
Chinese Chemical Letters 36 (2025) 110153

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Cascading oxidoreductases-like nanozymes for high selective and

sensitive fluorescent detection of ascorbic acid

Ying Wang1, Hong Yang1, Caixia Zhu1, Qing Hong, Xuwen Cao, Kaiyuan Wang, Yuan Xu,
Yanfei Shen∗, Songqin Liu, Yuanjian Zhang∗

Jiangsu Engineering Laboratory of Smart Carbon-Rich Materials and Devices, Jiangsu Province Hi-Tech Key Laboratory for Bio-Medical Research, School of

Chemistry and Chemical Engineering, Medical School, Southeast University, Nanjing 211189, China

a r t i c l e i n f o

Article history:

Received 4 March 2024

Revised 20 June 2024

Accepted 20 June 2024

Available online 22 June 2024

Keywords:

Nanozyme

Fluorescence

Selectivity

Sensitivity

Ascorbic acid

a b s t r a c t

Compared with natural enzymes, nanozymes have the advantages of high stability and low cost; however,

selectivity and sensitivity are key issues that prevent their further development. In this study, we report

a cascade nanozymatic system with significantly improved selectivity and sensitivity that combines more

substrate-specific reactions and sensitive fluorescence detection. Taking detection of ascorbic acid (AA)

as an example, a cascade catalytic reaction system consisting of oxidase-like N-doped carbon nanocages

(NC) and peroxidase-like copper oxide (CuO) improved the reaction selectivity in transforming the sub-

strate into the target product by more than 1200 times against the interference of uric acid. The cascade

catalytic reaction system was also applicable for transfer from open reactors into a spatially confined mi-

crofluidic device, increasing the slope of the calibration curves by approximately 1000-fold with a linear

detection range of 2.5 nmol/L to 100nmol/L and a low limit of detection of 0.77nmol/L. This work offers

a new strategy that achieves significant improvements in selectivity and sensitivity.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Owing to advantages such as high stability, low cost, good

biocompatibility, and long-term storage, nanozymes have been

widely used in the field of biosensing [1–6]. Nevertheless, they

face formidable challenges in the development of sensing systems

with high selectivity without biorecognition units [7]. Numerous

methods have been explored for increasing the sensing selectivity

of nanozymes [8]. For instance, simulating natural enzyme active

sites by structural engineering [9], molecular self-assembly [10],

and molecular imprinting [11] has intrinsically improved the sub-

strate selectivity of nanozymatic reactions. Inspired by the oper-

ation principle of metabolism processes in living, our group re-

ported cascading nanozymes could significantly improve biosens-

ing selectivity in an extrinsic manner [12]. Beyond the mainstream

structural efforts, the substrate channeling and screening can be

mimicked as a simple but highly efficient approach to address the

constraints of nanozymes for highly selective biosensing. Along this

line, the sensing selectivity of nanozymes can be further improved

by increasing the number of cascade reactions [13,14], improving

the substrate specificity of each cascade reaction [15], and/or using
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a more sensitive output signal [16]. Notably, despite the success of

these strategies, studies on improving the selectivity of nanozymes

are still in their infancy.

Ascorbic acid (AA) is a water-soluble vitamin necessary for reg-

ulating body metabolism and maintaining normal physiological

functions [17,18]. It promotes the synthesis of collagen and neu-

rotransmitters, and maintains healthy skin and normal function of

the nervous system as well [19]. An imbalance in the level of AA

may lead to tissue damage and related diseases [20]. Therefore, it

is of great significance to develop highly selective and sensitive

methods for AA detection. A variety of analytical techniques are

available for the detection of AA, such as electrochemical meth-

ods [21], liquid chromatograph [22], chemiluminescence [23], and

spectrophotometry [24–26]. Despite their wide applications, these

technologies require significant advancements in terms of sensitiv-

ity and selectivity.

