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L-Histidine (L-His) is an essential amino acid, which is used to synthesize proteins and enzymes. The concentration of L-His in the body is controlled to regulate tissue growth and repair of tissues. In this study, a rapid and sensitive method was developed for colorimetric L-his detection using Cu2+ ions to inhibit the oxidation of 3,3′,5,5′-tetramethylbenzidine (TMB)–H2O2 system. H2O2 can oxidize TMB to oxTMB in the presence of copper, and the change in color from colorless (TMB) to blue (oxTMB) is similar to that observed in the presence of peroxidase. However, because the imidazole ring and carboxyl group of L-His can coordinate with Cu2+ ions to form stable L-His–Cu2+ complexes, the color of the TMB–H2O2 solution remains unchanged after the addition of L-His. Therefore, because L-His effectively hinders the colorimetric reaction of TMB with H2O2, this assay can be used to quantitatively determine the concentration of L-His in samples. Under optimized conditions, our colorimetric sensor exhibited two linear ranges of 60 nM to 1 μM and 1 μM to 1 mM for L-His detection and a detection limit of 50 nM (S/N = 3); furthermore, the assay can be performed within 20 min. Moreover, the proposed assay was used to determine the concentration of L-His in urine samples, suggesting that this convenient and label-free colorimetric method presents promising applications in bioanalytical chemistry and clinical diagnosis.
Keywords: colorimetric detection, L-histidine, copper, hydrogen peroxide, artificial enzyme
INTRODUCTION
L-Histidine (L-His) levels in the body are typically controlled because L-His regulates the critical physiological functions, such as tissue growth and the transmission of metal elements (Kong et al., 2011). However, inadequate concentrations of L-his in the body can cause chronic kidney disease, primarily by inducing an impaired nutritional state (Huang and Tseng, 2009; Hu et al., 2014). Furthermore, an L-His deficiency can cause Friedreich ataxia, epilepsy, Parkinson’s disease, and abnormal erythropoiesis (Li et al., 2013). Conversely, high concentrations of L-His in physiological fluids (serum and urine) can induce metabolic disorders or histidinemia (Oliveira et al., 2013). Therefore, L-His detection is critical for diseasing diseases. To date, numerous detection methods have been developed for quantifying L-his in biological fluids, including liquid chromatography (Takeuchi et al., 1985), capillary electrophoresis (Meng et al., 2010), electrochemistry (Nai et al., 2013), resonance light scattering (Chen et al., 2006), surface-enhanced Raman scattering (SERS) (Ye et al., 2013), colorimetery (Hyeokseo and SudeokKim, 2013; Wu et al., 2016), and fluorometry (Karasyova et al., 2004). Although these methods present sensitivity and accuracy, they typically require generally complex equipment and professional operation. Moreover, L-His might be derivatizing and labeling using molecular signaling, which is time consuming and labor intensive. Hence, significant efforts are still required for the development of simple, rapid, highly sensitive, and free label method for L-His detection.
Owing to the change in color induced using a simple and rapid operation, colorimetric assays were designed to quantitatively detect biomolecules via naked eye observations and ultraviolet-visible (UV-Vis) spectroscopy (Josephy et al., 1982; Karasyova et al., 2004). Considering its chromogenic characteristics, 3,3′,5,5′-tetramethylbenzidine (TMB) has been extensively used as a colorimetric probe (Zhang et al., 2014; Liang et al., 2020). The change in color of TMB in the presence of H2O2 catalyzed by peroxidase, such as horseradish peroxidase, is a widely used chromogenic reaction (Liu et al., 2020). However, the natural enzymes are expensive and present low stability, which restricted their application in clinical diagnosis. There, artificial enzymes with peroxidase properties have received increasing attention. To date, numerous artificial enzymes, such as Fe3O4 (Xing et al., 2020), Au nanoparticles (Deng et al., 2016), carbon quantum dots (Chandra et al., 2019), and metal organic frameworks have been extensively investigated (Zheng et al., 2018). The artificial enzymes reported to date exhibited high catalytic efficiency and good stability and were inexpensive. However, most of the reported artificial enzymes presented intrinsic disadvantage such as complex synthesis processes. Recently, Cu2+ ions were used to catalyze the oxidation of TMB to oxTMB in the presence of H2O2 with high efficiency (Zhang et al., 2014). Inexpensive, stable, and readily available Cu2+ ions are good candidates as peroxidase mimetics. Analytical systems comprising TMB, Cu2+ ions, and H2O2 were used to detect uric acids (Lu et al., 2017), dopamine (Wang et al., 2017), and glucose (Li et al., 2019) in biological samples. During the analytical process, analytes are catalytically oxidized in the presence of enzymes to generate H2O2, which induces a color reaction. To the best of our knowledge, the use of a Cu2+-triggered colorimetric assay for L-His detection has not been thoroughly investigated to date.
