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Abstract

:

Afterglow imaging plays a crucial role in the cancer treatment field. In contrast to inorganic afterglow imaging agents, organic afterglow imaging agents possess easily modifiable structures and exhibit excellent biocompatibility, thereby presenting significant prospects for application in tumor diagnosis and management. In this review, we summarize the design principles and applications of afterglow probes in tumor imaging and therapy. Finally, we discuss the future challenges and prospects of organic afterglow probes in cancer diagnosis and therapy.
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1. Introduction


Cancer is one of the leading causes of death worldwide, with approximately 19.3 million newly diagnosed cases and approximately 10 million deaths each year. Early diagnosis and treatment of cancer are beneficial to improve prognosis outcomes. At present, many cancer treatment and detection probes have been developed, such as optical probes, and magnetic probes which can analyze multiple genes in cancer cells and thus identify those mutations that can lead to the disease and so on [1,2]. Among them, optical imaging, which depends on optical probes, such as fluorescence imaging, chemi/bioluminescence imaging, and afterglow imaging, leverages photon detection to reveal molecular and biological processes in a real-time and noninvasive manner. It is very important in monitoring cellular-level physiological and pathological processes [3]. Fluorescence imaging has attracted increasing attention and has achieved real-time visualization in tumor treatment. [4,5,6]. However, although the development of the second near-infrared region (NIR II, 1000–1700 nm) fluorescence probes can significantly enhance imaging quality, the fluorescence imaging needs real-time light excitation, which limits the detection in depth and treatment efficacy and compromises the sensitivity and signal-to-background ratio (SBR) for in vivo imaging [7,8,9,10]. Chemi/bioluminescence imaging, which is also widely used in tumor imaging, often relies on chemical/enzyme-mediated reactions, and the signals can be influenced by the microenvironment within the biological system [11,12,13]. In contrast, afterglow luminescence, which can trap excitation energy in defects and slowly release photons after cessation of excitation, holds tremendous potential to detect and monitor diseases sensitively due to the elimination of auto-fluorescence [14,15,16]. With the rapid development of afterglow luminescent probes in recent years, photo-afterglow probes, sono-afterglow probes, and radio-afterglow probes have been applied in tumor diagnosis and treatment [17,18,19].



Organic afterglow probes usually include singlet oxygen (1O2) initiators and afterglow substrate. Under the irradiation of energy (including laser, ultrasound and X-ray), the ROS initiator generates ROS, especially singlet oxygen (1O2), to react with the high-energy chemical bond precursor structure of afterglow substrate to form high-energy intermediates. Finally, the intermediate breaks and generates fragments, then emits persistent luminescence. Recently, inorganic and organic afterglow imaging probes have been used for tumor imaging. However, inorganic afterglow imaging probes often have low targeting ability and contain metal ions that may leak out, raising concerns about systemic toxicity [20,21]. As compared to inorganic agents, organic afterglow luminescent probes demonstrate superior applicability in biomedicine, due to their advantages of excellent biocompatibility and easy functionalization [22,23,24,25,26,27,28,29]. In this review, we summarize the application of afterglow luminescence, which involves different energy sources such as light, ultrasound, and X-ray excitation, in tumor diagnosis and treatment, and describe their working mechanisms (Scheme 1). Finally, we summarize some features of these organic afterglow probes (Table 1) and offer some prospects and insights into these organic afterglow imaging agents.




