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Abstract

:

Transition metal-N-doped carbon has been demonstrated to mimic natural enzyme activity; in this study, cobalt–nitrogen co-doped carbon (Co-N-C) nanomaterial was developed, and it could be an oxidase mimic. Firstly, Co-N-C with oxidase-like activity boosts the chromogenic reaction of 3,3′,5,5′-tetramethylbenzidine (TMB) to produce the oxidized TMB (oxTMB). And the aromatic primary amino group of oxTMB reacts with nitrite (NO2−) to form diazo groups. Based on this background, we developed a cascade system of a Co-N-C-catalyzed oxidation reaction and a diazotization reaction for nitrite determination. The low detection limit (0.039 μM) indicates that Co-N-C is superior compared with the vast majority of previously reported nitrite assays. This study not only provides a novel nanozyme with sufficiently dispersed active sites, but it also further applies it to the determination of nitrite, which is expected to expand the application of nanozymes in colorimetric analysis.
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1. Introduction


Enzymes are biocatalysts with high catalytic activity and specificity, whereas high price and easy inactivation limit their application and development [1,2,3,4]. Therefore, artificial enzymes were first reported by Yan et al. in 2007 [5], revealing the intrinsic biological effects and new properties of nanomaterials, enriching the investigation of artificial enzymes and expanding the application range of nanomaterials. Nanozymes are nanomaterials with enzymatic characteristics, and they have many benefits such as low cost, high activity, and mass preparation, which have caused a lot of attention [6]. Recently, different from traditional nanomaterials, transition metal-nitrogen-doped carbon (M-N-C) nanocatalysts have been evaluated as catalysts with great prospects in many fields because they have sufficiently exposed active sites and thus excellent activity, coupled with particularly low preparation costs. The M-N-C catalyst maximizes the utilization rate of metal atoms in terms of size, structure, and composition, and improves the catalytic performance by regulating the interaction between metal atoms and the support. In other words, optimizing the electronic structure to regulate the adsorption and desorption of substrates and intermediates to boost the improvement of enzyme-like activity [7,8,9]. So far, although many reports of mimetic enzyme materials focusing on Co, low atomic utilization and ambiguous active sites remain obstacles that the majority of nanozymes struggle to overcome in catalytic reactions [10,11,12,13]. Therefore, the enhancement of the loading and exposure of the active sites plays a crucial role in achieving high activity catalyzed by nanozymes. Consequently, it is of great significance to prepare Co-N-C catalysts with highly dispersed Co-Nx active sites and study their enzymatic activities.



As we all know, nanozymes with excellent activity and stability have been used in many fields related to human survival and life, such as food safety, environmental monitoring, clinical medicine, etc. In food processing, nitrite is commonly employed as a preservative or colorant, thereby extending the food expiry time of food and enriching the taste [14]. However, residual nitrite can give rise to a high accumulation of hemosiderin, which can be harmful to health [15]. Furthermore, the drinking water guideline for nitrite intake was 3 mg L−1 (the molar concentration is approximately 65 μM) has been set by the World Health Organization [16], so the development of an efficient and accurate test method plays an essential role in ensuring food safety. Until now, analytical approaches for detecting nitrite have been developed, such as electrochemical [17], fluorescence [18], colorimetric [19] analysis, and so on. Nevertheless, the single signal involved in these measures is susceptible to environmental interference [16], and it is important to explore new monitoring methods. Taking into account the above requirement, we chose TMB as the substrate in catalytic reaction similarities to natural enzymes [20]; oxTMB is generated based on oxidase-like characteristics involved in Co-N-C, and its aromatic primary amino group reacts with nitrite to form diazo groups to achieve the detection of nitrite in food. Subsequently, oxidation and diazotization reactions form a cascade system. Furthermore, UV-vis spectra with bimodal signals reduce systematic errors caused by the experimental environment.



Herein, the Co-N-C nanocatalyst was satisfactorily prepared, which not only maximizes the availability of metal atoms, but also exposes affluent metal active sites and, therefore, exhibits magnificent oxidase-like activity. Further combined with the diazotization reaction, a bimodal ratiometric colorimetric analysis for accurate detection of nitrite was appropriately explored.




2. Experimental Section


2.1. Preparation of Co-N-C and N-C


Co-N-C was prepared according to a general ligand-mediated strategy [21]. In detail, (CH3COO)2Co·4H2O (18.8 mg) and 1,10-Phenanthroline (94.99 mg) were added to 2 mL ethanol and stirred. After stirring at room temperature for 20 min, carbon black (69.6 mg) was added into the above solution, followed by constant stirring and heating in an oil bath at 60 °C for 4 h. Subsequently, the resulting dispersion was then placed in an oven at 80 °C to evaporate the ethanol to obtain dry solid powder, then placed in a ceramic boat and heated at 800 °C at a rate of 10 °C min−1 under an Ar atmosphere and kept for 2 h. Then, the obtained materials were cooled naturally to yield Co-N-C samples. A control sample was synthesized through the same fabrication process as that for Co-N-C samples but without the step of Co element incorporation (denoted as N-C).




2.2. Probing the Diazotization Reaction of oxTMB


To explore the diazotization between nitrite and oxTMB generating from the Co-N-C + TMB system, 20 μL Co-N-C solution, 20 μL TMB substrate, and 940 μL of acetate buffer were mixed thoroughly. Immediately after 5 min of reaction at room temperature, 20 µL nitrite aqueous solution (5 mM) was added to the above mixture, the reaction is continued for 20 min, and the absorbance change of the mixed solution was recorded by UV-vis spectrophotometer.




