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Abstract

:

NAD(P)H: quinone oxidoreductase isozyme 1 (NQO1) is a flavoenzyme and involved in protection against oxidative stress and the regulation of metabolic functions, which is strongly implicated in neurodegenerative diseases and carcinogenic processes. Furthermore, NQO1 is also involved in the modes of action of redox-active drugs (e.g., antimalarials). Determining the activity and localization of NQO1 in living organisms is of great importance for early disease diagnosis and therapy. As a promising and convenient biosensing technique, trimethyl lock quinone-based organic molecular probes have been well established for the specific detection and imaging of NQO1 in living cells and in vivo. In this review, the recent progress of NQO1 probes based on organic small molecules is summarized from the perspectives of molecular design strategies, sensing mechanisms and bioimaging applications. We also elucidate the potential limitations and prospects of current NQO1 probes to further promote the development of versatile imaging tools for NQO1-related biomedical investigation.
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1. Introduction


NAD(P)H: quinone oxidoreductase isozyme 1 (NQO1), also known as DT-diaphorase, catalyzes the two-electron reduction of quinones to the corresponding hydroquinones [1,2]. Owing to the specific chemical, electronic and biological features of quinones and their derivatives, these biomarkers have attracted increasing attention for over a century. Quinones are ubiquitously distributed in mammalian cells and overexpressed quinones can induce carcinogenicity, mutagenicity and cell necrosis [3]. Catalyzing the one-electron reduction of a quinone to semiquinone can result in the formation of various reactive oxygen species (e.g., superoxide anion radical, hydrogen peroxide), which is the main mechanism responsible for the toxicity of intracellular quinones [2]. However, NQO1 has been reported to reduce the level of free quinone for single-electron reduction to decrease quinone-induced carcinogenicity and cell necrosis, thereby protecting against oxidative stress and regulating metabolic functions [1].



As an antioxidant enzyme, NQO1 is widely present in cellular environments including the mitochondria, Golgi, endoplasmic reticulum and cytosol [4]. Usually, NQO1 is over-expressed after exposure to quinone-containing environments (e.g., cigarettes, pollutants), but it is found in low levels in most normal tissues [3]. The increased expression of NQO1 in normal cells is closely related to the NF-E2-related factor 2 (NRF2), c-fos/AP1 and c-jun transcription factors, which regulate the NQO1 gene under human antioxidant response element [5]. Moreover, abnormal NQO1 activities are responsible for various diseases, and can act as a key biomarker in disease diagnosis and therapy [6,7]. For instance, NQO1 plays significant roles in cancer formation and metastasis, and is overexpressed in diverse human primary tumors, such as prostate, pancreatic, colon and breast cancers [7,8,9]. The increased metastatic capacity of cancer cells was reported to be mainly due to the abnormal expression of hypoxia-inducible factor 1α (HIF1-α), which is regulated by the proteins p53 and NQO1 [9]. Further studies of the roles in melanoma cells also indicate that NQO1 could promote cancer cell proliferation by protecting against oxidative stress under accelerating expression of cyclins [8]. Owing to the integral roles of NQO1 in cancer formation, quinone moieties also serve as a common feature in the development of anti-cancer drugs, which can be converted to hydroquinone by NQO1, delivering ROS to cancer cells [10]. In addition, accumulating evidence indicates that the overexpression of NQO1 promotes cancer formation, metastasis and chemoresistance [5,11]. Accordingly, NQO1 may be a promising target for the construction of novel anticancer therapies based on quinone-containing activatable prodrugs. Therefore, there is no doubt that obtaining the concentration and distribution information of NQO1 in living systems will strengthen our understanding of tumor diagnosis and therapy.



Currently, a variety of canonical methods have been used for the quantification or detection of NQO1 in diverse biological samples through electrochemistry, HPLC, absorption and proteomics [12,13,14,15]. However, because of the poor specificity and limited spatial resolution of these detection modalities, obtaining real-time imaging information of NQO1 in living systems is challenging. As a typical biological labeling technique, antibody conjugates have been widely used to determine the local distribution of specific biomarkers in biological samples of interest [16]. Nevertheless, antibody conjugates are hardly applied for the real-time imaging of NQO1 activities in living cells or in vivo because this method requires the introduction of the proteins into cells by fixing cells and promoting cell permeability [16].



Among the various imaging methods, organic molecular probes based on optical imaging techniques can be easily diffused into living cells to image biological processes with noninvasive and convenient properties, which have aroused unprecedented attention in achieving real-time imaging and profiling of biomolecules in living systems and organisms [17,18]. Over the past decades, scientists have made great progress in the construction of various small molecular probes to measure the activity and concentration of NQO1 within living cells [19,20], Compared to other substituted quinone propionic acids derivatives, trimethyl lock quinones were reported to be a more ideal trigger group for NQO1 detection [21]. Therefore, these activatable NQO1 probes, devoted to fluorescence, chemiluminescence or photoacoustic applications, are constructed by using trimethyl lock quinones as the recognition moiety, thereby enabling highly specific and selective detection of NQO1 in complex living systems. Moreover, these smart imaging probes can be modified with different targeting groups for accurate imaging of NQO1 in specific subcellular organelles, or equipped with a long-wavelength fluorophore scaffold for in vivo imaging with high temporal and spatial resolution [22]. Therefore, organic fluorescent probes open a promising avenue for real-time imaging of NQO1 in complex living systems, with the potential to systematically clarify the undiscovered functional mechanism of NQO1 in relevant biological processes and diagnose the early stages of NQO1-related diseases.



