and the controlled release capacity of ferroptosis nano-inducers should be intensified to improve the distribution of iron in the cancer cells and thus improve anticancer efficiency. Although biomimetic modification can endow nanomedicine good biocompatibility, some of the nanomaterial components are difficult to be degraded or may generate toxic products after degradation. Therefore, in the process of designing biomimetic nanodrugs, the safety of the proposed component should be considered.
In conclusion, as a novel tumor treatment and multidisciplinary research, ferroptosis induced by biomimetic-based nanotumor therapy has a high therapeutic efficiency in killing cancer cells and reducing the toxicity and side effects on normal cells/tissues. Compared with the traditional cancer treatment, it shows obvious advantages and clinical transformation potential. After the listed limitations of this field have been fully addressed in future, the progress of cancer biomedicine discovery will be promoted greatly and benefit more cancer patients.
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Three-dimensional (3D) printing technology has developed rapidly and demonstrates great potential in biomedical applications. Although 3D printing techniques have good control over the macrostructure of metallic implants, the surface properties have superior control over the tissue response. By focusing on the types of surface treatments, the osseointegration activity of the bone–implant interface is enhanced. Therefore, this review paper aims to discuss the surface functionalities of metallic implants regarding their physical structure, chemical composition, and biological reaction through surface treatment and bioactive coating. The perspective on the current challenges and future directions for development of surface treatment on 3D-printed implants is also presented.
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INTRODUCTION
In recent years, three-dimensional (3D) printing, also known as additive manufacturing (AM), has become an apparent choice for manufacturing technology. The manufacturing process is a bottom–up approach where raw materials are deposited layer-by-layer into a 3D object (Rayna and Striukova, 2016). The concept of 3D printing was first originated as rapid prototyping around the mid-1980s by Charles Hull (Bagaria et al., 2018). The first commercial 3D printing started with plastic, and by the mid-1990s metals had gained similar commercialization use (Duda and Raghavan, 2016). The ability to save cost, design complex shapes, and reduce waste are encouraging engineers and designers to tap into this technological capability (Vaz and Kumar, 2021). In addition, the new focus is currently channeling production of a new product design rather than choosing between AM and traditional manufacturing. 3D printing enables an effective buy-to-fly ratio reaching to equivalence, whereas conventional methods observed a 20-fold increase. A significant variation is observed due to raw materials cost, manufacturing processes, and other manufacturing-related logistics (Duda and Raghavan, 2016). This promising realization of 3D printing has since been implemented in production lines, particularly in automotive, aerospace, and medical industries, as recorded in many publications (Alison et al., 2019; Ni et al., 2019; Capasso et al., 2020).
Besides the promising attributes of 3D printing, a drawback is also commonly identified and associated with its undesirable esthetic build. Consequently, suffering from mechanical malfunction and lack of stability leads to poor performance across wide medical applications. Henceforth, this review serves to understand the various treatment methods from a biomedical point of view, mainly through understanding: 1) implant substrate parametrics such as surface uniformity, topography, wettability, and porosity, and 2) the integration of bioactive molecules and growth factor receptors to encourage key cellular activities.
Surface treatment is commonly coupled together with bioactive coating to achieve long-term implant stability, biocompatibility, and antibacterial surface protection. Despite many surface modification methods being discovered over the last decade, with many reviews translating experimental results into a limited set of stand-alone methods, there is no concise observed relationship between the range of biomedical metallic materials and surface modification methods. This, therefore, questions the applicability of metallic materials in performing and achieving similar outcomes across various surface methods, and likewise in the reverse. This paper also aims to widen the opportunity for cross-functional coating in maximizing the likelihood of implant survival.
3D Printing Usage in Medical Application
Medical material development has been prominent over the past three decades. Throughout this time, the most notable materials used were ceramics due to their similar constituents to the human body, for example, the bone-regeneration constituent containing calcium phosphate that can be easily reproduced (Best et al., 2008). Ceramic material is categorized as bioinert or bioactive and shows strong interfacial bonding to the host tissue and osseointegration capability compared to other material classification. When it comes to medical device classification, it is subdivided into three categories implemented by the Food and Drug Administration (FDA). These are Class I, II, and III, with the latter being described as high risk to the human body, as illustrated in Figure 1; therefore, safety measures are adopted and required to be approved prior to mass release to the public (Johnson, 2016).
[image: Figure 1]FIGURE 1 | Schematic diagram of the (A) risk associated within FDA-classified medical devices; and some graphics of 3D-printed biomedical applications in the human body system. (B) Cranial implant (Jardini et al., 2016). (C) Cochlear implant (Brand et al., 2014). (D) Dental implant (Yin et al., 2021). (E) Knee implant (Chithartha et al., 2020). (F) Hip implant (Mattei et al., 2011).
In the past, there were no systematic guidelines being introduced for materials, such as metallic, ceramic, and polymer, that could be considered for commercial biomedical devices. This resulted in more than 700 deaths and 10,000 patient injuries (Dhruva and Redberg, 2013). As the framework became gradually implemented, likewise for 3D-printed devices, similar validation and specific requirements such as design and quality control strategies came to be utilized, resulting in controlled output and consistent production of the devices (Morrison et al., 2015). Within the European Union (EU), custom-made implants, which are intended to penetrate beneath the epithelial layer such as contact lenses or devices embedded inside the body, require CE marking and have to abide by regulation (Aimar et al., 2019).
To fabricate parts of complex and intricate structures to fit nicely on the patient, for example, skull reconstruction, traditional ways involving mesh implant insertion limit dimensional precision and structural integrity. Therefore, 3D printing has an upper hand when it comes to designing complex structures which allow successful integration to the host tissue. Particularly, in 3D-printed dental implants, the flexibility of tuning micropore channel architecture consequently facilitates signaling molecules to be activated at specific sites. This is useful in recruiting cells and maintaining alveolar height in a dental implant for better healing ability (Yin et al., 2021). The absence of surface treatment in the earlier period of pacemaker implant invention that revolves around metallic material, such as stainless steel, caused challenging mechanical fracture to its “pacemaker lead,” eventually causing declining electrical stimulus. Many attempts have been made to replace the metallic alloy component, but no sign of improvement has been observed aside from more issues, including those related to corrosion (Joung, 2013). There are many significant benefits surrounding 3D printing as mentioned in many articles from its customization (Attarilar et al., 2020) to being cost effective (Schubert et al., 2014), and being ready-built in several hours (Mertz, 2013). Specifically, healthcare professionals use 3D printing to engage with patients via software, such as MIMICS or MeDraw, without requiring engineering expertise to develop and analyze models (Dai and Xu, 2021). Through 3D printing, anatomical models serve to minimize design error on patients and provide extensive practice to physicians prior to surgical procedures. As a result, this provides direct communication between physicians and patients to translate CT/MRI scans beyond a two-dimensional layout when treating life-threatening disease. This multidimensional function of 3D printing thus tackles medical issues effectively and efficiently while reducing the long waiting lists for treatment (Aimar et al., 2019). Another point that is not often emphasized or is overlooked is the open-source nature of the 3D printing files which allows vast collaboration among researchers and physicians more than just restrictive parameters published in scientific journals. The open-source database allows professionals to selectively tailor design dimensions according to the anatomical model of patients (Gross et al., 2014; Ventola, 2014). To a greater degree, open-source sharing of 3D models in the STL (Standard Tessellation Language or STereoLithography) file format has been proactively used in the immunology field, such as in the tiny replicas of microorganisms to visualize proteins and viruses (Coakley et al., 2014). In short, the importance of 3D printing has extended across vast medical applications from operation planning, as instrument guides to implant devices, and even in the field of microorganisms (Dai and Xu, 2021).
A typical procedure of a bottom–up 3D printing approach has been illustrated by Wang et al. (2017) (Figure 2). Particularly in orthopedic application, there are drawbacks in manufacturing porous implants using conventional methods which subsequently lead to implant failure due to lack of bone–implant integration. Depending on the final medical device customization and mechanical profile desired, a variety of surface modification techniques can be adopted, which are explored more in the Surface Modification Techniques section.
[image: Figure 2]FIGURE 2 | A step-by-step approach of design control and performance evaluation to achieve successful fabrication of a 3D-printed biomedical implant (Wang et al., 2017).
Engineering Constraints within Metallic Biomaterials
Metallic bio-devices can be divided into degradable and nondegradable types. A degradable metallic material, such as magnesium alloy, has bioactive capability and interfacial interaction between implant and tissue. The ability to degrade is preferred for temporary implant support such as plates and screws in bone healing, thereupon eliminating the unwanted surgical risk and excessive cost of a second surgery (Gu et al., 2014). By contrast, a nondegradable metallic material is classified as bioinert through the formation of a tissue fibrous capsule which isolates the implant from the surrounding tissues; however, the process does not trigger adverse interference to the biological system to a certain extent (Daghighi et al., 2013). A suitable implant can be either bioinert or bioactive as long as it does not induce toxicity. In principle, a material serving as an implant in the human body must ensure biocompatibility to the host tissue. In the medical field, the commonly used materials for orthopedic application are comprised of titanium alloy (Xiu et al., 2016), cobalt chromium alloy, and stainless steel (Balazic and Kopac, 2007), which are also categorized as nondegradable materials.
The strength-to-weight ratio of titanium alloy and magnesium alloy demonstrates similar mechanical capability to the bone, consequently exhibiting good biological integration. However, when it comes to clinical capability, these alloys tend to suffer from accelerated corrosion rate and poor cell viability when in contact with human body fluids (Kazantseva, 2018; Zhang et al., 2019; Atrens et al., 2020).
Metals are known to corrode easily but some are more resistant. This is due to the formation of a passivation layer that hinders corrosion from taking place. In general, most metals have low corrosion resistance when compared to noble metals such as gold and silver. When in contact with tissue, due to the oxygen diffusion limit contributed by the fast leakage of metal ions in the body, these ions create a high toxicity level, thereby causing adverse effects to the cells (Steinemann, 1998), as shown in Figure 3A. Corrosion is a common phenomenon and can be avoided through surface oxide modification. A study was conducted to identify cell proliferation between bare titanium alloy and cobalt chromium alloy against hydroxyapatite-coated metallic alloys. It was shown that there was a significant increase in cell viability when being coated (Yuan et al., 2018).
[image: Figure 3]FIGURE 3 | (A) The start of foreign ions leaching, adversely affecting (B) immune response activities leading to bone resorption and implant failure. Image remodeled from Souza et al. (2020).
When an implant to the body is inevitable to save one's life, one needs to seriously examine the possibility of an adverse reaction of the implant to the body. Figure 4 shows the tissue responsive effect on various common metallic implant materials. It was evident that metallic implants such as cobalt (Co), titanium (Ti) alloys, and iron (Fe) show a relatively similar polarization resistance. Yet, the contrast within tissue destruction is clear for cobalt-based materials. Depending on the implant application, careful consideration must be taken into account for any element that reacts adversely to the human body, since corrosion is also an atomic process and there is a risk of toxicity flowing into the bloodstream (Steinemann, 1998).
