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Abstract: Human NAD(P)H: quinone oxidoreductase 1 (hNQO1), a proteinase 

that engages in detoxification of quinones and capable of activating anti-tumor 

drugs, has drawn increasing attention as tumor biomarker and drug target. To 

date, the detection of hNQO1 primarily uses stimulus-responsive probes, 

involving metabolization of synthetic quinone-functionalized substrates, which 

however, remain challenging to improve the sensing signal-to-noise ratio, and 

are lack of sufficient stability. Herein, we report a facile but general way for 

hNQO1 detection and associated drug screening as well by ECL sensing of the 

metabolic H2O2 enabled by futile redox cycle reaction. Taking advantage of the 

intrinsic circulatory amplification and the luminol-modified nickel foam electrode, 

the sensing system exhibited a record-level performance in 

electrochemiluminescent detection of hNQO1. The same strategy was also 

successfully applied to rapidly screening hNQO1-directed anti-tumor candidate 

drugs. The proposed new principle for hNQO1 detection would stimulate ECL 

as a promising tool that combines diagnostic and drug screening functions for 

the popularization of proteinases in cancer management. 
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Development of highly sensitive and selective early diagnosis and 

preclinical drug screening tools are significant for the treatment of tumors but 

remains great challenges.[1] Recently, many proteinases are discovered to be 

overexpressed in a variety of tumor tissues, offering prospective 

opportunities.[2] Among them, Human NAD(P)H: quinone oxidoreductase 1 

(hNQO1), a two-electron reductase responsible for detoxification of quinones, 

has drawn increasing attention not only in the tumor diagnosis but also as anti-

tumor drug target owning to unique bioactivation ability.[3] To date, several 

methods have been developed to detect hNQO1, mainly using stimulus-

responsive probes, which involve the reduction of a synthetic benzoquinone-

functionalized compound into phenol by hNQO1, followed by the release of 

signal reporters (mostly of fluorophores) via self-immolation reactions (Figure 

1a).[4] Despite the great progress achieved, however, the stimulus-responsive 

routes to improve sensing signal-to-noise (SNR) or positive-to-negative ratio 

(PNR) are limited and highly sophisticated.[5] Moreover, most of the 

benzoquinone-based probes are lack of sufficient stability, in particular under 

light-excitation, due to the tendency of photobleaching and hydrolysis.[6] 

Therefore, exploring a concept-new method for rapid, selective, and sensitive 

detection of hNQO1 is greatly envisioned.  

Hydrogen peroxide (H2O2), a normal aerobic metabolite occurring in cells, 

engages as a central hub in many signaling routes in vivo, ranging from 

proliferation to aging.[7] Interestingly, it is noted that during metabolization of 

some quinone-substrates by hNQO1 with the participation of molecular oxygen, 

H2O2 is also produced.[8] From this point of view, the activity of hNQO1 can be 

alternatively determined by measuring the metabolically generated H2O2. As 

known, electrochemiluminescence (ECL) is a simple, fast and sensitive 

analysis method,[9] including in detection of H2O2,[10] which well integrates the 

advantage of both electrochemistry and chemiluminescence.[11] Moreover, ECL 

without excitation light shows near-zero background, a unique superiority over 

other light emission methods, such as fluorescence.[12] However, to the best of 

our knowledge, the study of detecting hNQO1 via H2O2 product and the use of 

the ECL technique have been rarely explored so far. 

Herein, we report a facile but general approach for biosensing hNQO1 

through detecting metabolically generated H2O2 by using a natural substrate 

and a simple ECL electrode made of luminol-modified nickel foam (Figure 1b). 



3 

 

Interestingly, the showcase metabolization of β-lapachone by hNQO1 drove a 

futile redox cycle, leading to an interesting intrinsic circulatory production of 

H2O2. Further aid by porous nickel foam electrode with a high loading of luminol, 

the detection system exhibited excellent sensitivity and selectivity for hNQO1 

with record-level detection limit (10 ng/mL) and SNR (~460). Moreover, the 

similar strategy was successfully extended to rapidly screen a variety of 

hNQO1-directed anti-tumor drugs. The proposed new principle of hNQO1 

activity evaluation would greatly pave the popularization of hNQO1 in cancer 

diagnosis and the associated drug screening, in particular by ECL. 

 

Figure 1. hNQO1 detection mechanism based on metabolization of (a) 

synthetic benzoquinone-based substrates that release a turned-on fluorophore 

and (b) natural β-lapachone substrate that in-situ generates H2O2, followed by 

triggering an ECL of luminol with an intrinsic circulatory amplification. 