2.3. Ratiometric Colorimetric Analysis of Nitrite


In total, 20 μL TMB substrate and 20 μL Co-N-C solution were mixed thoroughly. After the substrate was oxidized for 5 min, various volumes of nitrite aqueous solution (5 mM) were added immediately to the above mixed solution in a gradient, and the UV-vis spectra were measured immediately. Furthermore, to verify the applicability of the Co-N-C + TMB + NO2− system, sausages and salted quail eggs were pretreated and experimented on in light of the China National Standard (GB 5009.33-2016) [16]. Standard nitrite solutions of different concentrations were then added to these real samples for measurement.





3. Result and Discussion


3.1. Synthesis and Characterization of Co-N-C


Based on a previous report by Zhang et al. [21], according to a general ligand-mediated strategy, we used (CH3COO)2Co·4H2O as a metal precursor to provide cobalt ions, then complexed with 1,10-phenanthroline and loaded on carbon black. The modified carbon was obtained, which was subsequently pyrolyzed in an argon atmosphere at 800 °C, generating the formation of Co-N-C (Figure 1a). According to previously reported articles, after the introduction of nitrogen-doped carbon, Co was coordinated fourfold by N atoms obtaining CoN4 on Co-N-C. The cobalt–nitrogen co-doped carbon with the well-defined CoN4 coordination structure could promote the direct formation of enzyme-like active sites.



The morphology of the prepared Co-N-C was observed by transmission electron microscopy (TEM), and no metal particles and clusters were seen on the carbon black carrier (Figure 1b and Figure S1), indicating that Co was well dispersed. Moreover, the powder X-ray diffraction (XRD) further proved the Co-N-C without metal. The XRD patterns of both Co-N-C and N-C showed only two characteristic peaks at 25.2° and 43.1°, corresponding to the (002) and (101) planes of graphite [21] (Figure 1c). In addition, the introduction of Co and N resulted in lattice distortion defects in carbon, so that the wide diffraction peak of the intact graphite plane deviated from a tiny angle. No significant diffraction peak of the crystalline Co species was present in Co-N-C, validating that Co is incorporated into carbon in an amorphous form, which is incredibly consistent with the TEM image. The Raman spectrum for Co-N-C with two peaks around 1580 cm−1 and 1350 cm−1, which can be ascribed to graphitic sp2 carbon (G band) and disordered sp3 carbon (D band) [22], respectively. The ID/IG ratio for Co-N-C (2.50) was higher than that of the original carbon black (1.95) (Figure S2), indicating that the defective carbon content of the carbon carrier increased during the pyrolysis process for prepared Co-N-C. The ID/IG ratio of N-C (2.44) is slightly lower than that of Co-N-C (2.50) (Figure 2a), which means that there may be Co-induced carbon defects in the sample [22]. Such abundant defects are believed to enhance oxidase-like activities. As shown in Figure 2b,c, the specific surface values of Co-N-C and N-C are 557.67 and 550.40 m2 g−1, and the pore diameters are 1.67 and 1.70 nm, respectively. The larger specific surface area of Co-N-C with mesoporous provides more active sites for enhancing oxidase-like activities. This may be due to an increase in defects due to the introduction of Co atoms, which leads to an increase in the specific surface area of the catalyst [23,24]. The consequence showed that the mimicked enzyme activity of Co-N-C can be greatly improved by exposing more active sites by increasing the specific surface area. The Fourier transform infrared (FTIR) spectrum shows that Co-N-C and N-C are rich in functional groups [25]. Absorption peaks at 3442 cm−1, 1653 cm−1, are separately ascribed to O-H, C=O. (Figure 2d). Meanwhile, the surface chemical composition and elemental bonding configurations of Co-N-C were analyzed by XPS analysis, and the characteristic peaks of Co, N, C, O were systematically discovered. As can be seen from the spectra (Figure 2e), the Co 2p spectra exhibit two main peaks at 796.5 and 780.8 eV, suggesting the presence of Co species in the Co-N-C sample. The peaks can be attributed to Co0 and Co2+ states [26]. The N 1s spectra can be deconvoluted into three types, oxidized-N (406.0 eV), graphitic-N (400.6 eV), and pyridinic-N (399.0 eV) [27] (Figure 2f). The formation of pyridinic N was attributed to coordination with cobalt, while the predominance of graphitic N was the graphitization of the precursor 1,10-phenanthroline [28]. The graphitic N would have an impact on the geometric and electronic structures of the carbon carriers meanwhile pyridinic N has a remarkable probability of bonding with single Co atoms, forming CoN4. Except for Co and N, the C and O of XPS were also detected on the catalyst surface. The C1s spectrum was deconvoluted into two peaks, originating from C-N species and C-C or C=C (neutral carbon and adventitious hydrocarbons), respectively [29,30] (Figure S3a). The O 1s spectrum could be deconvoluted into two peaks by the binding energy of 531.5 and 532.7 eV (Figure S3b), corresponding to ketonic C=O groups and C-groups [22], respectively. When the sample enters a high vacuum to record the XPS spectra, no Co-O peaks appear in the O 1s as a result of the disappearance of weakly adsorbed oxygen molecules.