Herein, we report a highly sensitive and selective fluorescent

bioassay of AA using cascading N-doped carbon nanocages (NC)

and copper oxide (CuO). Due to the second nanozyme in the cas-

cade reaction, CuO, catalyzed hydrogen peroxide to produce hy-

droxyl radicals, which reacted more specifically with terephthalic

acid (TA) to produce fluorescent signals. As a result, the relative

reactivity of AA to uric acid (UA) was as high as 1242-fold. Den-

sity functional theory (DFT) revealed the mechanism of the CuO-
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Fig. 1. TEM images of (a) NC and (b) CuO. (c) UV–vis spectra of the TMB-HRP kit

for the NC-catalyzed reaction before and after adding AA. (d) ESI-MS spectra of AA

before and after the catalytic oxidation by NC. (e) Fluorescence spectra of TA before

and after oxidation with H2O2. (f) ESR spectra of H2O2 before and after addition of

CuO.

catalyzed chromogenicity of terephthalic acid (TA), further sug-

gesting better substrate specificity for this reaction. The proposed

NC–CuO cascade system was used for AA detection by combining

microfluidic technology. Because of the more sensitive fluorescence

signal output, the sensor exhibits a linear concentration range of

AA from 2.5nmol/L to100 nmol/L with a limit of detection (LOD)

of 0.77nmol/L (S/N = 3).

The NC was prepared by the MgO template method using pyri-

dine as a precursor at approximately 800 °C [27]. Scanning elec-

tron microscopy (SEM) images showed that NC is a cubic hollow

nanocage structure (Fig. S1 in Supporting information). The trans-

mission electron microscopy (TEM) images in Fig. 1a further dis-

closed these nanocages interconnected to form micrometer-sized

nanosheets, which further assembled into 3D flower-like particles

with a large intersheet space. X-ray photoelectron spectroscopy

(XPS) also confirmed the successful synthesis of NC. As shown in

Fig. S2 (Supporting information), the N 1s XPS spectra were decon-

voluted into four peaks at 397.8, 399.2, 400.6, and 401.8 eV, corre-

sponding to pyridinic N, pyrrolic N, graphitic N, and oxidized N, re-

spectively. Thus, the hierarchical structure along with dopants en-

dowed NC with a large specific surface area, which would facilitate

rapid charge (ion and electron) transfer and promote the efficiency

of nanozymatic reactions [28].

CuO was fabricated using a rapid precipitation method [29].

Fig. 1b shows that the average particle diameter of CuO was ap-

proximately 6.0 nm. X-ray diffraction (XRD) was used to determine

the crystal structure of CuO (Fig. S3 in Supporting information).

The main diffraction peaks of CuO were observed at 2θ degrees

of 32.6 (110), 35.6 (1̄11), 38.7 (111), 48.8 (2̄02), which is consis-

tent with CuO [30]. The high-resolution X-ray photoelectron spec-

tra (XPS) in Fig. S4 (Supporting information) provided additional

bonding information. The Cu 2p XPS spectra exhibited two main

peaks at 933.08 eV (Cu 2p3/2) and 953.18 eV (Cu 2p1/2), demon-

strating pure copper(II) oxide [31]. Moreover, different morpholo-

gies of CuO were also synthesized to explore the structure-function

relationship. It was found that the morphologies of CuO had a neg-

ligible influence on the catalytic oxidation activity (Fig. S5 in Sup-

porting information). These results confirmed the successful syn-

thesis of the CuO NPs.

