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Photodynamic therapy (PDT), as an alternative approach to treat tumors through reactive oxygen species (ROS) produced by the activated photosensitizers (PS) upon light irradiation, has attracted wide attention in recent years due to its low invasive and highly efficient features. However, the low hydrophilicity and poor targeting of PS limits the clinical application of PDT. Stimuli-responsive nanomaterials represent a major class of remarkable functional nanocarriers for drug delivery. In particular, tumor microenvironment-responsive nanomaterials (TMRNs) can respond to the special pathological microenvironment in tumor tissues to release the loaded drugs, that allows them to control the release of PS within tumor tissues. Recent studies have demonstrated that TMRNs can achieve the targeted release of PS at tumor sites, increase the concentration of PS in tumor tissues, and reduce side effects of PDT. Hence, in the present paper, we review TMRNs, mainly including pH-, redox-, enzymes-, and hypoxia-responsive smart nanomaterials, and focus on the application of these smart nanomaterials as targeted delivery carriers of PS in photodynamic anticancer therapy, to further boost the development of PDT in tumor therapy.
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INTRODUCTION

Photodynamic therapy (PDT) is a promising approach to treat malignancies and other non-neoplastic lesions including condyloma acuminata, acne, and port wine stains (Rkein and Ozog, 2014). For decades, safe and effective PDT in the management of cancer has attracted extensive attention in clinical settings (Kelly et al., 1975; Chang et al., 2018; Feng et al., 2018; Sun et al., 2019). However, poor targeting and low solubility of most photosensitizers (PS) limits the clinical application of PDT (Panagopoulos et al., 1989; Haddad et al., 2000; Dolmans et al., 2003; Chatterjee et al., 2008). Recently, nanomaterials have shown great promise for improving the solubility and targeting of PS (Lieber, 2003; Roco, 2003a,b). Nanoformulations can not only reduce the side effects of PS, but also increase the therapeutic effect of PDT through controlling the delivery of PS in the tumor tissues. However, it is very difficult for conventional nanomaterials such as liposomes, micelles, dendrimers, and polymeric nanoparticles to deliver PS precisely to tumor lesions via the enhanced permeability and retention effect (EPR) (Marcucci et al., 2016). It is well-known that tumor tissues are a complex system consisting of tumor cells and their surrounding cellular and extracellular materials. The tumor microenvironment (TME) is composed of tumor cells and tumor stroma (Ramamonjisoa and Ackerstaff, 2017). In TME, there are diverse cell types including fibroblasts, pericytes, endothelial cells, dendritic cells, smooth muscle cells, inflammatory cells, and cancer stem cells (CSCs). The TME-forming cells interact with tumor cells to create a unique pathological TME over the normal tissues, including hypoxia, low pH, overexpressed enzymes, and redox conditions (Liu and Huskens, 2015; Tian et al., 2017). The unique features of TME motivate many researchers to develop tumor microenvironment-responsive nanomaterials (TMRNs) as drug carriers for precisely delivering the loaded drugs to enhance drug concentrations in tumor cells through responding to the specific pathological microenvironment in tumor tissues (Muthu et al., 2009; Wei et al., 2013; Karimi, 2015; Paris et al., 2015; Nazemi et al., 2016). Most recently, TMRNs as delivery carriers of PS have been widely researched and developed in PDT on tumors. In the present article, we focus on reviewing the application of TMRNs as targeted delivery carriers for photodynamic anticancer therapy, including its principle and defect and update new research progress to enrich and promote the development of PDT.



PRINCIPLE OF PDT

PDT is based on a reactive oxygen species (ROS) generated from light-activated PS to kill cancer cells (Pervaiz and Olivo, 2006; Li et al., 2019). When PS is irradiated by light at a specific wavelength, the excited PS transfers from a single-electron state to a low-lying or high-lying electronic singlet state, and then reaches the excited triplet state by intersystem crossing. Triplet PS becomes a ground state by collision with ground-state triplet molecular oxygen, and triplet molecular oxygen is excited into a singlet electronically excited state, which in turn produces singlet oxygen and other ROS, including superoxide anions ([image: image]), hydroxyl radicals, and hydrogen peroxide (H2O2). These ROS can damage most types of biomolecules. ROS are the direct effectors that PDT kills tumor cells with (Oleinick et al., 2002; Jain et al., 2017; Dobson et al., 2018; Jiang et al., 2019), however, most PS lack targeting capability and induce cytotoxicity on neighbor normal cells by releasing ROS during photodynamic anticancer therapy. Thus, there is an urgent need to precisely control the production of ROS in target cells for improving the clinical outcome of PDT.