3.2. Oxidase-like Activities of Co-N-C


Co-N-C has excellent oxidase-like activity due to its advantages of maximizing metal utilization and exposing the active site to the carbon carrier [31]. Inevitably, the oxidase-like activity of Co-N-C was demonstrated with the chromogenic substrate TMB [20]. As can be seen in Figure 3a, when Co-N-C and TMB coexist, Co-N-C oxidizes the colorless TMB to blue oxTMB related to a distinct UV-characteristic absorption peak that appears at 652 nm. In contrast, there is no significant absorbance in the wavelength range of 500–800 nm in the presence of TMB alone, demonstrating the important role of Co-N-C as an oxidase mimic in catalyzing substrate oxidation. As shown in Figure 3b, colorless ABTS and OPD are also oxidized by Co-N-C, producing corresponding green and yellow colors with characteristic absorption peaks at 416 nm and 448 nm, respectively. The oxidase-like activity of Co-N-C was further proven by the oxidation of two other typical chromogenic substrates. It can be seen that the oxidase-like activity of Co-N-C is inhibited in the N2-saturated atmosphere, but the activity is significantly enhanced in the O2-saturated atmosphere, indicating dissolved oxygen plays an extremely important action in the catalytic oxidation of TMB (Figure 3c). Compared with Co-N-C nanozyme, the N-C nanocatalyst did not exhibit significant oxidase-like activity (Figure 3d). To further study the active site of Co-N-C nanozyme, the effect of thiocyanate ions (SCN−) on its oxidase-like activity was investigated owing to the fact that SCN− can poison CoNx-centered catalytic sites under acidic conditions [32]. As shown in Figure 3e, the characteristic absorption peak at 652 nm is obviously decreased after the SCN- pretreatment of Co-N-C. This implies that the enzymatic activity of Co-N-C is irreversibly inhibited by SCN−, which also shows that the main active site for mimicked oxidase is Co-Nx. To obtain a suitable absorbance value for evaluating oxidase-like activity, the concentration optimization experiment of Co-N-C catalyst was performed. As shown in Figure 3f, the concentration is too low to prove the activity of the sample well, while the background color of the catalyst with too high concentration is darker, which will affect the absorbance value of the characteristic peaks. Therefore, a Co-N-C catalyst with a concentration of 10 μg mL−1 was finally selected for subsequent testing.



To our knowledge, oxygen plays a crucial role as an electron acceptor in the catalytic oxidation of Co-N-C [33,34,35,36]. The activated O2 was adsorbed on the surface of the catalyst to generate reactive oxygen species (ROS). In terms of theory, the adsorbed O2 may evolve into several ROS in oxidase simulation reactions, including hydroxyl radicals (·OH), superoxide anion (O2·−), singlet oxygen (1O2), and hydrogen peroxide (H2O2) [37,38,39]. Therefore, we performed free radical scavenging exploration and electron paramagnetic resonance (EPR) detection systems to prove the types of ROS generated in the Co-N-C-involved mimicked enzyme reaction to better understand the reaction mechanism. Superoxide dismutase (SOD), the scavenger for O2·−, can evidently suppress the catalytic reaction (Figure 4a). Furthermore, EPR spetra were performed with 5,5-dimethyl-1-pyrroline N-oxide (DMPO) in methanol solution. As shown in Figure 4c, the characteristic triplet peaks in the EPR plot proved the generation of O2·−. Subsequently, the scavengers L-histidine and 1,4-dicarboxybenzene (TA) are introduced for 1O2 and ·OH, respectively. However, these two scavengers did not exert a significant inhibitory effect on oxidase-like activity (Figure 4a,b). Based on the above experimental conclusions, the O2·− is the most active species in the reaction system and it accounts for the oxidation of TMB combining with the scavenger and EPR results. (Figure 4d). In fact, the catalytic capability of Co-N-C is pH-, and it is temperature-dependent, resembling natural enzymes. The catalytic activity of Co-N-C elevated initially but decreased next when the buffer is in the range of pH 3.2–pH 5.6, arriving at the optimal pH = 3.6 (Figure 5a). As can be seen in Figure 5b, over a wide temperature range (25 to 55 °C), the optimum activity is at 40 °C, which favors the practicability of the Co-N-C.



Typically, we calculate the steady-state kinetic parameters (i.e., Km and Vmax) based on kinetic assays to quantitatively assess the oxidase-like activity of Co-N-C. Compared with previously reported Cobalt-based oxidases, the Km of Co-N-C is smaller (0.39 mM, Table S1), which shows it is a better affinity that gives rise to superior catalytic efficiency. This excellent oxidase activity is due to atomically dispersed Co-N4 active sites and extremely high atomic utilization.




3.3. Cascade of Oxidase-like Catalysis and Diazotization


Nitrite (NO2−) is a common nitrogenous compound and widely exists in nature. Superfluous NO2− can integrate with hemoglobin, which triggers severe methemoglobin accumulation inside the body [40,41,42,43,44,45]. In this work, after NO2− is introduced into the Co-N-C + TMB reaction system, the oxTMB obtained by oxidation would undergo diazotization reaction with it. As shown in Figure 6a, the UV-vis absorption peak at 652 nm decreases, while the signal at 445 nm increases; the color of the solution is converted from blue to green. Therefore, the investigation is known as a cascade process for NO2− detection, which will effectively detect the concentration of NO2− in a bimodal ratiometric colorimetric mode. By introducing dual characteristic peaks to achieve the output of the ratiometric signal, interference from environmental factors can be reduced, and some systematic errors can be eliminated, thereby improving the reliability of detection. This dual signal occurs due to the aromatic primary amine group of oxTMB reacting with nitrite to form the diazo group (Figure 6b). According to the previous report on L-Ascorbic acid (AA) [46], inhibition of the oxidation of TMB can be introduced to further explore the diazotization interaction between nitrite and oxTMB. Figure S4 shows that the intermediate ester product oxTMB is obtained due to the enzymatic nature of Co-N-C [20]. After AA is subsequently added, oxTMB is entirely reduced [47], and no clearly discernible absorbance was observed in the wavelength range of 400–750 nm. Nevertheless, with the presence of nitrite, oxTMB intermediate reacts with nitrite to form diazotized oxTMB, but AA cannot completely reduce it to the original TMB [16]. As a matter of fact, the hemiquinone-imine structure of diazotized oxTMB can be chemically reduced by AA to the amino structure of aromatic hydrocarbons, while the diazo group cannot be reduced due to its chemical stability. The result manifests its diazotization interaction that occurred between nitrite and oxTMB species.




