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Abstract

:

Semiconducting polymer nanoparticles (SPN) have been emerging as novel functional nano materials for phototherapy which includes PTT (photo-thermal therapy), PDT (photodynamic therapy), and their combination. Therefore, it is important to look into their recent developments and further explorations specifically in cancer treatment. Therefore, the present review describes novel semiconducting polymers at the nanoscale, along with their applications and limitations with a specific emphasis on future perspectives. Special focus is given on emerging and trending semiconducting polymeric nanoparticles in this review based on the research findings that have been published mostly within the last five years.
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1. Introduction


Cancer has been one of the deadliest diseases that human society has ever witnessed [1,2,3,4,5,6,7,8,9,10,11]. Though there have been dramatic improvements in early diagnosis, detection, and therapy, it still remains as deadly as ever before. With the advanced developments in cancer nanomedicine, it is now possible to combat cancers if detected early [12]. Nanomedicine [13,14,15,16], particularly use both fundamental science and bio-molecular engineering, in order to have better precision medicines [17]. Even though there have been various treatment regimens using nanomedicines, phototherapy is of great importance as it is minimally invasive and causes no side effects on the body [18,19,20,21,22]. There are two main streams of phototherapy, namely photo-thermal therapy (PTT) and photo-dynamic therapy (PDT), and both of them use light as their main source of action.



Typically, PTT works by absorbing infra-red (NIR) light (by rationally engineered photo absorbing agents) and converting it into therapeutic heat [23]. On the other hand, PDT use light energy to generate reactive oxygen species (ROS), particularly singlet oxygen (1O2), that can effectively hinder pathogenesis [24]. These two mechanisms can be combined to have multi-effect on better therapeutic outcome. A variety of nanomaterials such as organic and inorganic NIR sensitive agents have been explored for photo-therapy. Among them, semiconducting polymer nanoparticles (SPN) became very attractive recently due to their opto-electronic characteristics [25,26,27,28,29,30,31,32,33,34,35,36].



SPN have been used for photo-therapy including PTT, PDT and their combination owing to its aromatic structure with π-π interactions generating heat when exposed under NIR light [37,38]. Various semiconducting polymers (SPs) and conjugated polymers (CPs) have been identified, including polyaniline (PAN), polypyrrole (PPy), polydopamine (PDA) etc. [39,40,41]. The most important thing is that such SPs can easily form self-assembled structures at the nanoscale level, forming different types of SPN [42] (Table 1). Since SPN are considered as novel class of organic optical nanosystems, they have various benefits having brilliant opto-electrical properties with an excellent photostability, easy modification properties with a good biocompatibility for various biomedical applications including drug delivery[43] and bio-imaging [44].



SPN comprise mainly of hydrophobic but opto-electronically active SPs and amphiphilic polymer matrices [56]. The photo characteristics of SPN are mainly determined by the molecular structures of SPs. Such specific characteristics enable SPN to have relatively higher absorption coefficients and photo-stability compared to small molecular dyes and their self-assemblies [57]. Additionally, the organic and biologically inert nature of SPN reduces the risk of potential toxicity to living organisms, making it a perfect theranostic nanoagent for various photo-therapeutic strategies, including PTT, PDT, and their combined therapeutic strategy.



Since these SPN based nanomaterials are a new class of functional nanoparticles (NPs), it is important to have an overall insight into what has been going on in very recent years. The application of such NPs in imaging guided photo-therapy has to be reviewed. Therefore, we focus on reviewing details on recent development about design, synthesis, and application of SPNs for anti-cancer research area.



Various novel polymeric structures have been designed through chemical functionalization via nanotechnology, which can improve its overall performance for phototherapy. In addition, such novel functionalized SPN have tunable optoelectronic properties improving photo-stability in terms of their fluorescence, chemiluminescence etc. In addition, such modified NPs have improved biocompatibility, and imaging capabilities either via photo-acoustic or NIR fluorescence imaging in in-vivo animal models [29,31,58,59,60,61].



Previously there were few similar review articles published, particularly for photo acoustic imaging (PAI) [62] by Zhou et al. (2018), whereas a review article by Chan et al. (2015) focused on “semiconducting polymer nanoparticles as fluorescent probes for biological imaging and sensing” [63]. Pu et al. (2016) also published a similar review article on recent advances in semiconducting polymer nanoparticles in in-vivo molecular imaging [64], Even though these review articles are not exactly similar to what we are trying to address, the one published in 2018 by Li et al. is somewhat similar to the scope of our current review. Li et al. combined applications of SPN on imaging methods and phototherapy [65]. Having said that, our current review article will be focusing on SPN based emerging NPs only on the phototherapy. In particular, emerging and trending SPN systems in the very recent research papers and those published in the last five years will be discussed for their wide range of applications.



Thus, the present review will be focused on design, applications, and future scope of such SPN in detail. We believe that this review would enlighten readers to understand the advantages and limitations of SPN research so that they can come up with improved scientific solutions to solve such issues. We also highlight SPN and its future perspectives in the current review article.




2. Semiconducting Polymer Nanoparticle (SPN)—How Do They Work?


There have been wide varieties of SPs reported in the literature (Figure 1). The whole idea of such chemical modification seems to come up with either novel structures or enhancing the photostability as well as targetability to cancer cells. Most of the organic polymers are basically insulators. These kinds of organic polymers become conductors only when they have π-conjugated structures, in which variety of mechanisms exist, such as hopping, tunneling etc., aiding a smooth electron motion along the polymer backbone via overlaps in π-electron clouds. Generally, such π-electronic polymer systems in their pristine states are wide-band-gap semiconductors, also known as semiconducting polymers. As per discoveries in the 1970s, organic conjugated polymers and oligomers were found to have metallic traits upon heavy doping [66], as a term originally taken from inorganic semiconductor chemistry. The fact is that the conjugated polymer has a doping mechanism through oxidation (p-doping) or reduction (n-doping), respectively [67]. On the other hand, SPN based drug delivery systems became attractive mainly due to its opto-electronic properties in particular for various photo-thermal applications for anticancer therapy. In addition, they have tunable optoelectronic characteristics of metals or semiconductors and can still bear their innate mechanical characteristics and ease of preparation/manufacturing benefits, being polymers [68].



Even though there have been various SPN for bio-imaging and drug delivery applications [69], little is known for the applications in PTT, PDT, combined PTT/PDT, photo-immuno and photo-radio therapy. Thus, it is very important to have an overall look at their recent developments.




3. Design and Formulation Strategies of SPN


It is of great importance to understand the major synthetic strategies of SPN based NPs to modify their drawbacks, so that one can come up with better formulation strategies. Most of the SPN based theranostic NPs were made using nano-precipitation, co-precipitation, emulsification and self-assembly methods.



For example, NIR absorbing diketopyrrolopyrrole polymer P(AcIIDDPP) based NPs (DPP-IID-FA) were made via an emulsion method [45]. Similarly, thieno-isoindigo derivative-based donor acceptor (D-A) polymer (PBTPBF-BT) NPs have been made for NIR-II bio window for PTT against MDA-MB-231 xenograft mouse model [70]. On the other hand, the nanoprecipitation approach was used for thiadiazoloquinoxaline-based SPN for simultaneous imaging guided phototherapy by PAI/PTT for glioblastoma under NIR-II light range [46]. The same technique was adapted for two NIR absorbing molecules such as poly(cyclopentadithiophene-alt-benzothiadiazole) (SP1) and poly(acenaphthothienopyrazine-alt-benzodithiophene) (SP2) to prepare SPN [69].



In another work, the architecture of the organic SPNs+ has triple sections including a hydrophobic SP core, an anionic interlayer, and a cationic shell (+). The SP core acts as the PAI agent under NIR-I or NIR-II laser excitation, which was encapsulated by amphiphilic poly (styrene maleic anhydride) (PSMA) to obtain water-dispersed NPs (OSPNs−) with an anionic surface for further modification. Poly(l-lysine) (PLL) was subsequently adsorbed onto the OSPNs− surface via electrostatic interactions to enhance the cellular uptake. These SPN was made by nanoprecipitation method [71].



D–A CPs containing dibenzothiophene-S,S-dioxide based NPs have been developed using the nanoprecipitation method as effective photosensitizers. The obtained PTA5 copolymer had bright green emission and high photoluminescence quantum yields via the intercrossed excited state of local existed and charge transfer states. The PTA5 NPs were developed by loading them into a biocompatible polymer matrix [47]. In another study, immuno/phototherapeutic nano adjuvants were made using a hydration–sonication method [72].



Detailed information of synthetic methods for various SPN is shown in Figure 2. Typically, nano-precipitation has been found to be ideal for making synthetic polymer NPs [73] and can be extended for SPN formulation as well. This is mainly due to the following reasons such as ease of making, separation and high yield. However, in most of the cases, detailed mechanisms of such NPs were missing, and therefore, careful attention is required. What exactly happens in such formulation methods should be thoroughly understood as there will be always something interesting as we move from material to material, modifying their functionalities.




4. SPN in Photo-Therapy


Phototherapy, especially in treating cancers has been emerging since it can have minimal side effects compared to the existing conventional treatment modalities [77]. Cancer phototherapy approaches employ three main strategies: (1) PTT and (2) PDT and (3) Combined PTT/PDT. PTT or PDT or together can be combined with other therapies such as radiotherapy, immunotherapy etc. [23]. Therefore, it is important to have an overall view at each of these individual research areas in detail.



4.1. PTT


Theranostic NPs which can offer bright fluorescence and imaging capability with prominent photostability under laser irradiation is having great scope in terms of clinical applications. Especially NIR-II Window (1000–1700 nm) responsive SPN are far advantageous as they can be used for treating deep routed tumors easily, thanks to their low toxicity and high penetration capability of non-ionizing NIR-II waves [78]. However in reality, it is still challenging to develop such stable and ultra-small theranostic NPs for multi-purpose applications.



A molecular engineering strategy has been utilized to make NIR-II emitting squaraine dyes. Initially, NIR-I squaraine dye SQ2 was made via ethyl-grafted 1,8-naphtholactam as donor units and square acid as acceptor unit in a donor–acceptor–donor (D–A–D) structure. A strong electron-withdrawing like Malonitrile, was added to enable square acid acceptor stronger, thereby shifting fluorescence towards NIR-II window. To translate NIR-II fluorophores SQ1 into effective theranostic agents, fibronectin-targeting SQ1 nano-probe consisting of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000 (DSPE-PEG2000) and pentapeptide CREKA was functionalized over these NPs. These nanoprobes showed high NIR-II imaging capability as confirmed on aa tumor model. Furthermore, the SQ1 nanoprobe could be used for PAI and PTT of tumors and was confirmed using 4T1 tumor bearing mouse model (Figure 3) [74].



PTT is one of the best non-invasive cancer treatments and a highly effective PTT always need safe and excellent PTT agents. To achieve this, Li et al. (2016) and team developed a 30 nm sized, highly photostable Pdots having 65% PTCE. The Pdots contain CPs and DPP with various thiophene derivatives (monothiophene, thienothiophene, bithiophene, and benzodithiophene) synthesized by a Stille coupling reaction. A nanoprecipitation technique was utilized to make 30 nm sized CPs NPs. According to the in-vitro and in-vivo analysis using a 4T1 tumor bearing mouse model, it was found that they were potential candidate for photo-thermal applications [48].



One of the major limitations associated with the PTT theranostic agents is poor stability and photothermal conversion efficiency (PTCE) and this could limit their clinical applicability. Novel CPs based Pdots have been reported to realize PAI-guided PTT. The Pdots were comprised of 4,8-bis[5-(2-ethylhexyl)thiophen-2-yl]-2,6-bis(trimethylstannyl)benzo[1,2-b:4,5-b′]dithiophene-6,6′-dibromo-N,N′-(2-ethylhexyl)isoindigo (BDT-IID) and were made via nanoprecipitation technique. These highly non-toxic stable Pdots had high PTCE ~ 45%. Figure 4 shows their PTT properties. As expected, the developed Pdots had improved PAI along with high PTT on MCF-7 tumor bearing mouse in their in-vivo analysis. These unique properties make them a suitable candidate for future clinical applications [49].