2. Photo-Afterglow Probes


Surgical resection of tumor lesions demonstrates effective local control and therapeu-tic outcomes. However, accurately identifying the margins of tumor lesions during sur-gery remains challenging. Image-guided surgical resection can significantly address this issue [30,31,32,33]. Afterglow imaging agents possess the capability to emit photons gradually even after the cessation of light excitation, offering a distinct advantage in the realm of ultra-sensitive detection [34,35]. Recently, a variety of inorganic and organic photo-afterglow imaging probes have been employed for the monitoring and treatment of tumors. Particularly, organic afterglow probes with molecule-level specificity and minimal side effects are attracting increasing attention. Currently, to improve the signal-to-background ratio and sensitivity of imaging, many organic photo-afterglow probes have been developed. In 2022, Miao et al. [36] first reported a series of chlorin-based afterglow agents (Ppa, Cp6, Ce6, Ce4) and then they used an amphiphilic triblock copolymer PEG-b-PPG-b-PEG as a surface-capping agent to enhance the water solubility of the compound (Figure 1A,B). Among them, the NPs-Ce4 exhibited the strongest afterglow luminescence and an ultralong half-life (1.5 h), which was attributed to its low highest occupied molecular orbital (HOMO) levels (−5.08 ev) (Figure 1C). A mechanism study showed that NPs-Ce4 could produce 1O2 under light excitation to oxidize the vinylene bond (C=C) of NPs-Ce4 to form an active intermediate species followed by afterglow luminescence (Figure 1D). An in vivo imaging study indicated that the afterglow intensity was 26 times higher than that of the fluorescence signal after subcutaneous injection of NPs-Ce4. Furthermore, they injected NPs-Ce4 through the tail vein to detect the 4T1 tumors of different sizes. The result shows that the probe can identify tumors as small as 3 mm3, facilitating imaging-guided surgical resection of the tumor foci. In 2019, Pu et al. [37] selected RB (rose bengal octyl ester), TPP (meso-tetraphenylporphyrin), NCBS (silicon 2,3-naphthalocyanine bis(trihexylsilyloxide) as the afterglow initiators. DO (N, N dimethyl-4-(3-phenyl-5,6-dihydro-1,4-dioxin-2-yl) aniline), SO (N, N-dimethyl-4-(2-phenyl-5,6-dihydro-1,4-oxathiin-3-yl) aniline), and HBA (3-((1r,3r,5R,7S)-adamantan-2-ylidene (methoxy) methyl) phenol) were employed as the afterglow substrates. Semiconducting polymers (SPs), small molecule dyes (SMDs), and inorganic fluorophores (IFs) served as relay units for the afterglow process (Figure 1E,F). A series of afterglow luminescent nanoparticles (ALNPs) were synthesized via co-nanoprecipitation utilizing an amphiphilic copolymer, PEG-b-PPG-b-PEG. Among them, PFVA-N-DO was selected to detect tumors in mice. In vivo tumor imaging shows that at one hour post-injection, the signal-to-noise ratio of the afterglow signal at the tumor region (2922 ± 121) was 3 orders of magnitude higher than that of the fluorescence signal (~1) (Figure 1G). Moreover, the ALNPs were mainly cleared by the liver and had good biosafety.



Moreover, aggregation-induced emission (AIE) molecules have been widely used in bioimaging due to their bright luminescence and high photostability [38]. Benefiting from the excellent optical properties of the AIEgens, Ding et al. [39] synthesized an AIE probe with near-infrared afterglow luminescence properties (AGL AIE dots) (Figure 2A). The TPE-Ph-DCM moiety could produce 1O2 under light excitation to oxidize an enol ether precursor, forming an unstable intermediate with high energy and then emitting persistent luminescence. The luminescence could continue more than 10 days after the cessation of light and penetrate up to 7 mm of tissue. For in vivo imaging, the tumor-to-liver ratio of the afterglow signal was nearly 100-fold larger than that of the fluorescence signal, indicating excellent performance in image-guided cancer surgery with the AIE dots. Another example is from the work of Zhang et al. [40] who encapsulated photosensitizer 2-((5-(4(diphenylamino)phenyl)thiophen-2-yl)methylene)malononitrile (TTMN) and afterglow metricspoly[(9,9-di(2-ethylhexyl)-9H-fluorene-2,7-vinylene)-co-(1-methoxy-4-(2-ethylhexyloxy)-2,5phenylenevinylene)] (PFPV) with F127 to construct AIE afterglow imaging probe P-TNPs. They found that resonance energy transfer existed between TTMN and PFPV. After irradiation by a white LED lamp, the afterglow of PFPV-dioxetane intermediates could irradiate TTMN again to produce 1O2 (Figure 2B). This type of closed-loop probe can achieve effective imaging of subcutaneous tumors after injection through the tail vein. In order to improve the luminescence properties of AIE molecules, Liu et al. [41] balanced the twist and conjugation of molecules and reported a luminescent core (TPT), which possesses a higher molar extinction coefficient (ε) and fluorescent brightness than the conventional triphenylamine (TPA) and tetraphenylethene (TPE). Moreover, they introduced a strong electron acceptor into the TPT core to construct a D-A near-infrared AIE molecule (TPT-DCM) with a triazole luminescent core (Figure 2C), featuring a high molar extinction coefficient, high brightness, and efficient reactive oxygen species generation efficiency, which is attributed to the decreased energy gap (ΔEST). Furthermore, they encapsulated TPT-DCM and Schaap’s dioxetane precursor with DSPE-PEG 2000. The TPT-DCM can be light-irradiated to generate 1O2 to convert Schaap’s dioxetane precursor to Schaap’s dioxetane and then generate an afterglow with long time (up to 20 days), tumor-to-liver signal ratio (up to 187) and deep tissue penetration (1.6 cm). To enhance the effectiveness at the in vivo level, they synthesized a nanoparticle by encapsulating the TPT-DCM and AGL (enol ether precursor of Schapp’s dioxetane) with DSPE-PEG 2000; the nanoparticle was termed as TPT-DCM/AGL NPs. Notably, the tumor with a tiny size of <1 mm can be successfully detected by injecting nanoprobes into 4T1 tumor-bearing Balb/c mice through the tail vein. In 2024, Miao et al. [42] synthesized a single molecule (TPP-DO) by the covalent bonding of the afterglow substrate (DO) with the afterglow initiator (mesotetraphenyl porphyrin). To increase the hydrophilicity of TPP-DO, they co-assembled the TPP-DO with an amphiphilic triblock copolymer PEG-b-PPG-b-PEG to form TPP-DO NPs (Figure 2D). The covalent bond between the afterglow substrate and the energy transfer unit enhances intramolecular energy transfer efficiency, resulting in increased afterglow brightness. The mechanism study indicated that the TPP-DO NPs can be light-irradiated for TPP to generate 1O2 to convert the DO to its 1,2-dioxetane intermediate TPP-DO-dioxetane, which decomposed into TPP-DE, which can absorb the released energy to form excited TPP-DE*. The energy transfer excites the TPP moiety, producing bright NIR luminescence. An in vitro study showed that the TPP-DO NPs can penetrate a thickness of 6 cm with a SBR of 35. The in vivo imaging can be conducted even at TPP-DO NP concentrations as low as 0.1 nM. Furthermore, they prepared a GSH-activatable afterglow probe (Q-TPP-DO NPs) by co-precipitating the DSPE-PEG2000-ssBHQ3 and the TPP-DO (Figure 2E) for the detection of subcutaneous tumors as small as 0.048 mm3.