In this review, we present and summarize the significant advances in the accurate detection and imaging of NQO1 activity in living cells and in vivo by using organic probes. Subsequently, we discuss the design strategies and mechanisms of relevant NQO1 probes that can be utilized for imaging enzyme activity in different environments. Finally, the potential challenges and opportunities of NQO1-activated organic probes are outlined.




2. The General Design Strategies of Organic Molecular Probes for NQO1


NQO1, as an antioxidant enzyme, can specifically reduce quinones to the corresponding hydroquinones [1]. In 2012, McCarley and co-workers investigated the impact of all the factors associated with the enzymatic reduction of a family of substituted quinone propionic acids derivatives and NQO1 through enzyme kinetic assays and docking studies, indicating that trimethyl lock quinone propionic acid may be an ideal trigger group for NQO1 detection [21]. Consequently, “trimethyl lock quinone” of quinone derivatives are appointed as effective recognition substrates of NQO1, which is also beneficial to the formation of intramolecular lactonization, thereby leading to the turning on of reporter unit signals [3]. In general, the electron-poor nature of the “trimethyl lock quinone” group can efficiently quench the fluorescence signal of the reporter moiety, which is one of the main strategies for constructing of activatable NQO1 probes (Figure 1A).Furthermore, the NQO1-activated probes also can be developed by introducing self-immolative linkers between “trimethyl lock quinone” and reporter moiety. The enzymatic reduction by NQO1 is first to remove the quinone substrate, triggering the elimination of the self-immolative linker, followed by releasing the free signal reporter moiety (Figure 1B). Compared to canonical activatable NQO1 probes, the probes containing self-immolative linkers not only improve the stability of probes, but also enhance the reactivity between substrates and NQO1. In addition, a variety of NQO1 probes behave as prodrugs by introducing anti-cancer drugs to enable cancer diagnosis and treatment through the activation of overexpressed NQO1 in the lesion site.




3. Fluorescent Probes for NQO1


Generally, these NQO1 probes can be classified as visible-range and near-infrared (NIR) probes according to the different emission wavelengths of the fluorescent reporter units. In this section, we discuss the different bio-applications of diverse NQO1 fluorescent probes in living cells and in vivo.



3.1. Visible-Range Fluorescent Probes


3.1.1. Fluorescent Probes for Detection of NQO1 in Living Cells


A great body of chemo-functional investigations on NQO1-activated probes in the naphthimide series was achieved by the Robin L. McCarley group. In 2012, McCarley and co-workers reported a fluorescence probe (probe 1) based on naphthalimide dye operating by the photoinduced electron transfer (PET) mechanism, which was covalently attached with quinone as the enzyme substrate (Figure 2A). The fluorescence of Q3NI was firstly quenched via the PET mechanism and recovered by the reduction-initiated removal of quinone [19]. When the probe reacted with NQO1, it quickly released fluorescence, with a maximum emission wavelength at 470 nm (λex = 370 nm). Moreover, the Q3NI probe was activated by NQO1 at a high rate, and fluorescent intensity could reach 22% of the saturation state within 5 min (Figure 2B). The authors also used such a probe with excellent properties to distinguish cancer cells with different expression levels of NQO1 (Figure 2C). As shown in Figure 2D, the probes were incubated with A549 and HT-29 cells (high expression) and showed a significant increasing fluorescence signal, whereas no obvious fluorescence signal was observed in the negative cells (H446 and H596 cells). Two-photon confocal experiments revealed that in NQO1-positive cells (A549 and HT-29 cells), a clear and strong two-photon fluorescence signal could be observed, while almost no fluorescence signal could be seen in the NQO1-negtive cells (H446 and H596 cells). However, the excitation wavelength of the Q3NI was in the ultraviolet region, which is not amenable for deep tissue imaging.



In 2014, they developed a “Turn-On” probe, (probe 3) to monitor the activity of NQO1 in cancer cells, which consisted of a trimethyl-locked quinone propionic acid trigger group connected to a locked naphthalimide fluorophore (reporter 4) and a self-immolative cleavable linker N-methyl-p-aminobenzyl alcohol (NMPABA) [20]. The specific reaction mechanism is shown in Figure 3A. The absorption of reporter 4 was red-shifted 50 nm compared with the absorption of probe 3 due to the enhanced internal charge transfer (ICT) effect (Figure 3B). Moreover, the self-immolation linker NMPABA accelerated the release of reporter 4. The initial rate of reporter 4 formation (Figure 3C) was calculated, and the maximum velocity (Vmax) could reach 0.00225 ± 0.00008 μmol min−1mg NQO1−1 Such highly selective and rapidly activated probes were also successfully used for differentiating different cancer cells based on NQO1 activation. As shown in Figure 3D, the NQO1-positive cells (HT-29) were incubated with probe 3, resulting in the bright fluorescence signal. However, when the NQO1-negtive cells (H596) were treated with probe 3, there was no obvious fluorescence signal to be seen in the confocal fluorescence microscopy images, presenting an effective positive-to-negative (PNR) ratio.