The “easy to make” versatile, economic and theranostic nanomaterials having imaging and therapeutic properties are of great interest in drug-delivery and imaging. To achieve such properties, a Gd3+-chelated poly(isobutylene-alt-maleic anhydride) (PMA) framework pendent with perylene-3,4,9,10-tetracarboxylic diimide (PDI) derivatives and PEG as effective theranostic nanostructure was developed for bi-modal PAI and MRI-guided PTT. Thus, the developed NPs chelated with Gd3+ (PMA–PDI–PEG–Gd NPs) showed a high T1 relaxivity coefficient (13.95 mM–1 s–1), even at the higher magnetic fields. Intravenously injected PMA–PDI–PEG–Gd NPs in Hela tumor bearing mouse model showed EPR assisted accumulation post injection of 3.5 h, as confirmed through PAI and MRI [50].



Customized medicines are always preferred as ideal theranostic agents. However, combined PTT and PAI agents with high biodegradation capability are rare. Lyu et al. (2018) studied such biocompatible and biodegradable SPNs having very high PAI capability along with improved PTT efficacy. These SPN were made of enzyme responsive vinylene bonds and can readily be transformed into a water-soluble matrix. Such vinylene backbone enhanced the PTCE to a great extent (~3-fold). These SPN based theranostic NPs showed better PAI and PTT on a 4T1 bearing tumor model [53].



A novel SPN (L1057 NPs) for NIR-II fluorescence imaging and PTT was made using nano-precipitation method. Under 980 nm laser exposure, when two laser fluences were applied via low (25 mW/cm2) and high (720 mW/cm2) power densities, these developed SPN showed significantly better NIR-II brightness compared to the organic NIR-II fluorescent agents, owing to their excellent stability and several other parameters such as high quantum yield etc. The improved biocompatibility along with high NIR-II fluorescence allowed them to utilize this for a real-time, whole-body visualization of glial vessels along with cerebral ischemic stroke detection in tumors with extra clarity. The significant PTT effects and NIR-II imaging capability of these NPs were realized on 4T1 tumor bearing mouse model (Figure 5) [61].



Colorectal cancers (CRC) are often difficult to treat due to their relapsing nature and cannot be completely eliminated either by surgery or by chemotherapy. Therefore, theranostic NPs having imaging and photo sensitivity would be useful, particularly for the detection and treatment of disseminated small nodules. McCarthy et al. (2021) developed a tumoroid technology for the clear understanding of NPs interaction with the 3D tumor micro-environment. CD44 targeting hyaluronic acid (HA) coated hybrid D-A polymer particles (HDAPPs) was developed to demonstrate the proof of this concept. These hybrid NPs were composed of photosensitive polymer, poly[4,4-bis(2-ethylhexyl)-cyclopenta[2,1-b;3,4-b’]dithiophene-2,6-diyl-alt-2,1,3-benzoselenadiazole-4,7-diyl] (PCPDTBSe), functionalized with HA, to form HA-BSe NPs, and evaluated in 3D. Monitoring of NPs transport in 3D organoids showed uniform diffusion of non-targeted HDAPPs in comparison to attenuated diffusion of HA-HDAPPs due to the nanoparticle-matrix interactions. Computational diffusion analysis has provided more information, and thereby proved that HA-HDAPPs transport was due to the diffusion. On laser irradiation, only HA-BSe NPs were capable of substantially enhanced the tumoroid toxicity. Nevertheless, the restricted entry of CD44-mediated theranostic NPs in the tumoroid, their targeting localization, and enhanced PTT in 3D tumeroid might be beneficial for understating a more complex tumor micro-environment in-vivo [79].



Another critical problem in translating theranostic nanomaterials into clinical side is associated with its severe side effects which are due to the long-term accumulation inside the body. It has been therefore, a great challenge to integrate non-accumulated characteristics, diagnosis, therapeutic functions under single room of nanomedicine. Specifically, NIR responsive functional materials with deep penetration and low scattering properties are hardly explored for developing novel NIR sensitive hybrid materials. One of the most dangerous issues related to novel nanomaterials is the bio-safety in terms of accumulation in the body when administered orally or parenterally [80,81,82,83,84,85,86]. The 2 nm sized PPy-based functional NPs were made by single step green technique, having fluorescence (FL)/PAI/NIR II trimodal imaging. These photostable NPs had 33.35% PTCE at 808 nm and was increased to 41.97% at 1064 nm, respectively. The well-designed ultra-small PPy-PEG NPs showed an improved tumor homing function along with better renal clearance. These highly biocompatible, photo theranostic NPs had excellent in-vitro and in-vivo results for NIR-II-imaging guided PTT effectively [51].



Various SPN based multifunctional theranostic nanomaterials with PAI guided PTT therapeutic capability have been studied for noninvasive mode of cancer detection and tumor ablation. To achieve such desired properties, it is mandatory to have excellent optical properties such as significantly high absorption along with PTCE. Chang et al. (2019) designed theranostic Pdots, which were composed of BDT (Benzodithiophenedione-based polymer), made by a simple nano-precipitation method. The Pdots had high cytocompatibility, along with excellent stability with improved optical properties. The in-vitro/in-vivo experiments confirmed its potential application as dual functional PAI/PTT using MCF-7 cells and tumor model. Even a low dose of this nanomaterials enabled excellent therapeutic benefits on in-vivo model (MCF-7 cancer cell bearing tumor model [87].



Photo-sensitive theranostic NPs in the NIR-II window (1000–1700 nm) have been emerging as an excellent platform for personalized medicine mainly due to their low cytotoxicity and high tissue permeability via non-invasive mode. There have been various such NPs for multi-purpose. The development of metabolizable NIR-II nanoagents for imaging-guided treatment are of great importance for noninvasive diagnosis of pathological conditions such as tumors and eradicating them effectively. To realize such goal, Men et al. (2020) developed metabolizable and highly NIR-II absorbing Pdots, for the first time, for PAI guided PTT. The ultrasmall (4 nm) sized Pdots were composed of D-A π-conjugated polymer (DPP-BTzTD) and were made using nano-reprecipitation method. These pdots showed good biocompatibility, significant photostability, bright photoacoustic signals along with high 53% PTCE. Intravenously injected Pdots showed excellent PTT under a 1064 nm laser irradiation condition with 0.5 W cm−2, on 4T1 tumor-bearing mice model and showed a rapid clearance from the body. The pilot study paves a way and clearly indicates their efficacy for future clinical experiments [88].



A photo-chemo approach by SPN based theranostic system was studied by Chen et al. (2019), where they have combined diketopyrrolopyrrole-based SP and polystyrene-b-poly(N-isopropyl acrylamide-co-acrylic acid) (PDPP3T@PSNiAA NPs) as pH/NIR light-sensitive DOX release in-vitro and in-vivo. This strategy was achieved by well-designed fabrication of photo/pH-responsive PSNiAAx by RAFT polymerization method. Later, PSNiAA was modified with PDPP3T in order to simultaneously achieve both PTT and pH/thermo-sensitive DOX release in single entity. The as-made 70nm sized NPs showed very high PTCE (η = 34.1%) and excellent photoacoustic (PA) brightness. The in-vivo analysis on HeLa tumor nearing mouse model confirmed its potential benefits for photo-chemotherapy [55].




4.2. PDT


For excellent PDT benefits on various cancers, it is important to have photosensitizers with high photo-induced ROS generation efficiency, high biocompatibility with significant photo toxicity. To achieve this, a D-A CPs of dibenzothiophene-S,S-dioxide were made as effective photosensitizing agents (PTAs) for PDT. The resulting copolymer PTA5 (4-octyl-N,N-bis(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)aniline with 3,9-dibromo-11,11-dioctyl-11H-benzo[b]fluoreno[2,3-d]thiophene-5,5-dioxide) showed strong green light emission with high photoluminescence quantum yields owing to the intercrossed excited state of local existed and charge transfer states. Polymer Pluronic F127 matrix was used to encapsulate these active moieties and showed 79–91 nm with negative surface charge (−35.7 to −27.3 mV). Under 800 nm excitation, those developed NPs had large two-photon absorption cross section of 3.29 × 106 GM along with good aqueous photostability and was determined to be good in bio-imaging as well. PTA5 NPs had very high tissue-permeability up to 170 μm for hepatic vessels and 380 μm for blood vessels as confirmed on mouse ear. In addition, the developed PTA5 NPs exerted high ROS generation property upon laser irradiation. PTA5 NPs showed excellent tumor inhibition effects under 400–700 nm light irradiation at 50 mW cm–2/5 min every other day. These findings clearly showed that PTA5 NPs can be utilized as excellent PTAs for PDT [47].



It is a well-known fact that PDT effects can be hindered by hypoxia in tumors [89]. In order to overcome this limitation, SPN nanoprodrug (SPNpd) have been made which generate ROS and imparted hypoxia sensitized chemotherapy. These self-assembled prodrug NPs were composed of grafted PEG conjugated with a chemo agent, via hypoxia-sensitive linkers. The 30 nm sized NPs showed tumor localization in 4T1 xenograft model, where it exerted PDT/chemo effects synergistically, inhibiting the tumor growth. This study showed the first hypoxia-activatable phototherapeutic polymeric prodrug system with a high potential for cancer treatments [90].



The therapeutic outcome in PDT is greatly influenced by the structural and functional property of photosensitizers used. Tang et al. (2017) developed Chlorin e6 (Ce6) doped with photo-cross-linkable Pdots for PDT. This smart engineered Pdots had side chains of oxetane groups specifically for photo-controllability. The leaching of entrapped Ce6 molecules can be avoided greatly because of the photo-cross-linking reaction by which it forms an interpenetrated structure with SPN moiety of Pdots. The in-vitro therapeutic effects on gastric adenocarcinoma cells showed significantly better PDT effects via ROS generation under low dose of light irradiation (∼60 J/cm2). The in-vivo therapeutic analysis on human gastric cancer cell (SGC-7901) tumor-bearing nude mice (Figure 6) proved their efficacy and could be beneficial for treating many such solid tumors. It was apparently proved that photo-cross-linkable Pdots doped with photosensitizer could be excellent candidates for PDT [91].



The ROS responsive SPN-based pro-therapeutic agents were engineered through covalent modification of SPNs with caged therapeutic agents via hypoxia- or 1O2-cleavable linkers. When photo-irradiated, SPNs utilize oxygen to produce singlet oxygen, enabling PDT, while breaking hypoxia- or ROS-cleavable linkers to have on-demand drug release and in-situ remote activation of pro-therapeutic agents. Such remote activation of SPN-based pro-therapeutic agents would be beneficial for inducing DNA damage, RNA degradation, protein biosynthesis crippling, or activation of the immune system in tumors. Integration of such strategies, where PDT and NIR synergistically eradicate tumors, and metastases without even a chance for relapse [92]. PAI guided PDT organic agents toward lysosome-targeting is of great challenge, though they are highly effective incase developed strategically. Lysosome-targeting boron-dipyrromethene (BODIPY) NPs were designed by loading NIR absorbed BODIPY dye within amphiphilic DSPE-mPEG5000 for lysosomal PAI and acid-sensitive PDT against cancer cells under NIR light [93].



Real-time intra tumoral molecular O2 detection by SPN is important in early cancer diagnosis. Conversely, PDT could be achieved by super toxic 1O2 produced on site, with O2 sensing, and is a very significant cancer therapeutic strategy. To do so, negatively charged iridium (III) complex-hyperbranched phosphorescent CP dots for hypoxia imaging and effective PDT were systematically developed. The incomplete energy transfer between the polyfluorene and the iridium (III) complexes enabled ratiometric accurate O2 sensing. Furthermore, the O2-dependent emission lifetimes were also used in photoluminescence lifetime imaging and time-gated luminescence one for eliminating the autofluorescence remarkably to enhance the signal-to-noise ratio of imaging. Interestingly, the designed Pdots were able to generate toxic 1O2 efficiently in aqueous media. Image-guided PDT on cancer cells was studied in detail by confocal laser scanning microscope. To the best of our knowledge, it represents the first example of the negatively charged conjugated polymer dots hyperbranched with the cored iridium(III) complex for both hypoxia imaging and PDT of cancer cells simultaneously [94].