3.4. Co-N-C Applied in the Ratiometric Colorimetric Assay of Nitrite


Nitrite with the capacity to induce opposite changes in two signals in the Co-N-C + TMB system with good specificity, provides a measure for the quantitative determination of nitrite. To achieve optimal detection capabilities, the diazotization time of nitrite and oxTMB is maintained for 20 min, which is on the wavelength of the 652 nm and 445 nm (A652/A445) gradually becomes saturated after 20 min (Figure S5). As shown in Figure 6c, with optimal experimental conditions, the consumption of oxTMB leads to the reduction in the absorbance peak at 652 nm following the contribution of nitrite. Correspondingly, the generation of diazotized oxTMB gives rise to the augment of the signal at 445 nm as well. In accordance with the performance, the ratio of A652/A445 progressively decreases alongside the elevation in nitrite concentration. A satisfactory linear relationship is further found between A652/A445 and the Log([NO2−]) in the range of 20–200 μM. Accordingly, the linear fitting equation is Y = 4.38 − 1.89X (μM, R2 = 0.99) (Figure 6d), and the detection limit (LOD) is 0.039 μM (S/N = 3). In fact, TMB reacts directly with nitrite to quantitatively detect it. As shown in Figure S6, a linear relationship is observed in the concentration range of 20–200 µM, and the LOD is 0.17 µM. Table S2 shows the superiority of ratiometric colorimetry in terms of responsiveness and detection limits compared to previously reported single-signal assays for the detection of nitrite. In particular, the sensitivity and detection limits of this ratiometric detection approach fully meet the demand of human daily life for detecting nitrite in drinking water and food.



Among some considerable indexes affecting nitrite determination, high sensitivity, anti-interference, and high selectivity should be considered. Therefore, various potential interferences were measured in this study, including common ions and biomolecules. Subsequently, the results showed that the influence of these common disturbing species on the bimodal ratiometric detection mode is negligible (Figure S8), which indicates the analytical methods established has significant anti-interference properties.



Additionally, to verify the practicality of the above analysis, it was applied to the detection of nitrite in preserved products such as sausages and salted quail eggs under real environmental conditions. As shown in Table 1, the recovery percent of the ratiometric colorimetric is 100.3–110.8% (RSD ≤ 4.4%), which illustrates the bimodal ratio measurement with superior feasibility in quantifying nitrite content in actual samples, and it is expected to be widely used to analyze nitrite in food needed by human daily life.





4. Conclusions


In summary, we successfully prepared Co-N-C by a general ligand-mediated strategy, which maximized metal utilization with low cost in the preparation of nanomaterials. Since CoN4 is the active site in Co-N-C, the surface free energy of Co-N-C increases dramatically, coupled with quantum size effects and the influence of unsaturated coordination environment, which both give this mimicked enzyme species high oxidase-like activity, high stability, and selectivity. In this study, TMB was used as a suitable colorimetric substrate, and the mimicked enzyme reaction of Co-N-C was further cascaded with the diazotization reaction, so satisfactory results were achieved in the detection of nitrite. The novel cobalt-based nanozyme with an extremely high metal atom utilization rate has great practical significance, and it further expands the use of nanozymes in bioanalytical sensing.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/bios13070748/s1, Figure S1: TEM images of Co-N-C. Figure S2: HAADF-STEM image of Co-N-C and elemental mappings of C, N, Fe, respectively. Figure S3: Raman spectra of carbon black. Figure S4: (a) C 1s and (b) O 1s spectra of Co-N-C. (c), (d) XPS survey spectra of Co-N-C and NC. Figure S5: Experimental verification of the diazotization interaction between oxTMB and NO2−. Figure S6: Change of the ratiometric colorimetric signal A652/A445 along with the diazotization time of oxTMB and NO2−. Figure S7: (a) UV-vis spectra of the TMB + NO2− system with NO2− at various levels. (b) Linear relationship between the absorbance at 445 nm and the concentration of NO2−. Figure S8: Ratiometric colorimetric response of the bimodal ratiometric colorimetric method toward various species. Table S1: Comparison of the TMB kinetic parameters of the Co-N-C with other mimicking enzyme catalysts. Table S2: Comparison of the current work with reported methods for the determination of NO2−. References [48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64] are cited in the supplementary materials.





Author Contributions


Conceptualization, D.L. and S.C.; methodology, D.L.; software, D.L.; validation, D.L., S.W. and S.C.; formal analysis, Y.L.; investigation, D.L.; resources, Y.L.; data curation, D.L.; writing—original draft preparation, D.L.; writing—review and editing, S.W.; visualization, D.L.; supervision, Y.L.; project administration, Y.L.; funding acquisition, Y.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by National Natural Science Foundation of China (22172063).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


This work was supported by the National Natural Science Foundation of China (22172063), the Young Taishan Scholar Program (tsqn201812080) and the Independent Cultivation Program of Innovation Team of Ji’nan City (2021GXRC052).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Zandieh, M.; Liu, J. Surface Science of Nanozymes and Defining a Nanozyme Unit. Langmuir 2022, 38, 3617–3622. [Google Scholar] [CrossRef] [PubMed]

	



Deng, Y.; Dong, Y.; Wang, G.; Sun, K.; Shi, X.; Zheng, L.; Li, X.; Liao, S. Well-Defined ZIF-Derived Fe–N Codoped Carbon Nanoframes as Efficient Oxygen Reduction Catalysts. ACS Appl. Mater. Interfaces 2017, 9, 9699–9709. [Google Scholar] [CrossRef] [PubMed]

	



Niu, X.; Shi, Q.; Zhu, W.; Liu, D.; Tian, H.; Fu, S.; Cheng, N.; Li, S.; Smith, J.N.; Du, D.; et al. Unprecedented peroxidase-mimicking activity of single-atom nanozyme with atomically dispersed Fe–Nx moieties hosted by MOF derived porous carbon. Biosens. Bioelectron. 2019, 142, 111495. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, Y.; Zhang, Z.; Lei, Z.; Tan, Y.; Wu, W.; Mu, S.; Cheng, N. Defect-enriched hollow porous Co–N-doped carbon for oxygen reduction reaction and Zn-Air batteries. Carbon 2020, 167, 188–195. [Google Scholar] [CrossRef]