In 2015, the group reported an NQO1 probe (probe 5), which could be rapidly turned on in the presence of NQO1 (Figure 4A). The highly sensitive probe was successfully used in the differentiation of NQO1-positive cells from negative cells [23]. The high positive-to-negative fluorescence intensity ratio (PNR) was up to ∼135-fold, which was due to the proximity of the NQO1 substrate (quinone propionic acid) quenching group to mask the fluorophore and the thermodynamic driving force of the quenching process. Analogously, this group also described a new naphthalimide-based probe (Q3HMRG) for sensing the activity of NQO1 in 2017 [24]. The Q3HMRG probe was successfully used to distinguish NQO1-positive cells from low enzyme activity cells with a high turn-on ratio (~200-fold). In 2019, Lee’ group developed a coumarin-naphthalimide hybrid as a dual emissive fluorescent probe (probe 7) to obtain a ratiometric fluorescence signal for NQO1 activity (Figure 4B). Probe 7 displayed two absorption bands at 345 and 405 nm for the coumarin and naphthalimide moieties, respectively [25]. In the presence of NQO1, the blue fluorescence signal produced by coumarin increased slightly, while the yellow fluorescence signal produced by naphthalimide moiety increased significantly under the excitation of 345 nm. Based on these spectral properties, probe 7 was used for real-time monitoring of NQO1 activity in living cells efficiently and sensitively.



In addition, several highly sensitive organic probes also have been developed based on rhodamine for the detection and imaging of NQO1 [26]. For instance, in 2011, Robin L. McCarley’s group synthesized a probe based on quinone propionic acid-cloaked rhodamine fluorophore [27]. The reaction mechanism was divided into two steps (Figure 5A). Firstly, in the presence of NQO1, the Q3PA trigger group of probe 9 was reduced and formed the trimethyl-locked hydroquinone. Subsequently, the intermediate product underwent self-removal to form the lactone and released emissive fluorophore. On this basis, in 2015, Robin L. McCarley and co-workers modified the molecular structure of the probe and developed a new rhodamine-based probe to monitor the activity of NQO1 in different cancer cells (Figure 5B). This work explored the optical performance of rhodamine analogs (MJSNR) [28]. MJSNR served as the fluorescent reporter of probe 11 (Q3MJSNR) because of its good chemical stability (t1/2 approximately 39 h) and attractive photophysical properties, e.g., large Stokes shift, long emission wavelength and high brightness. Most importantly, there was a clear fluorescence difference between the NQO1-positive and negative cells when they were incubated with probe 11 (Q3MJSNR) for only 10 min (Figure 5C). NQO1-positive HT29 cells displayed bright red fluorescence; in contrast, there was no obvious signal to be seen in the NQO1-negtive H596 cells. This probe displayed superior performance for the detection and imaging of NQO1 in living cells.



Li’s group reported a nanoprobe that was designed to improve the water solubility, chemical stability and photostability of probe 13 by assembling small molecular probes based on 6-hydroxylphenol-BODIPY dye into micelles (Figure 6) [29]. The nanoprobe enabled differentiation of NQO1 activity in different cancer cells. Based on the optical properties of different dyes, Simone Cuffa and co-workers designed an NQO1-actived probe (probe 14) based on 4-methylumbelliferone (4-MU). It could be used for discriminating NQO1 activity between various cancer cells within less than 10 min (Figure 6) [30]. Meanwhile, Shao’s group synthesized a probe (probe 15) based on benzothiazole dye HBTM (Figure 6), which showed long wavelength emission (~600 nm) and a large Stokes shift (~203 nm), and achieved a highly sensitive and selective response to NQO1 with a linear relationship in the range of 60–180 ng/mL [31]. Furthermore, a novel NQO1-activatable probe (probe 16) (SYZ-30) was rationally designed based on 7-nitro-2,1,3-benzoxadiazole (NBD) fluorophore by Chen’s group (Figure 6). SYZ-30 exhibited a selective response to NQO1 in vitro within 5 min and could be applied for imaging of NQO1-positive cancer cells [32].



The sensitivity and selectivity of the probes can be improved by changing the fluorescence reporter or adjusting the intermediate linker. Such fluorescence imaging probes have become an attractive tool for detection of NQO1 due to simple operation and noninvasiveness, etc. It should be noted that the above probes detected NQO1 through single-photon imaging, which was restricted by limited tissue penetration and high photodamage. Thus, two-photon imaging has attracted increasing attention due to the superiorities of higher spatiotemporal resolution, lower photodamage and deeper tissue penetration [33,34,35,36]. In 2017, Yoon and co-workers synthesized a novel two-photon probe (probe 18) for the detection of NQO1 (Figure 7A) [37]. Probe 18 was designed by conjugating an amino-acetyl-naphthalene motif with trimethyl lock quinone to obtain two-photon excitation, and it exhibited rapid response capability and high selectivity for NQO1 (Figure 7B), with an approximately 8-fold increase in fluorescence intensity after only 4 min (Figure 7C). Moreover, the probe was used to monitor NQO1 in different cancer cells with two-photon excitation, exhibiting high photo stability. In addition, Jiang and Kima also developed some TP probes that have been used to distinguish cancer cells and normal cells based on the expression level of NQO1 [38].