The oxidase-like activity of NC was explored using UV–vis spec-

troscopy. As shown in Fig. S6 (Supporting information), the typi-

cal absorption of AA at 265nm disappeared after incubation with

NC in PBS. To validate the product of the catalytic oxidation of AA

by NC, a standard 3,3′,5,5′-tetramethylbenzidine-Horseradish per-

oxidase (TMB-HRP) kit was employed. After the addition of AA to

the reaction solution, a typical characteristic peak of TMBox was

observed at 652nm, whereas negligible absorbance was obtained

in the control reaction system without AA (Fig. 1c). This demon-

strates that H2O2 was produced during the oxidation of AA cat-

alyzed by NC. Subsequently, the oxidized products were verified

by electrospray mass spectrometry (ESI-MS). Before oxidation, an

AA fragment ( [M-H]) was observed at 175.14 (Fig. 1d). Notably, a

dehydrogenated oxidation product of AA (173.11) was observed af-

ter the addition of AA to the NC catalytic reaction system, which

further demonstrated the oxidase-like properties of NC. To quanti-

tatively evaluate the catalytic activity, a steady-state kinetic exper-

iment was performed by varying the concentration of AA. Briefly,

the enzymatic kinetic constants, including the Michaelis–Menten

constant (Km) and maximum reaction velocity (Vmax) of the NC

nanozymes, were obtained by steady-state kinetic assays (Fig. S7

in Supporting information). The Km and Vmax values of NC were ca.

15.97 μmol/L and 5.23× 10–6 mol L-1 s-1, indicative of good affinity

and catalytic activity for substrates.

In this study, TA was used as a substrate to investigate the

peroxidase-like activity of CuO [32]. The POD-like catalytic activ-

ity of CuO was confirmed by comparative experiments. As shown

in Fig. 1e, the addition of H2O2 significantly increased the fluores-

cence intensity (red line) compared with that of the CuO-TA sys-

tem without H2O2 (black line). To understand the catalytic mecha-

nisms of CuO in peroxidase-like activity, the intermediate reactive

species were studied using scavenger trapping experiments. As il-

lustrated in Fig. S8 (Supporting information), the catalytic activity

was significantly reduced when isopropanol was added to the sys-

tem, indicating that H2O2 generated hydroxyl radicals (•OH) as a

major step. Electron spin resonance (ESR) spectra also supported

this speculation. As shown in Fig. 1f, the characteristic peaks of

DMPO-•OH adducts with a signal intensity of 1:2:2:1 were ob-

served during the peroxidase-like reaction by CuO. Steady-state ki-

netics were used to quantitatively characterize the peroxidase-like

activity of CuO. As shown in Fig. S9 (Supporting information), typ-

ical Michaelis–Menten curves were obtained, showing a Vmax of

1.9919× 10–7 mol L-1 s −1 and Km of 72.98mmol/L. Thus, CuO ex-

hibited high POD-like catalytic activity in the oxidation of TA with

H2O2, and the product could be sensitively detected by fluores-

cence.

Density functional theory (DFT) calculations were performed to

gain further insight into the mechanisms underlying of H2O2 to

produce •OH catalyzed by CuO. For this purpose, both the adsorp-

tion process of H2O2 and the process of catalyzing the transition

state of H2O2 were calculated. For simplicity, the most studied and

observed CuO (111) facet (Fig. S10a in Supporting information) was

chosen as the adsorption substrate. When a H2O2 molecule was
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Fig. 2. Scheme of the reaction pathway for H2O2 activation on the CuO surface. Oxygen atoms: red; hydrogen atoms: white; Cu atoms: blue. For clarity, the sizes of the O

and H atoms in H2O2 are not in scale.

supposed to be adsorbed by the Cu site on the CuO (111) surface,

the system energy was reduced by 0.53 eV (Fig. S10b in Supporting

information). Under the attraction of two Cu sites, the O–O bond

of H2O2 continuously elongated, ultimately breaking to form two
•OH radicals (Fig. 2). During the reaction, when the O–O bond was

stretched, the system needs to cross a small energy barrier of 0.09

eV. After stable adsorption of two •OH radicals, an energy of up

to 1.39 eV (ETS − EIS) was released. DFT calculations demonstrated

that the CuO-catalyzed •OH production from H2O2 conformed to

the thermodynamic law, which was consistent with the experi-

mental results (Fig. 1f) and provided a theoretical foundation for

improving the selectivity of TA molecule oxidation.