Aiming at achieving precise tumor imaging with high SBR of tumors, it is essential to enhance the in vivo targeting ability of imaging probes. Ye et al. [43] developed an H2S-activated afterglow probe (F12+-ANP) by integrating organic electrochromic material (EM F12+) into a NIR photosensitizer (silicon 2,3-naphthalocyanine bis(trihexylsilyloxide) and (poly[2-methoxy-5-(2-ethylhexyloxy)1,4-phenylenevinylene]) containing nanoparticles (Figure 3A). In the presence of H2S, the FRET (fluorescent resonance energy transfer) process was eliminated, leading to the recovery of 1O2 production in F2-ANP under 808 nm light irradiation. In addition, the F12+-ANP possessed positive reduction potential E red = +0.40 V, resulting in a faster reaction to H2S with a second-order reaction rate k2 = 3600 ± 130 M−1s−1. Under the 808 nm irradiation, the NIR775 produced 1O2 to oxidize the vinylene bond of MEH-PPV, accompanied by the emission of photons at 580 nm. This process was followed by energy transfer to NIR775, which ultimately activates the NIR afterglow luminescence at 780 nm. To enable precise detection of H2S in HCC HepG2 cells, the β-Gal was introduced to the surface of F12+-ANP to prepare F12+-ANP-Gal (Figure 3B). They further used the F12+-ANP-Gal probe for the imaging of subcutaneous and orthotopic HepG2 tumors (<3 mm in diameter) in mice. It is worth noting that F12+-ANP-Gal precisely delineated tumor margins in excised hepatic cancer specimens, which may be used for intraoperative guidance in liver cancer surgery. To break the limitation of energy transfer distance between the donor and the acceptor, Miao et al. [44] developed an organic PH-activatable upconversion afterglow luminescence cocktail of nanoparticles (ALCNs) consisting of an “energy” donor (AIN) and an “energy” acceptor (ASN) (Figure 3C). In the acidic microenvironment, the amide bond of ASN was broken and the surface charge of the nanoparticles changed from negative to positive, which reduced the transfer distance of singlet oxygen (1O2) in the aqueous solution, so that the afterglow substrate was oxidized to intermediate, and then produced afterglow. An in vitro afterglow imaging study proved that the intensity of the afterglow signal was proportional to the number of 4T1 cells and HepG2 cells. Furthermore, the ALCNs successfully achieved afterglow imaging of 4T1 subcutaneous tumors and orthotopic liver tumors. Notably, bio-ALCNs exhibited superior tumor-targeting capability and enhanced tumor-imaging performance compared to ALCNs.