	



Gao, L.; Zhuang, J.; Nie, L.; Zhang, J.; Zhang, Y.; Gu, N.; Wang, T.; Feng, J.; Yang, D.; Perrett, S.; et al. Intrinsic peroxidase-like activity of ferromagnetic nanoparticles. Nat. Nanotechnol. 2007, 2, 577–583. [Google Scholar] [CrossRef]

	



Wang, Z.; Zhang, R.; Yan, X.; Fan, K. Structure and activity of nanozymes: Inspirations for de novo design of nanozymes. Mater. Today 2020, 41, 81–119. [Google Scholar] [CrossRef]

	



Jiang, B.; Liang, M. Advances in Single-Atom Nanozymes Research. Chin. J. Chem. 2021, 39, 174–180. [Google Scholar] [CrossRef]

	



Jiao, L.; Yan, H.; Wu, Y.; Gu, W.; Zhu, C.; Du, D.; Lin, Y. When Nanozymes Meet Single-Atom Catalysis. Angew. Chem. Int. Ed. 2020, 59, 2565–2576. [Google Scholar] [CrossRef]

	



Jiang, B.; Guo, Z.; Liang, M. Recent progress in single-atom nanozymes research. Nano Res. 2022, 16, 1878–1889. [Google Scholar] [CrossRef]

	



He, S.; Huang, J.; Zhang, Q.; Zhao, W.; Xu, Z.; Zhang, W. Bamboo-Like Nanozyme Based on Nitrogen-Doped Carbon Nanotubes Encapsulating Cobalt Nanoparticles for Wound Antibacterial Applications. Adv. Funct. Mater. 2021, 31, 2105198. [Google Scholar] [CrossRef]

	



Zhang, X.; Yuan, A.; Mao, X.; Chen, Q.; Huang, Y. Engineered Mn/Co oxides nanocomposites by cobalt doping of Mn-BTC—New oxidase mimetic for colorimetric sensing of acid phosphatase. Sens. Actuators B Chem. 2019, 299, 126928. [Google Scholar] [CrossRef]

	



Wang, Z.; Liu, Y.; Dong, X.; Sun, Y. Cobalt Phosphate Nanocrystals: A Catalase-Like Nanozyme and In Situ Enzyme-Encapsulating Carrier for Efficient Chemoenzymatic Synthesis of α-Keto Acid. ACS Appl. Mater. Interfaces 2021, 13, 49974–49981. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, X.; Li, Z.; Ding, Z.; Wang, S.; Lu, Y. Ultrathin porous Pd metallene as highly efficient oxidase mimics for colorimetric analysis. J. Colloid Interface Sci. 2022, 626, 296–304. [Google Scholar] [CrossRef] [PubMed]

	



Ko, Y.M.; Park, J.H.; Yoon, K.S. Nitrite formation from vegetable sources and its use as a preservative in cooked sausage. J. Sci. Food Agric. 2017, 97, 1774–1783. [Google Scholar] [CrossRef]

	



Xiang, G.; Wang, Y.; Zhang, H.; Fan, H.; Fan, L.; He, L.; Jiang, X.; Zhao, W. Carbon dots based dual-emission silica nanoparticles as ratiometric fluorescent probe for nitrite determination in food samples. Food Chem. 2018, 260, 13–18. [Google Scholar] [CrossRef]

	



Wang, M.; Zhu, H.; Liu, B.; Hu, P.; Pan, J.; Niu, X. Bifunctional Mn-Doped N-Rich Carbon Dots with Tunable Photoluminescence and Oxidase-Mimetic Activity Enabling Bimodal Ratiometric Colorimetric/Fluorometric Detection of Nitrite. ACS Appl. Mater. Interfaces 2022, 14, 44762–44771. [Google Scholar] [CrossRef]

	



Li, X.; Yang, X.; Cui, M.; Liu, Y.; Wang, J.; Zhang, L.; Zhan, G. A novel electrochemical sensor based on nitrite-oxidizing bacteria for highly specific and sensitive detection of nitrites. Sci. Total Environ. 2022, 826, 154178. [Google Scholar] [CrossRef]

	



Prolo, C.; Rios, N.; Piacenza, L.; Álvarez, M.N.; Radi, R. Fluorescence and chemiluminescence approaches for peroxynitrite detection. Free Radic. Biol. Med. 2018, 128, 59–68. [Google Scholar] [CrossRef]

	



Yu, M.; Zhang, H.; Liu, Y.; Zhang, Y.; Shang, M.; Wang, L.; Zhuang, Y.; Lv, X. A colorimetric and fluorescent dual-readout probe based on red emission carbon dots for nitrite detection in meat products. Food Chem. 2022, 374, 131768. [Google Scholar] [CrossRef]

	



Zhang, X.; Yang, Q.; Lang, Y.; Jiang, X.; Wu, P. Rationale of 3,3′,5,5′-Tetramethylbenzidine as the Chromogenic Substrate in Colorimetric Analysis. Anal. Chem. 2020, 92, 12400–12406. [Google Scholar] [CrossRef]

	



Yang, H.; Shang, L.; Zhang, Q.; Shi, R.; Waterhouse, G.I.N.; Gu, L.; Zhang, T. A universal ligand mediated method for large scale synthesis of transition metal single atom catalysts. Nat. Commun. 2019, 10, 4585. [Google Scholar] [CrossRef] [PubMed]

	



Zang, W.; Sumboja, A.; Ma, Y.; Zhang, H.; Wu, Y.; Wu, S.; Wu, H.; Liu, Z.; Guan, C.; Wang, J.; et al. Single Co Atoms Anchored in Porous N-Doped Carbon for Efficient Zinc–Air Battery Cathodes. ACS Catal. 2018, 8, 8961–8969. [Google Scholar] [CrossRef]