TMRNs AS TARGETED DELIVERY CARRIERS FOR PHOTODYNAMIC ANTICANCER THERAPY

A TME has unique pathological conditions over normal tissues, including low pH, high GSH, hypoxia, and some specific enzymes highly expressed in tumor tissues (Upreti et al., 2013). On the basis of the unique features in TME, TMRNs have been developed as a novel smart nanoplatform that can intelligently respond to special pathological conditions in TME, such as pH-responsive, redox-responsive, hypoxia-responsive, enzyme-responsive, and multiple stimuli-responsive nanomaterials, for specifically delivering PS to tumor tissues (Zhu et al., 2017). As shown in Figure 1, after the TMRNs reach the tumor site and enter the tumor tissue due to the EPR effect. Then, the photosensitizer is released inside or outside the tumor cells in response to the TME stimuli. When the photosensitizer is irradiated by excitation light, ROS will be generated by electron transfer or energy transfer. The detailed information of the reaction principles and reaction sites of several stimulus response nanomaterials mentioned below are shown in Table 1.
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FIGURE 1. TME-responsive PS release and photodynamic action.



Table 1. Summary of tumor microenvironment-responsive nanomaterials for PDT.
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pH-Responsive Nanomaterials

Under normal circumstances, the pH of extracellular tissues and blood is usually maintained at around 7.4. Due to the high rate of glycolysis, the pH in solid tumors reduces to around 5.0–6.8 (Park et al., 2007; Chen et al., 2016; Liu et al., 2016). In addition, the pH in lysosomes is also lower than other organelles in tumor cells. Therefore, pH can be widely used as a stimuli approach for the precise delivery of PS. Currently, the design strategy for pH-responsive nanomaterials used in PDT is mainly based on chemical bond breaking in the low pH environment. Han et al. (2017) found shape-switched tumor extracellular pH-responsive chimeric peptide (named DEAK-DMA)-based nanoparticles to enhance tumor uptake of PS on the basis of acidic condition-induced detachment of the dimethylmaleic anhydride group. DEAK-DMA could self-assemble into spherical nanoparticles under physiological conditions. In the acidic microenvironment in tumor tissues, DEAK-DMA undergoes disruption of the acid-sensitive 2,3-dimethylmaleic anhydride group. Then the restoration of ionic complementarity between the DEAK-DMA induced the formation of rod-shaped nanoparticles, thereby enhancing uptake of PS in the tumor cells. The protonation of certain groups in an acidic environment can also affect the physical and chemical properties of the entire molecule (Yang X. D. et al., 2019), which also provides an alternative strategy for designing pH-responsive nanomaterials. Liang et al. (2018) designed a biocompatible pH-responsive nanoparticle (named DAA) by the self-assembly approach to exhibit effective PDT/photothermal anticancer activities due to the protonation of diethylaminophenyl. In addition, the anti-vascular drug 5,6-dimethylxanthine-4-acetic acid was combined in the DAA nanoparticles for targeting the vascular endothelial growth factor and was found to release from the weakly acidic endocytic organelles of endothelial cells by hydrolysis of the ester bond, and effectively prevent the spread and metastasis of tumors. Yang et al. (2018) used tamoxifen to fabricate a pH-responsive nanoparticle (named HSA–Ce6/TAM) for PDT via the self-assembly of the human serum albumin (HSA) modified with Chlorin e6 (Ce6). The protonated tamoxifen dissociated it from HSA–Ce6/TAM in the acidic condition to push the HSA–Ce6/TAM nanoparticles (≈130 nm) to break down into smaller nanoparticles (≈10 nm), which promoted Ce6 uptake into target cells.

In situ burst releases of tumor antigens induced by PDT significantly initiated the immune response (Ng et al., 2018; Meng et al., 2019a; Wang et al., 2019). Yang et al. (2020) prepared the pH-responsive double load nanovesicles (named PEG-b-cPPT) by self-assembly of block copolymer polyethylene glycol-b-cationic polypeptide. In the acidic environment, the double-loaded nanoparticles released the PS and indoximod into the cytoplasm because of the protonation of the tertiary amine in the cationic polypeptide. The nanovesicles were not only the carriers of PS, but also induced immunogenic cell death upon light irradiation, providing a novel strategy for the combination of PDT and immunotherapy.