Due to the generation of ROS, afterglow luminescent probes can also be used for photodynamic therapy of tumors. As an exploration, Zeng successfully integrated the acceptor moiety TBQ, which possessed 1O2 generation capabilities, with the donor moiety DCL featuring an ONOO−-responsive group, into a nanoparticle [45] (Figure 4A). This innovative construct enabled in vitro detection of ONOO- with a limit of detection (LOD) of 46.1 nM and achieved a penetration depth of 2 cm, thereby facilitating effective photodynamic therapy in vivo. Tang et al. [46] reported two novel photochemical afterglow luminescent nano-photosensitizers (ABEI-TPA and Iso-TPA) (Figure 4B). Two PSs with extended afterglow were created using TMAH and isoluminol derivatives through conjugate and non-conjugate links. While ABEI-TPA possessed higher photoluminescence quantum efficiency, Iso-TPA exhibited better effects of luminescent bioimaging such as high SNR and deep tissue penetration (32 mm), which were attributed to the higher ROS generation efficiency. Consequently, in vivo experiments indicated that two PS-based NPs possessed effective PDT therapeutic efficacy. Furthermore, activatable phototheranostic probes, characterized by specific “turn-on” signals, minimized tissue auto-fluorescence and side effects, have been used for phototheranostics of the tumor. In 2023, Pu et al. [47] synthesized a chemiluminophore (DBPO) by replacing the malononitrile group of dicyanomethylene-4H-benzopyran-phenoxyl-dioxetane (DBP) with A1,3-dimethyl barbituric acid (an electron-withdrawing group (EWGs) (Figure 4C,D). They further introduced the lysyl oxidase (LOX)-responsive group propylamine into DBPO to construct the LOX-activatable luminescent probe (DBPOL) with NIR afterglow and 1O2 production after laser irradiation. In the presence of lysyl oxidase (LOX), the CL signal and photodynamic activity could be turned on, enabling imaging-guided PDT therapy in vivo. As an exploration, Ding et al. [48] developed an afterglow ONOO−-activatable theranostic nanoprobe AIE/B -AGL-HCPT NPs for inducing Immunogenic Cell Death (ICD), monitoring the process of ICD and the cold-to-hot tumor transformation. The AIE/B -AGL-HCPT NPs consisted of afterglow hydroxycamptothecin prodrug (B-AGL-HCPT) with the ONOO−-activatable group and AIE photosensitizer ((TPE-DPA)2-Py). Under the irradiation of light, the AIE photosensitizer generated 1O2 to evoke ICD and oxidize the B-AGL-HCPT, forming a 1,2-dioxetane derivative, which had neither afterglow nor therapeutic effect except to retain the fluorescent signal (Figure 4E,F). With the development of ICD, the cold tumor can be converted to a hot tumor with increased ONOO− levels. The ONOO− can cleave the B-AGL-HCPT, thereby uncaging the afterglow unit, which can transfer the energy to (TPE-DPA)2-Py to emit NIR afterglow (>650 nm), while also releasing the HCPT to enhance the PDT-mediated ICD process. Furthermore, in vivo experiments demonstrated that AIE/B -AGL-HCPT NPs can effectively eliminate tumors and prevent tumor recurrence in the 4T1 tumor-bearing mice.




3. Sono-Afterglow Probes


Despite the elimination of auto-fluorescence of tissue, limited penetration (1~2 cm), light-scattering, and reabsorption in tissue still exist in photo-afterglow imaging. Conversely, ultrasound-triggered luminescence, which is characterized by light emission resulting from the energy-releasing process of piezoelectric inorganic materials, has great potential for application in biological imaging owing to its noninvasiveness, high spatiotemporal, deep penetrability (up to 10 cm), precise localization of lesions, and low cost [49,50,51,52].