Because of the presence of the N-coordinating ligands of the imidazole ring and –COOH groups, L-his presents a remarkable affinity for Cu2+ ions and can strongly chelate with Cu2+ ions to form stable L-His–Cu2+ complexes (Elbaz et al., 2008; Zhang et al., 2013; Wang et al., 2017; Cai et al., 2020). Upon adding L-His to the assay, the Cu2+ ion-catalyzed TMB oxidation to oxTMB in the presence of H2O2 was inhibited. This resulted in a color change from blue (oxTMB) to colorless (TMB). Based on the mechanism, in this study, a rapid, convenient, and sensitive colorimetric method was designed.
EXPERIMENTAL
Materials
All of these reagents were of analytical grade, and all aqueous solutions were prepared with Milli-Q water (>18.2 MΩ⋅cm). 3,3′,5,5′-Tetramethylbenzidine (TMB) and hydrogen peroxide (H2O2) were purchased from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Cu(NO3)2·3H2O was obtained from Tianjin Bodi Chemical Industry Co. Ltd. (Tianjin, China). Na2HPO4·12H2O, NaH2PO4·2H2O, NaCl, and glucose were all purchased from Tianjin Best Chemical Co. Ltd. (Tianjin, China). L-alanine (L-Ala), L-phenylalanine (L-Phe), L-proline (L-Pro), L-histidine (L-His), and urea were all purchased from Beijing Solaibao Technology Co. Ltd. (Beijing, China). The pH of the solution was measured with a PB-10 pH meter (Sartorius, 91 Germany). UV-Vis absorption spectroscopic measurements were carried out on a TU-1900 spectrophotometer (Beijing Pu Analysis General Instrument Co., Ltd.) with an optical path length of 10 mm.
Coordination-driven chemistry of L-His and Cu2+ ions for colorimetric reaction of 3,5′,5,5′tetramethylbenzidine–hydrogen peroxide system
The coordination-driven chemistry of L-His and Cu2+ ions was studied for colorimetric reaction. First, the TMB–H2O2 system was constructed. Two hundred microliters of 420 μM Cu2+ions, 40 μl of 160 mM TMB, and 40 μl of 300 mM H2O2 were added to 2 ml of phosphate buffer saline (PBS) solution (C = 0.1 M, pH = 5.7) in the absence and presence of 200 μl of 80 μM L-His. The mixture was incubated at 45°C for 20 min. Finally, the adsorption spectrum of the mixture was measured on UV-Vis spectrophotometer equipped with 1-cm path length quartz cuvettes.
Optimization and performance testing of the detecting system
The coordination-driven chemistry of L-His and Cu2+ ions was dramatically influenced by pH. We evaluated the effect of pH on the colorimetric reaction of the TMB–H2O2 system. Different pH of phosphate buffer saline (PBS) solution (C = 0.1 M) were prepared, including 4.0, 5.0, 5.3, 5.7, 6.0, 7.0, 8.0, and 9.0. Then, 40 μl of 160 mM TMB and 40 μl of 300 mM H2O2 were added to 2 ml of phosphate buffer saline (PBS) solution with various pH.
Then various concentrations of L-His and equal concentration of Cu2+ ions were incubated in PBS buffer solution (pH 5.7) at room temperature for 10 min, and the mixture was added into the TMB–H2O2 system. The final concentration of Cu2+ was 30 μM with various concentration of L-His. The mixture was incubated at 45°C for 20 min and then measured by UV-vis.
Meanwhile, the effect of interferents on the detection system was investigated with the above conditions with the substitution of L-His into the interferents. As urine detection probe, L-Ala, L-Phe, L-Pro, glucose, NaCl, and urea, as main constituents of urine, were evaluated as interferents (Sadighi et al., 2006; Dutta et al., 2014; Zheng et al., 2015). Besides, the main molecules were all added into the solution of PBS (c = 0.1 M, pH 7.4) to prepare the simulated urine for recovery testing.