The cell penetrating peptide (CPP) modified SPN Pdots were doped with a photosensitizer for PDT applications. The as-made SPN dots showed excellent 1O2 production. Both in-vitro and in-vivo analysis confirmed that the CPP functionalized SPN Pdots possessed high cellular uptake which in turn improved the anti-cancer efficacy. Such novel CPP modified Pdots loaded photosensitizer theranostic systems hold great opportunities in treating various cancers. In-vitro efficacy was assessed using SGC-7901 cells (Human gastric cancer cell line) which was translated in to an in-vivo tumor model [95].



The degree of intracellular O2 level or hypoxia has been considered as an early indicator of cancers, and many efforts have been made to develop responsive drug delivery systems and SPN based NPs for targeting such hypoxic environments in cancers [96,97,98,99,100,101,102]. PDT agents can typically make use of such low oxygen environments to generate ROS, which in turn effectively eradicate cancerous tissues and cells. An early diagnosis and therapeutic platform based on phosphorescent Pdots having Pt(II) porphyrin as an oxygen-sensitive phosphorescent group and 1O2 photosensitizer was developed. The as-made Pdots were able to detect O2 levels, and the results showed that HepG2 cells when incubated with Pdots showed longer lifetimes under hypoxia, and time-resolved luminescence images showed a higher signal-to-noise ratio after gating off the short-lived background fluorescence. Quantification of O2 is realized by the ratiometric emission intensity of phosphorescence/fluorescence and the lifetime of phosphorescence. As such, these Pdots demonstrated excellent PDT effects in-vitro. The major limitation in this study was the lack of further investigation on toxicity and efficacy using animal model [103].




4.3. Combined PTT/PDT


Integrated theranostic nanoplatforms for targeted PTT/PDT strategy is having high relevance in the medical arena but is still challenging. Recently a “sense-and-treat” regimen based on SPNs was developed for ratiometric bioimaging of phospholipase D (PLD) activity and combined PTT/PDT. Thus, the developed PSBTBT NPs served not only as PPT agents but also as fluorescent quenchers of Rhodamine B (Rhod B) through a PLD-cleavable linker. Ce6 was used as a PDT agent. The obtained nanoplatform (PSBTBT-Ce6@Rhod NPs) showed high PDT/PTT performance upon single laser irradiation. The PTT/PDT combined therapy achieved more efficient tumor inhibition results as compared with the single treatments. In addition, the overexpressed biomarker PLD in tumor tissue will cleave Rhod, leading to the fluorescence recovery of Rhod B and thus allowing the activatable fluorescence imaging of tumor and targeted phototherapy [75].



In another report, SPN was used for PAI-guided combined PTT/PDT. Authors made triplet tellurophene-based SP (PNDI-2T) with efficient tin-free direct heteroarylation polycondensation. The PNDI-2T NPs displayed substantial NIR absorption with high cyto compatibility along with an enhanced ROS generation, high PTCE ~ 45% and a high ROS yield (ΦΔ = 38.7%) when exposed under 808 nm laser irradiation. 4T1 tumor model was used to confirm their efficacy and proved that these well-made NPs could be a potential PAI-guided PTT/PDT agents for cancer theranostics (Figure 7). This study provides a new route to developing highly efficient and low cytotoxic agents for PAI-guided PTT/PDT [104].



Biomimetic phototheranostic nano-agents that are capable for targeting cancer-specific fibroblasts in the tumor microenvironment are very promising candidates, especially for personalized anti-cancer medicines. Though such theranostic agents have various applications, their efficacy could be hindered by various tumor micro environmental factors such as hypoxia. Herein, organic multimodal PTT nanoagents for the improved multimodal imaging-guided has been developed for cancer theranostic purpose. These NPs contains NIR absorbing SPN further covered with the cell membranes of activated fibroblasts (AF) to finally have AF-SPN for selectively targeting cancer-specific fibroblasts, allowing better tumor localization than the un-coated one after systemic administration in living mice. AF-SPN were able to produce enough PTT/PDT effects along with their dual imaging capability via PAI and NIR fluorescence. The in-vitro experimental results were further extended to in-vivo 4T1 bearing tumor model [52].



SPs with high photostability, strong NIR absorptivity, and efficient PTCE are highly desired to be considered as an ideal photo theranostic agent. Here, a heavy atom free tri-component SPs of PTVT has been made through a Stille coupling reaction. PTVT showed high singlet oxygen quantum yield (1O2 QY) ~42.2% in DCM and the 1O2 generation ability for the DSPE-PEG coated PTVT NPs remained higher. These multifunctional NPs were made through nanoprecipitation technique. Owing to the PDT and PTT synergistic therapy (with PTCE ~ 52.6%), PTVT NPs had low IC50 of 5.9 μg/mL on A549 cell-line under NIR exposure. The dark toxicity of such NPs was minimal even at high concentrations. In in-vivo study, a similar pattern was observed with exceptionally high PTT and PDT efficacies on living mice model with a good organ compatibility for the NPs as confirmed by histopathology [105].



Even though most of the organic SPN are having excellent characteristics for phototherapy, their weak emission spectra, mainly due to the aggregation-caused quenching phenomenon (ACQ), have been limiting their bio-imaging capability. D–A–D type compound namely BODIPY-TPA was designed by conjugating triphenylamine (TPA) with a BODIPY structure. PEG functionalization was given to BODIPY core in order to enhance the bio-safety of the developed SPN. Through self-assembly mechanism, BODIPY-TPA could be formed as NPS (BODIPY-TPA NPs) and it showed remarkable NIR fluorescence due to its AIE mechanism, owing to the twisted structure of TPA. Additionally, BODIPY-TPA NPs generated 1O2 and heat simultaneously on a single laser (635 nm) irradiation. The PTCE was found to be 20.7%. The lysosome targeting property was confirmed on A549 cell-line, in-vitro and it had IC50 ~ 28.45 μg/mL. These preliminary studies would open up new ventures for BODIPY based NPs for bioimaging guided combined PDT/PTT synergistic cancer treatment [54].



High ROS generation and PTCE are the key requirements for emerging therapeutic materials for combined PDT/PTT therapy. Conversely, organic nanomaterials showed poor photostability in aqueous media due to ACQ, and could negatively affect their bio-imaging applications. To troubleshoot this, D–A–D fashioned organic small molecule (T-BDP) NPs were made of BODIPY and TPA meticulously. Moreover, electron-withdrawing 1,8-naphthalenediimide (NI) was functionalized onto the BODIPY core to enhance intramolecular charge transfer, enabling a red shift towards the NIR window. T-BDP showed significantly high AIE performance, owing to the twisted TPA attached on the BODIPY. T-BDP NPs showed high NIR emission in water when exposed to mono laser treatment at 635 nm, which in turn result in the simultaneous generation of ROS and heat. The PTCE of T-BDP NPs was determined to be 50.9%. The low dark toxicity and high photocytotoxicity of T-BDP NPs were confirmed on A549 cells using the MTT and the AM/PI staining method. Due to the strong emission of T-BDP NPs, their accumulation and subcellular localization in cancer cells were observed using a laser confocal fluorescence microscope. The results demonstrated that T-BDP NPs were mainly located in the lysosomes of cancer cells. Thus, the as-prepared small molecule-based AIE nanoparticles hold great potential for fluorescence imaging-guided PDT/PTT synergistic tumor therapy [106].



Phototherapeutic limitations, such as low light penetration depth and insufficiency of photothermal agents, often hamper the efficacy of PDT and PTT. To solve these, Peroxynitrite (ONOO−), an oxidizing and nitrating agent involved in various physiological and pathological processes, has been generated in-situ by SPN. For this, a cyanine dye-based (Cy7) SPN was developed for improved phototherapy by in situ generation of ONOO−. The Cy7 units in the SPN have dual functions as photosensitizer to produce ROS for PDT, and heat source for PTT by NO gas release from N-nitrosated napthalimide (NORM) at the same time. Since NO can react quickly with superoxide anion to generate ONOO−, the enhanced phototherapy could be achieved by in-situ ONOO− produced by PCy7-NO under NIR conditions [107].



Multifunctional theranostic systems having imaging and theranostic properties are of great interest especially in clinical applications. For example, a mono-laser activatable lipid-micelles modified SPN dots and a photosensitizer (Pdots/Ce6@lipid–Gd–DOTA micelles) for combined MRI/PAI and PDT/PTT bi-modal strategy have been developed for therapeutic benefits on cancer. The aqueous dispersible SPN micelles were composed of poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b′]-dithiophene)-alt-4,7-(2,1,3-benzo-thiadiazole)] dots (Pdots) core having Ce6 molecules within them, followed by lipid–PEG outlayer functionalized with gadolinium-1,4,7,10-tetraacetic acid. The prepared Pdots/Ce6@lipid–Gd–DOTA micelles had excellent cytocompatibility, with significantly relevant MRI/PAI capability, enabling simultaneous structural as well as topological information concerning malignancies. The loaded Pdots and Ce6 within the micelles had high NIR absorption at 670 nm enabling simultaneous PTT/PDT to obtain improved synergistic anti-cancer effects both in-vitro and in-vivo. A HepG2 bearing tumor model was used to confirm the efficacy of the prepared Pdots/Ce6@lipid–Gd–DOTA micelles [108].




4.4. Photo-Immuno Therapy


One of the great advantages of phototherapy is that it can effectively kill tumor cells while inducing immunogenic cell death (ICD) to kick off a systemic antitumor immune responses by redistributing and activating immune effector cells, cytokines and memory T lymphocytes transformation [109]. Both PTT and PDT therapeutic strategies have been combined with immunotherapy for better efficacy [110]. Even though there have been various NPs based on inorganic/inorganic and their composites [111], little is known for SPN based systems. Li et al. (2021), developed a SP nanoadjuvant (SPNIIR) for photo-activable drug release for NIR-II/ PTT/immunotherapy. The nano adjuvants were made using hydration-sonication method. SPNIIR consisted of a SPN core as an NIR-II photothermal converter, which is doped with a toll-like receptor (TLR) agonist as an immunotherapy adjuvant and coated with a thermally responsive lipid shell. Upon NIR-II photoirradiation, SPNIIR effectively generated not only thermal effects enabling ICD, but also the melting of lipid layers for effective on-demand release of the TLR agonist. It was, therefore, concluded that the combination of ICD and activation of TLR7/TLR8 could enhance the maturation of dendritic cells, resulting in the amplification of anti-tumor immune responses [72].



One of the most relevant goal of combining nanomedicine with immunotherapy is to have patient compliance and safety during treatment period with excellent efficacy. However, one of the main challenges in immunotherapy is its difficulty in controlling immune response with spatiotemporal precision. To overcome such limitations, photo-sensitive activatable polymeric pro-nanoagonist (APNA) have been reported. APNA was selectively controlled by NIR-II waves for combined photo immunotherapy. These smart NIR probes were made by covalent conjugation of an immunostimulant onto semiconducting transducer via heat sensitive linker molecule. Interestingly, when the NIR-II sensitive probes were exposed under NIR-II laser, it had not just PTT tumor ablation and immunogenic cell death, but additionally the heat sensitive linker molecules broke to un-cage the agonist for in-situ immune activation in 8 mm seated solid 4T1 mouse tumor as well. This kind of well-regulated combined PTT/in-situ immunotherapy could have great potential for treating highly metastatic cancers (Figure 8) [76].



Tumor immunometabolism contributes substantially to tumor proliferation and immune cell activity, and thus plays a crucial role in the efficacy of cancer immunotherapy. Modulation of immunometabolism to boost cancer immunotherapy is mostly based on small-molecule inhibitors, which often encounter the issues of off-target adverse effects, drug resistance, and unsustainable response. In contrast, enzymatic therapeutics can potentially bypass these limitations, but have been less exploited. Herein, an organic polymer nanoenzyme (SPNK) with NIR photoactivatable immunotherapeutic effects was reported for photodynamic immunometabolic therapy. SPNK was composed of a SP core conjugated with kynureninase (KYNase) via PEGylated singlet oxygen (1O2) cleavable linker. Upon NIR photoirradiation, SPNK generates 1O2 not only to exert photodynamic effect to induce the immunogenic cell death of cancer, but also to unleash KYNase and trigger its activity to degrade the immunosuppressive kynurenine (Kyn). Such a combinational effect mediated by SPNK promoted the proliferation and infiltration of effector T cells, enhancing systemic antitumor T cell immunity, and ultimately permitting inhibition of both primary and distant tumors in living mice. Therefore, this study provided a promising photodynamic approach toward remotely controlled enzymatic immunomodulation for improved anticancer therapy [112].