3.1.2. Fluorescent Probes for Detection of NQO1 in Specific Organelles


It is worth noting that NQO1 is widely distributed in diverse organelles. As the powerhouses of living cells, the maintenance of mitochondrial physiological function is closely related to the redox states [39]. Therefore, it is extremely necessary to develop molecular tools for imaging mitochondrial NQO1 at the cell level. In 2020, Zhou’s group reported a ratiometric two-photon probe (probe 19) for imaging of NQO1 in mitochondria and in vivo [39]. Probe 19 (QBMP) was designed by coupling hydroxylphenylpolyenyl pyridinium fluorophores with trimethyl lock quinone (Figure 8A). As shown in Figure 8B, the green fluorescence signal of QBMP red-shifted to 566 nm with an excitation wavelength of 407 nm. Moreover, QBMP showed many superior performances, including rapid response (4 min) and a large Stokes shift (162 nm). It was applied for ratiometric two-photon imaging of NQO1 in different cancer cells (Figure 8D). Most importantly, it was successfully used for revealing the dynamics of NQO1 activities in a Parkinson’s disease model and imaging of NQO1 in fixed brain tissue. The depth of tissue penetration could be up to 225 μm in fixed brain tissues (Figure 8C). These superior properties make the probe promising for early disease diagnosis associated with NQO1.



In 2016, Kim and co-workers described a mitochondria-targeting probe for theranostics [40]. As shown in Figure 9, probe 21 was synthesized by introducing a triphenylphosphonium group, the mitochondria-targeted unit, and an aggregation induced emission (AIE) generator, tetraphenylethene, into an NQO1-responsive quinone moiety. When the probe was targeted to mitochondria in cancer cells, the AIE dyes could be released, and formed AIE aggregates at mitochondrial sites with the action of NQO1. Then, the AIE aggregates disrupted mitochondrial metabolism, resulting in cell death. Moreover, the AIE property of the reporter made the background fluorescence extremely low, and the signal increased by 500-fold after NQO1 activation. Unfortunately, the excitation wavelength is in the ultraviolet region, which hinders its application in in vivo.




3.1.3. NQO1 Fluorescent Probes for Theranostics


In another perspective, NQO1 was used as a trigger to develop activatable prodrugs that can be applied for monitoring drug delivery in living cells. In 2016, Kim and co-workers developed a novel probe (probe 24) by introducing 7-ethyl-10-hydroxycamptothecin (SN-38) as an anticancer drug, [41] hydroquinone as an NQO1-triggered unit and biotin as a cancer-targeting moiety (Figure 10A). In the presence of NQO1, the fluorescence signal was clearly increased within 30 min at 550 nm, which suggested the release of SN-38 (Figure 10B,C). Moreover, the toxicity to tumor cells was cell-selective, including not only the difference in the expression of biotin receptors, but also the difference in NQO1 expression. As shown in Figure 10D, the cell viability of two cancer cell lines (A549 and HeLa) was significantly decreased due to the high expression of biotin receptor and NQO1. However, there was no effect on human normal fibroblast cell lines (WI-38 and BJ) lacking biotin receptor and NQO1. The same inhibition can be observed in tumor growth with the injection of a probe or SN-38 (Figure 10E). This brings a new avenue for the design of prodrug-based molecule probes. Beharry and colleagues utilized phenalenone (PN) as a photosensitizer that can be quenched by quinone via the PET effect (Figure 10F) [42]. In the presence of NQO1, probe 26 initiated intramolecular cyclization and produced free PN, and the fluorescence intensity increased ~5.5 fold at 500 nm after 5 min (Figure 10G). The released PN could selectively cause cellular toxicity by releasing 1O2 upon irradiation, followed by use for photodynamic therapy (PDT). As shown in Figure 10H, a bright green fluorescence signal was observed in A549 cells, which was produced by dichlorofluorescein (DCF), an indicator of ROS. In contrast, no obvious fluorescence signal could be observed in H596 cells and MRC9 cells due to the low levels of NQO1. In this way, this probe can be used not only to detect NQO1 activities, but also to improve the selectivity of photodynamic therapy. Similarly, Wu’s group also developed an NQO1-activated prodrug for tumor theranostics. The prodrug could release 2,6-dihydroxymethyl-4-methylphenol and fluorophore camptothecin (CPT) moieties in the presence of NQO1, which was used for bioimaging and chemotherapy in A549 and L929 cells [43].





3.2. NIR Fluorescent Probes for NQO1


Although the visible-range probe is widely used, it is still facing the problems of low signal-to-background ratio and limited tissue penetration depth [43]. To overcome these challenges, NIR NQO1 probes were developed by introducing long-wavelength fluorophores to enable imaging of NQO1-related physiological and pathological processes in vivo [44,45]. In 2016, McCarley and co-workers reported a probe (probe 28), Q3STCy, whose NIR fluorescence was selectively activated by NQO1 reduction to yield the reporter TCy (Figure 11A) [46]. The large Stokes shift of the TCy reporter (149 nm) was attributed to the formation of an ICT state (Figure 11B–E). The capability of Q3STCy to differentiate tumor cells was successfully confirmed in confocal experiments. As shown in Figure 11F, the obvious bright fluorescence can be observed in the colorectal carcinoma cell line HT-29 and the ovarian cancer cell line OVCAR-3 based on the overexpression of NQO1. In contrast, the non-small cell lung carcinoma (NSCLC) cell line H596 showed no fluorescence because of the low expression of NQO1. As a middle-expression cell line, the SHIN3 cell line showed brighter fluorescence than H596 cells and darker fluorescence than H-29 cells. In addition, the fluorescence signal generated by Q3STCy was mostly coincident with the RFP-positive area, suggesting the capabilities of the NIR probe to verify the presence of the NQO1-overexpressing SHIN3 cells (Figure 11G). Meanwhile, the advantage of near-infrared fluorescence imaging enabled it to be successfully used for imaging three-dimensional colorectal tumor models. All of these NIR probes showed good performance in the sensitive detection of NQO1 activity in living cells and in vivo.