To meet the new detection principle, β-lapachone, which is isolated from 

Tabebuia avellanedae and has a high affinity to hNQO1, was used as a 

showcase natural substrate. During the metabolization of β-lapachone by 

hNQO1, O2
-· would be produced with the participation of oxygen, and then turn 

into long-lived H2O2 (Figure 1b). After that, the accumulated H2O2 worked as 

the co-reagent to trigger the ECL of luminol. In this context, the concentration 
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of hNQO1 could be indirectly reported by the ECL intensity of luminol. Moreover, 

it should be noted that by the participation of oxygen, a futile cycle would occur, 

making the unstable reduced substrate be reversibly recovered into the original 

state. Under such circulatory reactions, the concentration of the in-situ 

generated H2O2 and the subsequent ECL intensity would be intrinsically 

boosted, greatly favor of improving the sensitivity of hNQO1detection. 

 

Figure 2. (a) Scheme of nickel foam (NF) working electrode and the loading of 

luminol via chemical deposited Au nanoparticles as linkers (NF/AuNPs/ luminol). 

SEM images of (b) bare NF and (c) NF/AuNPs/luminol. Inset: C, N, O, and Au 

EDS element mapping. (d) CV (top panel) and ECL (bottom panel) curves of 

NF/AuNPs/luminol in the presence of H2O2 (100 µM). (e) Plot of ECL intensity 

under different concentrations of H2O2 (top panel) and the liner fitting (bottom 

panel). 

To improve the loading of luminol, a porous nickel foam was used as the 

working electrode. Gold nanoparticles (AuNPs) were chemically deposited in 

situ by reduction of HAuCl4 using NaBH4 in an aqueous solution, and then 

luminol was chemically absorbed on the AuNPs via the formation of Au-N 

bond.[13] The concentration of HAuCl4 was optimized as 0.25 mM to achieve a 
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maximized ECL intensity (Figure S1). As shown in Figure 2b and 2c, the 

macroscopic 3D framework of the nickel foam was not altered after the 

deposition of AuNPs, but the smooth surface of the bare NF framework was 

observed in a higher magnification to be decorated with nanoparticles of 

average sizes ca. 20 nm (Figure S2). The inset EDS elemental mapping of the 

NF/AuNPs/luminol electrode and the detailed EDS spectrum (Figure S3) 

verified the co-existence of Au, C, N, and O. The stepwise fabrication of the 

electrode was also characterized by the electrochemical impedance 

spectroscopy (EIS, Figure S4). All these results confirmed the successful 

loading of luminol on NF via the AuNPs linkage. 

In the next set of experiments, the performance of the as-prepared ECL 

electrode in detecting of standard H2O2 aqueous solution was evaluated. As 

shown in Figure 2d, the ECL intensity at NF/AuNPs/luminol electrode increased 

from 0.3 V and achieved its maximum at 0.58 V; meanwhile, the anodic current, 

contributed by the oxidation of H2O2 and luminol, gradually improved. This 

phenomenon consisted of the ECL behavior of luminol in previous reports (Eq. 

1-4). 

Luminol
𝑒−,   2𝐻+

→     Luminol−˙                                                                        (1) 

H2O2
      𝑒−      
→     O2

−˙ +2H+                                                                             (2) 

Luminol−˙ + O2
−˙                 →    Luminolox

∗ + N2                                           (3) 

Luminolox
∗                 →    Luminolox + ℎ𝑣                                                           (4) 

Moreover, the NF/AuNPs/luminol electrode exhibited excellent stability by 

consecutive cyclic potential scans with a relative standard deviation (RSD) of 

1.62 % (Figure S5). Accordingly, with the increase of the concentration of H2O2 

(0 - 100 µM), the ECL intensity successively enhanced in a wide linear range 

between 0.05 and 100 µM with a detection limit of 47 nM (Figure 2e). As a 

control, a luminol modified glassy carbon electrode using AuNPs as linkers 

(GCE/AuNPs/luminol) was also constructed (Figure S6, S7). In contrast, under 

the same conditions, the detection limit at GCE/AuNPs/luminol electrode was 

980 nM (Figure S8), more than 20 times poorer than that at NF/AuNPs/luminol 

electrode, mainly owing to the porous structure of NF that could load more 

luminol than the most-commonly used GCE; nonetheless, NF is even much 

cheaper than GCE. The excellent sensing performance of the 



6 

 

NF/AuNPs/luminol electrode for H2O2 was supposed to lay a foundation for 

further highly sensitive detection of hNQO1 that in-situ generated H2O2 during 

metabolization of substances. 

 

Figure 3. (a) UV-vis absorption spectra of the mixture of β-lapachone and 

hNQO1 in BBS buffer, and that with successive addition of TMB and HRP. (b) 

ECL intensity of NF/AuNPs/luminol in the BBS buffer with or without hNQO1 

(25 µg/mL). (c) Plot of ECL intensity under different concentrations of hNQO1 

(top panel) and the liner fitting (bottom panel). (d) ECL intensity of 

NF/AuNPs/luminol in the presence of hNQO1 and the potential interferences: 

1 (blank), metal ions (1-5, 0.1 mM), small molecules (6-10, 0.1 mM), enzymes 

(12-13, 50 µg/mL) and 14 (hNQO1, 20 µg/mL). 