4.5. Photo-Radio Therapy


Photo-radio therapy typically combines principles of phototherapy along with radiation therapy and such combinatorial therapy is expected to improve the clinical outcome than that of their individual therapies [113,114,115,116,117,118,119,120].



For example, radio therapy suffers from tumor hypoxia [121,122,123,124], and in such cases, it is important to supply sufficient O2 in the tumoral area to enhance the growth of tumor cells, as they are in need of metabolizing O2 [125]. These limitations can be avoided by hybrid semiconducting organosilica-based O2 nanoeconomizer pHPFON-NO/O2 platform. There are two major mechanisms; (1) When pHPFON-NO/O2 interacts with the acidic tumor microenvironment, releases sufficient NO for effective O2 conservation endogenously; (2) O2 generation was in response to mild PTT effect for O2 infusion exogenously. Additionally, PTT effect can be increased for ablating residual tumor cells with radio-characteristic nature of NPs. This “reducing expenditure of O2 and broadening sources” technique substantially enhance significantly reduce tumor hypoxia through many ways, improving the therapeutic efficacy in-vitro and in-vivo. The preliminary experimental results clearly demonstrated the synergy between on-demand thermo-regulated PTT and oxygen-elevated radiotherapy for complete tumor eradication (Figure 9) [126].





5. Future Perspectives


Even though there has been tremendous progress in SPN based theranostic drug delivery systems, it is hard to believe that most of the work stopped just as “published article”. Therefore, one has to critically think of bringing them from lab to market. In most cases, the in-vivo results proved that SPN are nontoxic to major organs, such as the liver, kidney, heart, brain, stomach, and intestine, owing to their neutral character. However, novel and complex SPN systems have to be carefully evaluated for their long-term toxicity. In many cases, the novel SPN based work limited to in-vitro experiments making it difficult to understand their applicability for clinical purposes.



In the majority of the experimental results, in-vitro results look promising, however, clinical relevance was not discussed or studied, and this must be taken into account. Wide variety of semi conducting polymers have been synthesized not just for PTT/PDT applications, but for imaging guided phototherapy as well, showing the huge progress in organic synthesis. However, chemists need to understand the urge of in-depth testing of such novel organic/inorganic hybrid materials in detail prior to biological applications. Just in-vitro analysis would not be sufficient in most of cases, and in those situations, in-vivo assessment of novel SPN based photo agents should be tested vigorously for its long term exposure to human body and the environment.



It is a well-known fact that ultra-small sized NPs have easy renal clearance from the body, and it is very important to reduce the long-term accumulation of novel NPs inside the human body. One has to critically think of reducing particle size to ultra-small nano range, typically less than 10 nm. While there are few such reports, as discussed in our article, at the same time, many SPN have larger particle size (>10 nm to 200 nm) and their in-vivo fate in terms of body accumulation and clearance is still questionable. Typically, an ideal SPN system should possess good anti-cancer therapeutic efficacy without damaging the neighboring or surrounding cells with an easy body clearance. The selectivity of SPN is also an issue on which researchers should give more attention for further improving the therapeutic outcome.



Nano-precipitation was reported to be the most well used method for synthesizing NPs of semiconducting polymers, however, the obtained NPs, had size in the range of 10–200 nm depending up on the type of material as shown in Table 1. One has to think of utilizing other methods that could produce better size in the ultra-small range, which might facilitate easy renal clearance, reducing the risk of long-term accumulation in the body as mentioned before.



In addition, scientists have to think of making composites or hybrids of SPN with inorganic clay materials which might be useful for improving not only the efficacy but also enhancing bio-availability with reduced organ toxicity. Clay materials, such as layered double hydroxide (LDH), montmorillonite (MMT), and halloysite NPs, possess great functionality owing to their easy modification properties and intercalating nature into the interlayers. Typically, suitable drug molecules can be stabilized in the interlayer space of such clay NPs so that one can achieve pH responsive drug delivery during SPN assisted phototherapy. These kinds of approaches would protect the integrity of loaded therapeutic agents until they reached the targeted tumor sites.




6. Conclusions


The semi conducting polymer based theranostic nanomaterials are expected to hold great future in phototherapy, especially for PTT and PDT as mono and combined therapy, owing to their exceptionally good opto-electronic properties. There have been tremendous progress in developing new materials for phototherapy along with immuno/radio therapies. However, the major issues such as long-term toxicity of SPN based theranostic NPs remain unresolved. It is certain that SPN based research will keep growing, however scientists have to focus on their negative side as well, making them highly suitable for actual applications in cancer therapy. We believe that future studies on their safety, long term accumulation and clearance etc. would be highly beneficial for bringing SPN from bench to market.







Author Contributions


Conceptualization, methodology software, and formal analysis, investigation, Writing—Original draft preparation, N.S.R.; Writing—Review and editing, J.-H.C. and G.C.; visualization, N.S.R.; supervision, project administration, funding acquisition, J.-H.C. and G.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Education (No. 2020R1I1A2074844), by the NRF grant funded by the Korea government (MSIT) (No. 2020R1F1A1075509), and under the framework of the International Cooperation Program managed by NRF (No.2017K2A9A2A10013104).




Conflicts of Interest


The authors declare no conflict of interest. Additionally, the funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Song, M. Cancer overtakes vascular disease as leading cause of excess death associated with diabetes. Lancet Diabetes Endocrinol. 2021, 9, 131–133. [Google Scholar] [CrossRef]

	



Pinheiro, P.S.; Callahan, K.E.; Jones, P.D.; Morris, C.; Ransdell, J.M.; Kwon, D.; Brown, C.P.; Kobetz, E.N. Liver cancer: A leading cause of cancer death in the United States and the role of the 1945–1965 birth cohort by ethnicity. JHEP Rep. 2019, 1, 162–169. [Google Scholar] [CrossRef] [PubMed]

	



Demarinis, S. Cancer overtakes cardiovascular disease as leading cause of death in wealthy nations. Explore 2020, 16, 6–7. [Google Scholar] [CrossRef]

	



Mahase, E. Cancer overtakes CVD to become leading cause of death in high income countries. BMJ 2019, 366, l5368. [Google Scholar] [CrossRef] [PubMed]

	



Hastings, K.G.; Kapphahn, K.; Boothroyd, D.B.; Rehkopf, D.H.; Cullen, M.R.; Palaniappan, L. Transition From Heart Disease to Cancer as the Leading Cause of Death in the United States. Ann. Intern. Med. 2019, 171, 225. [Google Scholar] [CrossRef] [PubMed]

	



Sidney, S.; Go, A.S.; Rana, J.S. Transition From Heart Disease to Cancer as the Leading Cause of Death in the United States. Ann. Intern. Med. 2019, 171, 225. [Google Scholar] [CrossRef] [PubMed]

	



Hastings, K.G.; Boothroyd, D.B.; Kapphahn, K.; Hu, J.; Rehkopf, D.H.; Cullen, M.R.; Palaniappan, L. Socioeconomic Differences in the Epidemiologic Transition From Heart Disease to Cancer as the Leading Cause of Death in the United States, 2003 to 2015: An Observational Study. Ann. Intern. Med. 2019, 169, 836–844, Correction in 2019, 170, 220. [Google Scholar] [CrossRef]

	



Harding, M.C.; Sloan, C.D.; Merrill, R.M.; Harding, T.M.; Thacker, B.J.; Thacker, E.L. Transitions From Heart Disease to Cancer as the Leading Cause of Death in US States, 1999–2016. Prev. Chronic Dis. 2018, 15, E158. [Google Scholar] [CrossRef]

	



Pulvirenti, F.; Pecoraro, A.; Cinetto, F.; Milito, C.; Valente, M.; Santangeli, E.; Crescenzi, L.; Rizzo, F.; Tabolli, S.; Spadaro, G.; et al. Gastric Cancer Is the Leading Cause of Death in Italian Adult Patients With Common Variable Immunodeficiency. Front. Immunol. 2018, 9, 2546. [Google Scholar] [CrossRef]

	



Stringhini, S.; Guessous, I. The Shift from Heart Disease to Cancer as the Leading Cause of Death in High-Income Countries: A Social Epidemiology Perspective. Ann. Intern. Med. 2018, 169, 877–878. [Google Scholar] [CrossRef]

	



Pathak, E.B. Is Heart Disease or Cancer the Leading Cause of Death in United States Women? Womens Health Issues 2016, 26, 589–594. [Google Scholar] [CrossRef] [PubMed]

	



James, J.S. Lung cancer: Very high death rate with HIV, huge reduction possible with CT screening for early diagnosis. AIDS Treat. News 2006, 460, 5–6. [Google Scholar]

	



Sofias, A.M.; Combes, F.; Koschmieder, S.; Storm, G.; Lammers, T. A paradigm shift in cancer nanomedicine: From traditional tumor targeting to leveraging the immune system. Drug Discov. Today 2021. [Google Scholar] [CrossRef] [PubMed]

	



Vahedifard, F.; Chakravarthy, K. Nanomedicine for COVID-19: The role of nanotechnology in the treatment and diagnosis of COVID-19. Emergent Mater. 2021. [Google Scholar] [CrossRef]

	



Cote, B.; Rao, D.; Alani, A.W.G. Nanomedicine for Drug Delivery throughout the Alimentary Canal. Mol. Pharm. 2021. [Google Scholar] [CrossRef]

	



Faouzi, A.; Roullin, V.G. Think Big, Start Small: How Nanomedicine Could Alleviate the Burden of Rare CNS Diseases. Pharmaceuticals 2021, 14, 109. [Google Scholar] [CrossRef] [PubMed]

	



Koo, K.M.; Wee, E.J.; Mainwaring, P.N.; Wang, Y.; Trau, M. Toward Precision Medicine: A Cancer Molecular Subtyping Nano-Strategy for RNA Biomarkers in Tumor and Urine. Small 2016, 12, 6233–6242. [Google Scholar] [CrossRef]

	



Iqbal, S.; Fakhar, E.A.M.; Alimgeer, K.S.; Atif, M.; Hanif, A.; Yaqub, N.; Farooq, W.A.; Ahmad, S.; Chu, Y.M.; Suleman Rana, M.; et al. Mathematical modeling and experimental analysis of the efficacy of photodynamic therapy in conjunction with photo thermal therapy and PEG-coated Au-doped TiO2 nanostructures to target MCF-7 cancerous cells. Saudi J. Biol. Sci. 2021, 28, 1226–1232. [Google Scholar] [CrossRef]

	



De Cordova, J.A. Role of Photo-Biomodulation Therapy in Facial Rejuvenation and Facial Plastic Surgery. Facial Plast. Surg. 2021. [Google Scholar] [CrossRef]

	



He, Y.; Cong, C.; Zhao, S.; Li, Z.; Wang, D.; Gu, J.; Liu, L.; Gao, D. Gaseous microenvironmental remodeling of tumors for enhanced photo-gas therapy and real-time tracking. Biomater. Sci. 2021. [Google Scholar] [CrossRef]

	



Zhao, J.; Wu, H.; Zhao, J.; Yin, Y.; Zhang, Z.; Wang, S.; Lin, K. 2D LDH-MoS2 clay nanosheets: Synthesis, catalase-mimic capacity, and imaging-guided tumor photo-therapy. J. Nanobiotechnol. 2021, 19, 36. [Google Scholar] [CrossRef]

	



Saatchian, E.; Ehsani, S.; Sarikhani, A.; Ghaznavi, H.; Montazerabadi, A.; Shakeri-Zadeh, A. Monitoring of the choline/lipid ratio by (1)H-MRS can be helpful for prediction and early detection of tumor response to nano-photo-thermal therapy. Lasers Med. Sci. 2021. [Google Scholar] [CrossRef]

	