Redox-Responsive Nanomaterials

Redox-responsive nanomaterials can effectively deliver and release loaded drugs to target cells because the glutathione (GSH) concentration in tumor tissues is four times that in normal tissues (Mo and Gu, 2016). In addition, the intracellular GSH level is usually higher compared with the extracellular environment. Thus, redox-responsive nanomaterials are also expected to be used for targeted delivery (Fukino et al., 2017; Raza et al., 2018). The disulfide bonds are converted into sulfhydryl groups after being reduced by the action of GSH, which leads to the destruction of the nanoparticles. Meanwhile, due to the stability of the disulfide bonds in the external environment, the redox-responsive nanomaterials can protect the loaded drugs from premature release (Iqbal and Keshavarz, 2018). Deng et al. (2020) synthesized a nanoparticle (named Ds-sP/TCPP-TER) containing disulfide reduction-sensitizer and an endoplasmic reticulum targeting PS, which could induce endoplasmic reticulum stress through ROS in the endoplasmic reticulum and enhance immunogenic cell death to activate immune activity. Wang et al. (2017) constructed a powerful and intelligent “all in one” protoporphyrin-based polymer nanoplatform (named DPPSC) that had the ability to enhance chemotherapy-PDT by gradually and intelligently responding to low pH in lysosomes and high concentration GSH in cytoplasm. The polymer consisted of dextran grafted by protoporphyrin IX as a hydrophilic segment and the anticancer drug camptothecin was coupled to dextran through a disulfide bond containing a pH-sensitive linker as a hydrophobic segment. The use of photochemical internalization enhanced nanoparticles in tumor cells and subsequently released PS and camptothecin through pH and GSH responses, achieving the synergistic therapy of PDT and chemotherapeutic drugs.



Hypoxia-Responsive Nanomaterials

Hypoxia is the most common phenomenon in a majority of solid tumors, which provides opportunities for tumor-specific diagnosis and treatment triggered by hypoxia-responsive nanomaterials (Vordermark, 2010; McKeown, 2014). Growing evidence shows that azobenzene derivatives can be reduced to aniline derivatives by various reductases in the hypoxia environment (Mirabello et al., 2018). Owing to excellent hypoxia sensitivity, azobenzene derivatives have widely been used to detect hypoxia levels as hypoxia-reactive fluorescent probes as well as deliver drug or genes to hypoxic cancer cells for anticancer therapy (Perche et al., 2014; Dong et al., 2020). Yang G. et al. (2019) cross-linked the hypoxia-sensitive azophenyl group between the HSA coupled with the Ce6 and the HSA combined with the oxaliplatin prodrug to prepare a unique hypoxia-responsive nanosystem (named HCHOA). HCHOA was stable under normal tissue. In a hypoxic tumor, the azobenzene group in HCHOA nanoparticles will be cleaved by reductase and dissociated into small particle size complexes (Ho and HC) with diameters of <10 nm, which can significantly improve the penetration ability of the nanoparticles and enhance the accumulation of photosensitizers and drugs in tumor tissues. Tirapazamine (TPZ) is a promising hypoxic-specific prodrug that can be activated under hypoxic conditions to produce hydroxyl radicals (HO•). Chen et al. (2019) encapsulated TPZ and aza-BODIPY derivatives in eutectic materials by the use of oleic acid and linoleic acid to prepare a near infrared activated and hypoxia-responsive nanomaterial (named TENAB) for the combined treatment of PDT and chemotherapy. The release of TPZ is triggered by the hyperthermia generated by aza-BODIPY derivatives under laser irradiation at 808 nm. Meanwhile, when activated at pH 5.0, aza-BODIPY derivatives in molten TENAB NPs will switch the charge transfer (CT) state to produce ROS and consume oxygen to aggravate the hypoxic environment. TPZ was reduced to its cytotoxic form, producing hydroxyl radical (HO•) to enhance PDT efficiency. Zhu et al. (2019) designed tumor-targeted, low-oxygen dissociable nanoparticles (named PA/HA-Ce6@TPZ) for the delivery of Ce6 and low-oxygen activating drug TPZ. After irradiation with Ce6 light, tumor cells enter endocytosis and produce high concentration of ROS, which leads to apoptosis and a local hypoxia environment.



Enzyme-Responsive Nanomaterials

Compared with normal tissues, certain enzymes such as matrix metalloproteinase, hyaluronidase, β-glucuronidase, and esterase are usually overexpressed in the tumor microenvironment (Lopez-Otin and Bond, 2008; McAtee et al., 2014). The selectivity and effectivity of enzymatic reactions endow enzyme-responsive nanomaterials with an extensive prospect in the targeted delivery and precise release of PS. Hyaluronic acid (HA) is a negatively charged natural glycosaminoglycan, widely distributed in the human body. HA has good biocompatibility and can target the CD44 receptor overexpressed in many types of cancer cells (Toole, 1990). When reaching the tumor tissues, hyaluronidase within tumor tissues can degrade HA (Choi et al., 2019). Shi et al. (2016) used diiodo-styryl-BODIPY as a PS, and then conjugated HA to prepare hyaluronidas-responsive nanoparticles (named DBHA) as activatable photodynamic theranostics for treating cancer. In normal tissues, because of the aggregation of diiodo-styryl-BODIPY in DBHA, they limit the production of ROS. However, after endocytosis of tumor cells, HA of DBHA was degraded by hyaluronidase in lysosome, and then diiodo-styryl-BODIPY was released and induced the PDT activity in tumor cells.