	



Kang, G.; Liu, W.; Liu, F.; Li, Z.; Dong, X.; Chen, C.; Lu, Y. Single-atom Pt catalysts as oxidase mimic for p-benzoquinone and α-glucosidase activity detection. Chem. Eng. J. 2022, 449, 137855. [Google Scholar] [CrossRef]

	



Gu, W.; Wu, M.; Sun, J.; Xu, J.; Zhao, T. Atomically dispersed Fe–Nx active sites within hierarchical mesoporous carbon as efficient electrocatalysts for the oxygen reduction reaction. J. Mater. Chem. A 2019, 7, 20132–20138. [Google Scholar] [CrossRef]

	



Li, Z.; Liu, F.; Jiang, Y.; Ni, P.; Zhang, C.; Wang, B.; Chen, C.; Lu, Y. Single-atom Pd catalysts as oxidase mimics with maximum atom utilization for colorimetric analysis. Nano Res. 2022, 15, 4411–4420. [Google Scholar] [CrossRef]

	



Huang, T.; Sun, Y.; Wu, J.; Jin, J.; Wei, C.; Shi, Z.; Wang, M.; Cai, J.; An, X.-T.; Wang, P.; et al. A Dual-Functional Fibrous Skeleton Implanted with Single-Atomic Co–Nx Dispersions for Longevous Li–S Full Batteries. ACS Nano 2021, 15, 14105–14115. [Google Scholar] [CrossRef]

	



Yin, P.; Yao, T.; Wu, Y.; Zheng, L.; Lin, Y.; Liu, W.; Ju, H.; Zhu, J.; Hong, X.; Deng, Z.; et al. Single Cobalt Atoms with Precise N-Coordination as Superior Oxygen Reduction Reaction Catalysts. Angew. Chem. Int. Ed. 2016, 55, 10800–10805. [Google Scholar] [CrossRef]

	



Liu, W.; Zhang, L.; Yan, W.; Liu, X.; Yang, X.; Miao, S.; Wang, W.; Wang, A.; Zhang, T. Single-atom dispersed Co–N–C catalyst: Structure identification and performance for hydrogenative coupling of nitroarenes. Chem. Sci. 2016, 7, 5758–5764. [Google Scholar] [CrossRef]

	



Ji, D.; Fan, L.; Li, L.; Peng, S.; Yu, D.; Song, J.; Ramakrishna, S.; Guo, S. Atomically Transition Metals on Self-Supported Porous Carbon Flake Arrays as Binder-Free Air Cathode for Wearable Zinc–Air Batteries. Adv. Mater. 2019, 31, 1808267. [Google Scholar] [CrossRef]

	



Qiu, H.-J.; Du, P.; Hu, K.; Gao, J.; Li, H.; Liu, P.; Ina, T.; Ohara, K.; Ito, Y.; Chen, M. Metal and Nonmetal Codoped 3D Nanoporous Graphene for Efficient Bifunctional Electrocatalysis and Rechargeable Zn–Air Batteries. Adv. Mater. 2019, 31, 1900843. [Google Scholar] [CrossRef]

	



Wan, G.; Yu, P.; Chen, H.; Wen, J.; Sun, C.-J.; Zhou, H.; Zhang, N.; Li, Q.; Zhao, W.; Xie, B.; et al. Engineering Single-Atom Cobalt Catalysts toward Improved Electrocatalysis. Small 2018, 14, 1704319. [Google Scholar] [CrossRef] [PubMed]

	



Xu, Y.; Xue, J.; Zhou, Q.; Zheng, Y.; Chen, X.; Liu, S.; Shen, Y.; Zhang, Y. The Fe-N-C Nanozyme with Both Accelerated and Inhibited Biocatalytic Activities Capable of Accessing Drug–Drug Interactions. Angew. Chem. Int. Ed. 2020, 59, 14498–14503. [Google Scholar] [CrossRef] [PubMed]

	



Long, R.; Mao, K.; Ye, X.; Yan, W.; Huang, Y.; Wang, J.; Fu, Y.; Wang, X.; Wu, X.; Xie, Y.; et al. Surface Facet of Palladium Nanocrystals: A Key Parameter to the Activation of Molecular Oxygen for Organic Catalysis and Cancer Treatment. J. Am. Chem. Soc. 2013, 135, 3200–3207. [Google Scholar] [CrossRef] [PubMed]

	



Gu, H.; Liu, X.; Liu, X.; Ling, C.; Wei, K.; Zhan, G.; Guo, Y.; Zhang, L. Adjacent single-atom irons boosting molecular oxygen activation on MnO2. Nat. Commun. 2021, 12, 5422. [Google Scholar] [CrossRef]

	



Jin, T.; Li, Y.; Jing, W.; Li, Y.; Fan, L.; Li, X. Cobalt-based metal organic frameworks: A highly active oxidase-mimicking nanozyme for fluorescence “turn-on” assays of biothiol. Chem. Commun. 2020, 56, 659–662. [Google Scholar] [CrossRef]

	



Sun, L.; Li, W.; Liu, Z.; Zhou, Z.; Feng, Y. Iodine-doped single-atom cobalt catalysts with boosted antioxidant enzyme-like activity for colitis therapy. Chem. Eng. J. 2023, 453, 139870. [Google Scholar] [CrossRef]

	



Wang, Q.; Li, Q.; Lu, Y.; Zhang, X.; Huang, Y. Rational Design of N-Doped Carbon Nanocage-Equipped Co-Nx Active Sites for Oxidase Mimicking and Sensing Applications. ACS Sustain. Chem. Eng. 2021, 9, 7668–7677. [Google Scholar] [CrossRef]

	



Wang, Y.; Zhang, Z.; Jia, G.; Zheng, L.; Zhao, J.; Cui, X. Elucidating the mechanism of the structure-dependent enzymatic activity of Fe–N/C oxidase mimics. Chem. Commun. 2019, 55, 5271–5274. [Google Scholar] [CrossRef]