Sanoj Rejinold, N.; Choi, G.; Choy, J.-H. Recent trends in nano photo-chemo therapy approaches and future scopes. Coord. Chem. Rev. 2020, 411, 213252. [Google Scholar] [CrossRef]

	



Yang, Y.; Tu, J.; Yang, D.; Raymond, J.L.; Roy, R.A.; Zhang, D. Photo- and Sono-Dynamic Therapy: A Review of Mechanisms and Considerations for Pharmacological Agents Used in Therapy Incorporating Light and Sound. Curr. Pharm. Des. 2019, 25, 401–412. [Google Scholar] [CrossRef]

	



Liu, M.-H.; Zhang, Z.; Yang, Y.-C.; Chan, Y.-H. Polymethine-Based Semiconducting Polymer Dots with Narrow-Band Emission and Absorption/Emission Maxima at NIR-II for Bioimaging. Angew. Chem. Int. Ed. 2021, 60, 983–989. [Google Scholar] [CrossRef] [PubMed]

	



Sun, J.; Zhang, Q.; Dai, X.; Ling, P.; Gao, F. Engineering fluorescent semiconducting polymer nanoparticles for biological applications and beyond. Chem. Commun. 2021, 57, 1989–2004. [Google Scholar] [CrossRef]

	



Huang, J.; Yu, G. Recent progress in quinoidal semiconducting polymers: Structural evolution and insight. Mater. Chem. Front. 2021, 5, 76–96. [Google Scholar] [CrossRef]

	



Lv, Q.; Zhu, Z.; Zhao, S.; Wang, L.; Zhao, Q.; Li, F.; Archer, L.A.; Chen, J. Semiconducting Metal-Organic Polymer Nanosheets for a Photoinvolved Li-O2 Battery under Visible Light. J. Am. Chem. Soc. 2021, 143, 1941–1947. [Google Scholar] [CrossRef]

	



Zhang, Q.; Li, D.; Zhong, J.; Wu, Y.; Shi, Y.; Yang, H.; Zhao, L.; Yang, K.; Lin, J. SPECT imaging and highly efficient therapy of rheumatoid arthritis based on hyperbranched semiconducting polymer nanoparticles. Biomater. Sci. 2021. [Google Scholar] [CrossRef]

	



Phan, S.; Luscombe, C.K. Recent Advances in the Green, Sustainable Synthesis of Semiconducting Polymers. Trends Chem. 2020, 2, 86. [Google Scholar] [CrossRef]

	



Geng, J.; Sun, C.; Liu, J.; Liao, L.-D.; Yuan, Y.; Thakor, N.; Wang, J.; Liu, B. Biocompatible Conjugated Polymer Nanoparticles for Efficient Photothermal Tumor Therapy. Small 2015, 11, 1603–1610. [Google Scholar] [CrossRef] [PubMed]

	



Tian, J.; Liu, Z.; Wu, C.; Jiang, W.; Chen, L.; Shi, D.; Zhang, X.; Zhang, G.; Zhang, D. Simultaneous Incorporation of Two Types of Azo-Groups in the Side Chains of a Conjugated D-A Polymer for Logic Control of the Semiconducting Performance by Light Irradiation. Adv. Mater. 2021, 33, 2005613. [Google Scholar] [CrossRef] [PubMed]

	



Gupta, N.; Chan, Y.H.; Saha, S.; Liu, M.H. Near-Infrared-II Semiconducting Polymer Dots for Deep-tissue Fluorescence Imaging. Chem. Asian J. 2021, 16, 175–184. [Google Scholar] [CrossRef] [PubMed]

	



Cui, C.; Yang, Z.; Hu, X.; Wu, J.; Shou, K.; Ma, H.; Jian, C.; Zhao, Y.; Qi, B.; Hu, X.; et al. Organic Semiconducting Nanoparticles as Efficient Photoacoustic Agents for Lightening Early Thrombus and Monitoring Thrombolysis in Living Mice. ACS Nano 2017, 11, 3298–3310. [Google Scholar] [CrossRef]

	



Wang, F.; Zhang, F.; Wang, G.; Chen, H.; Zhang, X.; Qin, G.; Cheng, T. Passively Mode-Locked Operations Induced by Semiconducting Polymer Nanoparticles and a Side-Polished Fiber. ACS Appl. Mater. Interfaces 2020, 12, 57461–57467. [Google Scholar] [CrossRef] [PubMed]

	



Jeon, J.; Tan, A.T.L.; Lee, J.; Park, J.E.; Won, S.; Kim, S.; Bedewy, M.; Go, J.; Kim, J.K.; Hart, A.J.; et al. High-Speed Production of Crystalline Semiconducting Polymer Line Arrays by Meniscus Oscillation Self-Assembly. ACS Nano 2020, 14, 17254–17261. [Google Scholar] [CrossRef]

	



Pan, G.; Hu, L.; Su, S.; Yuan, J.; Li, T.; Xiao, X.; Chen, Q.; Zhang, F. Solvent Vapor-Assisted Magnetic Manipulation of Molecular Orientation and Carrier Transport of Semiconducting Polymers. ACS Appl. Mater. Interfaces 2020, 12, 29487–29496. [Google Scholar] [CrossRef]

	



Galeotti, G.; De Marchi, F.; Hamzehpoor, E.; MacLean, O.; Rajeswara Rao, M.; Chen, Y.; Besteiro, L.V.; Dettmann, D.; Ferrari, L.; Frezza, F.; et al. Synthesis of mesoscale ordered two-dimensional pi-conjugated polymers with semiconducting properties. Nat. Mater. 2020, 19, 874–880. [Google Scholar] [CrossRef]

	



Long, Z.; Dai, J.; Hu, Q.; Wang, Q.; Zhen, S.; Zhao, Z.; Liu, Z.; Hu, J.J.; Lou, X.; Xia, F. Nanococktail Based on AIEgens and Semiconducting Polymers: A Single Laser Excited Image-Guided Dual Photothermal Therapy. Theranostics 2020, 10, 2260–2272. [Google Scholar] [CrossRef]

	



Mazzio, K.A.; Prasad, S.K.K.; Okamoto, K.; Hodgkiss, J.M.; Luscombe, C.K. End-Functionalized Semiconducting Polymers as Reagents in the Synthesis of Hybrid II-VI Nanoparticles. Langmuir 2018, 34, 9692–9700. [Google Scholar] [CrossRef]

	



Li, W.-P.; Yen, C.-J.; Wu, B.-S.; Wong, T.-W. Recent Advances in Photodynamic Therapy for Deep-Seated Tumors with the Aid of Nanomedicine. Biomedicines 2021, 9, 69. [Google Scholar] [CrossRef] [PubMed]

	



Xie, C.; Zhen, X.; Miao, Q.; Lyu, Y.; Pu, K. Self-Assembled Semiconducting Polymer Nanoparticles for Ultrasensitive Near-Infrared Afterglow Imaging of Metastatic Tumors. Adv. Mater. 2018, 30, e1801331. [Google Scholar] [CrossRef] [PubMed]

	



Chen, H.; Fang, X.; Jin, Y.; Hu, X.; Yin, M.; Men, X.; Chen, N.; Fan, C.; Chiu, D.T.; Wan, Y.; et al. Semiconducting Polymer Nanocavities: Porogenic Synthesis, Tunable Host-Guest Interactions, and Enhanced Drug/siRNA Delivery. Small 2018, 14, e1800239. [Google Scholar] [CrossRef] [PubMed]

	



Zhen, X.; Pu, K.; Jiang, X. Photoacoustic Imaging and Photothermal Therapy of Semiconducting Polymer Nanoparticles: Signal Amplification and Second Near-Infrared Construction. Small 2021, 17, 2004723. [Google Scholar] [CrossRef] [PubMed]

	



Wei, Z.; Wu, M.; Lan, S.; Li, J.; Zhang, X.; Zhang, D.; Liu, X.; Liu, J. Semiconducting polymer-based nanoparticles for photothermal therapy at the second near-infrared window. Chem. Commun. 2018, 54, 13599–13602. [Google Scholar] [CrossRef]

	



Wen, G.; Li, X.; Zhang, Y.; Han, X.; Xu, X.; Liu, C.; Chan, K.W.Y.; Lee, C.S.; Yin, C.; Bian, L.; et al. Effective Phototheranostics of Brain Tumor Assisted by Near-Infrared-II Light-Responsive Semiconducting Polymer Nanoparticles. ACS Appl. Mater. Interfaces 2020, 12, 33492–33499. [Google Scholar] [CrossRef]

	



Hu, L.; Chen, Z.; Liu, Y.; Tian, B.; Guo, T.; Liu, R.; Wang, C.; Ying, L. In Vivo Bioimaging and Photodynamic Therapy Based on Two-Photon Fluorescent Conjugated Polymers Containing Dibenzothiophene-S,S-dioxide Derivatives. ACS Appl. Mater. Interfaces 2020, 12, 57281–57289. [Google Scholar] [CrossRef]

	



Li, S.; Wang, X.; Hu, R.; Chen, H.; Li, M.; Wang, J.; Wang, Y.; Liu, L.; Lv, F.; Liang, X.-J.; et al. Near-Infrared (NIR)-Absorbing Conjugated Polymer Dots as Highly Effective Photothermal Materials for In Vivo Cancer Therapy. Chem. Mater. 2016, 28, 8669–8675. [Google Scholar] [CrossRef]

	



Chang, K.; Liu, Y.; Hu, D.; Qi, Q.; Gao, D.; Wang, Y.; Li, D.; Zhang, X.; Zheng, H.; Sheng, Z.; et al. Highly Stable Conjugated Polymer Dots as Multifunctional Agents for Photoacoustic Imaging-Guided Photothermal Therapy. ACS Appl. Mater. Interfaces 2018, 10, 7012–7021. [Google Scholar] [CrossRef]

	



Hu, X.; Lu, F.; Chen, L.; Tang, Y.; Hu, W.; Lu, X.; Ji, Y.; Yang, Z.; Zhang, W.; Yin, C.; et al. Perylene Diimide-Grafted Polymeric Nanoparticles Chelated with Gd3+ for Photoacoustic/T1-Weighted Magnetic Resonance Imaging-Guided Photothermal Therapy. ACS Appl. Mater. Interfaces 2017, 9, 30458–30469. [Google Scholar] [CrossRef]

	



Zeng, W.; Wu, X.; Chen, T.; Sun, S.; Shi, Z.; Liu, J.; Ji, X.; Zeng, X.; Guan, J.; Mei, L.; et al. Renal-Clearable Ultrasmall Polypyrrole Nanoparticles with Size-Regulated Property for Second Near-Infrared Light-Mediated Photothermal Therapy. Adv. Funct. Mater. 2021, 2008362. [Google Scholar] [CrossRef]

	



Li, J.; Zhen, X.; Lyu, Y.; Jiang, Y.; Huang, J.; Pu, K. Cell Membrane Coated Semiconducting Polymer Nanoparticles for Enhanced Multimodal Cancer Phototheranostics. ACS Nano 2018, 12, 8520–8530. [Google Scholar] [CrossRef]

	



Lyu, Y.; Zeng, J.; Jiang, Y.; Zhen, X.; Wang, T.; Qiu, S.; Lou, X.; Gao, M.; Pu, K. Enhancing Both Biodegradability and Efficacy of Semiconducting Polymer Nanoparticles for Photoacoustic Imaging and Photothermal Therapy. ACS Nano 2018, 12, 1801–1810. [Google Scholar] [CrossRef] [PubMed]

	



Deng, J.; Yang, M.; Li, C.; Liu, G.; Sun, Q.; Luo, X.; Wu, F. Single molecular-based nanoparticles with aggregation-induced emission characteristics for fluorescence imaging and efficient cancer phototherapy. Dyes Pigment. 2021, 187, 109130. [Google Scholar] [CrossRef]

	



Xu, Y.; Chen, J.; Tong, L.; Su, P.; Liu, Y.; Gu, B.; Bao, B.; Wang, L. pH/NIR-responsive semiconducting polymer nanoparticles for highly effective photoacoustic image guided chemo-photothermal synergistic therapy. J. Control. Release 2019, 293, 94–103. [Google Scholar] [CrossRef] [PubMed]

	