[image: Figure 4]FIGURE 4 | The tissue responsive effect on various metallic elements in the implant. Image remodeled from Steinemann (1998).
Stress shielding is a common phenomenon that takes place when stiffness of a metallic material exceeds the bone mechanical ability. This induces bone resorption which prevents bone growth in accordance with Wolff's law. One way to maneuver away from this issue is by designing a solid implant into the porous architecture (Carpenter et al., 2018). Titanium alloy can be fabricated into porous architecture especially for dental implants, while still maintaining its physiochemical properties thereafter, inducing deep bone integration in the implant (osseointegration) rather than just an interfacial bond. Consequently, avoiding stress shielding as a whole prevents future implant failure (Pałka and Pokrowiecki, 2018).
In addition, titanium is known to be dangerous for casting due to metal fuming and internal oxidation processes. Hence in the traditional way, it is fabricated and machined into the desired shape of an implant (Lütjering and Williams, 2007). Through 3D printing, the mechanical aspect of titanium (low modulus, high specific strength, and low density) can be preserved leading to biocompatibility (Matassi et al., 2013). However, pure titanium is normally avoided in bone implants for load bearing due to its low yield and tensile strength (Pałka and Pokrowiecki, 2018).
Implant failure can be due to several reasons: aseptic loosening, wear, and bacterial infection (Kong et al., 2018), as illustrated in Figure 3B. A study was conducted by Sailer et al. (2009) gathering the percentage of metal components undergoing failure or complication. It was reported that close to 50% was caused by fracture and 24% was due to corrosion. Therefore, emphasis on early surface treatment of implants is ideal to promote successful implantation to the biological system. For example, coating such as a titanium nanotube has an antimicrobial effect which promotes osteoblast formation on the implant surface (Wang and Tang, 2019). Since a titania surface exhibits bioinert behavior when surrounding a biological environment, the physical and chemical characteristics must be restructured. The formation of nanotubular structures promotes strong mechanical interlocking to bone cells as compared to a microstructure surface. As such, the key cellular activities progress while bacterial adherence declines. The inhibition of bacteria is crucial which can result in antibiotic resistance through biofilm formation. In addition, it is reported that through the fabrication process of specific nanotubes with diameters of 30 and 80 nm, a rough surface and low water contact angle are established, eventually aiding cell growth. Likewise, the chemical compositions of oxygen and fluorine are shown to induce both cell adherence and antibacterial ability (Peng et al., 2013).
INTERFACIAL BOND: FROM MICRO-CELLULAR TO MACRO-METALLIC SUBSTRATES
When it comes to medical device design, it is imperative to consider the interaction of the material with the body system at the nano level as shown in Figure 5A. The process of osseointegration involves several complex chains of events. During the initial implantation stage, inflammatory cells such as monocytes, lymphocytes, and granulocytes of the white blood cells (WBCs) first arrive to aid in the healing process around the wound site as observed from a microscale perspective. The major constituents of the blood are plasma, platelets, red blood cells, and WBCs. Many proteins from the blood which are associated with the host inflammatory response, interact with the implant surface when released. However, cells require an intermediate layer to induce successful cell attachment on the implant surface. At the nanoscale, this layer consists of adsorbed water molecules, followed by protein and lipid receptors from the blood, promoting cell attachment on the implant surface. Similarly, the blood platelets release molecules who facilitate formation of fibrin clots which induce migration of mesenchymal stem cells (MSCs). The MSCs have a self-renewal capability which can be differentiated into specialized cells, for example, osteoblasts for bone formation (Gittens et al., 2014). In short, protein adsorption plays a primary role in signaling cell attachment whereby active inflammatory cells such as monocytes, lymphocytes, and granulocytes are actively engaged in the healing process (Onuki et al., 2008), thereafter aiding in the whole bone mechanism of osteoconduction, osteoinduction, and osteogenesis activities (Albrektsson and Johansson, 2001).
[image: Figure 5]FIGURE 5 | Protein adsorption on the substrate from (A) nano-to-macro level which is dependent on several factors. (B) Surface roughness (Stich et al., 2021). (C) Surface chemistry and surface energy (Meng et al., 2017). Diagram adapted and adjusted from Alipal et al. (2021).
The surface of smooth implants has been studied and exhibits an anti-adhesion bond with biological tissue, in contrast to porous implants with better osseointegration capability (Zhang et al., 2014). However, porous implants are complex to fabricate. By conventional methods, fabricating implants of intricate pore structure is challenging due to manufacturing limitations. This can arise from inconsistent dimension tolerance, cost, and time. Likewise, pre-shaped implants may not suit every anatomical model of the patient, hence also causing uneven stress distribution leading to implant failure (Takemoto et al., 2005). Consequently, 3D printing becomes handy in tackling this gap and building a bridge between manufacturing and clinical trials.
Physiochemical Properties of Implants
Surface roughness, topography, wettability, and chemical composition are crucial to stimulate biocompatibility at the cellular level and interfacial bonding to the metal substrate (Tiainen et al., 2019). Surface roughness is an integral part of a material to allow bone and material interfacial bonding growth by interlocking cells to a material. It is widely known that a smooth surface provides poor stability to an implant as observed in Figure 5B. With surface roughness, osteoblast adsorption is observed which inhibits the osteoclast signal. As a result, full bone deposition is easily observed on the surface (Zhang et al., 2014). However, when it comes to high load-bearing application, surface roughness may pose an issue leading to high cycle fatigue. Osteolysis can occur when bonding strength within implanted bodies loosens thereafter leading to toxic ions leaching, especially when it comes to metallic elements such as cobalt (Wang et al., 2017).
Moreover, due to the lack of natural bone constituents such as bioglass and hydroxyapatite (HA) which form good chemical bonding to the bone, a metallic titanium implant in contrast has poor osseointegration and osteoinductive properties (Steinemann, 1998). It is also worth noting that despite bioceramic materials having similar bone constituents, it does not mean that they will form interfacial bonding with the bone. The key influence is heavily reliant on surface topography—the presence of surface pores hence allowing interlocking of bone cells (Davies, 2007). Similarly, a nonbonding biomaterial such as titania surfaces have the ability for bone bonding (Takatsuka et al., 1995). In hindsight, medical implants must be paired with both microstructure and macrostructure properties to achieve successful tissue integration. The surface chemical-wettability and surface energy of a contact angle below 90° at the microlevel allow for better protein adsorption and subsequently cell attachment (Figure 5C). From the macro-level, the pore-related parameters provide pathways for vascularization and space for bone tissue growth (Song et al., 2019).
Despite 3D printing having multiple prospects, the primary use of 3D printing over traditional manufacturing methods, especially in the medical field, is the ability to print complex lattice structural cells in precise dimensions (Wang et al., 2017). It has been mentioned that a topological feature acts as a stress distributor influencing the mechanical capability by withstanding loads; in particular, the octet truss design has shown superior results compared to other cellular structures (Parthasarathy et al., 2011), whereas triple periodic minimal surfaces promote trabecular bone simulation (Fantini et al., 2017).
Structural Properties of Implants
Porosity, pore interconnectivity, pore shape, and pore size are essential aspects for the functionality of a built implant, influencing the success rate of 3D printing in a biological system. Porous titanium alloy has a comparable Young's modulus to bone which does not trigger bone resorption as compared to other metallic implants. It is reported that poor bone ingrowth leads to implant loosening, henceforth tackling osseointegration bonding between bone tissue and an implant is vital (Wang et al., 2017; Pałka and Pokrowiecki, 2018). To achieve successful implantation, porous metallic implants should rejuvenate the function of the bone and promote regeneration of the damaged tissues. This is possible by establishing biocompatibility of materials with the living organism, adequate mechanical properties for load-bearing applications, and avoidance of stress shielding, since porosity influences compressive strength and elastic modulus which aid key cellular activities, such as cell adhesion, proliferation, and differentiation (Hrabe et al., 2013).
Although porosity is crucial, it is worth noting that bone ingrowth can be hindered without interconnected pore capability. With porosity, bone cells can penetrate, adhere, and encapsulate the pore structure to provide strong bone mechanisms (Takemoto et al., 2005). Adequate porosity with interconnecting pores allows formation of vascularization as a transport pathway for nutrient diffusion and metabolic waste, which help functional key cellular activities and tissue survival (Karande et al., 2004; Pałka and Pokrowiecki, 2018).
High surface-area-to-volume ratio, pore shape, and pore size are essential for cell attachment and growth. In a study by Mankani et al. (2001), it was observed that HA particles of 100–250 µm showed astounding bone growth, yet those smaller or larger than the critical size tended to show decreased bone formation. Interestingly, it was also noted that flat-sided particles showed no bone formation. It was also concluded that it was unclear how particle size and pore size could be interrelated, but it is hypothesized that the space between the particles will act as a gap indicating that pore size plays a role within bone formation. Subsequently, with the success of controlling printing design for pore sizes and shapes, 3D printing has provided flexibility for designers and engineers to adapt the mechanical behavior of bone tissue accordingly (Hrabe et al., 2013).
In an article by Rumpler et al. (2008), pores of high curvature (rounded corners) displayed more tissue growth as shown in Figure 6. The growth is reasoned by cell–cell neighboring interaction arising from mechanical forces, stimulating physical surface tension. High cell concentration is realized at the surface of high force. Although there is more work to be done to prove the research work, multiple articles have concluded or observed cell proliferation at the curvature as compared to other areas.
[image: Figure 6]FIGURE 6 | A study on cell interaction and cell-growth concentration as pore shape changes. Reproduced from Rumpler et al. (2008).
SURFACE MODIFICATION TECHNIQUES
Both surface treatment and bioactive coating have been extensively studied for their tribological properties in implants and have been recommended for use in the orthopedic field. While 3D printing allows fabrication of porous architecture, a challenge is faced in tuning surface properties to attain osseointegration with the bone, especially in metallic implants where commonly used materials such as titanium alloy are bioinert (Hwang and Choe, 2018). The release of toxic ions (Al and V) in the titanium alloy poses an actual risk to the biological system, and it is therefore essential to have a dense coating to hinder any ion leakage. Since the benefit of the titanium alloy outweighs the risk, by fine-tuning the material through the formation of a dense oxide film on its exterior or additional surface modification, an unfavorable reaction from the as-printed 3D printing products can be prevented (Song et al., 2019).
Surface Treatment
The commonly used surface treatment techniques for bio-implants such as micro-arc oxidation (MAO), laser surface texturing (LST), chemical etching, and alkali–heat treatment with HA electrochemical deposition are introduced in the Surface Treatment section, and a summary of their advantages and limitations is shown in Table 1, for each surface treatment method adopted.
TABLE 1 | Summary of the bioceramic coating method and its limitation.