To achieve ultrasound-activated luminescence imaging of tumor sites, Song et al. [53] reported an ultrasound-activated NIR chemiluminescence PNCL, which was prepared with sonosensitizer protoporphyrin IX (PpIX) and an enol ether precursor of Schaap’s dioxetane containing adicyanomethyl chromone (DCMC) acceptor scaffold (NCL) through click reaction. The PNCL could generate singlet oxygen under ultrasound irradiation (1 MHz). Oxidation of the enol ether of the NCL moiety by 1O2 resulted in the forming of active intermediates and then the producing of luminescence. The strongest afterglow luminescence peaked at 710 nm (Figure 5A), enabling US-activated afterglow imaging in deep tissue (∼2 cm). Furthermore, bright chemiluminescence was detected in vivo after tail vein injection of PNCL (Figure 5B). This strategy achieves ultrasound-induced luminescence imaging of the tumor. Aiming at mitigating the hypoxic microenvironment present in tumors and enhancing therapeutic outcomes for tumor treatment, Chen et al. [54] constructed a probe by combining Synechococcus elongatus PCC 7942 (PCC) with sono-afterglow Ce6 nanoparticles (NPs-Ce6). Under ultrasound stimulation, the afterglow emitted by NPs-Ce6 facilitates photodynamic conversion to generate oxygen, thereby alleviating the hypoxic microenvironment within the tumor. Concurrently, the singlet oxygen produced through ultrasound exposure can induce ferroptosis in tumor cells (Figure 5C).



The immune system can maintain homeostasis in tumor initiation and development, and many activatable molecular sono-afterglow probes have been reported to evaluate immunotherapy and early diagnosis of tumors [55,56]. In 2022, Pu et al. [57] reported a NIR-I molecular sono-afterglow probe SNAP (peaked at 780 nm), which was designed by silicon 2,3-naphthalocyanine bis(trihexylsilyloxide) (NCBS) as a sonosensitizer moiety, and dicyanomethylene-4H-benzothiopyran-phenoxyl-adamantylidene (DPAs) as a sono-afterglow substrate (Figure 6A). When the ultrasound condition was 2.0 W cm−2 for 30 s, the mass ratio between NCBS and DPAs was 1:5, and the sono-afterglow signal of SNAP could be strong enough to penetrate tissue to a depth of 4 cm. To further evaluate the performance of biomarker-activated sono-afterglow imaging, they synthesized an activatable sono-afterglow probe SNAP-M, comprising a singlet oxygen initiator (NCBS) and a sono-afterglow substrate (DPAs), which is caged with ONOO− responsive moiety (Pro-DPAs) (Figure 6B). The afterglow substrate could be activated by overproduced ONOO− in the pro-inflammatory tumor microenvironment and subsequently reacted with 1O2, generated from NCBS under ultrasound irradiation, to produce long-lasting and deep tissue luminescence, which could be used to specifically and sensitively (LOD down to 0.3 μM) detect ONOO− in deep tissues (4 cm). To further accelerate the in vivo use of sono-afterglow nanoparticles, SCAN, consisting of Pro-MB, Pro-R837, and DPAs, has been reported to achieve tumor immunotherapy. The MB could be activated in the ONOO− overproduced tumor microenvironment and produced 1O2 under ultrasound condition (5 min, 2.0 W cm−2). Due to the 1O2 effect, R837 and DPAs were liberated from SCAN in situ for immunotherapy and accurate sono-afterglow imaging of subtle ONOO− molecular changes in deep tumor tissue, respectively (Figure 6C). Moreover, Tan et al. [58] synthesized luminescence nanoparticle TD NPs, which enable early detection of tumors and monitoring cancer treatment. Due to the piezocatalytic effect of ultrasound, TD NPs could generate a large amount of ROS (1O2 and HO•) under ultrasonic excitation and then react with the TD to produce luminescence with a peak at 625~650 nm, which exhibited excellent tissue penetration (up to 2.2 cm) (Figure 6D). Whether in delayed or real-time imaging mode, the TD had excellent sono-afterglow performance. In the delayed imaging mode, its luminescence intensity was 2389 times higher than that of H2O, and in the real-time imaging mode, it was 1428 times higher. To investigate the luminescence ability in vivo, orthotopic GBM-bearing mice and pancreatic tumor-bearing mice were intraperitoneally injected with TD NPs, and then dynamically enhanced signals were observed. Moreover, the nanoparticle could produce strong sono-afterglow in metastatic tumors and lymph nodes. These results demonstrated the ability of in vivo imaging. Furthermore, based on the critical role of granzyme B in cell death through cytotoxic lymphocytes, the team further constructed a granzyme B-activated TD-Grz-BHQ probe for the precise immune response differentiation of different tumor types (Figure 6E).