RESULT AND DISCUSSION
Construction and validation of the coordination-driven chemistry of L-histidine and copper-based biosensing system
Our biosensing system consisted of two critical reactions: the coordination-driven chemistry of L-His and Cu2+ ions and the colorimetric TMB–H2O2 system (Figure 1). TMB, which served as a colorimetric probe, was oxidized by H2O2 to oxTMB in the presence of Cu2+ ions. During this process, Cu2+ ions presented intrinsic catalytic activity for the oxidation of TMB (colorless) to oxTMB (blue) in the presence of H2O2 (Figure 1A). Upon adding L-His to the biosensing system, the amino groups and hydroxyl groups of L-His chelated with Cu2+ ions and formed stable L-His–Cu2+ complexes (Zhang et al., 2013). Hence, L-His inhibited the catalytic activity of Cu2+ for the oxidation of TMB in the presence of H2O2, and the color of the TMB–H2O2 system did not change significantly (Figure 1B). Therefore, the change in color and decrease in absorbance were directly related to the L-His concentration. During the detecting process for the detecting system, the change in color and the decrease in absorbance were both taken as the detection signal of L-His. Hence, we constructed a colorimetric L-His detection sensor based on this mechanism.
[image: Figure 1]FIGURE 1 | The mechanism and feasibility of the colorimetric platform for L-His detection based on the coordination-driven chemistry of L-histidine (L-His) and Cu2+ in the TMB–hydrogen peroxide (H2O2) system. (A) The oxidation of 3,3′5,5′-tetramethylbenzidine (TMB). (B) The mechanism of the coordination-driven chemistry of L-His and Cu2+. (C) Absorption spectra of the TMB + H2O2 system in the presence of Cu2+, Cu2+ + L-His, Inset: Photographs corresponding to the curves.
To validate the feasibility of the colorimetric sensor for L-His detection, we compared the color and UV-vis spectra of a pristine state of the probe with those of the probe after exposing the TMB–H2O2 system to L-His. The color of the TMB-H2O2 was blue, and the highest peak in the UV-vis spectrum of the probe in the presence of Cu2+ ions was observed at 652 nm (Figure 1C). The color of the TMB–H2O2 system changed to light blue in the presence of L-His, indicating that the coordination-driven chemistry of L-His and Cu2+ ions affected the oxidation of the TMB–H2O2 system. Infrared spectrometry (IR) analysis was utilized to confirm the coordination-driven chemistry of L-His and Cu2+ ions, and the results indicated that the proposed method was suitable for L-His detection.
Optimization of experimental conditions
Because the colorimetric reaction and the coordination of Cu2+ ions with L-His were significantly affected by pH, we first evaluated the effects of reaction pH on L-His detection (Figure 2). The colorimetric reaction of the TMB–H2O2 system was significantly affected by pH (Figure 2A). The color of the TMB–H2O2 system was blue at pH 4, 5, and 6 and changed to yellow and colorless with the increasing pH to 7, 8, and 9. This indicated that the optimum pH for colorimetric reaction ranged between 4 and 6. Therefore, we subsequently evaluated the effect of pH in the range of 4–6 on the detection assay (Figures 2B–G). The color-changing rate on the TMB–H2O2 system increased rapidly with increasing pH, reached a plateau at pH >5.7, and then it decreased. The UV-vis absorbances of the highest peak (λ655) in the absence and presence of L-His were defined as A0 and A, respectively. The UV-vis spectra indicated that the absorbance-changing rate of the TMB–H2O2 system [(A0-A)/A0] was the highest at pH is 5.7 (Figure 2H). Therefore, pH 5.7 was used as the optimum pH value of the assay buffer of the sensing system.
[image: Figure 2]FIGURE 2 | The effect of pH on the colorimetric TMB–H2O2 system in the presence of Cu2+ ions for L-His detection. (A) Colorimetric reaction in different pH (the pH were 4, 5, 6, 7, 8, and 9, respectively). (B–F) The colorimetric reaction and absorbance intensity change with pH. The pH values were 4, 5, 5.3, 5.7, and 6. The photographs corresponding to the curves. (G) The ratio of absorbance ((A0-A)/A0) was changing with pH.