[image: Table 1]Micro-arc Oxidation
One method of treating the surface of bio-implants is through MAO, which is also known as plasma electrolytic oxidation. The MAO process relies on an electrochemical method undergoing high temperature and pressure produced by a discharge arc on the metal substrate. Subsequently inducing redistribution of the porous layer and repassivation to a fully formed passive oxide film (Liu et al., 2015). An experimental study indicated that silver-incorporated titanium oxide (TiO2) coating through MAO can exhibit antibacterial capability and bone-forming cells (Lv et al., 2019).
In a study by Xiu et al. (2016), MAO-treated titanium alloy was adopted for a dual functionality purpose; one where a layer of microporous TiO2 is achieved, while another for converting the bioinert titanium alloy into a bioactive surface. A one-step MAO process was applied to a 3D-printed porous Ti6Al4V scaffold to endow the scaffold with a homogeneous layer of microporous TiO2 and significant amounts of amorphous calcium phosphate. MAO exhibits a high efficiency in the enhancement of osseointegration of porous Ti64 via optimizing the patterns of bone ingrowth and bone/implant interlocking as seen in Figure 7. Therefore, posttreatment of 3D-printed porous titanium alloy with MAO technology might open up several possibilities for the development of bioactive customized implants in orthopedic applications. It was also noted that the 1 µm micropore between the implant and bone surface acts as an anchorage to bone bonding. Several articles have confirmed the possibility that diameter size plays a critical role in aiding natural bone remodeling (Davies, 2007; Davies et al., 2014) in contrast to a flat surface.
[image: Figure 7]FIGURE 7 | Computer-aided design (CAD) model of multiplanar hexagonal unit cell structures with a macroscopical view of an MAO-treated scaffold (B); the MAO-treated scaffold at the (A) outer surface and (C) central surfaces. (D) The illustrative diagram shows the simultaneous generation of microporous topography and bioactive elements on the macroporous scaffold by MAO treatment in a Ca-Ethylenediaminetetraacetic acid (EDTA)–containing electrolyte and (E) the noncumulative and cumulative release curves of Ca2+ in phosphate-buffered saline (PBS) for 28 days; scanning electron microscope (SEM) images of the implant surface before and after immersion for 28 days are shown on the right side. (F) SEM image of the untreated porous Ti64 scaffold immersed in stimulated body fluid (SBF) for 14 days and (G) SEM image of the MAO-treated scaffold immersed in SBF for 3 days. Image reproduced from Xiu et al. (2016).
Laser Surface Texturing
The use of LST technology has been recommended in recent years, especially within biomedical applications due to its swift speed process, high efficiency and flexibility, its ability to reduce wear and friction, better mechanical fixation, less contamination from unwanted direct contact, and low cost (Earl et al., 2016; Grützmacher et al., 2019; Rosenkranz et al., 2019; Tiainen et al., 2019). In LST, the high-energy beam creates continuous melting and vaporization on the material, aiming at strengthening its tribological behavior (Shivakoti et al., 2021).
For medical implants, crosshatched micro/nano patterns were performed for vascularization and bone adhesion. In a study by Tiainen et al. (2019), a groove-like structure was designed on the surface that showed possibility to optimize the degree of roughness. The process allowed reproducibility, few defects, and good structural integrity which prevents osteolysis. In addition, osteoblast adhesion from superhydrophilic surfaces was observed through a process of laser texturing on the titanium alloy, which indicates surface chemistry and topography integration (Coathup et al., 2017). Overall, these parametric influences are necessary in LST to ensure better compliancy between surface properties and adherence toward biological systems (Shivakoti et al., 2021).
Chemical Etching
A previous study has shown that the 3D-printed implant (via selective laser melting) has a negative consequence due to unmelted powder residues formed on the printed implant surface. The adverse effect can be detrimental especially for titanium alloy containing toxic ions which may lead to further implant loosening and inflammation through osteolysis. As such, surface treatment by hydrofluoric acid chemical etchant removes toxic unmelted residual powders and even reveals a superior quality surface. The depletion of the oxide film on the titanium surface was also observed when chemically etched but was immediately rebuilt on the substrate, thus providing excellent biocompatibility and corrosion control. Hence, chemical etching is a superior surface treatment method when it comes to removing unmelted powders compared to other common methods such as sandblasting treatment (Song et al., 2019).
Alkali–Heat Treatment and HA Electrochemical Deposition
The bioinert titanium alloy induces fibrous tissues surrounding the implant in contrast to the bioactive implant. The schematic diagram of a multilayer uniform bioactive coating in Figure 8 shows remarkable outcomes in cell cytocompatibility and cell adhesion and proliferation (Song et al., 2019).
[image: Figure 8]FIGURE 8 | Formation of titanium alloy coating through alkali–heat treatment and HA-electrodeposited surface treatment. Image reproduced from Song et al. (2019).
Through subjecting implants to alkali–heat treatment, an increase in specific surface area was observed on the surface, which causes accumulation of protein adsorption forming better cell integration. The final process involves electrodeposition of HA acting as nucleation sites on the surface.
Bioactive Coating
Generally, bioceramic is not utilized for load-bearing applications due to its brittle mechanical behavior resulting from its ionic charge counterparts in contrast to metallic material. If implant failure occurs, bioceramic may pose catastrophic effects to the internal body. Despite the fact that the bulk of the implant is made from metallic material, the coating layer exhibits a bioceramic component which forms on the metallic surface. Bioceramic has great bone–tissue interaction which demonstrates biocompatibility in the biological system. Some common bioceramics are calcium phosphate, carbon nanomaterial, biphasic calcium phosphate, and bioglass. There are many advantages surrounding bioceramic coating as classified in Figure 9. Furthermore, bioceramic behaves as an excellent source as compared to other implant materials. It is devoid of both toxic ions such as cobalt or chromium and allergic reactions of nickel ions in stainless steel. It also minimizes disease transmission which is commonly observed in allogenic transplantation. Therefore, the intrinsic behavior of bioceramic has a pivotal role in advancing coating applications within the medical field.
[image: Figure 9]FIGURE 9 | A summary of bioactivity assessment conducted on different types of bioactive coating resulting in cell adhesion capability; (A) calcium phosphate (Heimann 2013). (B) Carbon nanomaterial (Li et al., 2011). (C) Biphasic calcium phosphate (Ebrahimi et al., 2017; Behera et al., 2020). (D) Bioglass (Tabia et al., 2021).
Calcium Phosphate
Bioactive ceramic coating on a metal implant has been explored over the last decade (Goodman et al., 2013). For materials such as titanium, readily forming a passive layer alone is not enough for tissue integration. For this reason, HA coating has been extensively researched and is known for its ability to match bone mechanical strength, hence preventing osteoclasts, its chemical bonding to bone (Zhong et al., 2015), and has shown clinical success in inducing bone-growth fixation rather than fibrous connective tissue formation (Kienapfel et al., 1999). The HA coating also acts as a bridge to tackle bone-bonding issues by regulating the biological environment (Goodman et al., 2013). However, whether HA undergoes resorption is still controversial, depending on several factors ranging from physical (anatomical location) (Søballe et al., 1999), to biochemical (increased crystallinity reduces the resorption rate but decreases bone ingrowth) (Overgaard et al., 1999), and mechanical instability (prevent dissolution of HA) (Overgaard et al., 1999).
Carbon Nanomaterial
In the past decade, carbon nanotube (CNT) material has emerged as a tool for medical advancement such as in orthopedic coatings. Given its thermal and electrical excellence, this enables the material to act as a pathway for electrical signals from the nerve to a diseased location, hence enabling bone healing and tissue regeneration (Li et al., 2011). For metal implants, it was observed that CNT coating induces HA crystallization and mineralization. This allows the implant as a whole to be biocompatible and form good mechanical bonding to the bone (Akasaka et al., 2006). In particular, CNT has been shown to reinforce composite coating, allowing for high load-bearing application especially in the field of orthopedics. It is paired well with bioglass, polymer, and collagen. On a macroscopic level, it shows minimal porosity, hence its overall attributes can be harnessed as a promising engineering method in the field of biomedical application. There are also several studies mentioning the superior nanoscale surface properties acting for better protein adherence and cell tracking (Li et al., 2011). In addition, the fabrication of CNT was achieved at 10 µm thickness through electrophoretic deposition and even shows a strong adherence between the coating and metallic stainless steel substrate, whereas Ti-C forms a partial reaction in titanium alloy. When reinforced with HA, this coating has been shown to have the superior property of high bioactivity and strength, especially in use for high-loading orthopedic implants (Chen et al., 2005).
Biphasic Calcium Phosphate
Though calcium phosphate is evidently known to support the bone growth mechanism between the substrate and bone tissue, the distinct calcium phosphate polymorphs—tricalcium phosphate (TCP), biphasic calcium phosphate (BCP), and HA—pose different osseointegration behaviors. The bioresorption of BCP shows a complimentary functional component due to its combined properties from both HA and TCP. Although HA has better stability, it still has a slow absorption rate when compared to TCP. Likewise, TCP also has higher bioreactivity, but its rapid dissolution may be a cause of concern. Therefore, by fine-tuning these two elemental properties, BCP achieves the desired dissolution rate for specific bio-applications (Ebrahimi et al., 2017). In retrospect, BCP has a superhydrophilic surface which is protein-stimulative adherent compared to the other polymorphs which eventually accelerate the cell proliferation capability (Behera et al., 2020). In an experimental study, it was noted that uncoated titanium alloy shows globular cell morphology, indicating less cell spreading on the surface as compared to BCP-coated titanium alloy. When textured with uniformly distributed grains, cells show even better adherence and growth on the BCP-coated surface (Behera et al., 2020).
Bioglass
Bioglass is a synthetic material made of silicon dioxide, phosphates, sodium oxide, and calcium oxide, discovered by Larry Hench (Hench and Jones 2015). Bioglass is a phenomenal material showing promising results with tissue integration. When exposed to body fluids, the material turns into a glass surface where nucleation and growth of HA crystals take place, therefore allowing osteoblast fusion into bone regeneration. Simultaneously, it was observed that because of the dissolution of bioglass, it behaves as a growth factor that sends signals to cells, allowing for better integration that is not seen when it comes to foreign materials due to a fibrous capsule surrounding the implant. In a review by Tabia et al. (2021), a 3D-printed lattice structure of a rhombic dodecahedron was formed. It was stated that this structure promotes reduction in stiffness and weight, and the addition of bioglass coating around this structure's framework promotes better bioactivity yielding to increase bone density and better bone remodeling, hence making it an excellent integration for hip implants. Another study shows that a combination of bioglass and Fe3O4 nanoparticles further enhanced antimicrobial activity. This nanocomposite coating inhibits infection growth and even shows outstanding corrosion protection as compared to bioglass or Fe3O4 on its own (Singh et al., 2020).
SUMMARY AND OUTLOOK
The advancement of 3D printing has provided many opportunities for designing intricate and porous metallic biomaterial structures. The 3D printing technique has capability to design precise and controlled topologies while maintaining excellent physical, mechanical, and biological properties. These favorable properties can be enhanced by surface treatment and bioactive coating to enable osseointegration and minimize the risk of implant-associated infections. Surface treatment is used to improve surface roughness in attempts to improve fatigue strength and biological response. With the addition of bioactive coating, significant improvement of bone in-growth capability and bone-implant bonding leads to a more rapid and durable osseointegration. In addition, the release of biofunctional ions in the phase lattice should also be considered in the evaluation of bioactive functions.