In 2019, Srivenugopal’s group developed a turn-on NIR fluorescent probe (probe 30) (NIR-ASM), which consisted of the dicyanoisophorone (ASM) fluorophore and quinone propionic acid (QPA), to detect the activity of NQO1 and diagnose non-invasive lung cancer (Figure 12A) [47]. NIR-ASM was able to monitor NQO1 activity in vitro and in vivo with high sensitivity and selectivity. As shown in Figure 12B. in the presence of NQO1, a clear NIR fluorescence (646 nm) was observed with a large Stokes shift (186 nm). The proposed reaction mechanism was explained by the cleavage of the amide bond, which triggered the release of strong fluorescence. NIR-ASM displayed excellent selectivity for NQO1 in PBS buffer, as well as good performance in cancer cells and mice. Moreover, a clear fluorescence decrease was observed when NQO1-positive cells (A549 and H460) were treated with an NQO1 inhibitor (ES936), which further identified the excellent specificity of the NIR-ASM (Figure 12C). Satisfyingly, as shown in Figure 12D, the NIR-ASM was capable of detecting NQO1 activity in tumor-bearing nude mice, as well as in an orthotopic lung cancer model. This work provides ample evidence of the potential of small molecular-based probes to sense NQO1 activity in vitro and in vivo.



Shen and co-workers developed an ultrasensitive hemicyanine-based NIR fluorescence probe (probe HCYSN) for the detection of NQO1 activity in different human cancer cells. The maximum fluorescence emission wavelength was 704 nm and the detection limit (LOD) was 4.9 ng/mL (0.49 mU/mL) [48]. In 2021, Zhang’s group designed an NIR probe based on the naphthoquinone trigger group and methylene blue (MB) fluorophore for effective bioimaging of NQO1 in vitro and in vivo. The maximum fluorescence emission wavelength was 695 nm. Most interestingly, the probe was successfully used to monitor the process of cancer treatment in vivo [49].



In order to further enhance the sensitivity and selectivity or tissue penetration depth of NIR probes, researchers have also developed two-photon NIR probes, ratiometric NIR small molecular probes and even NIR fluorescence–photoacoustic multimode imaging probes for sensing NQO1, which showed excellent advantages for bioimaging applications in vivo [50,51,52,53]. For example, in 2022, Zhao and co-workers designed and synthesized an NIR two-photon fluorescence probe for the selective detection of NQO1 [54]. Probe 32 showed superior imaging performance with deep tissue penetration. The long excitation and emission wavelength of the TP fluorescent probe were able to reduce the light damage and avoid the interference of biological spontaneous fluorescence. In this work, the NIR TP probe showed an emission wavelength in the NIR region (680 nm) and a large Stokes shift (120 nm), which effectively improved the selectivity and sensitivity for NQO1. As shown in Figure 13A, probe 32 (DCM-NQO1) was developed by connecting dicyanomethylene-4H-pyran (DCM-OH) with Q3PA (the responsive group for NQO1). In addition to imaging NQO1 levels in human cervical and colorectal cancer cell lines (HeLa and LoVo, respectively) with good properties, probe 32 was also used for two-photon fluorescence imaging of tumor tissues up to 290 µm. In addition to the strategy of two-photon NIR probes, researchers have developed multimode imaging to achieve more sensitive detection and deeper tissue penetration. In 2022, Lin’s group synthesized an activatable hemi-cyanine dye-based probe (probe 34) (the LET-10 probe) for NIR fluorescence and photoacoustic imaging of NQO1 (Figure 13B) [55]. Taking the naphthalocyanine in the LET-10 probe as a built-in reference signal, the LET-10 probe further showed a double-signal self-calibration process for ratiometric photoacoustic imaging. The LET-10 probe was caged by Q3PA (the responsive group for NQO1) because the hydroxyl acylation on Et-HCyOH hindered the electron-donating ability of the phenolic hydroxyl. In the presence of NQO1, HCyOH was released from probe LET-10 to produce NIR fluorescence and absorption signals, enabling NIRF/PA dual-modal imaging. The NIR fluorescence signal at 730 nm (NIRF730) was turned on, while the PA signal was red-shifted from 700 to 740 nm. Moreover, the probe was encapsulated with ONc by using DSPE-mPEG2000 as coating to improve the practicability for NIRF/PA dual-modal imaging in vivo. The probe showed two characteristic peaks, with 735/863 nm for absorption and 722/865 nm for PA, which was beneficial for ratiometric imaging. In 2016, Liang and co-workers reported a novel molecular probe (Rh-QL) based on quinoline, which displayed an NIR fluorescence at 750 nm and a visible fluorescence at 580 nm [56]. In the presence of NQO1, the fluorescence signal in the visible region was enhanced and the signal in the NIR region was turned on. Benefiting from dual-channel fluorescence signal, Rh-QL was successfully used to detect the fluctuations of NQO1 in tumor cells, and further applied for NQO1 bioimaging in vivo.