Before applying NF/AuNPs/luminol in sensing of hNQO1, the in-situ 

generation of H2O2 in the metabolization of substances by hNQO1 was 

confirmed beforehand using the classical 3,3’,5,5’-tetramethylbenzidine (TMB) 

color-change reaction in the presence of horseradish peroxidase (HRP).[14] As 

shown in Figure 3a, when TMB and HRP were simultaneously added to the 

borate buffer solution (BBS) containing the mixture of β-lapachone and hNQO1, 

the UV-vis absorption spectrum and color of the solution altered significantly, 



7 

 

while that of the controls not, evidently indicating H2O2 was in-situ generated 

during the metabolization of substances by hNQO1. 

After further optimization of the reaction time for hNQO1-driven 

metabolization (Figure S9), the ECL response of the NF/AuNPs/luminol to 

different concentrations of hNQO1 was monitored. As shown in Figure 3b and 

3c, with the increase of the hNQO1 concentration (0 - 25 µg/mL), the ECL 

intensity was gradually enhanced with a linear range between 0.25 µg/mL-25 

µg/mL (R2 = 0.995) and a detection limit of 10 ng/mL. Notably, such outstanding 

performance was already superior to most of the previous methods in sensing 

of hNQO1 (Figure S10 and Table S1). It was supposed that both the intrinsic 

circulatory amplification enabled by the futile redox cycle in the metabolization 

and the innovative designed porous NF/AuNPs/luminol ECL working electrode 

played crucial roles. 

In order to evaluate whether the sensing system can be applied to complex 

biological systems, the selectivity and reliability tests were carried out. Various 

potential interferences in the organism, including metal ions (Al3+, Cu2+, Fe2+, 

and Fe3+), small molecules (cysteine, GSH, homocysteine, phenylalanine, 

serine, and ascorbic acid) and some enzymes (esterase and glucose oxidase) 

were measured. As shown in Figure 3d, only hNQO1 could give rise to a 

significant ECL intensity, clearly showing that the sensing system had an 

excellent selectivity for hNQO1 and was supposed to well avoid false-positive 

measurements. In addition, the detection of hNQO1 in serum was also 

evaluated. As shown in Table S2, five spiked human serum samples containing 

20 µg/mL, 10 µg/mL, 5 µg/mL, 1 µg/mL and 0.5 µg/mL of hNQO1 were tested, 

indicative of a good detection performance between 0.5-20 µg/mL with the 

recovery rate between 94.62% and 101.36%, which well met the actual testing 

needs. 
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Figure 4. (a) Mechanism of anti-tumor activity analysis with (±)-Dunnione as 

the model drug in the presence of hNQO1 via measuring H2O2-product that 

triggered ECL. (b) ECL intensity at NF/AuNPs/luminol in the presence of 

different anti-tumor drug candidates (10 µM). 

In addition to detecting hNQO1, the potential of the same sensing principle 

was also investigated for the application in the screening of relevant anti-tumor 

drugs. As known, H2O2 is an important active species produced in the 

metabolization of hNQO1-directed anti-cancer drugs.[8b, 15] In this context, the 

activity of the drugs could also be quickly evaluated by sensing of the in-situ 

generated H2O2 when the metabolization occurred. Thus, by fixing the 

concentration of hNQO1, the activity of different candidate drugs could be 

facilely ranked according to the ECL intensity (Figure 4a), which would be very 

valuable in guiding clinic drug research. To realize this assumption, the 

performance of a variety of potential drugs was evaluated. As shown in Figure 

4b, two ordinary quinone compounds (acenaphthenequinone and 2,6-

diaminoanthraquinone) showed no evident ECL. In contrast, another three 

compounds (tanshinone IIA, menadione and (±)-Dunnione) that have been 

reported to be as the efficient anti-tumor candidate drugs for hNQO1, exhibited 

profound ECL with a successive increase in intensity, consistent with previously 

reported results obtained from cell research.[16] It should be noted that 

compared to traditional cell screening method that generally takes several 

hours or an even longer time, the coupling of metabolization by hNQO1 and the 

ECL measurement only need tens of minutes. Therefore, the utilization of 

metabolically generated H2O2-product by hNQO1 and the ECL technique held 
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great potential in high-throughput anti-tumor drug screening, especially for 

preclinical drug studies. 

In summary, we report a new principle to detect hNQO1 through the 

sensing of H2O2 generated by futile redox cyclic metabolization of a natural 

substrate, which further triggered an ECL signal readout of luminol. Thanks to 

the intrinsic circulatory amplification and the innovative designed porous 

NF/AuNPs/luminol working electrode, this ECL sensing system exhibited a 

record-level performance in the detection of hNQO1 with a detection limit of (10 

ng/mL) and SNR of ~460, excellent selectivity and reliability. Moreover, the 

similar format was further successful extended to rapidly ranking the activity of 

a variety of hNQO1-directed anti-tumor candidate drugs. This work would not 

only open a new way to facilely detect hNQO1, but also stimulate ECL as a 

promising tool that combines diagnostic and drug screening functions for 

proteinases in cancer management. 
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