	



Kim, M.S.; Cho, S.; Joo, S.H.; Lee, J.; Kwak, S.K.; Kim, M.I.; Lee, J. N- and B-Codoped Graphene: A Strong Candidate To Replace Natural Peroxidase in Sensitive and Selective Bioassays. ACS Nano 2019, 13, 4312–4321. [Google Scholar] [CrossRef]

	



Herrmann, S.S.; Granby, K.; Duedahl-Olesen, L. Formation and mitigation of N-nitrosamines in nitrite preserved cooked sausages. Food Chem. 2015, 174, 516–526. [Google Scholar] [CrossRef]

	



Doyle, J.M.; Miller, M.L.; McCord, B.R.; McCollam, D.A.; Mushrush, G.W. A Multicomponent Mobile Phase for Ion Chromatography Applied to the Separation of Anions from the Residue of Low Explosives. Anal. Chem. 2000, 72, 2302–2307. [Google Scholar] [CrossRef] [PubMed]

	



Antczak-Chrobot, A.; Bąk, P.; Wojtczak, M. The use of ionic chromatography in determining the contamination of sugar by-products by nitrite and nitrate. Food Chem. 2018, 240, 648–654. [Google Scholar] [CrossRef] [PubMed]

	



Melanson, J.E.; Lucy, C.A. Ultra-rapid analysis of nitrate and nitrite by capillary electrophoresis. J. Chromatogr. A 2000, 884, 311–316. [Google Scholar] [CrossRef] [PubMed]

	



Merusi, C.; Corradini, C.; Cavazza, A.; Borromei, C.; Salvadeo, P. Determination of nitrates, nitrites and oxalates in food products by capillary electrophoresis with pH-dependent electroosmotic flow reversal. Food Chem. 2010, 120, 615–620. [Google Scholar] [CrossRef]

	



Wu, H.; Fan, S.; Jin, X.; Zhang, H.; Chen, H.; Dai, Z.; Zou, X. Construction of a Zinc Porphyrin–Fullerene-Derivative Based Nonenzymatic Electrochemical Sensor for Sensitive Sensing of Hydrogen Peroxide and Nitrite. Anal. Chem. 2014, 86, 6285–6290. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Q.; Li, S.; Liu, Y.; Zhang, X.; Tang, Y.; Chai, H.; Huang, Y. Size-controllable Fe-N/C single-atom nanozyme with exceptional oxidase-like activity for sensitive detection of alkaline phosphatase. Sens. Actuators B Chem. 2020, 305, 127511. [Google Scholar] [CrossRef]

	



Kong, X.-J.; Yu, R.; Chen, T.-L.; Hu, Y.-H.; Fang, Y.-Z.; Xiao, Q. Dual-responsive ratiometric fluorescence detection of Ce4+ and ascorbic acid by regulating oxidase-mimicking activity of Ce4+-based nanocomplex. Sens. Actuators B Chem. 2023, 377, 133087. [Google Scholar] [CrossRef]

	



Chen, Y.; Cao, H.; Shi, W.; Liu, H.; Huang, Y. Fe–Co bimetallic alloy nanoparticles as a highly active peroxidase mimetic and its application in biosensing. Chem. Commun. 2013, 49, 5013–5015. [Google Scholar] [CrossRef]

	



Wang, J.; Wang, Y.; Zhang, D.; Chen, C. Intrinsic oxidase-like nanoenzyme Co4S3/Co(OH)2 hybrid nanotubes with broad-spectrum antibacterial activity. ACS Appl. Mater. Interfaces 2020, 12, 29614–29624. [Google Scholar] [CrossRef]

	



Wu, Y.; Jiao, L.; Luo, X.; Xu, W.; Wei, X.; Wang, H.; Yan, H.; Gu, W.; Xu, B.Z.; Du, D.; et al. Oxidase-like Fe-N-C single-atom nanozymes for the detection of acetylcholinesterase activity. Small 2019, 15, 1903108. [Google Scholar] [CrossRef]

	



Ponlakhet, K.; Phooplub, K.; Phongsanam, N.; Phongsraphang, T.; Phetduang, S.; Surawanitkun, C.; Buranachai, C.; Loilome, W.; Ngeontae, W. Smartphone-based portable fluorescence sensor with gold nanoparticle mediation for selective detection of nitrite ions. Food Chem. 2022, 384, 132478. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.; Wang, X.; Kong, W.; Zhao, Y.; Xia, L.; Qu, F. An enhanced-stability metal–organic framework of NH2-MIL-101 as an improved fluorescent and colorimetric sensor for nitrite detection based on diazotization reaction. Sens. Actuators B Chem. 2023, 386. [Google Scholar] [CrossRef]

	



Chen, Y.L.; Shen, C.H.; Huang, C.W.; Kung, C.W. Terbium-modified two-dimensional zirconium-based metal–organic frameworks for photoluminescence detection of nitrite. Mol. Syst. Des. Eng. 2023, 8, 330–340. [Google Scholar] [CrossRef]

	



Yang, X.; Yu, X.Y.; Wang, Q.; Zou, J.; Liao, G.P.; Li, M.T.; Liu, X.L.; Xia, H.; Xu, F.J. Metal–organic cages ZrT-1-NH2 for rapid and selective sensing of nitrite. Chin. J. Anal. Chem. 2023, 51. [Google Scholar] [CrossRef]

	



Zhang, H.; Kang, S.; Wang, G.; Zhang, Y.; Zhao, H. Fluorescence determination of nitrite in water using prawn-shell derived nitrogen-doped carbon nanodots as fluorophores. ACS Sens. 2016, 1, 875–881. [Google Scholar] [CrossRef]

	