Within a biological environment, there are many considerations to be taken into account to improve the service lifetime and function of an implant. An articulate structural design of the implant–tissue interface is critical for the implant to be integrated into the body without complications. Thus, extensive understanding of the protein adsorption and cell adhesion processes at the interface between the tissue and implant surface are particularly meaningful for guiding researchers in choosing the correct surface treatment and bio-functionalization techniques. Moreover, the corrosion property of the bioactive coating also plays a critical role in implant failure. The ions or products released from the corrosion process may generate toxicity or even damage tissues. Therefore, bioactive ceramic coating produced by surface treatment, such as the MAO process, has promising biomedical applications due to its high corrosion resistance. Even better, ceramic coating on implants can be tailored according to the biomedical requirement needed, as they are tunable in their compositions and properties through additives modification, for example, addition of Ca, P, Mg, Si, Sr, etc. Future research efforts should be directed to further improve and control their physical and biological properties for bio-functionalized and long-life coatings.
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Escherichia coli (E. coli) O157:H7 can cause many food safety incidents, which seriously affect human health and economic development. Therefore, the sensitive, accurate, and rapid determination of E. coli O157:H7 is of great significance for preventing the outbreak and spread of foodborne diseases. In this study, a carbon dots-Fe3O4 nanomaterial (CDs-Fe3O4)-based sensitive electrochemical biosensor for E. coli O157:H7 detection was developed. The CDs have good electrical conductivity, and the surface of carbon dots contains abundant carboxyl groups, which can be used to immobilize probe DNA. Meanwhile, the CDs can be used as a reducing agent to prepare CDs-Fe3O4 nanomaterial. The Fe3O4 nanomaterial can improve the performance of the electrochemical biosensor; it also can realize the recovery of CDs-Fe3O4 due to its magnetism. As expected, the electrochemical biosensor has excellent specificity of E. coli O157:H7 among other bacteria. The electrochemical biosensor also exhibited good performance for detecting E. coli O157:H7 with the detection range of 10–108 CFU/ml, and the detection limit of this electrochemical biosensor was 6.88 CFU/ml (3S/N). Furthermore, this electrochemical biosensor was successfully used for monitoring E. coli O157:H7 in milk and water samples, indicating that this electrochemical biosensor has good application prospect. More importantly, this research can provide a new idea for the detection of other bacteria and viruses.
Keywords: Escherichia coli O157:H7, electrochemical biosensing interface, carbon dots, Fe3O4 nanomaterial, DNA biosensor
INTRODUCTION
In recent years, food poisoning caused by foodborne pathogens has frequently occurred worldwide, which is the most prominent public health problem in the world (Hou et al., 2020; Duan et al., 2021). As one of the most hazardous foodborne pathogens, Escherichia coli (E. coli) O157:H7 can cause some diseases such as hemorrhagic colitis and hemolytic uremic syndrome. What is more, low-dose E. coli O157:H7 can make humans sick, and in severe cases, it can even cause kidney failure and death. Currently, more than two million acute foodborne diseases worldwide are attributed to E. coli O157:H7 each year (Li et al., 2015a; Zhou et al., 2020). Therefore, it is very important to monitor the E. coli O157:H7 with high sensitivity. At present, some bioanalytical methods have been applied for E. coli O157:H7 detection, including enzyme-linked immunosorbent assay (ELISA) (Guo et al., 2016; Zhao et al., 2020), lateral flow immunochromatographic detection technology (Xie et al., 2014; Ye et al., 2020), polymerase chain reaction (PCR) (Dong et al., 2015), and so on. These alternative assays are the most rapidly used tests because of their good specificity and stability. Nevertheless, they are still faced with some limitations in detecting foodborne pathogens, including low sensitivity, complicated pretreatment, and high environmental impact. Therefore, there is an urgent need to establish a sensitive, simple, and highly specific method for detecting E. coli O157:H7. At present, many different electrochemical sensors have been used in food safety due to their some advantages, such as high sensitivity, economy, and accuracy (Li et al., 2015b; Li et al., 2016; Liu Y. et al., 2020; Dong et al., 2020). Therefore, electrochemical biosensors for the detection of E. coli O157:H7 have received extensive attention.
As is known, due to the excellent chemical, physical and biological properties of nanomaterials, they have been widely used in biomedical (Liu H. et al., 2020; Kuang et al., 2020; Thakur et al., 2020; Wu et al., 2020; Yi et al., 2021), analytical science (Chen et al., 2018; Broza et al., 2019; Jia et al., 2020; Lee et al., 2020; Mao et al., 2020; He S. et al., 2021; Mao et al., 2021), energy catalytic (Zhuang et al., 2019a; Zhuang et al., 2019b; Enesca, 2020; Zhuang et al., 2021), and other fields. Till now, some nanomaterials have been successfully used to construct electrochemical sensors for E. coli O157:H7 detection, such as graphene/AuNPs (You et al., 2020), reduced graphene oxide/polyaniline/Au@Pt/neutral red (rGO/PANI/Au@Pt/Nr) (Mo et al., 2019), rGO/Au@Pt (Zhu et al., 2018), rGO-poly (vinyl alcohol)/gold nanoparticles nanocomposite (AuNPs/rGO-PVA) (Qaanei et al., 2021), and so on. Although the abovementioned materials have made certain contributions to electrochemical sensors for detecting E. coli O157:H7, the abovementioned materials still have disadvantages, including complicated preparation, insufficient economy, and environmental protection, or low sensitivity of sensors. Therefore, it is important to prepare an easy-to-obtain, economical, and environmentally friendly functional material for the construction of electrochemical sensors for detecting E. coli O157:H7. As a member of “zero-dimensional” carbon nanomaterials, carbon dots (CDs) have some advantages of good biocompatibility, simple synthesis, and excellent conductivity (Zhang et al., 2019; Huang et al., 2020; Zhang and Du, 2020; He H. et al., 2021; Lin et al., 2021; Xu and Liu, 2021), and they have been successfully used to construct new electrochemical sensors, such as Pd-Au@CDs nanocomposite that we prepared for the preparation of the novel electrochemical DNA biosensor (Huang et al., 2017). Liu et al. designed an electrochemical sensor for measuring catechol based on F, N-doped CDs (Liu et al., 2019). Giang et al. constructed a wireless electrochemical biosensor based on CDs-hyaluronic acid/TiO2/Cu2+ for cancer cell detection (Giang et al., 2021). Sri et al. developed a CD/polymethyl methacrylate-based electrochemical biosensor for monitoring TNF-α targeting (Sri et al., 2021).
In this study, a CDs-Fe3O4 nanomaterial-based electrochemical biosensor is constructed for detecting E. coli O157:H7, which is highly sensitive and reliable (Figure 1). The CDs have good electrical conductivity and large specific surface areas to improve the sensitivity of the sensor. The CDs also can be used as the reducing agent to synthesize the CDs-Fe3O4 nanomaterial. The Fe3O4 can improve the catalytic performance of the electrochemical biosensor, and it also can realize the recovery of CDs-Fe3O4 due to its magnetism. This electrochemical biosensor can achieve a good linear and detection limit for monitoring E. coli O157:H7. In addition, the biosensor has been also successfully applied to measure the E. coli O157:H7 in milk, indicating that the electrochemical biosensor has a broad application prospect. What is more, this study can provide a new idea for the preparation of electrochemical biosensors for other bacteria and virus detection, such as Staphylococcus aureus (S. aureus), Listeria, SARS-CoV-2, Hepatitis B virus, etc.
[image: Figure 1]FIGURE 1 | A sensitive electrochemical DNA biosensor based on CDs/Fe3O4 nanocomposite is constructed for E. coli O157:H7 detection.
EXPERIMENTAL
Synthesis of carbon dots Fe3O4 nanomaterial
The preparation of CDs-Fe3O4 nanocomposite was based on the method of instrument preparation of our group (Kuang et al., 2020): First, 3 g of citric acid and 1 g of glucose were added in 5 ml H2O and reacted under microwave with a radiation power of 900 W for 6 min to synthesize CDs. Second, the above solution was cooled and added 30 ml H2O, centrifuged them at 12,000 rpm for 15 min and took the supernatant, then dialyzed the supernatant for 24 h and then freeze dried. Third, the abovementioned CD solid was dissolved in 25 ml of the aqueous solution, then 1 g of sodium acetate and 1 g of ferric chloride was added into 15 ml of CD solution, the mixed solution was sonicated for 8 h, then placed in an autoclave, and reacted at 210°C for 24 h; after cooling, they were centrifuged at 12,000 rpm for 10 min to acquire CDs-Fe3O4 nanomaterial.
Preparation of electrodes
First, 5.0 μl of CDs-Fe3O4 nanomaterial was slowly dropped on the glassy surface of the carbon electrode (GCE) to prepare a CDs-Fe3O4/GCE working electrode. Second, the CDs-Fe3O4/GCE electrode was immersed in 1 ml of 0.1 mM PBS, 8.00 mM EDC, and 8.00 mM NHS mixed solution for 3 h to activate the electrode, then it was rinsed with TE buffer solution. Third, the above electrode was immersed in 1 ml of 0.1 μM probe DNA to react for 24 h, and it was rinsed with TE buffer solution to prepare the DNA/CDs-Fe3O4/GCE probe electrode. Finally, the prepared electrode was stored at 4°C.
Preparation of the biosensor
The prepared DNA/CDs-Fe3O4/GCE was immersed into different concentrations (C) of E. coli O157:H7 solutions and reacted for 40 min at 42°C in a water bath. After the reaction, TE buffer solution was used to wash off non-specifically adsorbed E. coli on the surface to obtain the E. coli O157:H7-DNA/CDs-Fe3O4/GCE. Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) have characterized the layer-by-layer assembly of each modified electrode: the [Fe (CN)6]3-/4- has been applied as the electrolyte. For the test parameters of CV, the potential scanning range was −0.2–0.8 V, and the scan rate(5) was 0.1 V/s. DPV was used to record the electrochemical signal changes before and after the identification of the electrode and different substances, and the potential interval was −0.2–0.8 V, the amplitude was 0.05 V, the pulse width was 0.05 s.
RESULTS AND DISCUSSION
Characterization of nanomaterial
Transmission electron microscopy (TEM) has characterized the morphologies of CDs and CDs-Fe3O4 nanomaterial. As shown in Figure 2A, the particle size distribution of the prepared CDs is relatively uniform, mainly at 3–4 nm. Figure 2B shows the high-resolution TEM (HRTEM) image of CDs. It shows that CDs have a good crystal lattice, and the lattice spacing is 0.210 nm, which is a typical (002) carbon crystal plane. As shown in Figure 2C, the particle size of the CDs-Fe3O4 nanomaterial was in the range of 15–40 nm. The HRTEM characterization of CDs-Fe3O4 (Figure 2D) shows that the nanomaterial has two lattice spacings, 0.345 and 0.210 nm, respectively. The corresponding crystal planes are (220) of the Fe3O4 and (002) of the carbon. The above morphology characterization can indicate that CDs-Fe3O4 nanomaterial has been successfully prepared.