NADPH: quinone oxidoreductase isoenzyme 1 (NQO1) is a very special enzyme, which can catalyze the two-electron reduction of quinone (Oh and Park, 2015). Numerous studies have shown that NQO1 is upregulated in breast cancer, pancreatic cancer, colorectal cancer, cervical cancer, and lung cancer (Ma et al., 2014; Yang et al., 2014). Yao et al. (2020) reported that NQO1-responsive multifunctional polymer vesicles (named BCPs) covalently conjugated with PS (coumarin and Nile Blue). In the absence of NQO1, due to the “dual quenching” effect, that is to say, the quenching caused by aggregation caused by photoinduced electron transfer (PET) and the quenching of quinone production, the fluorescence emission and PDT efficiency were in the “off” state. After the NQO1-responsive nanovesicles entered into the tumor cells, the NQO1 in the tumor cells triggered the self-immolative cleavage of the quinone trimethyl lock, the release of the PS, and the simultaneous NIR emission and PDT activation.



Multiple Stimuli-Responsive Nanomaterials

Due to the unique characteristics of the tumor microenvironment, stimuli-responsive nanomaterials are extensively accepted as targeted delivery and precise release carriers in photodynamic anticancer therapy (Yang et al., 2018; Ma et al., 2019). Many new advances have been made in developing stimuli-responsive nanomaterials in PDT, however, most stimuli-responsive nanomaterials are only responsive to a single stimulation (Zhang et al., 2017). Tumor tissues are actually very complex biological systems with low pH, hypoxia, redox, and enzymes overexpressed in the microenvironment (Klaikherd et al., 2009). Multiple stimuli-responsive nanomaterials could respond to two or more types of stimuli in the tumor environment simultaneously, which show great promise in more precise delivery and release of drugs to target sites (Zhang et al., 2016). Zhang et al. (2016) used HSA and poly-l-lysine with surface modification by polyethylene glycol to design and prepare a multiple stimuli-responsive nanomaterial (named Ce6-Ns) according to an electrostatic assembly strategy. Then Ce6, protoporphyrin IX, or verteporfin were loaded in the nanomaterials to prepare a pH/redox/enzyme-responsive protein nanospheres for photodynamic tumor ablation. When the nanoparticles reached the tumor tissues, the proteases overexpressed by the tumor cells decomposed HSA and caused the HSA to dissociate. Under the influence of the HSA isoelectric point, the acidic condition in the tumor tissues reduced the electrostatic adsorption of HSA, and the disulfide bonds in HSA were reduced by the overexpressed GSH in tumor cells. Therefore, Ce6-Ns can effectively enhance the accumulation of Ce6 in tumor sites and improve the efficiency of PDT. Chen et al. (2020) prepared a triplet responsive porous silica carrier (named pSiO2 -ss-HA/CHI) to load carbon quantum dots and doxorubicin for photodynamic / chemotherapy. Firstly, an amino-functional porous silica nanoparticles with central radial pores were prepared using an emulsion method, and then succinic acid and cystamine were successively grafted onto the surface of the nanoparticles via amide bonds as linkers. Subsequently, doxorubicin and carbon quantum dots were loaded in the nanoparticles. Finally, the surface of the carrier was coated with HA and chitosan to block the drug-loading holes. Due to the presence of disulfide bonds, amino bonds, and hydrogen bonds in the nanoparticles, the nanomaterials showed pH-, redox-, and enzyme-responsive features.




SUMMARY AND OUTLOOK

With the development of laser medicine and material science in recent years, PDT has become a promising treatment for combating malignancies. However, poor targeting and low water solubility of the conventional PS limit the application of PDT in clinical settings. TMRNs, including pH-, redox-, hypoxia-, and enzyme-responsive nanoparticles, have been proposed as targeted delivery carriers of PS to enhance the therapeutic efficacy of PDT. Moreover, a tumor is a complex and refractory disease. Single therapy is often difficult to cure it. Combined therapy has become a main strategy in the management of malignancies using multiple approaches such as chemotherapy, immunotherapy, and PDT (Liu et al., 2017; Cheng et al., 2019; Meng et al., 2019b). TMRNs as a smart delivery carrier could be a favorable “bridge” to load PS, chemotherapeutic drugs, and immune-enhancing drugs together to precisely deliver and release multiple drugs to target cells, achieving synergistic treatment of PDT, chemotherapy, and immunotherapy. As of now TMRNs have been confirmed as targeted delivery carriers of PS for PDT in in-vitro and in-vivo models. However, few clinical trials have investigated the precise delivery of PS for PDT on tumors using TMRNs. A main challenge is the complexity of TMRNs such as tedious preparation, complicated characterization, and uncertainty of the in-vivo fate of TMRNs. Thus, addressing these shortcomings should be an important task for translating TMRNs as a targeted delivery carrier of PS for the clinical application of PDT.
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