Heeger, A.J. Semiconducting polymers: The Third Generation. Chem. Soc. Rev. 2010, 39, 2354–2371. [Google Scholar] [CrossRef]

	



Huang, Y.C.; Chen, C.P.; Wu, P.J.; Kuo, S.Y.; Chan, Y.H. Coumarin dye-embedded semiconducting polymer dots for ratiometric sensing of fluoride ions in aqueous solution and bio-imaging in cells. J. Mater. Chem. B 2014, 2, 6188–6191. [Google Scholar] [CrossRef]

	



Liu, S.; Ou, H.; Li, Y.; Zhang, H.; Liu, J.; Lu, X.; Kwok, R.T.K.; Lam, J.W.Y.; Ding, D.; Tang, B.Z. Planar and Twisted Molecular Structure Leads to the High Brightness of Semiconducting Polymer Nanoparticles for NIR-IIa Fluorescence Imaging. J. Am. Chem. Soc. 2020, 142, 15146–15156. [Google Scholar] [CrossRef]

	



Wu, J.; Lee, H.J.; You, L.; Luo, X.; Hasegawa, T.; Huang, K.C.; Lin, P.; Ratliff, T.; Ashizawa, M.; Mei, J.; et al. Functionalized NIR-II Semiconducting Polymer Nanoparticles for Single-cell to Whole-Organ Imaging of PSMA-Positive Prostate Cancer. Small 2020, 16, e2001215. [Google Scholar] [CrossRef]

	



Gong, X.T.; Xie, W.; Cao, J.J.; Zhang, S.; Pu, K.; Zhang, H.L. NIR-emitting semiconducting polymer nanoparticles for in vivo two-photon vascular imaging. Biomater. Sci. 2020, 8, 2666–2672. [Google Scholar] [CrossRef]

	



Yang, Y.; Fan, X.; Li, L.; Yang, Y.; Nuernisha, A.; Xue, D.; He, C.; Qian, J.; Hu, Q.; Chen, H.; et al. Semiconducting Polymer Nanoparticles as Theranostic System for Near-Infrared-II Fluorescence Imaging and Photothermal Therapy under Safe Laser Fluence. ACS Nano 2020, 14, 2509–2521. [Google Scholar] [CrossRef]

	



Zhou, L.; Zhou, H.; Wu, C. Semiconducting polymer nanoparticles for amplified photoacoustic imaging. WIREs Nanomed. Nanobiotechnol. 2018, 10, e1510. [Google Scholar] [CrossRef]

	



Chan, Y.-H.; Wu, P.-J. Semiconducting Polymer Nanoparticles as Fluorescent Probes for Biological Imaging and Sensing. Part. Part. Syst. Charact. 2015, 32, 11–28. [Google Scholar] [CrossRef]

	



Pu, K.; Chattopadhyay, N.; Rao, J. Recent advances of semiconducting polymer nanoparticles in in vivo molecular imaging. J. Control. Release 2016, 240, 312–322. [Google Scholar] [CrossRef]

	



Li, J.; Rao, J.; Pu, K. Recent progress on semiconducting polymer nanoparticles for molecular imaging and cancer phototherapy. Biomaterials 2018, 155, 217–235. [Google Scholar] [CrossRef] [PubMed]

	



Shirakawa, H.; Louis, E.J.; MacDiarmid, A.G.; Chiang, C.K.; Heeger, A.J. Synthesis of electrically conducting organic polymers: Halogen derivatives of polyacetylene, (CH). J. Chem. Soc. Chem. Commun. 1977, 578–580. [Google Scholar] [CrossRef]

	



Gelmi, A.; Ljunggren, M.K.; Rafat, M.; Jager, E.W.H. Influence of conductive polymer doping on the viability of cardiac progenitor cells. J. Mater. Chem. B 2014, 2, 3860–3867. [Google Scholar] [CrossRef]

	



Wu, C.; Chiu, D.T. Highly fluorescent semiconducting polymer dots for biology and medicine. Angew. Chem. Int. Ed. Engl. 2013, 52, 3086–3109. [Google Scholar] [CrossRef] [PubMed]

	



Pu, K.; Shuhendler, A.J.; Jokerst, J.V.; Mei, J.; Gambhir, S.S.; Bao, Z.; Rao, J. Semiconducting polymer nanoparticles as photoacoustic molecular imaging probes in living mice. Nat. Nanotechnol. 2014, 9, 233–239. [Google Scholar] [CrossRef]

	



Cao, Z.; Feng, L.; Zhang, G.; Wang, J.; Shen, S.; Li, D.; Yang, X. Semiconducting polymer-based nanoparticles with strong absorbance in NIR-II window for in vivo photothermal therapy and photoacoustic imaging. Biomaterials 2018, 155, 103–111. [Google Scholar] [CrossRef] [PubMed]

	



Yin, C.; Wen, G.; Liu, C.; Yang, B.; Lin, S.; Huang, J.; Zhao, P.; Wong, S.H.D.; Zhang, K.; Chen, X.; et al. Organic Semiconducting Polymer Nanoparticles for Photoacoustic Labeling and Tracking of Stem Cells in the Second Near-Infrared Window. ACS Nano 2018, 12, 12201–12211. [Google Scholar] [CrossRef]

	



Li, J.; Yu, X.; Jiang, Y.; He, S.; Zhang, Y.; Luo, Y.; Pu, K. Second Near-Infrared Photothermal Semiconducting Polymer Nanoadjuvant for Enhanced Cancer Immunotherapy. Adv. Mater. 2021, 33, 2003458. [Google Scholar] [CrossRef]

	



Hornig, S.; Heinze, T.; Becer, C.R.; Schubert, U.S. Synthetic polymeric nanoparticles by nanoprecipitation. J. Mater. Chem. 2009, 19, 3838–3840. [Google Scholar] [CrossRef]

	



Yao, D.; Wang, Y.; Zou, R.; Bian, K.; Liu, P.; Shen, S.; Yang, W.; Zhang, B.; Wang, D. Molecular Engineered Squaraine Nanoprobe for NIR-II/Photoacoustic Imaging and Photothermal Therapy of Metastatic Breast Cancer. ACS Appl. Mater. Interfaces 2020, 12, 4276–4284. [Google Scholar] [CrossRef]

	



Bao, B.; Su, P.; Song, K.; Cui, Y.; Zhai, X.; Xu, Y.; Liu, J.; Wang, L. A Smart “Sense-and-Treat” Nanoplatform Based on Semiconducting Polymer Nanoparticles for Precise Photothermal-Photodynamic Combined Therapy. Biomacromolecules 2021, 22, 1137–1146. [Google Scholar] [CrossRef]

	



Jiang, Y.; Huang, J.; Xu, C.; Pu, K. Activatable polymer nanoagonist for second near-infrared photothermal immunotherapy of cancer. Nat. Commun. 2021, 12, 742. [Google Scholar] [CrossRef]

	



Zhang, R.Y.; Duan, Y.K.; Liu, B. Recent advances of AIE dots in NIR imaging and phototherapy. Nanoscale 2019, 11, 19241–19250. [Google Scholar] [CrossRef]

	



Lu, L.; Li, B.; Ding, S.; Fan, Y.; Wang, S.; Sun, C.; Zhao, M.; Zhao, C.-X.; Zhang, F. NIR-II bioluminescence for in vivo high contrast imaging and in situ ATP-mediated metastases tracing. Nat. Commun. 2020, 11, 4192. [Google Scholar] [CrossRef] [PubMed]

	



McCarthy, B.; Cudykier, A.; Singh, R.; Levi-Polyachenko, N.; Soker, S. Semiconducting polymer nanoparticles for photothermal ablation of colorectal cancer organoids. Sci. Rep. 2021, 11, 1532. [Google Scholar] [CrossRef] [PubMed]

	



Ale, A.; Galdoporpora, J.M.; Mora, M.C.; de la Torre, F.R.; Desimone, M.F.; Cazenave, J. Mitigation of silver nanoparticle toxicity by humic acids in gills of Piaractus mesopotamicus fish. Environ. Sci. Pollut. Res. Int. 2021. [Google Scholar] [CrossRef] [PubMed]

	



Haque, S.; Patra, C.R. Nanoparticle-based angiogenesis for the recovery of heavy metal-induced vascular toxicity. Nanomedicine 2021, 16, 351–354. [Google Scholar] [CrossRef]

	



Xiao, Z.; Yue, L.; Wang, C.; Chen, F.; Ding, Y.; Liu, Y.; Cao, X.; Chen, Z.; Rasmann, S.; Wang, Z. Downregulation of the photosynthetic machinery and carbon storage signaling pathways mediate La2O3 nanoparticle toxicity on radish taproot formation. J. Hazard. Mater. 2020, 411, 124971. [Google Scholar] [CrossRef] [PubMed]

	



Ibrahim, A.T.A. Antagonistic effect of different selenium type on green synthesized silver nanoparticle toxicity on Oreochromis niloticus: Oxidative stress biomarkers. Environ. Sci. Pollut. Res. Int. 2021. [Google Scholar] [CrossRef] [PubMed]

	



Mahana, A.; Guliy, O.I.; Mehta, S.K. Accumulation and cellular toxicity of engineered metallic nanoparticle in freshwater microalgae: Current status and future challenges. Ecotoxicol. Environ. Saf. 2021, 208, 111662. [Google Scholar] [CrossRef]

	



Ahmed, T.; Noman, M.; Manzoor, N.; Shahid, M.; Abdullah, M.; Ali, L.; Wang, G.; Hashem, A.; Al-Arjani, A.F.; Alqarawi, A.A.; et al. Nanoparticle-based amelioration of drought stress and cadmium toxicity in rice via triggering the stress responsive genetic mechanisms and nutrient acquisition. Ecotoxicol. Environ. Saf. 2021, 209, 111829. [Google Scholar] [CrossRef] [PubMed]

	



Hwang, D.; Dismuke, T.; Tikunov, A.; Rosen, E.P.; Kagel, J.R.; Ramsey, J.D.; Lim, C.; Zamboni, W.; Kabanov, A.V.; Gershon, T.R.; et al. Poly(2-oxazoline) nanoparticle delivery enhances the therapeutic potential of vismodegib for medulloblastoma by improving CNS pharmacokinetics and reducing systemic toxicity. Nanomedicine 2020, 32, 102345. [Google Scholar] [CrossRef] [PubMed]

	



Chang, K.; Gao, D.; Qi, Q.; Liu, Y.; Yuan, Z. Engineering biocompatible benzodithiophene-based polymer dots with tunable absorptions as high-efficiency theranostic agents for multiscale photoacoustic imaging-guided photothermal therapy. Biomater. Sci. 2019, 7, 1486–1492. [Google Scholar] [CrossRef]

	



Men, X.; Wang, F.; Chen, H.; Liu, Y.; Men, X.; Yuan, Y.; Zhang, Z.; Gao, D.; Wu, C.; Yuan, Z. Ultrasmall Semiconducting Polymer Dots with Rapid Clearance for Second Near-Infrared Photoacoustic Imaging and Photothermal Cancer Therapy. Adv. Funct. Mater. 2020, 30, 1909673. [Google Scholar] [CrossRef]

	



Larue, L.; Myrzakhmetov, B.; Ben-Mihoub, A.; Moussaron, A.; Thomas, N.; Arnoux, P.; Baros, F.; Vanderesse, R.; Acherar, S.; Frochot, C. Fighting Hypoxia to Improve PDT. Pharmaceuticals 2019, 12, 163. [Google Scholar] [CrossRef] [PubMed]

	



Cui, D.; Huang, J.; Zhen, X.; Li, J.; Jiang, Y.; Pu, K. A Semiconducting Polymer Nano-prodrug for Hypoxia-Activated Photodynamic Cancer Therapy. Angew. Chem. Int. Ed. 2019, 58, 5920–5924. [Google Scholar] [CrossRef] [PubMed]

	



Tang, Y.; Chen, H.; Chang, K.; Liu, Z.; Wang, Y.; Qu, S.; Xu, H.; Wu, C. Photo-Cross-Linkable Polymer Dots with Stable Sensitizer Loading and Amplified Singlet Oxygen Generation for Photodynamic Therapy. ACS Appl. Mater. Interfaces 2017, 9, 3419–3431. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Pu, K. Semiconducting Polymer Nanomaterials as Near-Infrared Photoactivatable Protherapeutics for Cancer. Acc. Chem. Res. 2020, 53, 752–762. [Google Scholar] [CrossRef]