[image: Figure 2]FIGURE 2 | TEM and HRTEM image of CDs (A,B) and carbon dots (CDs)-Fe3O4 nanomaterial (C,D).
Cyclic voltammetry behavior of electrodes
It is well known that [Fe(CN)6]3−/4− is often used as a supporting electrolyte for electrochemical biosensors (Fan et al., 2018; Li et al., 2021; Nano et al., 2021). The working electrodes were electrochemically characterized by CVs in 1.0 mM [Fe(CN)6]3−/4− and 0.1 M KCl solution (Figure 3A). On the surface of GCE, the redox peak current (I) has good reversibility, and the oxidation peak potential (Ipa) and reduction peak potential (Ipc) are −6.616 and 5.958 A, respectively. When the CDs are modified on the surface of GCE, the Ipa and Ipc are promoted to −12.29 and 12.06 A, respectively, indicating that the prepared CDs have good conductivity. When the electrode is CDs-Fe3O4/GCE, the Ipa and Ipc are further enhanced, indicating that the introduction of Fe3O4 can improve the conductivity of the electrode. However, when the probe DNA is self-assembled on the surface of CDs-Fe3O4/GCE through carboxyammonia coupling reaction, the I decreases; the main reason is that the DNA molecules will hinder the diffusion of [Fe(CN)6]3−/4− on the surface of CDs-Fe3O4/GCE. At the same time, the results indicate that the probe DNA was successfully modified on CDs-Fe3O4/GCE’s surface.
[image: Figure 3]FIGURE 3 | CVs of the electrodes in the 1.0 mM [Fe(CN)6]3−/4− and 0.1 M KCl solution (v: 0.1 V/s).
Effects of scan rate
The effect of different v on the electrochemical response of DNA/CDs-Fe3O4/GCE in [Fe(CN)6]3−/4− has also been studied. Figure 4A shows that in the process of increasing v, the I also keeps increasing. As shown in Figure 4B, the Ipa and Ipc show an excellent linear relationship with ν1/2, and the linear regression equations are Ipa = 3.598 + 80.265 v1/2 and Ipa = −2.551–85.187 v1/2, respectively. The results show that the electrochemical behavior of [Fe(CN)6]3−/4− on the surface of DNA/CDs-Fe3O4/GCE is mainly affected by the diffusion-controlled process (Alam and Deen, 2020).
[image: Figure 4]FIGURE 4 | (A) CVs of DNA/CDs-Fe3O4/GCE in1.0 mM [Fe(CN)6]3-/4- and 0.1 M KCl solution with different v (a–m: 0.01, 0.025, 0.05, 0.075, 0.1, 0.125, 0.15, 0.175, 0.20, 0.225, 0.25, 0,275, 0.3 Vs−1). (B) The relationship of redox peak current (I) with v1/2.
Effect of interaction time
The interaction time between the probe electrode and the target substance is one of the key factors affecting the performance of the biosensors. Therefore, the interaction time of E. coli O157:H7 with DNA/CDs-Fe3O4/GCE was studied. When the C of E. coli O157:H7 was 10 CFU/Ml, the optimum hybridization time was determined to be 40 min (Supplementary Figure S1). However, when the C of E. coli O157:H7 was 108 CFU/Ml, the optimum hybridization time was determined to be 35 min (Supplementary Figure S2). Therefore, in this electrochemical biosensor, the best reaction time between E. coli O157:H7 and DNA/CDs-Fe3O4/GCE is 40 min.
Specificity of the biosensor
The specificity of the electrochemical biosensor is a necessary factor to ensure the accuracy of the biosensor. Therefore, the interferences of different bacteria with 105 CFU/ml on the DNA/CDs-Fe3O4/GCE through DPV have been investigated, such as S. aureus, Salmonella, Staphylococcus lactis (S. lactis), and Listeria. Figure 5A shows that DNA/CDs-Fe3O4/GCE has almost no effect on other bacteria. However, the DNA/CDs-Fe3O4/GCE has a very strong response to E. coli O157:H7, and the Ipa drops by 53.42%. As shown in Figure 5B, other interfering substances have almost no effect on the determination of E. coli O157:H7. The above results show that the electrochemical biosensor based on DNA/CDs-Fe3O4/GCE for detecting E. coli O157:H7 has very excellent specificity and is expected to realize the determination of E. coli O157:H7 in real samples.
[image: Figure 5]FIGURE 5 | (A) Ipa of 105 CFU/ml different bacteria on the DNA/CDs-Fe3O4/GCE, (B) Ipa of 105 CFU/ml E. coli O157:H7 with different bacteria on the DNA/CDs-Fe3O4/GCE (a: none, b: E. coli O157:H7, c: S. aureus, d: Salmonella, e: S. lactis, and f: Listeria).
Sensitivity of the biosensor
As is known, DPV has been extensively applied in the construction of electrochemical sensors because it has good detection sensitivity. This study explores the sensitivity and detection range of the electrochemical biosensors via DPV. Figure 6A shows that when E. coli O157:H7 interacts with DNA/CDs-Fe3O4/GCE, Ipa decreases as the C of E. coli O157:H7 increases. The main possible reason is E. coli O157:H7 has poor electrical conductivity, which affects the electrical conductivity of the working electrode’s interface, leading to a weakening of the electrochemical signal. When the C of E. coli O157:H7 is in the range of 10–107 CFU/ml, the lgC and Ipa show a good linear relationship (Figure 6B): Ipa = 1.5422 lgC—14.387. At the same time, the detection limit (LOD) can reach 6.88 CFU/ml. Compared with other electrochemical biosensors for monitoring E. coli O157:H7 (Table 1), this electrochemical biosensor based on DNA/CDs-Fe3O4/GCE has very good sensitivity.
[image: Figure 6]FIGURE 6 | (A) Differential pulse voltammetry (DPV) of E. coli O157:H7 with different concentrations (from a to i: 0, 10, 102, 103, 104, 105, 106, 107, 108 CFU/ml). (B) The relationship of Ipa with the lgC.
TABLE 1 | Electrochemical biosensors for detecting Escherichia (E.) coli O157:H7.
[image: Table 1]Repeatability and stability of the biosensor
To investigate the reproducibility of this biosensor, six DNA/CDs-Fe3O4/GCE working electrodes were prepared, and they have been applied to detect 105 CFU/ml of E. coli O157:H7 respectively. Supplementary Figure S3 shows that the relative standard deviation (RSD) was 2.6%, which indicates the electrochemical biosensor based on DNA/CDs-Fe3O4/GCE for E. coli O157:H7 detection has good reproducibility. The stability of the electrochemical biosensor has been also studied; the DNA/CDs-Fe3O4/GCE was placed in a dryer at 4°C, and the above working electrode was applied to measure 105 CFU/ml of E. coli O157:H7 every 3 days. As shown in Supplementary Figure S4 after 30 days, the Ipa was only dropped by 2.7%, which shows that the electrochemical biosensor based on DNA/CDs- Fe3O4/GCE has good stability.
Analysis of real samples
Since milk and water are often contaminated by E. coli O157:H7, it is very necessary to efficiently determine E. coli O157:H7 in milk and water. In this study, to verify the practical applicability of the biosensor, the electrochemical biosensor is used to determine the E. coli O157:H7 in milk and water. Table 2 shows that 103, 104, and 105 CFU/ml of E. coli O157:H7 were added to the samples, and the recovery rates are between 95.2% and 102.0%, At the same time, the results were consistent with ELISA results, indicating that the method is feasible for monitoring E. coli O157:H7 in milk and water samples.
TABLE 2 | Electrochemical biosensor for monitoring E. coli O157:H7 in milk and water samples.
[image: Table 2]CONCLUSIONS
In conclusion, a sensitive electrochemical DNA biosensor has been prepared for monitoring E. coli O157:H7 by CDs-Fe3O4 nanomaterial. Under the best conditions, when the C of E. coli O157:H7 is in the range of 10–108 CFU/ml, the lgC has a good linear relationship with the Ipa, and the LOD reaches 6.88 CFU/ml. At the same time, the electrochemical DNA biosensor has been successfully used to determine E. coli O157:H7 in milk and water samples. Therefore, this research provides an effective biosensor manufacturing strategy, which is expected to provide a reference for the preparation of electrochemical DNA biosensors for other bacteria or viruses detection.
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A large number of researches on the electroless plating of carbon nanotubes and their applications after plating have emerged, which has attracted more and more attention. In this review article, the existing electroless plating methods for carbon nanotubes were briefly summarized, and the surface coatings were listed and analyzed in detail. At last, the related applications after electroless metal/alloy coatings of carbon nanotubes were discussed in detail. This study aims to provide a reference for the research and improvement of different electroless metals/alloys coatings of carbon nanotubes. After a clear understanding of the electroless metal/alloy coatings of carbon nanotubes, the appropriate coating can be selected according to the actual situation, so that the carbon nanotubes after plating can be used as reinforcement and modification materials for better satisfaction of the needs, and the application of plated carbon nanotubes has reference significance in more fields.
Keywords: carbon nanotubes, electroless plating, meta, alloy, nano coatings
1 INTRODUCTION
1.1 Preamble
Carbon nanotubes (CNTs), as quasi one-dimensional nanomaterials, have been widely studied and applied since their discovery due to their excellent mechanical properties and special electrochemical, thermal and magnetic properties (Li et al., 2009). They have been widely used in interconnects (Ngo et al., 2007; Desmaris et al., 2014), energy storage (Nihei et al., 2005), transistors (Martel et al., 1998; Tans et al., 1998), touch screens (Cao et al., 2015), membrane switches and other conductive and thermally conductive materials (Han et al., 2012). These capabilities are due in large part to their extremely small size (about 1–10 nm in diameter), high aspect ratio (>1,000), high structural and chemical stability (Liu et al., 2007). However, it has been found that for some applications where metallic properties (e.g., interconnects), conductivity, thermal conductivity, and magnetism are required, the use of pure CNTs as additive materials has major limitations. As pristine CNTs have low chemical activity, large degree of entanglement, and insignificant magnetic properties, if they are directly added to metal matrix composites, they will easily agglomerate due to poor wettability and weak interfacial bonding between them and the matrix material, which will not play a proper role in strengthening the matrix material but reduce the physical and mechanical properties of the material (Zhang et al., 2015). Accordingly, it is necessary to modify CNTs to better exploit their advantages in matrix materials. Electroplating has been proved successful in fabricating film/bulk composite with good mate rial properties but not suitable for individual hybrid metal/CNT structure. Electroless plating could be a good method to fabricate individually separated metal/CNT nanowire owing to its unique deposition process (Cha et al., 2005; Peng and Chen, 2009). Electroless plating is a simple, energy-saving and environmentally friendly electroless deposition technology. It refers to the reduction of metal ions in the plating solution to metal and deposits in the active center of the material to be plated through a controllable redox reaction with a suitable reducing agent under the condition of no external current (Maqbool et al., 2013; Jagannatham and Haridoss, 2015). The electroless plating method has the characteristics of simple process, easy operation, uniform coating, low porosity, and good wear resistance. This process does not require an external power supply during the preparation process, and the materials immersed in the plating solution can be evenly covered by the plating layer. Therefore, this technology has received widespread attention. For example, the modification of wood, fibrils (Hui et al., 2020; Chen et al., 2021) often uses electroless plating. Due to its wide range of use, high quality of plating, and the ability to obtain a complete and uniform metal/alloy coatings on the surface of metallic or nonmetallic materials of any shape. Its appearance provides a convenient way for the successful modification of carbon nanotubes. Although different from the unique anisotropic multi-channel structure characteristics of easy electroless plating of wood (Hui et al., 2021), carbon nanotubes have a large aspect ratio and a large specific surface area, excellent mechanical properties and special electrochemical, thermal and magnetic properties. Increasing the activity of carbon nanotubes through plating has a greater strengthening effect on the material in terms of mechanics, electrical conductivity, thermal conductivity, tribology, and corrosion resistance. So it can be used as a filler to be more widely used in metal matrix composite materials, magnetic composite materials, electrically and thermally conductive materials, energy storage materials and catalytic materials, etc. A large number of studies have found that high-quality metal/alloy coatings have been successfully plated on the surface of pretreated carbon nanotubes by controlling the plating conditions (Chen et al., 2000; Chen et al., 2002).