Colorimetric assay for L-histidine detection
Owing to the catalytic effect of Cu2+ ions on the TMB–H2O2 system and the chelating interaction of Cu2+ ions and L-His, an assay for rapid and simple L-His detection was fabricated. The change in absorbance at 652 nm of the TMB–H2O2 system with increasing L-His concentration was analyzed under the optimized experimental conditions (Figure 3A). The absorbance of sensing system decreased with the addition of L-His. Moreover, the photographs of the corresponding solution color were inserted into Figure 3A. Upon increasing L-His concentration, the color of the TMB–H2O2 system changed from deep blue to colorless. Furthermore, the containment level of 10 μM L-His can be clearly distinguished with the naked eye. In addition (A0-A)/A0 depended on the concentration of L-His and increased linearly upon increasing L-His concentration in the range of 60 nM to 1 μM and 1 μM to 1 mM, respectively (inset in Figure 3B). The limit of detection of the sensing system was 50 nM (S/N = 3), and the linear equations describing the dependence of (A0-A)/A0 on the L-His concentration in the aforementioned L-His concentration ranges were y = 22.5 × −52.6 and y = 10.4 × −4.3, respectively (regression coefficient of 0.976 and 0.969, respectively).
[image: Figure 3]FIGURE 3 | Limit of detection. (A) Absorption spectra change in the sensing system with the increasing concentrations of L-his (the concentrations were 0 nM, 50 nM, 60 nM, 80 nM, 100 nM, 1 μM, 10 μM, 20 μM, 60 μM, 100 μM, and 1 mM, respectively). The photographs corresponding to the curves. (B) The rate of absorbance changing (A0-A/A0) at 655 nm change, with the increase in L-His.
To effectively exhibit the proposed method, the method was listed to compare with other methods (colorimetric and fluorescent platform based on nanomaterials) in Table 1. Compared with other colorimetric or fluorescent assay, the colorimetric strategy in this study has lower detection and wider analytical range.
TABLE 1 | Comparison of different methods for L-histidine (L-His) detection.
[image: Table 1]Selectivity of the colorimetric detection and artificial urine
The selectivity of the proposed colorimetric sensing system should be evaluated for real or simulated samples because real samples are complex. In particular, amino acids present in real samples can interfere with the quantitative analysis of L-His because their properties and structure are similar to those of L-His. Therefore, we selected L-alanine, L-proline, and L-phenylalanine as interferents to be evaluated because they are the primary components of urine. Meanwhile, the effect of glucose, urea, and NaCl were also studied because they are also the main component in urine (Figure 4). The change of absorbance and (A0-A)/A0 were presented in Figures 4A,B, respectively. Because the tested amino acids and biomolecules did not present significant signals, we concluded that our platform presented good selectivity for L-His, which is the most distinct difference in the structure between L-His and other amino acids. Other amino acids cannot chelate interaction with Cu2+ ions and have no effect on the colorimetric reaction of the TMB–H2O2 system.
[image: Figure 4]FIGURE 4 | Selectivity and simulated samples detection. (A) Absorption spectra of the sensing system in the presence of different molecules, including L-His, L-alanine (L-Ala), L-proline (L-Pro), L-phenylalanine (L-Phe), glucose, NaCl, and urea (the concentrations of the molecules were all 80 μM). (B) The rate of absorbance changing (A0-A/A0) at 655 nm change with different molecules.
Detection of L-histidine in simulated samples
To illustrate the practical application of colorimetric sensor for L-His detection, the simulated urine was prepared according to the previous literature (Sadighi et al., 2006; Dutta et al., 2014; Zheng et al., 2015). Briefly, L-Ala, L-Phe, L-Pro, glucose, NaCl, and urea were all added into the solution of PBS (c = 0.1 M, pH 7.4). Besides, different L-His concentrations were also added into the simulated urine. We used the standard addition method to obtain the L-His concentrations of simulated samples (Table 2). The recovery values were 102.0%, 95.3%, and 98.5%, respectively. Meanwhile, the relative standard deviations (RSDs) were 3.8, 4.2, and 2.1. The recovery values were between 95.3% and 102.0%, and the RSDs were no more than 4.2%. These results demonstrated that the proposed colorimetric sensor had a promising application for glyphosate detection in real samples.
TABLE 2 | The testing result of different L-histidine concentrations in simulated human urine (N = 3).