Compared with the visible and NIR-I (650–900 nm) probe, the probe based on second NIR (NIR-II, 1000–1700 nm) fluorophores has attracted increasing attention due to lower background autofluorescence, deeper tissue penetration (5–20 mm) and improved signal-to-noise ratio [57,58,59,60]. For example, in 2019, Zhao and co-workers reported an NIR-II fluorescent probe platform to detect enzyme activity. The strategy showed the advantages of two-channel ratiometric fluorescence, controllable NIR (I and II) fluorescence emission and large Stokes shifts. These activatable probes were fabricated by coupling BODIPY dyes to enzymic substrates via a self-immolative benzyl thioether linker [61]. In this work, the NQO1-activitable probe 36 (NQO-ImI) was constructed using the p-aminobenzyl thioether linker, which was able to form a 1,6-elimination reaction to release the desired fluorophore in the presence of NQO1 (Figure 14A). In the presence of NQO1, a clear absorption band around 675 nm emerged gradually, while the original absorption band at 557 nm was decreased, resulting in a remarkable red shift of 118 nm. Interestingly, the probe NQO-ImI showed two-channel ratiometric fluorescence signal and controllable NIR fluorescence signal. A similar phenomenon was observed in NQO1-positive cell lines (HT-29) and HT-29 tumor-bearing mice, which is shown in Figure 14D. To improve the tissue penetration depth of the small molecule probe NQO-ImI, this work synthesized an NIR-II fluorescence probe (probe 37) (NQO-InD) to monitor the NQO1 in vivo. The typical fluorescence signal can be observed at the wavelength of 910 nm (λex = 760 nm) upon the addition of NQO1 (Figure 14C). Notably, the tumor could be specifically illuminated within 40 min with the release of NIR-II fluorescent signal (Figure 14E). When mice were treated with dicoumarol, an inhibitor of NQO1, the fluorescence was significantly decreased, suggesting the high specificity of NQO-InD toward NQO1.





4. Chemiluminescent Probes for NQO1


Chemiluminescence (CL) without an external light source offers several advantages over the traditional fluorescence-based methods, including low background, deep tissue penetration and high sensitivity [62,63,64,65,66]. In 2008, Kim and co-workers reported an NQO1-specific chemiluminescent probe (probe 38). This probe allowed NQO1 activity to be detected in human lung cancer models both in vitro and in vivo [67]. The NQO1-specific chemiluminescent probe was constructed based on phenoxy-dioxetanes further equipped with an enzymatic substrate to design a turn-on probe. Upon the NQO1-mediated reduction of the quinone, followed by intramolecular lactonization and elimination of the benzyl aniline tether, the chemiluminescence was harvested (Figure 15A). Probe 38 showed good reactivity toward NQO1 in the presence of NAD(P), and a 130-fold increased chemiluminescence was observed at 515 nm. The minimum limit of detection (LOD) for probe 38 was found to be 51 ng/mL. The reactivity rate of the probe was very fast, with a rapidly increased signal intensity during the first 5 min. As shown in Figure 15B, the chemiluminescence signal of A549 cells was significantly higher than that of H596 cells. Compared with fluorescence imaging models, probe 38 showed a higher signal-to-noise ratio in the chemiluminescent model (Figure 15C,D). Most importantly, the chemiluminescent probe 38 showed good imaging ability in vivo, and a strong chemiluminescence signal was seen over the tumor area in the case of the A549 tumor-bearing mice, but no discernible signal was observed in the case of the NQO1-negative H596 cell line-derived xenografts (Figure 15E). However, probe 38 emits exclusively visible light with limited penetration depth, hindering its broad application for deep tissue imaging in vivo.



To this end, in 2019, Song and co-workers developed an activatable unimolecular CL probe to detect NQO1 in vivo, which emitted light in the NIR region. In the presence of NQO1, the NIR CL probe (CL-P) released chemiluminescence with a maximum emission wavelength at 725 nm (Figure 16A) [68]. Probe 39 showed high sensitivity to NQO1 under physiological conditions, with a moderate limit of detection (LOD) of 0.134 μg/mL. Moreover, CL-P produced an NIR CL signal within 10 min, indicating its rapid reaction kinetics, which is beneficial for practical bioimaging applications. The NIR CL probe was successfully used to detect NQO1 in living cells. The NIR CL intensity remarkably increased in A549 cells (NQO1 high expression) compared to that in LO2 cells (NQO1 low expression).



In addition, dicoumarol was used to inhibit the activities of NQO1, and the CL signal was obviously decreased in dicoumarol pre-treatment cells compared to that of only CL-P in A549 cells, demonstrating the specific activation of the probe for NQO1. In particular, probe 39 showed a superior advantage of NIR CL imaging in vivo compared with probe 41 (CL-P2), which emitted visible light (Figure 16B). As shown in Figure 16C, the NIR CL produced by activated CL-P could be detected at a tissue depth of 20 mm, while the visible light of the activated CL-P2 could not be detected at 15 mm. The imaging signal-to-background ratio (SBR) of CL-P was 4.4-fold higher than CL-P2 (Figure 16D). These results indicated that NIR CL-P had better tissue penetration depth and resolution than the corresponding visible CL probe. Moreover, it can be seen in Figure 16E that the CL-P showed excellent imaging ability to detect NQO1 in A549 tumor-bearing mice.




5. Bioluminescent Probes for NQO1


Some living organisms are able to convert chemical energy into light. This natural phenomenon has led to a field of research called bioluminescence imaging (BLI) [69,70]. Thus, BLI shows great potential in tumor imaging, detection and therapeutic drug screening because it does not require any other external excitation light source [71]. It has many intrinsic advantages, such as better penetration depths, reduced autofluorescence and light scattering and high signal-to-ratio [72,73,74]. Bioluminescence is a biological process that requires luciferase, a substrate (luciferin) and oxygen. Some luciferases require other cofactors such as ATP and Mg2+ for full activities. In the enzymatic reaction, the key position of luciferin is the 6′-hydroxy/amino group. The bioluminescence can be regulated by modifying the substrate. It can be quenched when the 6′-position is caged, and instantly recovered when it reacts with specific targets [75].