Deng, H.-H.; Huang, K.-Y.; Zhang, M.-J.; Zou, Z.-Y.; Xu, Y.-Y.; Peng, H.-P.; Chen, W.; Hong, G.-L. Sensitive and selective nitrite assay based on fluorescent gold nanoclusters and Fe2+/Fe3+ redox reaction. Food Chem. 2020, 317, 126456. [Google Scholar] [CrossRef] [PubMed]

	



Pol, R.; Diez, L.; Gabriel, D.; Baeza, M. Versatile three-dimensional-printed platform for nitrite ion analyses using a smartphone with real-time location. Anal. Chem. 2019, 91, 13916–13923. [Google Scholar] [CrossRef]

	



Wang, M.; Liu, P.; Zhu, H.; Liu, B.; Niu, X. Ratiometric colorimetric detection of nitrite realized by stringing nanozyme catalysis and diazotization together. Biosensors 2021, 11, 280. [Google Scholar] [CrossRef]

	



Zhang, J.; Chen, H.; Liu, J.; Gui, J.; Liu, M.; Zhang, Y.; Yao, S. The target-induced redox and diazotized reaction for colorimetric ratio detection of nitrite using CoOOH nanosheets as mimetic oxidase. Talanta 2023, 258, 124458. [Google Scholar] [CrossRef]

	



Hong, C.; Li, D.; Cao, S.; Huang, X.; Yang, H.; Yang, D.; Huang, Z.; Cai, R.; Tan, W. Sensitive and multicolor detection of nitrite based on iodide-mediated etching of gold nanostars. Chem. Commun. 2022, 58, 12983–12986. [Google Scholar] [CrossRef]

	



Wang, Y.-C.; Chen, Y.-C.; Chuang, W.-S.; Li, J.-H.; Wang, Y.-S.; Chuang, C.-H.; Chen, C.-Y.; Kung, C.-W. Pore-confined silver nanoparticles in a porphyrinic metal–organic framework for electrochemical nitrite detection. ACS Appl. Nano Mater. 2020, 3, 9440–9448. [Google Scholar] [CrossRef]

	



Lete, C.; Chelu, M.; Marin, M.; Mihaiu, S.; Preda, S.; Anastasescu, M.; Calderón-Moreno, J.M.; Dinulescu, S.; Moldovan, C.; Gartner, M. Nitrite electrochemical sensing platform based on tin oxide films. Sens. Actuators B Chem. 2020, 316. [Google Scholar] [CrossRef]

	



Gao, B.; Zhao, X.; Liang, Z.; Wu, Z.; Wang, W.; Han, D.; Niu, L. CdS/TiO2 nanocomposite-based photoelectrochemical sensor for a sensitive determination of nitrite in principle of etching reaction. Anal. Chem. 2021, 93, 820–827. [Google Scholar] [CrossRef] [PubMed]

	



Han, Y.; Zhang, R.; Dong, C.; Cheng, F.; Guo, Y. Sensitive electrochemical sensor for nitrite ions based on rose-like AuNPs/MoS2/graphene composite. Biosens. Bioelectron. 2019, 142, 111529. [Google Scholar] [CrossRef]








[image: Biosensors 13 00748 g001 550] 





Figure 1. (a) A scheme for the synthesize of Co-N-C; (b) TEM images of Co-N-C; (c) XRD patterns of the Co-N-C and N-C. 
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Figure 2. (a) Raman spectra of the Co-N-C and N-C; (b) N2 adsorption/desorption isotherms and (c) corresponding pore size distribution of the NC and Co-N-C; (d) FTIR spectra of the Co-N-C and N-C; (e) Co 2p and (f) N 1s spectra of Co-N-C. 
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Figure 3. UV-vis spectra of (a) various reaction systems, (b) Co-N-C catalyzed oxidation of ABTS, OPD, and TMB, (c) Co-N-C oxidizing TMB under N2, Air and O2 saturation conditions, and (d) Co-N-C and N-C. (e) Changes of UV-vis absorbance intensities of Co-N-C + TMB solution after the addition of different concentrations of SCN−. (f) Concentration optimization of Co-N-C, (The colored lines represent the concentration of the nanozyme, in order of 0, 2.5, 5.0, 7.5, 10, 12.5, and 15 μg mL−1). Error bars represent the standard deviation of three parallel measurements. 
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Figure 4. (a) UV-vis spectra of the Co-N-C-catalyzed oxidation after addition of ROS scavengers; (b) Fluorescence spectra of the Co-N-C + TMB system with gradient concentration of TA, (The colored lines represent the concentration of TA, in order of 0, 2, 4, and 8 mM); (c) The EPR spectra of DMPO + Co-N-C methanol solution; (d) Schematic diagram of TMB oxidation catalyzed by Co-N-C. 
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Figure 5. Oxidase-like activities of the Co-N-C dependent on (a) pH, (b) temperature. (c) Steady-state kinetics analysis of Co-N-C and (d) corresponding Lineweaver–Burk curve. 
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Figure 6. (a) Effect of NO2− on the UV-vis absorption signal; (b) Schematic diagram of diazotization of nitrite with oxTMB; (c) UV-vis spectra of Co-N-C + TMB + NO2− with NO2− at various levels, (The colored lines represent the concentration of NO2−, in order of 20, 40, 60, 80, 100, 150, and 200 μM); (d) Linear relationship between the value of A652/A445 and the value of Log([NO2−]). 
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Table 1. Determination of nitrite in samples.
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	Sample
	Added (µM)
	Detected (µM)
	Recovery (%)
	RSD (%, n = 3)





	
	0
	7.44
	NA
	1.3



	Pickled quail eggs
	50
	59.06
	110.8
	1.7



	
	100
	108.97
	108.9
	4.4



	
	0
	0.49
	NA
	0.1



	Preserved sausage
	50
	51.05
	102.1
	1.5



	
	100
	100.25
	100.3
	0.6







NA = Not applicable.
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