Owing to its advantages of high detection sensitivity and fast

reaction speed, TMB has a wide range of applications in the fields

of biochemistry, pharmaceuticals, and the environment [33–36].

However, several deficiencies of TMB are often overlooked. As

a typical chromogenic substrate, TMB generally undergoes one-

electron oxidation, but the product is unstable, which easily un-

dergoes one more electron oxidation into the yellow product [37].

In addition, because TMB has poor selectivity in oxidants, it can

be catalyzed by different reactive oxygen free radicals. Both limi-

tations of TMB significantly compromise the sensing accuracy. As

known, fluorescence detection methods are widely used in the

field of analytical chemistry due to their high sensitivity and con-

venient detection [38]. On the other hand, fluorescent probes are

often able to specifically bind certain groups or molecules with

better substrate specificity, which ensures the selectivity and sen-

sitivity of the reaction [39]. It was experimentally found that TA

had better reaction specificity than TMB, which can only be oxi-

dized in the presence of •OH (Fig. 3a). Therefore, TA was chosen as

the chromogenic substrate for the selective and sensitive detection

of AA in this study.

When H2O2 was added to CuO-TA system, H2O2 can be cat-

alyzed to produce •OH. TA can then be oxidized to form TAOH.

Considering that TAOH has both UV and fluorescence responses,

UV–vis and fluorescence spectra were employed. As shown in Fig.

3b, the detection limit obtained using the TAOH fluorescence signal

was much lower than that obtained using the UV–vis signal. There-

fore, considering the sensitivity of fluorescence, we constructed a

fluorescence cascade reaction based on the NC–CuO system. A cas-

caded detection strategy with high sensitivity and selectivity was

developed based on the reaction specificity of TA and a sensitive

fluorescence detection method.

It is important to construct the cascade system by rationally se-

lecting nanozymes with appropriate activities. To demonstrate the

advantages of NC, several other nanozymes with oxidase-like activ-

ity such as Pt/C, Fe–N–C–CM6 (CM6) and Fe–N–C–Me (Me) were

cascaded with CuO to catalyze AA oxidation (Fig. 3c). The cascade

using Pt/C, CM6 and Me with CuO was found to be less effec-

tive than the cascade of NC and CuO. In addition, control exper-

Fig. 3. (a) Reactivity of TMB and TA against various free reactive oxygen radicals.

(b) UV–vis and fluorescence spectra of TAOH. (c) Reactivity of the cascade system

constructed using different oxidases and CuO. (d) Reactivity of CuO–NC cascade sys-

tem used to detect different substrates. (e) Scheme of the NC–CuO cascade system.

iments confirmed that NC had no catalytic effect on TA (Fig. S11

in Supporting information). Different interference substrates (e.g.,

Cys, GSH, UA, and AA) were used to study the importance of the

nanozyme sequence. It was found that the CuO–NC system could

react with all these substrates to produce fluorescence signals (Fig.

3d), indicating that the cascade system constructed in this order

was not selective for the detection of substrates. Thus, the NC–CuO

cascade system was adopted for the fluorescent detection of AA. As

shown in Fig. 3e, NC with oxidase-like activity can catalyze oxygen

to generate H2O2, and the H2O2 can be catalyzed by CuO to pro-

duce •OH. •OH interacts with TA to produce TAOH, which exhibits

strong fluorescence. Based on these results, a simple and sensitive

fluorescence detection method was established for the detection of

AA.

It should be noted that CuO was chosen for this study for

several reasons. First, CuO catalyzes the formation of •OH from

H2O2, and the reaction has been demonstrated to have good speci-
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Fig. 4. (a) Fluorescence spectra of TA oxidation products generated from the

NC–CuO cascade system with different AA concentrations. Inset: calibration curve

of fluorescence intensity with concentration of AA. (b) Fluorescence intensity of the

TA oxidation product generated from the NC–CuO nanozyme cascade system using

AA and other small molecules as potential interfering substrates. (c) Comparison of

the enhanced folds of selectivity for AA using different detection methods [40–48].