In 2013, Zhou and co-workers developed a series of quinone-luciferins to detect NQO1 based on trimethyl lock quinone luciferin molecules [76]. As shown in Figure 17, compounds 42 and 45 were obtained by modifying the quinone-luciferin with an N, N’-dimethylethylenediamine spacer to overcome the high background bioluminescence. To develop a homogeneous assay for the specific quantification of NAD/NADH, NADP/NADPH or total NADH/NADPH in biological samples, the researchers ascertained the cell count before treating with compounds 42 and 45, respectively. Compounds 42 and 45 incubated with HepG2 cells generated significant bioluminescent signals. However, compound 45 showed a poor linear correlation of bioluminescent signals with cell numbers, and the bioluminescent signals of compound 42 increased with cell numbers at low cell density (<10,000 cells), suggesting that compound 42 can be effectively used for measuring living cells. It is not intuitive to detect NQO1 activity by measuring cell viability, and more intelligent bioluminescence probes should be designed to detect NQO1.



In 2022, Yang and co-workers developed a new NQO1-activatable BL probe (probe 48), NQO1-luc, which was designed by equipping trimethyl-locked quinone propionic acid (QPA), a special substrate of NQO1, at the phenolic position of luciferins (Figure 18A) [77]. As shown in Figure 18B, the bioluminescence signal intensity was proportional to the NQO1 concentration in the concentration range of 0~40 μg mL−1, and the relationship between the luminescence intensity and NQO1 concentration was well fitted with the linear regression equation. In addition, NQO1-luc showed excellent selectivity to NQO1. The results in Figure 18C showed that NQO1-luc mixing with other bio-interferents showed almost no obvious bioluminescence signal, indicating that NQO1-luc had a good specificity for NQO1, which may be attributed to the specific reduction of the QPA group by NQO1. Importantly, NQO1-luc was more than 11-fold higher than in the absence of NQO1 in the simulated intracellular environment, demonstrating the excellent selectivity of NQO1-luc towards NQO1. More importantly, the NQO1-Luc bioluminescence probe can be used in in vivo, and the results indicated that NQO1-Luc could be rapidly taken up by the tumor tissue with good permeability and biocompatibility. In contrast, mice pre-injected with dicoumarol showed a clear bioluminescence inhibition, demonstrating that the signal of NQO1-Luc was NQO1-dependent (Figure 18D). These results suggested that the NQO1-Luc probe was a promising indicator to dynamically reflect the endogenous NQO1 activities and a prospective probe for the imaging of NQO1-overexpressed tumors.




6. Conclusions and Perspective


Quinones are widely distributed in mammalian cells and display versatile biological functions due to their unique chemical structures. Furthermore, quinones are involved in various physiological and pathological processes by acting as electrophilic species and inducing oxidative stress. As an antioxidant enzyme, NQO1 has been reported to reduce the level of free quinones for single-electron reduction to decrease quinone-induced carcinogenicity and cell necrosis, thereby protecting against oxidative stress and regulating metabolic functions. By focusing on the challenge of real-time imaging and monitoring of NQO1 in living organisms, there has been increasing interest in the development of various chemical/biological strategies to construct novel molecular tools and to profile their properties in diverse biological processes.



Based on the advanced optical imaging methods, diverse versatile molecular probes have been constructed, which can be used to image endogenous NQO1 activities in living cells and in vivo in real time. In particular, many probes have been applied to decipher the intrinsic relationships between abnormally expressed NQO1 and carcinogenic processes. In this review, we have summarized the rise of NQO1-based organic probes from the perspectives of molecular design strategies, sensing mechanisms and biomedical application. Recent works presenting the obtaining of new molecular probes to target subcellular organelles and monitor specific intracellular environments illustrate the promising value of these NQO1-activated probes.