	



Hu, W.; Ma, H.; Hou, B.; Zhao, H.; Ji, Y.; Jiang, R.; Hu, X.; Lu, X.; Zhang, L.; Tang, Y.; et al. Engineering Lysosome-Targeting BODIPY Nanoparticles for Photoacoustic Imaging and Photodynamic Therapy under Near-Infrared Light. ACS Appl. Mater. Interfaces 2016, 8, 12039–12047. [Google Scholar] [CrossRef]

	



Feng, Z.; Tao, P.; Zou, L.; Gao, P.; Liu, Y.; Liu, X.; Wang, H.; Liu, S.; Dong, Q.; Li, J.; et al. Hyperbranched Phosphorescent Conjugated Polymer Dots with Iridium(III) Complex as the Core for Hypoxia Imaging and Photodynamic Therapy. ACS Appl. Mater. Interfaces 2017, 9, 28319–28330. [Google Scholar] [CrossRef] [PubMed]

	



Tang, Y.; Meng, Z.-H.; Xu, H.; Wu, C.-F. Semiconducting polymer dots with photosensitizer loading and peptide modification for enhanced cell penetration and photodynamic effect. Chin. Chem. Lett. 2017, 28, 2164–2168. [Google Scholar] [CrossRef]

	



Thambi, T.; Deepagan, V.G.; Yoon, H.Y.; Han, H.S.; Kim, S.H.; Son, S.; Jo, D.G.; Ahn, C.H.; Suh, Y.D.; Kim, K.; et al. Hypoxia-responsive polymeric nanoparticles for tumor-targeted drug delivery. Biomaterials 2014, 35, 1735–1743. [Google Scholar] [CrossRef] [PubMed]

	



Thomas, R.G.; Surendran, S.P.; Jeong, Y.Y. Tumor Microenvironment-Stimuli Responsive Nanoparticles for Anticancer Therapy. Front. Mol. Biosci. 2020, 7, 610533. [Google Scholar] [CrossRef]

	



Fu, W.; Zhang, X.; Mei, L.; Zhou, R.; Yin, W.; Wang, Q.; Gu, Z.; Zhao, Y. Stimuli-Responsive Small-on-Large Nanoradiosensitizer for Enhanced Tumor Penetration and Radiotherapy Sensitization. ACS Nano 2020, 14, 10001–10017. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Wei, Y.; Wu, Y.; Yin, L. Hypoxia-Induced Pro-Protein Therapy Assisted by a Self-Catalyzed Nanozymogen. Angew. Chem. Int. Ed. Engl. 2020, 59, 22544–22553. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Ding, J.; Xu, X.; Shi, R.; Saw, P.E.; Wang, J.; Chung, S.; Li, W.; Aljaeid, B.M.; Lee, R.J.; et al. Dual Hypoxia-Targeting RNAi Nanomedicine for Precision Cancer Therapy. Nano Lett. 2020, 20, 4857–4863. [Google Scholar] [CrossRef]

	



Yang, G.; Phua, S.Z.F.; Lim, W.Q.; Zhang, R.; Feng, L.; Liu, G.; Wu, H.; Bindra, A.K.; Jana, D.; Liu, Z.; et al. A Hypoxia-Responsive Albumin-Based Nanosystem for Deep Tumor Penetration and Excellent Therapeutic Efficacy. Adv. Mater. 2019, 31, e1901513. [Google Scholar] [CrossRef] [PubMed]

	



Bennie, L.A.; McCarthy, H.O.; Coulter, J.A. Enhanced nanoparticle delivery exploiting tumour-responsive formulations. Cancer Nanotechnol. 2018, 9, 10. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, X.; Liang, H.; Jiang, P.; Zhang, K.Y.; Liu, S.; Yang, T.; Zhao, Q.; Yang, L.; Lv, W.; Yu, Q.; et al. Multifunctional Phosphorescent Conjugated Polymer Dots for Hypoxia Imaging and Photodynamic Therapy of Cancer Cells. Adv. Sci. 2016, 3, 1500155. [Google Scholar] [CrossRef]

	



Wen, K.; Xu, X.; Chen, J.; Lv, L.; Wu, L.; Hu, Y.; Wu, X.; Liu, G.; Peng, A.; Huang, H. Triplet Tellurophene-Based Semiconducting Polymer Nanoparticles for Near-Infrared-Mediated Cancer Theranostics. ACS Appl. Mater. Interfaces 2019, 11, 17884–17893. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Zhang, A.; Feng, J.; Yi, J.; Peng, L.; Chen, J.; Ke, Z.; Yang, J.; Dai, Y.; Zou, D. A heavy atom free semiconducting polymer with high singlet oxygen quantum yield for photodynamic and photothermal synergistic therapy. Mater. Des. 2021, 197, 109263. [Google Scholar] [CrossRef]

	



Yang, M.; Deng, J.; Su, H.; Gu, S.; Zhang, J.; Zhong, A.; Wu, F. Small organic molecule-based nanoparticles with red/near-infrared aggregation-induced emission for bioimaging and PDT/PTT synergistic therapy. Mater. Chem. Front. 2021, 5, 406–417. [Google Scholar] [CrossRef]

	



Zhang, X.; Jiang, D.-W.; Yang, G.-L.; Zhu, Y.-C.; Tian, J.; Cao, H.-L.; Gao, Y.; Zhang, W.-A. A Single-wavelength NIR-triggered Polymer for in Situ Generation of Peroxynitrite (ONOO−) to Enhance Phototherapeutic Efficacy. Chin. J. Polym. Sci. 2021. [Google Scholar] [CrossRef]

	



Zhang, D.; Wu, M.; Zeng, Y.; Liao, N.; Cai, Z.; Liu, G.; Liu, X.; Liu, J. Lipid micelles packaged with semiconducting polymer dots as simultaneous MRI/photoacoustic imaging and photodynamic/photothermal dual-modal therapeutic agents for liver cancer. J. Mater. Chem. B 2016, 4, 589–599. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Li, X.; Zhou, F.; Doughty, A.; Hoover, A.R.; Nordquist, R.E.; Chen, W.R. Nanotechnology-based photoimmunological therapies for cancer. Cancer Lett. 2019, 442, 429–438. [Google Scholar] [CrossRef]

	



Xu, X.; Lu, H.; Lee, R. Near Infrared Light Triggered Photo/Immuno-Therapy Toward Cancers. Front. Bioeng. Biotechnol. 2020, 8, 488. [Google Scholar] [CrossRef]

	



Choi, G.; Rejinold, N.S.; Piao, H.; Choy, J.-H. Inorganic–inorganic nanohybrids for drug delivery, imaging and photo-therapy: Recent developments and future scope. Chem. Sci. 2021. [Google Scholar] [CrossRef]

	



Zeng, Z.; Zhang, C.; Li, J.; Cui, D.; Jiang, Y.; Pu, K. Activatable Polymer Nanoenzymes for Photodynamic Immunometabolic Cancer Therapy. Adv. Mater. 2021, 33, 2007247. [Google Scholar] [CrossRef]

	



Tekin, V.; Aweda, T.; Kozgus Guldu, O.; Biber Muftuler, F.Z.; Bartels, J.; Lapi, S.E.; Unak, P. A novel anti-angiogenic radio/photo sensitizer for prostate cancer imaging and therapy: (89)Zr-Pt@TiO2-SPHINX, synthesis and in vitro evaluation. Nucl. Med. Biol. 2021, 94–95, 20–31. [Google Scholar] [CrossRef]

	



Bakhshizadeh, M.; Mohajeri, S.A.; Esmaily, H.; Aledavood, S.A.; Varshoei Tabrizi, F.; Seifi, M.; Hadizadeh, F.; Sazgarnia, A. Utilizing photosensitizing and radiosensitizing properties of TiO2-based mitoxantrone imprinted nanopolymer in fibrosarcoma and melanoma cells. Photodiagnosis Photodyn. Ther. 2019, 25, 472–479. [Google Scholar] [CrossRef]

	



Tang, W.; Dong, Z.; Zhang, R.; Yi, X.; Yang, K.; Jin, M.; Yuan, C.; Xiao, Z.; Liu, Z.; Cheng, L. Multifunctional Two-Dimensional Core-Shell MXene@Gold Nanocomposites for Enhanced Photo-Radio Combined Therapy in the Second Biological Window. ACS Nano 2019, 13, 284–294. [Google Scholar] [CrossRef]

	



Sandwall, P.A.; Bastow, B.P.; Spitz, H.B.; Elson, H.R.; Lamba, M.; Connick, W.B.; Fenichel, H. Radio-Fluorogenic Gel Dosimetry with Coumarin. Bioengineering 2018, 5, 53. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, X.; Yong, Y.; Dai, Y.; Song, X.; Yang, G.; Pan, Y.; Ge, C. Enhanced Radiotherapy using Bismuth Sulfide Nanoagents Combined with Photo-thermal Treatment. Theranostics 2017, 7, 4087–4098. [Google Scholar] [CrossRef]

	



Singh, B.N.; Gupta, V.K.; Chen, J.; Atanasov, A.G. Organic Nanoparticle-Based Combinatory Approaches for Gene Therapy. Trends Biotechnol. 2017, 35, 1121–1124. [Google Scholar] [CrossRef]

	



Beik, J.; Abed, Z.; Ghoreishi, F.S.; Hosseini-Nami, S.; Mehrzadi, S.; Shakeri-Zadeh, A.; Kamrava, S.K. Nanotechnology in hyperthermia cancer therapy: From fundamental principles to advanced applications. J. Control. Release 2016, 235, 205–221. [Google Scholar] [CrossRef] [PubMed]

	



Alikaniotis, K.; Borla, O.; Monti, V.; Vivaldo, G.; Zanini, A.; Giannini, G. Radiotherapy dose enhancement using BNCT in conventional LINACs high-energy treatment: Simulation and experiment. Rep. Pract. Oncol. Radiother. 2016, 21, 117–122. [Google Scholar] [CrossRef] [PubMed]

	



Sørensen, B.S.; Horsman, M.R. Tumor Hypoxia: Impact on Radiation Therapy and Molecular Pathways. Front. Oncol. 2020, 10. [Google Scholar] [CrossRef] [PubMed]

	



Li, W.; Zhong, D.; Hua, S.; Du, Z.; Zhou, M. Biomineralized Biohybrid Algae for Tumor Hypoxia Modulation and Cascade Radio-Photodynamic Therapy. ACS Appl. Mater. Interfaces 2020, 12, 44541–44553. [Google Scholar] [CrossRef]

	



Song, C.; Xu, W.; Wei, Z.; Ou, C.; Wu, J.; Tong, J.; Cai, Y.; Dong, X.; Han, W. Anti-LDLR modified TPZ@Ce6-PEG complexes for tumor hypoxia-targeting chemo-/radio-/photodynamic/photothermal therapy. J. Mater. Chem. B 2020, 8, 648–654. [Google Scholar] [CrossRef]

	



Wang, Z.; Chang, Z.M.; Shao, D.; Zhang, F.; Chen, F.; Li, L.; Ge, M.F.; Hu, R.; Zheng, X.; Wang, Y.; et al. Janus Gold Triangle-Mesoporous Silica Nanoplatforms for Hypoxia-Activated Radio-Chemo-Photothermal Therapy of Liver Cancer. ACS Appl. Mater. Interfaces 2019, 11, 34755–34765. [Google Scholar] [CrossRef] [PubMed]

	



Al Tameemi, W.; Dale, T.P.; Al-Jumaily, R.M.K.; Forsyth, N.R. Hypoxia-Modified Cancer Cell Metabolism. Front. Cell Dev. Biol. 2019, 7, 4. [Google Scholar] [CrossRef] [PubMed]

	



Tang, W.; Yang, Z.; He, L.; Deng, L.; Fathi, P.; Zhu, S.; Li, L.; Shen, B.; Wang, Z.; Jacobson, O.; et al. A hybrid semiconducting organosilica-based O2 nanoeconomizer for on-demand synergistic photothermally boosted radiotherapy. Nat. Commun. 2021, 12, 523. [Google Scholar] [CrossRef] [PubMed]