(d) Scheme of microfluidic reactor containing cascade NC–CuO. Calibration curves

of fluorescence intensity with AA concentration in the (e) open reactor and (f) spa-

tially confined microfluidic reactor.

ficity through experiments and theoretical calculations. Secondly,

the •OH produced by CuO catalyzed H2O2 can specifically bind

to the fluorescent probe TA. In addition, CuO cannot directly cat-

alyze the oxidative color development of TA and does not inter-

fere with the sensing system. All this makes the CuO-catalyzed

reaction more specific, enabling the cascade system with better

selectivity.

We next explore the sensing AA via cascade reaction. Typ-

ically, 10 μL of NC suspension was dropped into 1mL of PBS

(0.2mol/L, pH 6.0) with different AA concentrations. After incuba-

tion at 45 °C for 3min, the NC was removed by filtration. Then,

25 μL of 120mmol/L TA and 10 μL of 5mg/mL CuO were added to

the supernatants, and the above solution was incubated for 25min

at 45 °C. The fluorescence signal was collected at 423nm, using

an excitation wavelength of 315nm. Under optimum conditions,

the fluorescence intensity increased gradually with an increase in

AA concentration, demonstrating that the proposed NC–CuO sys-

tem can be employed to detect AA. By quantifying the results, cal-

ibration curves and the corresponding linear ranges of AA detec-

tion were obtained (Fig. 4a). The increase of the fluorescence in-

tensity was proportional to the AA concentration in the range of

0.1–50 μmol/L, with a correlation coefficient of R2 =0.99. The fitted

linear equation was FL intensity=4140C (μmol/L)+21674. A vari-

ety of interferences were introduced into the detection system to

assess the selectivity of this fluorescence assay for the detection

of AA. Although the concentration of interference was the same as

that of AA, a high fluorescence intensity was produced only when

AA was present in the system, as shown in Fig. 4b. In particular,

without any sophisticated modification of nanozymes and any in-

troduction of natural enzymes, the relative reaction selectivity of

AA against UA was up to 1242 fold. The enhanced selectivity for AA

based on the nanozymatic system significantly surpassed that of

previously reported AA sensors (see Fig. 4c for more details) [40–

48]. It showed beyond the mainstream structured efforts, the sub-

strate channeling and screening can be mimicked as a simple but

highly efficient approach to address the constraints of nanozymes

for high selective biosensing.

Beyond the open reaction system, we further study the sensing

of AA with cascade reactions in a microfluidic device. As an emerg-

ing technology, microfluidic technology is widely applied in mul-

tiple fields, such as materials science and biomedical engineering

[49–52]. In microfluidic systems, trace amounts of reactants react

at the micrometer scale, and intermediate products are also sealed

to minimize competitive cross-reactions to improve reaction effi-

ciency [53–56]. In addition, it can also guide substrates to react

with specific cascade sequences [57]. Microfluidic systems provide

biological analysis technology advantages such as low cost, high

precision, high resolution, and simple operation [58,59]. In this

study, as shown in Fig. 4d, the microfluidic device was fabricated

by painting NC and CuO on the different channels of polydimethyl-

siloxane (PDMS). The channel has a length of 40mm, depth of

0.07mm, and width of 4mm. In a microfluidic device, different

channels of microfluidic device were loaded with corresponding

NC and CuO catalysts, respectively. Polypropylene tubes were used

to connect the microfluidic chip and control the flow of the re-

action solution. PBS containing different concentrations of AA was

pumped into the first reaction channel and allowed to react at

45 °C for 3min. Subsequently, the reaction solution was pumped

into the second reaction channel, while TA was pumped from the

downstream inlet. Finally, the reaction solution at the outlet (about

40 μL) was collected in a microcuvette and the signal was de-

tected by fluorescence spectroscopy. As aforementioned, AA would

be catalyzed by NC in channel 1, and TA would be later catalyti-

cally oxidized by CuO in channel 2 using the produced H2O2 from

channel 1 as a co-substrate. The final TAOH solution (about 40 μL)

from channel 2 was quantitatively analyzed. The increase in the

fluorescence intensity was proportional to the AA concentration

in the range of 2.5–100nmol/L with a limit of detection (LOD) of

0.77nmol/L (S/N = 3), which was superior to the open system re-

sults and previously reported results (Table 1) [21,24–26,60–63].