At present, the common coatings on the surface of CNTs include silver, copper, nickel and alloys (such as Ni-P, Ni-Co, Ni-Co-P, etc.), while gold and cobalt coatings are relatively rare. Plating combines the characteristics of the metal/alloy of the coating with the characteristics of the CNTs themselves, thereby imparting stronger or new properties to the CNTs (Elbasuney et al., 2019). It has been found that the coating increases the activity of CNTs, improves their physical and mechanical properties, and provides good wettability and interfacial bonding between them and the matrix material, which can be used as fillers in a wider range of applications such as metal matrix composites, magnetic composites, electrically and thermally conductive materials, energy storage materials, and catalytic materials, which have a greater strengthening effect on materials in terms of mechanics, electrical conductivity, thermal conductivity, tribology, and corrosion resistance (Esawi et al., 2009).
1.2 Synopsis
Following this introduction section, this review will, in Section 2, make a brief discussion of fundamental aspects of underlying electroless plating processes. In Section 3, this study will elaborate the classification of electroless plating metal alloy plating and its physical and mechanical properties after electroless plating. Section 4 details the application of carbon nanotubes after electroless plating. Finally, in Section 5, the review ends with conclusion and future prospect.
2 METHODS FOR ELECTROLESS PLATING OF CARBON NANOTUBES
At present, there are two technological methods for electroless plating of CNTs, namely, the traditional direct coating with mixed aqueous solution and the new ultrasonic spray atomization assisted electroless plating (EPUSA). The methods for electroless plating of CNTs will be analyzed and compared in detail below.
2.1 Traditional Method
The traditional electroless plating is carried out directly in the form of mixed aqueous solution. Usually, the reducing agent and the metal salt solution in the plating bath are directly mixed in a certain proportion or added dropwise (Zhao et al., 2017). However, it takes a certain amount of time to diffuse and homogenize the components in the plating solution, which will cause spatial inhomogeneity in the entire system, and the metal salt, reduced agent and the failed uniform mixing of CNTs. In addition, CNTs will agglomerate in the plating solution, and the overall quality of the resulting plating layer is not high.
2.2 Ultrasonic Spray Atomization Method (EPUSA)
In the EPUSA method, the suspension of the metal salt solution and the reducing agent-CNTs were ultrasonically atomized into droplet form; then the two were brought into contact in the reaction vessel and the metal reaction was completed. Since each initially contained reducing agent-CNTs or metal ions was relatively limited, it could be ensured that two or more simultaneous reduction reactions occurred when contacting, so that the reduced metal nanoparticles were deposited on the active sites on the surface of the CNTs. This process was realized within micrometer scale droplets generated by ultrasonic spray atomization, for the purpose of getting higher uniformity of silver deposits/coatings on MWCNTs (Choi et al., 2014).
3 CLASSIFICATION OF ELECTROLESS PLATING ON THE SURFACE OF CARBON NANOTUBES
3.1 Carbon Nanotubes Electroless Gold Plating
Gold has excellent corrosion resistance, good electrical conductivity, thermal conductivity and processability, so it can be used in electronics, communications technology, chemical technology and many other fields (Dondoi et al., 2006; Yang et al., 2014). However, as a precious metal, gold is very expensive, which largely limits its application. CNTs are very economical and have unique physical and mechanical properties, which have successfully attracted the wide attention. Researchers have combined gold with CNTs and coated them with a layer of gold nanoparticles, which not only retains the excellent properties of gold but also increases the cost-effectiveness of the coating.
Xu et al. constructed an acetylcholinesterase (AChE) biosensor based on gold nanoparticles (AuNPs) chemically plated on vertical nitrogen-doped single-walled CNTs (VNSWCNTs) (the schematic diagram for the construction process is shown in Figure 1). The modified gold electrode was soaked in 2 ml distilled water contained 5 μL of 50 mM HAuCl4 in HCl for 30 min. This was followed by rapid addition of 15 μL of 50 mM reducing agent NaBH4 in NaOH to the solution in the reagent bottle, then the colour was slightly lavender (Martin et al., 2010; Chaudhari et al., 2016). After standing for 30 min, the modified gold electrode was taken out to obtain an Au/VNSWCNTs/AuNPs modified electrode. Finally, this electrode was immersed in 5 mM NH2–(CH2)2–SH solution for 4 h, and the AuNPs were attached to NH2–(CH2)2–SH via Au–S bonding (Ju et al., 2015). The modified electrode was then coated with 10 μL (2 U/mL) AChE; after that, the amino group at the other end of NH2–(CH2)2–SH cross-linked with carboxyl bond of AChE. The AuNPs constructed by this method are considered to be more stable than the covalent self-assembled AuNPs. Due to the synergistic effect between AuNPs and VNSWCNT, the AChE biosensor prepared by this method has excellent electron transport capability, and it performs better than the biosensor in previous studies in terms of stability, sensitivity and durability (Xu et al., 2019). Besides, Feng et al. prepared the sulfhydryl-modified carbon nanotubes groups by reacting the pretreated carbon nanotubes with LiAlH4, PBr3 and NaHS in turn, and then placed them in an electroless plating solution to prepare quasi-one-dimensional gold nanowires with an average diameter of less than 50 nm. Experiments have proved that the formation mechanism of gold nanowires is that in the presence of sulfhydryl groups (-SH), gold nanoparticles self-assemble on the surface of carbon nanotubes (CNTs) (Feng, 2008).
[image: Figure 1]FIGURE 1 | The construction of the AChE biosensor (Xu et al., 2019) (published in Int J Environ Anal Chem 2019).
3.2 Carbon Nanotubes Electroless Cobalt Plating
Due to the superior magnetic properties, cobalt is widely used in the manufacture of high-performance magnetic materials. Magnetic materials are important functional materials, and they play a very important role in the electronics industry and high-tech fields (Guo et al., 2006; Turtelli et al., 2006; Ruitao and Kang, 2008; Hyie et al., 2017). Electroless plating was utilized to deposit Cobalt (Co.) on the surface of multi-walled carbon nanotubes (MWCNTs), the Co-MWCNTs composites showed a higher impedance which implies a better potential absorbing property and makes Co-MWCNTs probable to be utilized in electromagnetic absorbing field (Bao et al., 2011). By chemically coating CNTs with cobalt to give them magnetic properties, they are widely used as magnetic reinforcements for composite materials.
After the pretreated carbon nanotubes are electrolessly plated with cobalt under a suitable process, it is found that the surface is uniformly and continuously covered with a layer of centered cubic nanocrystalline cobalt coating. After metallization, the carbon nanotubes still keep the original fibrous form, and the thickness of the resulting coating is about 5–15 nm. Studies have shown that changes in the pH value and plating time during the electroless plating process have a great influence on the thickness and uniformity of the coating (Wilson et al., 2011). After cobalt coating, the magnetic properties of carbon nanotubes are greatly improved. It was found that the saturation magnetization strength of Co-MWCNTs was 2.81 emu/g and the coercivity was about 4 times higher than that of cobalt powder (308Oe) after chemical cobalt plating. Bao et al., explored the effect of metal salt concentration and pH value change on the quality of the plating during the chemical cobalt plating process. It was found that the electromagnetic properties of Co-MWCNTs composites were better than those of MWCNTs composites, and the chemical cobalt plating process improved the magnetic properties of the carbon nanotube composites, and calculations based on the measured parameters showed that the cobalt-plated carbon nanotube composites improved the microwave absorption capacity of the carbon nanotube composites (Bao et al., 2011). The Co-MWNT composites have lower surface reflection, which have the potential to be applied as the matching part in two-layer absorbing material.
3.3 Carbon Nanotubes Electroless Silver Plating
Silver has excellent ductility, electrical and thermal conductivity, and it is widely used in electrical and electronic materials, photographic materials, chemical materials, etc. The deposition of silver on CNTs allows for combination or enhancement of properties, and has been extensively studied in applications such as field emission, polymer-reinforced fillers, and composite materials (Pal and Sharma, 2015). The formation of silver plating on the surface of CNTs is achieved by the reduction of silver ions deposited on their active sites by reducing agents. With the appropriate increase of plating time, the reduced silver nanoparticles grow up along the nucleation center in the normal and tangential directions and gradually cover the whole surface of CNTs, making the density of CNTs increase and the resistivity decrease after plating (Feng and Yuan 2004). Youngseok et al. have developed a novel silver/conducting polymer composite by the incorporation of CNTs, resulting in a significant increase in electrical conductivity. The interfacial contact was improved by the electroless plating of silver on the CNTs (Oh et al., 2008).
3.3.1 Physical Properties of Silver-Plated Carbon Nanotubes
The deposition uniformity and microstructure characteristics of the silver coating on CNTs are important physical characteristics after silver plating (Daoush et al., 2009). Numerous studies have found that the more uniform the carbon nanotubes are dispersed during electroless silver plating, the more uniform the coating morphology will be. Conversely, the more uniform the silver coating, the less likely the carbon nanotubes agglomerate during the plating process, and the thickness; continuity of the coating uniformity can also be controlled by plating conditions. The silver coating on the surface of carbon nanotubes is formed by reducing and depositing silver ions on the active sites by a reducing agent. With the appropriate increase of the plating time, the reduced silver nanoparticles move toward the normal and cut along the nucleation center. It grows up and gradually covers the entire surface of the carbon nanotubes, so that the density of the carbon nanotubes increases after plating, and the resistivity decreases (Feng et al., 2005).