[image: Polymers 13 00981 g001 550] 





Figure 1. Shows various semi conducting polymers from first to third generations: PA-poly acetylene; PV-poly paraphenylene vinylene; PPP-poly para phenylene; PT-poly thiophene; PPy-poly pryrrole; PEDOT-poly ethylene dioxythiophene; P3AT-poly 3(alkyl) thiphene (R-Alkyl group); PCPDBT-poly(2,6-[4,4-bis-(2-ethylhexyl) 4H-cyclopenta (2,1-b;3,4-b1)dithiophene-alt-4,7-(2,1,3-benzothiadiazole)]; PSBTBT-Poly [(4,4′-bis(2-ethylhexyl)dithieno[3,2-b:2′,3′-d]silole)-2,6-diyl-alt-(2,1,3-benzothiadiazole)-4,6-diyl]; FBT2-poly(9,9-dioctylflourene-co-bithiophene); PBTTT-poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene respectively. 
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Figure 2. Preparative techniques for various SPN based photo-theranostic materials: (a) Illustration of the SPNs preparation from SP and PEG-b-PPG-b-PEG using nanoprecipitation method. (Reprinted Permission from American Chemical Society, 2020) [46]; (b) Molecular structures of SP1 and SP2 used for the preparation of SPN1 and SPN2, respectively. SPNs made through nanoprecipitation. SP is represented as a long chain of chromophore units (red oval beads). DPPC contains a short hydrophobic tail and a charged head and is illustrated as a string with a dark green ball at its end. (Reprinted permission from Nature Nanotechnology, 2014) [69]; (c) illustration of the preparation procedure of OSPNs+ and the photoacoustic labeling of hMSCs after transplantation. (Reprinted permission from American Chemical Society, 2018) [70]; (d) Molecular engineering and nano functionalization of Squaraine dye SQ1 for NIR-II/PA Bimodal Imaging and Photo-thermal ablation of metastatic breast cancer. (Reprinted permission from American Chemical Society, 2020) [74]; (e) Schematic Illustration of PLD-Activatable Tumor Image and PTT/PDT Combined Therapy (Reprinted permission from American Chemical Society, 2021) [75]; (f) Chemical structure of pBODO-PEG-VR and preparation of APNA (Reprinted permission from Nature, 2021) [76]; (g) Schematic illustration of preparation for Pdots (Reprinted permission from American Chemical Society, 2016) [48]; (h) Synthetic route of conjugated polymer BDT-IID (*) Pd(PPh3)4 and toluene, 110 °C and preparation of BDT-IID Pdots for PAI-guided PTT (Reprinted permission from American Chemical Society, 2018) [49]. 
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Figure 3. PTT effects of Squarine dye based copolymer NPs on breast tumor burden on s mice. (a) Thermal imaging; (b) Thermal variations in tumor during PTT; (c) Tumor growth inhibition and (d) body weight analysis during treatment period; (e) Weight measures of tumor lesions post treatment with PBS, PBS + L, SQ1 NP, SQ1 NP + L. L refers NIR laser (915 nm, 0.5 W/cm2). Data present as mean ± SD, n = 5 (*** p < 0.01). (f) Histochemical analysis of tumor sections treated with PBS, PBS + L, SQ1 NP, SQ1 NP + L. The scale bar is 50 μm. (Reprinted permission American Chemical Society, 2020) [74]. 
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Figure 4. PTT characteristics of BDT-IID Pdots. PTT heating curves of the BDT-IID Pdots (a) with different concentrations upon 200 mW/cm2 laser exposure at 660 nm and (b) with different laser power densities at 100 μg/mL. (c) Photothermal effect of the BDT-IID Pdots dispersions under laser irradiation at 660 nm (200 mW/cm2). Irradiation terminated after 600 s. (d) Time constant for heat transfer was determined to be τs = 145 s by applying the linear time data from the cooling period (after 600 s) versus negative natural logarithm of driving force temperature, obtained from the cooling stage of (c); (e) thermal variations of the Pdots under laser exposure at 200 mW/cm2 for seven light on/off cycles (10 min of irradiation for each cycle). (f) Change in absorbance intensity of BDT-IID Pdots and ICG after repeated laser irradiation (n = 7). The figure inserts show the changes of BDT-IID Pdots and ICG after repeated laser irradiation (n = 7). (Reprinted Permission American Chemical Society 2018) [49]. 
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Figure 5. Real-time in-vivo NIR-II fluorescence microscopic imaging of mouse brain vasculature. (a) Cerebrovascular imaging at various depths (100–900 μm) after the intravenous injection of L1057 NPs. The excitation wavelength was 980 nm. Scale bar: 100 μm. (b) Cross-sectional fluorescence intensity profiles (and Gaussian fits (red) with fwhm indicated by arrows) along the red lines circled with green in panel a; PTT efficacy of L1057 NPs on tumors. (c,d) PTT images (c) and corresponding temperature changes (d) of 4T1-tumor-bearing mice under irradiation with an 808 (0.33 W/cm2) or 980 nm (0.72 W/cm2) laser. (e,f) Body weight (e) and tumor volume (f) curves of tumor-bearing mice at different time points after receiving PTT. (g,h) Tumor weight (g) and H&E staining (h) of the tumor tissues from mice sacrificed at day 18 post-PTT treatment. Scale bar: 100 μm. Results are presented as the mean ± S.D., n = 5. Statistical significance was calculated using one-way ANOVA with the Tukey posthoc test. *** p < 0.001. (Reprinted Permission from American Chemical Society, 2020) [61]. 
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Figure 6. In-vivo photodynamic effect of Ce6-doped Pdots. (a) representative photographs for tumor-bearing nude mice during PDT. Relative tumor volume (V/V0) (b) and body weight (c) of tumor-bearing nude mice in control group (Con), intravenous injection group (I.V.), intratumoral injection low-dose group (I.T. low-dose) and intratumoral injection high dose group (I.T. high-dose). (d) Histopathology analysis of tumors and organs collected from tumor bearing nude mice after PDT. (Reprinted Permission American Chemical Society, 2017) [91]. 






Figure 6. In-vivo photodynamic effect of Ce6-doped Pdots. (a) representative photographs for tumor-bearing nude mice during PDT. Relative tumor volume (V/V0) (b) and body weight (c) of tumor-bearing nude mice in control group (Con), intravenous injection group (I.V.), intratumoral injection low-dose group (I.T. low-dose) and intratumoral injection high dose group (I.T. high-dose). (d) Histopathology analysis of tumors and organs collected from tumor bearing nude mice after PDT. (Reprinted Permission American Chemical Society, 2017) [91].



[image: Polymers 13 00981 g006]







[image: Polymers 13 00981 g007 550] 





Figure 7. Schematic illustrations of the preparation of NPs for a PAI-Guided PDT/PTT and proposed photo-physical mechanism (Reprinted Permission American Chemical Society, 2019) [104]. 
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Figure 8. (a) Chemical structure of pBODO-PEG-VR and preparation of APNA. (b) Mechanism of antitumor immune response by APNA-mediated NIR-II photothermal immunotherapy. TAAs tumor-associated antigens, DAMPs damage-associated molecular patterns, iDC immatureDC, mDC mature DC, HMGB1 high-mobility group box 1 protein (Reprinted Permission from Nature, 2021 under creative common license) [76]. 
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Figure 9. (a) Synthetic procedures. First, sub-50 nm SP brush/fluorocarbon/phenylene triple-hybridized HPFON prepared by deposition of bissilylated organosilica precursors onto an MSN template via hydrolysis based on the chemical homology principle and selective MSN etching through an ammonia-assisted hot water etching strategy. Then, an in situ polymerization method is applied to conjugate alkyl chains and PEG polymers onto the inner and outer shell of the HPFON for enhanced hydrophobic drug loading as well as improved biocompatibility. Finally, SNAP and O2 were loaded onto the resultant pHPFON to generate the pHPFON-NO/O2. (b) Schematic illustration of the binary “reducing expenditure and broadening sources” tumor oxygenation strategy by programable delivery of NO and O2 with pHPFON-NO/O2 to overcome hypoxia-associated therapy resistance for boosted anti-cancer radiotherapy. (Reprinted Permission from Nature, 2021 under creative common license) [126]. 
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Table 1. Various emerging SPN systems studied during last 5 years (2015–2020).
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	Materials
	Specification
	(PTCE) *
	SPN Formulation Method
	Applications
	Ref(s)





	Diketopyrrolopyrrole polymer P(AcIIDDPP)
	200 nm sized SPN with very good stability
	49.5%
	Stille cross-coupling reaction followed an emulsification method
	Improved PTT on human epithelial cervix adenocarcinoma (HeLa) bearing mouse model
	[45]



	Thiadiazoloquinoxaline-based semiconducting polymer
	Hydrodynamic size of SPNs is 58.9 ± 1.4 nm and the PDI is 0.35.
	21.2%
	Nanoprecipitation method
	PTT on human brain glioblastoma cell line (U87) xenograft model
	[46]



	Dibenzothiophene-S,S-dioxide derivatives
	High photostability, improved tissue penetration
	66% **
	Nano-precipitation method
	Improved PDT on human epithelial cervix adenocarcinoma (HeLa) bearing mouse model
	[47]



	Thiophene based conjugate polymers
	30 nm sized conjugated polymer
	65%
	Nano-precipitation method
	Improved PTT effects on mouse epithelial mammary gland metastatic cancer cells (4T1) bearing tumor model
	[48]



	4,8-bis[5-(2-ethylhexyl)thiophen-2-yl]-2,6-bis(trimethylstannyl)benzo[1,2-b:4,5-b′]dithiophene-6,6′-dibromo-N,N′-(2-ethylhexyl)isoindigo (BDT-IID) Pdots
	20 nm sized Pdots
	45%
	Nanoprecipitation method
	PTT on Human epithelial mammary gland adenocarcinoma cell line (MCF7) bearing tumor model
	[49]



	Gd3+-PMA–PDI–PEG NPs (Gd3+-chelated poly(isobutylene-alt-maleic anhydride) (PMA) framework pendent with perylene-3,4,9,10-tetracarboxylic diimide (PDI) derivatives and poly(ethylene glycol) (PEG))
	101.9 ± 2.8 nm (PMA–PDI–PEG NPs)72.6 ± 2.4 nm (Gd3+-PMA–PDI–PEG NPs)
	40%
	Nanoprecipitation method
	PTT on human epithelial cervix adenocarcinoma (HeLa) tumor model
	[50]



	PolyPyrrole-PEG NPss
	7 nm
	33.35% (808 nm), 41.97% (1064 nm)
	Self assembling method
	Multimodal imaging and PTT on human brain glioblastoma cell line bearing mouse tumor model
	[51]



	poly(cyclopentadithiophene-alt-benzothiadiazole) (PCPDTBT)
	47 nm with −20 mV
	Not given
	Nanoprecipitation method
	Combined PTT/PDT on mouse epithelial mammary gland metastatic cancer cells (4T1) tumor bearing mouse
	[52]



	Poly vinylene based SPN
	36 nm
	Not given
	Nanoprecipitation method
	Improved PAI/PTT effects on mouse epithelial mammary gland metastatic cancer cells (4T1) tumor bearing model
	[53]



	BODIPY-TPA (Triphenylamine)
	80 nm in size with −35.5 mV surface charge
	20.7%
	Nano-precipitation method
	Improved PTT/PDT in-vitro on human epithelial lung carcinoma cell line (A549)
	[54]



	diketopyrrolopyrrole-based semiconducting polymer and polystyrene-b-poly(N-isopropyl acrylamide-co-acrylic acid) (PDPP3T@PSNiAA NPs)
	70 nm sized NPs showed photo chemo effects in-vitro and in-vivo
	34.1%
	Co-precipitation method
	High photo chemo effects on human epithelial cervix adenocarcinoma (HeLa) bearing tumor model
	[55]







* PTCE-Photo thermal conversion efficiency; ** photoluminescence quantum efficiency; PDI-Polydispersity index.
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