4. Radio-Afterglow Probes


As invisible high-energy rays, X-rays have no penetration limitation, making X-ray-activated afterglow imaging useful for diagnostic imaging. Moreover, similar to photodynamics, X-ray can also enable radiodynamic therapy (RDT) of radio-afterglow probes by initiating the photodynamic process of optical agents [59,60,61,62,63,64,65,66]. However, it is still limited to a few inorganic nanophosphors [67]. Recently, Pu et al. [68] reported a series of organic radio afterglow probes with tunable afterglow emission (624 nm~792 nm) and 1O2 generation for cancer radiodynamic theranostics (Figure 7A,B). Mechanistic studies showed that the generation of 1O2 by IDPASu was the highest, which enabled stronger radio afterglow. The IDPASu exhibited deep tissue penetration (15 cm) in vitro and in vivo. To allow precise cancer diagnosis and therapy, the authors synthesized an organic radio afterglow dynamic probe (MRAP), comprising a tumor-targeting moiety (cyclic arginine-glycine-aspartate (cRGD)), a theranostic moiety and a CatB-cleavable peptide moiety (Cit-Val). In the CatB-upregulated microenvironment, the peptide moiety was specifically cleaved, and then the radio afterglow signal and radiodynamic of MRAP could be activated. It should be noted that the probe enables the detection of a diminutive tumor. This work provided a new avenue for precision theranostics.




5. Conclusions and Perspective


Afterglow imaging plays a crucial role in the field of biomedicine. At present, compared with inorganic afterglow probes, organic afterglow probes have advantages such as good biocompatibility, low toxicity, and easy adjustment of structure, which provide broad prospects for development in tumor imaging and treatment. The imaging effect of photo-afterglow probes is often affected by the unavoidable absorption of light by tissues. In contrast, due to the superior deep penetration capabilities of ultrasound and X-ray, both ultrasound-activated afterglow imaging and X-ray-activated afterglow imaging can effectively address this issue. Despite significant advancements, the design of promising organic afterglow imaging probes still faces many challenges.



Firstly, sono-afterglow probes and radio-afterglow probes can effectively enable deep tissue imaging. However, the development and reporting of organic sono-afterglow probes and radio-afterglow probes remain relatively underexplored, which highlights a significant opportunity for further investigation and innovation in this field [69,70].



Secondly, the reported probes are often composed of multiple components (stimuli-responsive units, singlet oxygen-generating units, luminescent units) encapsulated together. The construction process of these organic probes is relatively cumbersome, and the component ratio is not easily controlled precisely. Developing an activatable organic afterglow probe that integrates multiple units in one molecule is very meaningful.



Thirdly, the half-life of singlet oxygen which plays a crucial role in the process of afterglow imaging is very short (4 ms). This issue affects the efficiency of singlet oxygen transfer from the singlet oxygen generator to the afterglow substrate. The current solution is to prepare the imaging probe into a small nanoparticle. Exploring more methods to improve the efficiency of singlet oxygen transfer is urgent.



Fourthly, there are still very few organic luminescent probes with near infrared luminescence, especially in the second region of the near infrared. To improve the imaging resolution and depth, it is very necessary to develop the second region of NIR II afterglow probes.



Finally, the development of organic afterglow probes with near-infrared emission, long luminescence duration, bright afterglow intensity (more than 105 ps−1 cm−2 sr−1 measured by an IVIS imaging system) and multi-target detection is still in its initial stage. There is an urgent need to explore new organic afterglow substrates.