Furthermore, as shown in Figs. 4e and f, the slope of the nanozy-

matic cascade reaction in the microfluidic device improved by ap-

proximately 1000-fold compared to the linear slope of the AA as-

say in the open system. It indicated that the conversion efficiency

and associated detection sensitivity were greatly improved. This

study provides a strategy for improving sensor selectivity and sen-

sitivity using AA as an example, particularly for trace samples, and

is expected to be helpful to other sensing strategies for improving

detection selectivity and sensitivity.

To prove the suitability and feasibility of the established plat-

form for AA detection in biological samples, the analytical perfor-

mance of the sensing strategy was evaluated. Since bovine serum

albumin is one of the most widely studied proteins and is similar

to human serum albumin, the analytical performance of 10% di-

luted bovine serum supplemented with AA was evaluated. Recov-

ery rate experiments were performed in the open system. AA was

added to the diluted serum samples at concentrations of 5, 25 and

50 μmol/L, and the recoveries of AA mixed with serum samples

ranged from 95.1% to 101.6% (Figs. 5a and b). Recovery experiments

were also performed in a microfluidic system. AA was added to the

diluted serum samples at concentrations of 5, 50 and 100nmol/L,

the recoveries of AA mixed with serum samples ranged from 98.4%
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Table 1

Comparison of different methods for AA detection in literature.

Method Material Dynamic detection range (μmol/L) LOD (μmol/L) Ref.

Fluorescence CNCs 0.5–100 0.15 [60]

Fluorescence CuInZnS QDs 0.05–0.25 0.011 [61]

Colorimetry CuO NP-POM 0.02–500 0.015 [24]

Electrochemistry ZnCr2O4 0.01–126 0.01256 [21]

Colorimetry PtNi/NCFs 1–20 0.94 [26]

Colorimetry CuNHCNs 1–500 0.0689 [25]

Fluorescence R-CDs& PDA 0.5–30 0.28 [62]

Fluorescence LDH-GQDs 5–300 1.73 [63]

Fluorescence NC–CuO (open reactor) 0.1–50 0.085 This work

Fluorescence NC–CuO (microfluidic device) 0.0025–0.1 0.00077 This work

Fig. 5. (a, b) AA recovery assay in an open reactor. (c, d) AA recovery assay of the

microfluidic device.

to 99.6% (Figs. 5c and d). These findings confirmed the accuracy

and strong dependability of AA detection.

In summary, based on a nanozyme catalytic system with high

reaction specificity, we developed a cascaded fluorescence sensing

system for the selective and sensitive detection of AA against vari-

ous interferences. AA was oxidized by NC to produce AAox and the

by-product H2O2. The second step of cascade transformation was

induced by the addition of CuO nanozymes. Further using the •OH

generated by CuO-catalyzed reaction to oxidize TA, a fluorescence

sensing platform was constructed for AA with a linear detection

range of 2.5-100nmol/L/0.1-50 μmol/L and a low limit of detection

of 0.77nmol/L/0.085 mol/L in a spatially confined microfluidic re-

actor and an open reactor, respectively. More importantly, the AA

detection by cascaded fluorescence sensing system had excellent

selectivity by combining more substrate-specific reaction and stood

out from over a dozen interferents, such as UA, urea, Glu without

any biorecognition units. Notably, the cascade strategy comprehen-

sively considers the reaction specificity of the nanozymes and the

signal output mode. By combining the two, sensing targets with

high sensitivity and high selectivity were realized. This study of-

fers a new direction for the design of nanozymatic assays with en-

hanced sensitivity and selectivity.
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