3.3.2 Mechanical Properties of Silver-Plated Carbon Nanotubes
The original CNTs are soft and highly entangled. The silver-plated CNTs integrate the advantages of metal and CNTs, so that the hardness and strength of the CNTs are greatly improved, and the surface contact area is increased. As a result, the friction resistance under certain loads is significantly improved compared to uncoated CNTs, making it easier to use silver-plated CNTs in microsystems with moving components (Zhang and Liu, 2016; Zhang et al., 2017; Yang et al., 2018).
3.3.3 Other Properties of Silver-Plated Carbon Nanotubes
CNTs themselves have high thermal conductivity in the axial direction but very low thermal conductivity across the axial direction. The thermal conductivity will be further increased after silver plating, because metallic silver itself has good thermal conductivity. With the tremendous increase in the power and packaging density of electronic devices in recent years, thermal management and thermal interface materials (TIM) have become more and more important.
3.4 Carbon Nanotubes Electroless Copper Plating
Copper is abundant in nature, and it has excellent electrical conductivity, thermal conductivity, ductility, corrosion resistance, wear resistance, etc. Copper is widely used in the fields of power electronics, machinery and metallurgy, transportation, light industry, new industries, and high technology (Sahraei, 2017). The surface state and structure of CNTs can be improved by electroless copper plating, so that they not only exhibit high thermal and chemical stability, but also improve their dispersibility and wettability with the substrate.
3.4.1 Physical Properties of Copper-Plated Carbon Nanotubes
Under a suitable electroless copper plating process, through scanning electron microscopy and transmission electron microscopy, it is found that a layer of centered cubic nanocrystalline copper coating is uniformly and continuously covered on the surface of the CNTs. The metalized CNTs are still intact and uniform (Arai and Endo, 2003; Yamagishi, 2003; Araia et al., 2004). In addition, compared with unplated CNTs, the copper-plated CNTs have increased density and decreased resistivity, and it has good dispersion uniformity in deionized water.
3.4.2 Mechanical Properties of Copper -Plated Carbon Nanotubes
The surface modification metallization of CNTs with copper not only increases their surface active centers and improves the bonding of nanotubes with resins or ceramics, but also maintains the excellent properties of CNTs in composites, which greatly expands the application fields of CNTs (Wang, 2011; Wang, 2014). After sintering with metal powder (such as copper powder) as composite material, the strength of the composite material increases due to the strengthening of grain boundaries because the CNTs can prevent the growth of copper particles during the sintering process, which increases the number of non-metallic interfaces between copper particles (Han and Kim, 2013).
3.4.3 Other Properties of Copper -Plated Carbon Nanotubes
Due to the high thermal conductivity (TC) and low thermal expansion coefficient, CNTs are considered as potential enhancers for copper-based thermal management materials. The sp2 hybridized carbon atoms in CNTs lead to poor wettability between CNTs and Cu, which results in weaker interfacial bonding. Therefore, in order to better utilize the excellent thermal conductivity of CNTs and increase their activity to improve the wettability, a layer of metallic Cu was coated on the surface of CNTs (Kim, 2008). Cu itself has good thermal conductivity, and the combination of the two can not only further increase the TC of the composite, but also sufficiently improve the inter-facial bonding between CNTs and the metal matrix.
3.5 Carbon Nanotubes Electroless Nickel Plating
Nickel metal has properties such as high hardness, good toughness and excellent ferromagnetism, and it is often doped in other metals or non-metals as a second phase. CNTs are widely used as reinforcement materials in the field of composite materials. In order to make fuller use of CNTs’ superior properties, the surface modification, modification and coating are often applied to CNTs. Using the chemical nickel plating process, the continuous high-strength bonded nickel plating can be deposited on the surface of CNTs, which can greatly broaden the application fields of CNTs. Therefore, the study of chemical nickel plating on CNTs has attracted great interest from researchers (Yu and Shen, 2009).
3.5.1 Physical Properties of Nickel-Plated Carbon Nanotubes
The pretreated CNTs are chemically active and hydrophilic, which can attract the metallic nickel particles to its surface. On the contrary, if there is no pretreatment before chemical plating, the metallic nickel particles will not be adsorbed on the surface of CNTs. With the appropriate increase in the deposition of nickel, the coating tends to be uniform and continuous, and there is a firm bond between metallic nickel and CNTs. Since metallic nickel is inherently well ferromagnetic, the coating CNTs with nickel makes them easy to handle with magnetic forces. Accordingly, the study on how nickel-plated CNTs respond to external magnetic fields is important for their application as fillers for magnetic materials. In addition, deposit uniformity is an important physical property and a significant advantage of the electroless nickel process. It is the ability to produce uniform thickness on parts with complex geometries and shapes. The current density effect typically associated with electroplating is not a factor here; so sharp edges, deep recesses and blind holes are readily plated to have uniform thickness with electroless nickel process. Electrodeposition leads to the excessive buildup at projections, and the edges and finish-grinding operation may be required. In such a context, electroless deposits avoid these drawbacks (Jothi et al., 2013).
3.5.2 Mechanical Properties of Nickel-Plated Carbon Nanotubes
Nickel plating of CNTs provides significant improvements in mechanical properties and reliability as well as plating of other metals. Usually, we choose suitable plated CNTs to be doped into composite materials according to different applications. As modern electronic devices require higher performance and increasingly smaller sizes, the solder joints of components in electronic packaging have become a key consideration, compared to undoped lead-free solder in which nickel-plated CNTs are doped into the Sn-58Bi solder alloy as a second phase, the nickel-plated CNTs not only enable the solder joints to cure at lower temperatures, but also have greatly improved shear strength, ductility and durability improved. The addition of nickel-plated CNTs significantly improves the performance of the composite solder because of the good mechanical and electrical properties of the CNTs themselves, and the addition of nickel metal further enhances the mechanical properties such as hardness, wear resistance and ductility (Zhang et al., 2008).
3.5.3 Other Properties of Nickel-Plated Carbon Nanotubes
Primitive CNTs have good thermal conductivity and flexibility, and CNTs are usually considered as the reinforcing phase to improve the thermal conductivity and toughness of composite materials, but the direct addition of CNTs to composite materials will cause them to aggregate under the action of van der Waals forces, making it difficult to effectively disperse in the matrix material. Electroless nickel plating can not only make CNTs uniformly distributed in the composite material but also improve its thermal conductivity, and the presence of nickel plating facilitates the application of CNTs in thermal management materials (Xiong et al., 2006).
3.6 Carbon Nanotubes Electroless Alloy Plating
Alloys have higher strength, hardness, and corrosion resistance than single metals, and can also give CNTs composites excellent properties compared to monometallic nanoparticles coated on CNTs. They have shown significant improvements in aspects such as thermal conductivity, electrical conductivity, magnetic properties, catalytic properties, corrosion resistance, and wear resistance, so they are even better than monometallic nanoparticles. The formation of composite coatings on CNTs and the effect of composite coatings on the properties of carbon nanotube composites have been extensively investigated. At present, the main alloy coatings coated on CNTs are Ni-Co alloy, Ni-P alloy, Ni-B alloy, Co-B alloy, Ni-Co-P alloy, Ni-Co-B-P alloy, Fe-Co alloy, Ni-Cu-P alloy, Pd-Ni alloy, Sn-Cu alloy, and Ni-Pd-Sn alloy (Zhao et al., 2017). The properties given to CNTs vary because of the different alloys coated. Electroless deposited alloy features and types of metallic non-electrolytic alloy coatings are summarized in Table 1.
TABLE 1 | Features and types of electroless metallic alloy coatings.
[image: Table 1]3.6.1 Physical Characteristics of Alloy-Plated Carbon Nanotubes
Like other monometallic alloys, CNTs can be coated with uniform, dense and continuous layers under appropriate coating conditions. For some heat-treated alloys, different phase transformation processes occur at different temperatures. When the heat treatment temperature is low, the alloy plating shows both amorphous and crystalline states, and as the heat treatment temperature rises, a complete crystalline structure is obtained, in which the grain size increases significantly with the increase of temperature. When Ni-Co-P alloy, Fe-Co alloy, Ni-P alloy and Co-P alloy are electrolessly plated on the surface of CNTs, the coating thickness is about 5–20 nm. The saturation magnetization, coercive force and microwave absorption characteristics of the tube are quite different, so it is very important to explore the appropriate alloy concentration ratio for the magnetic performance (Pang et al., 2011).
3.6.2 Mechanical Properties of Alloy-Plated Carbon Nanotubes
After the post-plating heat treatment process, the microhardness of the coating is greatly improved. With the moderate increase of MWCNTs concentration in the chemical plating solution, the microhardness gradually increases. The heat treatment not only reduces cracks and pores of the coating but also has the effect of grain refinement, which makes the coating become more dense and continuous, and the microhardness and strength becomes higher. The alloy-plated CNTs also showed significant improvement in ductility, stiffness, frictional properties and wear resistance, and it was found that the concentration of MWCNTs had an effect on the frictional properties and wear resistance of the coating, and the friction coefficient of the coating gradually decreased with the increase of MWCNTs concentration (Chung, 2012).
3.6.3 Other Properties of Alloy-Plated Carbon Nanotubes
CNTs electroplated with Ni-P coatings are excellent in terms of corrosion resistance, which increases after heat treatment, implying that the coating structure becomes denser and more homogeneous after heat treatment. Because of their high electrical and thermal conductivity, CNTs are often used as fillers to enhance the thermal conductivity of polymer composites. contact each other to form a thermal path.
4 APPLICATION OF CARBON NANOTUBES AFTER ELECTROLESS PLATING
4.1 Magnetic Composite
In order to obtain better efficiency in electromagnetic wave shielding, low density, designable and dimensionally stable polymeric magnetic composites have been proposed and developed. Polymer magnetic composites usually consist of two parts—a polymer that provides good compatibility and a magnetic filler, as well as the inorganic magnetic nanoparticles such as nickel, cobalt or alloys related to nickel-cobalt. CNTs are common fillers due to their excellent mechanical, thermal, and electrical properties, but unmodified CNTs cannot obtain excellent magnetic properties due to their small maximum saturation magnetization intensity. In order to optimize the performance of CNTs as magnetic fillers, they must be coated with magnetic substances to modify them. Nickel and cobalt powders are typical magnetic fillers, with high conductivity and high saturation magnetization, but with high density and high cost. Plated nickel/cobalt multi-walled CNTs obtained by chemical plating method for comprehensive cost will become magnetic fillers with high magnetic properties and medium cost (Gopiraman et al., 2013).