In the future, more efforts should focus on constructing in situ imaging probes with self-localizable ability, thereby obtaining the distribution of NQO1 activates within their native habitat. Furthermore, considering the significant expression difference of NQO1 between tumor and normal tissues, NQO1 probes with high signal-to-noise ratio and long wavelengths should be developed to distinguish cancer cells with high resolution, offering a precise tumor imaging tool for imaging-guided surgery. We believe that the aforementioned molecular probe design strategies can also be modified and improved to construct versatile tools that may better meet the application requirements of NQO1-related physiological and pathological studies.
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Figure 1. The general design and sensing mechanism of canonical activatable NQO1 probes (A) and self-immolative linker-based activatable NQO1 probes (B). 
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Figure 2. Schematic representation of the reaction mechanism of NQO1 probe Q3NI (A) and kinetics plot of NQO1 toward Q3NI probe (B). Flow cytometry assays (C) and confocal microscopy imaging (D) of Q3NI activation by NQO1-positive (A549 and HT-29) and NQO1-negative (H596 and H446) cancer cells. Adapted with permission from ref. [19]. Copyright (2013) American Chemical Society. 
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Figure 3. Schematic representation of the reaction mechanism of probe 3 (A) and the absorbance/emission spectra of compound 4 (B). Kinetics of human NQO1 with probe 3 (C) and microscopy images of cancer cells (D). Adapted with permission from ref. [20]. Copyright (2014) American Chemical Society. 
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Figure 4. Schematic representation of the reaction mechanism of probe 5 (A) and probe 7 (B). Adapted with permission from ref. [23]. Copyright (2015) American Chemical Society. Adapted with permission from ref. [25]. Copyright (2019) Elsevier Ltd. 
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Figure 5. Schematic representation of the reaction mechanism of probe 9 (A) and probe 11 (B). Confocal images (C) of NQO1-positive (HT-29) and NQO1-negative (H596) cancer cells. Scale bar = 20 μm. Adapted with permission from ref. [27]. Copyright (1996) the Royal Society of Chemistry. Adapted with permission from ref. [28]. Copyright (2016) American Chemical Society. 
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Figure 6. Different activatable molecular probes based on classical dyes for the detection of NQO1. 
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Figure 7. Proposed mechanisms (A) for probe 18 prior to and after chemical/NQO1-catalyzed reduction and subsequent production of the fluorescent reporter. Reactivity of probe 18 with porcine liver esterase (PLE) and NQO1 (B). Fluorescence spectra with the biological reductants (C). Adapted with permission from ref. [37]. Copyright (2017) the Royal Society of Chemistry. 
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Figure 8. (A) Proposed reaction mechanisms of probe 20 with NQO1. (B) Time-dependent fluorescence changes in QBMP in the presence of NQO1. Two-photon fluorescence images of brain tissues incubated with NQO1 (C) and two-photon confocal fluorescence images of cancer cells and normal cells (D). Adapted with permission from ref. [39]. Copyright (2021) American Chemical Society. 
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Figure 9. Illustration for the NQO1-sensing mechanism of probe 21. Adapted with permission from ref. [40]. Copyright (2016) the Royal Society of Chemistry. 
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Figure 10. (A) Proposed mechanisms of probe 24 with NQO1. Fluorescence spectra of probe 24 with NQO1 and NADH (B) and time-dependent changes in fluorescence intensity (C). Cell viability (D) of cancer cell lines (A549 and HeLa) and normal cell lines (WI-38 and BJ). Tumor size changes with probe 24 treatment in vivo in a xenograft mouse model (E). Design of an NQO1-activatable photosensitizer (F) and fluorescence spectra with NQO1 and NADH (G). ROS detection (H) in lung cancer cells (A549 and H596) and a normal lung cell line (MRC9) with incubation with probe 26. Adapted with permission from ref. [41]. Copyright (2016) American Chemical Society. Adapted with permission from ref. [42]. Copyright (2020) Wiley. 
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Figure 11. Proposed mechanisms for Q3STCy probe toward NQO1 (A). Absorption (B) and emission (C) spectra of probe. Kinetic plot (D) and fluorescence intensities (E) of NQO1 with Q3STCy probe. Fluorescence imaging of endogenous NQO1 in cancer cells (F) and SHIN3 mouse model of human ovarian cancer (G). Adapted with permission from ref. [46]. Copyright (2017) American Chemical Society. 
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Figure 12. Representation of reaction mechanisms of probe NIR-ASM with NQO1 (A). (B) The fluorescence response intensity of the probe prior to and after NQO1 treatment. (C) Fluorescence images of NQO1-positive cancer cells and NQO1-negative normal cells after incubation with NIR-ASM probe. (D) Real-time fluorescence imaging in Lewis lung carcinoma (LLC)-bearing BALB/c57 mice after injection with probe. Adapted with permission from ref. [47]. Copyright (2019) Springer Nature. 
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Figure 13. (A) Representation of two-photon NIR probes for sensing NQO1. Fluorescence/ photoacoustic dual imaging probe LET-10 for sensing NQO1 (B). Adapted with permission from ref. [54]. Copyright (2022) the Royal Society of Chemistry. Adapted with permission from ref. [55]. Copyright (2022) American Chemical Society. 
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Figure 14. (A) Schematic representation of the strategy for enzyme-activated NIR fluorescent probes. Fluorescence spectra of NQO-Iml activated by NQO1 (B) and NQO1-InD in NIR-II region (C). NIR-I imaging with NQO-Iml probe (D) and NIR-II imaging with NQO1-InD probe (E). Adapted with permission from ref. [61]. Copyright (2019) the Royal Society of Chemistry. 
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Figure 15. (A) Proposed mechanisms of chemiluminescence release activation by NQO1. (B) Chemiluminescence images and signal intensity quantification of probe incubated with cancer cells. (C) Time-dependent chemiluminescence signal of probe incubated with A549 cells. (D) Signal-to-noise intensity ratios for probe compared to other probes. (E) Chemiluminescence images in vivo. Adapted with permission from ref. [67]. Copyright (2019) Wiley.. 
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Figure 16. (A) The reaction mechanism of the NQO1-activated CL probe (CL-P). (B) The molecular structure of CL-P and CL-P2. NIR CL imaging of probes under different thicknesses of chicken breast tissues (C) and the SBR of tissue depth (D). NIR CL images of tumor-bearing mice at different times after injection of CL-P (E). Adapted with permission from ref. [68]. Copyright (2022) Wiley. 
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Figure 17. The release mechanisms of luciferin from N, N’-dimethyldiamine linker-modified quinone luciferins. Adapted with permission from ref. [76]. Copyright (2014) Wiley. 
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Figure 18. Reaction mechanisms of NQO1-Luc for NQO1 detection (A). (B) Bioluminescence intensity changes in NQO1-Luc with different concentrations of NQO1. Selectivity of NQO1-Luc to biological molecules (C) and BL images (D) of nude mice bearing Luc-transfected A549 cell tumors. Adapted with permission from ref. [77]. Copyright (2022) the Royal Society of Chemistry. 
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