In summary, there are still many issues with probes used for precise imaging and treatment of tumors. We hope that this review will serve as a valuable resource, offering insightful and practical information about this specialized field. We aim to encourage and facilitate the development and eventual clinical application of afterglow imaging agents.
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Scheme 1. Overview of organic afterglow probes for cancer diagnosis and treatments. 
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Figure 1. (A) Chemical structures of chlorins. (B) Synthesis route of Ch-NPs. (C) The HOMO levels of chlorins. (D) Luminescence mechanism of NPs-Ce4 [36]. Reprinted (adapted) with permission from Ref. [36]. Copyright 2022 American Chemical Society. Chemical structures of (E) afterglow initiators, afterglow substrates, and (F) afterglow relay unit. (G) In vivo tumor afterglow imaging and fluorescence imaging [37]. Reprinted (adapted) with permission from Ref. [37]. Copyright 2019 Springer Nature. 
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Figure 2. (A) Synthetic route and luminescence mechanism of AGL AIE dot [39]. Reprinted (adapted) with permission from Ref. [39]. Copyright 2019 American Chemical Society. (B) Closed-loop luminescence mechanism of P-TNPs [40]. Reprinted (adapted) with permission from Ref. [40]. Copyright 2020 Royal Society of Chemistry. (C) The chemical structures of TPA, TPE, and TPT [41]. Reprinted (adapted) with permission from Ref. [41]. Copyright 2023 Wiley-VCH. The synthetic route of (D) TPP-DO NPs and (E) Q-TPP-DO NPs [42]. Reprinted (adapted) with permission from Ref. [42]. Copyright 2024 Wiley-VCH. 
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Figure 3. Synthesis route and response mechanism of (A) F12+-ANP and (B) F12+-ANP-Gal to hydrogen sulfide [43]. Reprinted (adapted) with permission from Ref. [43]. Copyright 2020 Springer Nature. (C) Synthetic route and PH response mechanism of ALCNs [44]. Reprinted (adapted) with permission from Ref. [44]. Copyright 2024 Springer Nature. 
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Figure 4. (A) Illustration of afterglow luminescence of DCL/TBQ activated by ONOO− [45]. Reprinted (adapted) with permission from Ref. [45]. Copyright 2024 Wiley-VCH. (B) Schematic of in vivo luminescence imaging and PDT therapy of ABEI-TPA and ISO-TPA [46]. Reprinted (adapted) with permission from Ref. [46]. Copyright 2024 Wiley-VCH. (C) Molecular design of different chemiluminophores. (D) Illustration of LOX-activated afterglow imaging and PDT treatment [47]. Reprinted (adapted) with permission from Ref. [47]. Copyright 2023 Wiley-VCH. (E) Illustration of afterglow luminescence of AIE/B-AGL-HCPT NPs activated by ONOO−. (F) The molecular structure conversion for the afterglow luminescence processes [48]. Reprinted (adapted) with permission from Ref. [48]. Copyright 2022 Wiley-VCH. 
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[image: Targets 02 00019 g004]







[image: Targets 02 00019 g005] 





Figure 5. (A) Mechanism illustration of sono-afterglow of PNCL for in vivo imaging. (B) Sono-afterglow imaging of 4T1 tumor at different times [53]. Reprinted (adapted) with permission from Ref. [53]. Copyright 2023 American Chemical Society. (C) Schematic illustration of preparation of NPs-Ce6 and antitumor mechanisms [54]. Reprinted (adapted) with permission from Ref. [54]. Copyright 2024 Wiley-VCH. 
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Figure 6. Mechanism illustration of sono-afterglow imaging for (A) SNAP, (B) SNAP-M, (C) SCAN [57]. Reprinted (adapted) with permission from Ref. [57]. Copyright 2022 Springer Nature. Molecule mechanism of (D) TD NPs (E) TD-Grz-BHQ for sono-afterglow imaging [58]. Reprinted (adapted) with permission from Ref. [58]. Copyright 2024 Springer Nature. 
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Figure 7. (A) Molecule mechanism of IDPASu for radio-afterglow imaging. (B) Molecule mechanism of MRAP for radio-afterglow imaging and RDT [68]. Reprinted (adapted) with permission from Ref. [68]. Copyright 2023 Springer Nature. 
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Table 1. Key characteristics of organic afterglow probes used for cancer diagnosis and treatment.
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Excitation Source

	
Name of Afterglow Probe

	
Afterglow Emission

	
Half-Life






	
Photo-afterglow Probe

	
NPs-Ce4

	
680 nm

	
1.5 h




	
PFVA-N-DO

	
780 nm

	
-




	
AGL-AIE

	
550–850 nm

	
48 min




	
TPT-DCM

	
630 nm

	
-




	
TPP-DO

	
670 nm

	
-




	
F12+-ANP

	
780 nm

	
6.6 min




	
DBPOL

	
720 nm

	
-




	
B-AGL-HCPT

	
400–650 nm

	
118.5 min




	
Sono-afterglow Probe

	
PNCL

	
710 nm

	
-




	
NPs-Ce6

	
680 nm

	
-




	
NCBS/DPAs SNAP

	
780 nm

	
110 s




	
TD

	
635–650 nm

	
180 s




	
Radio-afterglow Probe

	
IDPAs

	
624–792 nm

	
9.2–196.8 min
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