Jagannatham et al. electroless nickel plating on multi-walled carbon nanotubes (MWCNTs) synthesized by arc discharge method, and then discussed the influence of plating time on the morphology and magnetic properties of the coating (Jagannatham et al., 2015). Zhang et al. obtained nickel-plated multi-walled CNTs (Ni/MWCNTs) by chemical plating, and then prepared a novel polymeric magnetic composite based on thermoplastic acrylate pressure-sensitive adhesive (PSA) using Ni/MWCNTs as filler, and the results of vibrating sample magnetometer showed that the increase of Ni/MWCNTs content could improve the saturation (Zhang et al., 2012). Liang et al. chemically coated CNTs with Co-P alloy and found that the saturation magnetization intensity of homogeneous Co2P-CNTs nanocomposites was 2.81 emu g-1 (Liang et al., 2016). Wang et al. coated Fe-Co alloy nanoparticles onto Fe-filled CNTs by chemical plating and evaluated the microwave absorption properties of the samples, and the results showed that coating Fe-Co alloy nanoparticles followed by heat treatment can improve the soft magnetic properties of Fe-filled CNTs, resulting in more effective microwave absorption (Chen et al., 2008).
4.2 Mechanical and Frictional Performance Improvement Materials
CNTs have become one of the most promising materials in the electronic field in the future due to their excellent mechanical properties, friction properties, and electrical and thermal conductivity. They have been widely used in interconnections, transistors, and thermal and electrical materials. However, for some applications where metal properties are particularly important (such as interconnection) and occasions that require high device reliability and electrical performance, pure CNTs have great limitations. A large number of studies have confirmed that the addition of plated CNTs can significantly improve the mechanics and tribology of composite materials (Choudary et al., 2001; Barlian et al., 2009; Zhao et al., 2015).
Ma et al. blended acrylate resin with Ag-CNTs and Ag-GNs to synthesize a new conductive adhesive (ECA) and found that the conductivity reached 8.71 S/cm and the shear strength was 0.47 MPa when the concentration of the composite filler was 30 wt% (21 wt% of Ag-GNs and 9 wt% of Ag-CNTs) (Huan et al., 2015). Zhao et al. prepared CNTs-Ag composites by solution ball milling (SBM) of silver-plated CNTs (Ag-CNTs) obtained by plain chemical plating (CEP) and ultrasonic spray atomization (EPUSA), respectively, with Ag powder, followed by densification by spark plasma sintering (SPS). It was characterized that the composites made by EPUSA and SBM processes had better mechanical and electrical properties compared with CEP and SBM processes (Zhao et al., 2018). M. Jagannatham and Adnan Maqbool et al. prepared Cu-CNTs reinforced Al matrix composites and compared with pure Al-CNT composite materials, the yield strength and tensile strength of Al alloy-CNT composite materials has increased more. This can be attributed to the fact that most of the aluminum alloys used are precipitation hardening, and the addition of CNT improves the precipitation hardening characteristics. The percentage increase in the tensile strength is high for pure Al-CNT composites compared to Al alloy-CNT composites. Because compared with aluminum alloy-carbon nanotube composite material, pure aluminum carbon nanotube has a lower porosity. Figure 2A shows the increase in the Yield Strength (YS) of the composites as a function of CNT content. Figure 2B shows the increase in Tensile Strength (TS) of the composites with CNT content. Figure 2C shows the strengthening efficiency of CNT in Al-CNT composites as a function of CNT content (Jagannatham et al., 2020).
[image: Figure 2]FIGURE 2 | Plots showing variation of tensile properties of Al-CNT composites as a function of CNT content. (A) Increase in the YS, (B) increase in TS and (C) Strengthening efficiency (Jagannatham et al., 2020) (published in Carbon 2020).
4.3 Catalytic Material
With high surface area, porous structure and high catalytic capacity, multi-walled CNTs have been widely used in high-energy systems. MWCNTs can enhance the heat transfer during high-energy combustion reactions, and the gaseous products are easily absorbed by the catalyst active sites, so they are favorable for catalytic reactions. MWCNTs are excellent carriers for common combustion rate catalysts (Yong et al., 2018). The obtained Cu-MWCNTs were annealed at 250°C to obtain CuO-MWCNTs with good catalytic ability by Sherif Elbasuney et al. The synthesized CuO-MWCNTs were then encapsulated into ammonium perchlorate (APC) oxidant by solvent-anti-solvent technique, and differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) were used to study the catalytic performance of CuO -MWCNTs on the decomposition of APC by differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA), and the results showed that 1 wt% of CuO-MWCNTs reduced the heat absorption decomposition of APC by 16.3%, and the original two exothermic decomposition stages were combined into one stage with a 100% surge in total heat release (Sherif et al., 2019). Liu et al. successfully synthesized Ni-B-coated multi-walled CNTs (MWCNTs) by a chemical deposition process. The catalytic activity of MWCNTs/Ni-B nanoparticles was evaluated and it was found that the catalytic hydrogenation by MWCNTs/Ni-B nanoparticles resulted in the selective conversion of styrene to ethylbenzene. The highest conversion of 99.8% was achieved under appropriate reaction conditions, which indicates the high catalytic activity of MWCNTs/Ni-B nanoparticles (Liu et al., 2011). Wu et al. grew CNFs on CNTs by chemically plating Ni-P alloy in order to synthesize Ni-P/CNT-CNFs composites, which were directly used as electrocatalysts in methanol-resistant redox reactions (ORR) (Wu et al., 2017). Experiments showed that this irregularly oriented hybrid material, in addition to being an ideal candidate for non-precious metal electrocatalyst carriers, exhibited satisfactory ORR activity and excellent methanol tolerance in alkaline solutions. This study provides a promising option for the synthesis of non-precious metal catalysts for fuel cells.
4.4 Electrically and Thermally Conductive Materials
In recent years, the electronics industry has developed rapidly. Electronic equipment not only tends to be miniaturized, lightweight, and highly functional, but also power and packaging density are gradually increasing. Therefore, it is becoming more and more important to obtain materials with good electrical and thermal conductivity. CNTs have a high aspect ratio and excellent electrical and thermal conductivity, and can be used as potential enhancers in electrical and thermal conductivity composite materials. However, the wettability between unmodified CNTs and metal-based materials is poor, and the interface the weak bonding is not conducive to its excellent performance. Therefore, CNTs must be modified to meet application requirements. The success of electroless plating provides an effective way to solve this problem. Zhang et al. prepared Ag surface-modified CNTs and then mixed epoxy resin and nanotubes to obtain thermal interface materials (TIM), and the conductivity of epoxy-Ag-coated CNTs was analyzed to be much higher than that of epoxy-uncoated CNTs (Zhang et al., 2012). Choi et al. investigated the effects of nickel-plated MWCNTs and uncoated MWCNTs on the thermal conductivity and fracture toughness of alumina-reinforced epoxy composites, and the experimental results showed that the Ni-MWCNTs/Al2O3/epoxy composites had better thermal conductivity and fracture toughness than the MWCNTs/Al2O3/epoxy composites (Choi et al., 2013). Chen et al. investigated the effect of copper-plated CNTs on the microstructure and thermal conductivity (TC) of copper matrix composites (Chen et al., 2017). The results showed that the CNTs modified by copper nanoparticles were uniformly dispersed and embedded in the copper matrix, and the uniform dispersion of CNTs and the reduction of interfacial thermal resistance led to the improvement of the thermal conductivity of the carbon nanotube-copper composites.
The plated CNTs are also used for the preparation of conductive pastes in the field of printed electronics due to their excellent electrical conductivity. Ahmed M Abdalla et al. chemically deposited magnetic nickel nanoparticles on multi-walled CNTs (MWCNTs) to produce Ni-MWCNT hybrids (NiCH), which are electrically conductive and have high magnetization and elastic modulus, and prepared Ni-MWCNT macrostructures with controlled morphology by applying a strong magnetic field with NiCH, and these macrostructures can be used for nanoscale and micron-scale filtration as well as printed circuits. Since the presence of nickel plating layer makes Ni-MWCNT hydrophilic, different concentrations of hydrophilic Ni-MWCNT samples and hydrophobic MWCNT samples were further dispersed in water to synthesize aqueous conductive inks as shown in Figure 3. The results showed that Ni-MWCNTs with 8% volume concentration had the lowest resistivity of 5.9 Ωm for printed circuits. compared with hydrophobic MWCNT inks, the degree of agglomeration of the dried hydrophilic Ni-MWCNT ink was low, and the cracks produced by the printed lines were very small. In addition, printing the Ni-MWCNT circuit with the aid of a magnetic field further reduces the resistivity. The following figure shows the preparation of water-based conductive ink, the morphology of the printed circuit after drying, and the resistivity of the Ni-MWCNT ink at different volume concentrations (Ahmed et al., 2016).
[image: Figure 3]FIGURE 3 | Water-based conductive inks. (A) The procedure for ink preparation. Ni-MWCNTs or MWCNTs are dispersed in DI water using a probe sonicator and the ink poured into a plastic template. (B) Post drying, optical images show the morphology of the printed lines created by either MWCNT or Ni-MWCNT based inks (2 vol%). Macroscale cracks are clearly observed in the case of MWCNTs, while smaller microscale cracks are observed for the other case. (C) The measured electric resistivity of the lines printed by Ni-MWCNT based inks for different volume loadings with and without magnetic assistance (Ahmed et al., 2016) (published in Mater. Res. Express 2016).
Youngseok Oh et al. developed a new type of silver/conductive polymer composite by combining silver-plated single-walled CNTs (SWCNT-Ag) (Oh et al., 2008). A conical conductive bump with a diameter of 130 μm at the bottom and a height of 185 μm, as shown in Figure 4A, was printed on the composite material using screen printing to demonstrate the performance of the material as a multilayer printed circuit board electrical interconnect, and the resistance of the SWCNT-Ag bump was measured to be 3.2 mΩ, which is 83% lower than that of commercial silver pastes on the market. The resistance of this SWCNT-Ag paste is 83% lower than that of commercial silver pastes in the market. The cross-sectional view of the connected copper foil bump is shown in Figure 4B, and it can be seen that the electrical signal transmission of the bump is good. Thus, it is demonstrated that SWCNT-Ag paste has excellent printability as electrical interconnects.
[image: Figure 4]FIGURE 4 | Bump interconnects formed by the Ag-plated SWCNT–Ag paste: (A) Screen-printed conductive bumps and (B) a cross-sectional view of bumps connecting copper foils after the photolithographic patterning (Oh et al., 2008) (published in Nanotech. 2008).
5 CONCLUSION
In this paper, a brief classification and summary of carbon nanotube electroless plating methods was conductedm and a detailed classification and summary of carbon nanotube electroless metal/alloy nano-coating were carried out, which can be used for reference for the future research and improvement of the electroless plating of CNTs. In addition, the application progress of electroless metal/alloy nano-coating of carbon nanotubes in aspects such as electrical, mechanical, thermal, tribological, corrosion resistance and magnetic properties were discussed in detail. At present, although electroless CNTs have been widely investigated and applied, it is essential to have a good understanding of its electroless plating surface coatings firstly, so as to better take advantage of electroless plating CNTs. Therefore, it is critical to study the electroless metal/alloy nano-coating of carbon nanotubes for obtaining plated CNTs with good appearance quality and excellent comprehensive performance.
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parameters:
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