[image: Table 2]CONCLUSIONS
In conclusion, the proposed platform as a colorimetric sensor can effectively detect L-His with simple and rapid operation. Owing to the coordination-driven chemistry and the strong chelating interaction between Cu2+ ions and L-His, the colorimetric sensor presents highly sensitive and selective detection of L-His with a detection limit of 50 μM by the naked eye. Meanwhile, the method did not need any label and is easy to obtain, and can be finished within 20 min. Compared with other TMB–H2O2 systems, the sensing platform is simple without enzymes and the complicated operation for biomolecules. In addition, we found that the interferents of urine have no effect on colorimetric platform. The detecting system was successfully used to detect L-His in the simulated samples and exhibited a great promise for practical application in biological and clinical diagnosis fields.
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In this paper, we developed a quick, economical and sensitive colorimetric strategy for copper ions (Cu2+) quantification via the redox response of MnO2 nanosheets with glutathione (GSH). This reaction consumed MnO2 nanosheets, which acted as a catalyst for the oxidation of 3,3′,5,5′-tetramethylbenzidine (TMB) to a blue product (oxTMB). In the presence of Cu2+, the GSH was catalyzed to GSSG (oxidized glutathione), and the solution changed from colorless to deep blue. Under the optimum conditions, the absorption signal of the oxidized product (oxTMB) became proportional to Cu2+ concentration in the range from 10 to 300 nM with a detection limit of 6.9 nM. This detection system showed high specificity for Cu2+. Moreover, the system has been efficaciously implemented for Cu2+ detection in actual tap water samples. The layered-nanostructures of MnO2 nanosheets make it possess high chemical and thermal stability. TMB can be quickly oxidized within 10 min by the catalyzing of MnO2 nanosheets with high oxidase-like activity. There is no need of expensive reagents, additional H2O2 and complicated modification processes during the colorimetric assay. Therefore, the strategy primarily based on MnO2 nanosheets is promising for real-time, rapid and highly sensitive detection of Cu2+ under practical conditions.
Keywords: colorimetric system, MnO2 mimetic enzyme, copper ions, rapid detection, water sample
INTRODUCTION
Copper is an essential microelement for the human body and an important component of human proteins and enzymes. Lack of copper ions (Cu2+) will hinder the physiological activities of human body and easily cause various diseases (Scheiber et al., 2013; Chowdhury et al., 2018). On the other hand, copper is a heavy metal widely discovered in the environment, and excessive copper will produce severe toxic effects on humans, plants and microorganisms (Lee et al., 2016; Zhou et al., 2020). With the extensive utility of copper in industry and agriculture, it has become one of the main pollutants of social concern. Therefore, developing sensitive strategies to detect Cu2+ in environmental and biological samples is essential.
The detection techniques of Cu2+ have been greatly developed, such as atomic absorption spectroscopy (AAS) (Lima et al., 2012), inductively coupled plasma mass spectrometry (ICP-MS) (Dai et al., 2012; Khan et al., 2014), electrochemical techniques (Flavel et al., 2011; Zhu et al., 2017), fluorescence methods (Lan et al., 2010; Zhang et al., 2014; Zhang et al., 2020) and colorimetric assays (Ma et al., 2011; Weng et al., 2013; Le et al., 2014; Wang et al., 2017; Luo et al., 2020). Some of these methods suffer from the drawbacks of requirements for large instruments, special operators, complex sample pretreatment process, or poor reproducibility and reliability, which limits their on-side rapid detection and practical application (Du et al., 2014; Wang et al., 2019a). Among them, colorimetric analysis is concerned because of its simple and quick operation, low cost, visualization and no need for professional operators, which makes it widely applied.
Colorimetric assays are generally based on peroxidase or some nanomaterials as the mimic enzyme to initiate chromogenic reactions that produce colored compounds (Jangi et al., 2020; Wang et al., 2020; Xia et al., 2021). Many chromogenic reactions are carried out via catalyzing the peroxidase substrates, usually TMB or 2, 2′-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) (Tang et al., 2016). These reactions generally need additional hydrogen peroxide as the oxidant, which complicates the operation and increase the background signal. Strict time-controlling is necessary to improve the signal to noise ratio. There is also some other special color reactions, such as the etching of gold nanorods showing various color changes (Lin et al., 2016), the pink-blue transition caused by the aggregation of gold nanoparticles (Deng et al., 2013), and other methods generating colored compounds (Yin et al., 2015). Several colorimetric assays based on the nanomaterials of gold, silver and platinum nanoparticle have been developed for sensitive detection of Cu2+ (Ma et al., 2011; Le et al., 2014; Wang et al., 2017). The scarcity, high cost and easily poisoned of these precious noble metals, have hindered their large-scale use in practical colorimetric system (Kuo et al., 2014; Asif et al., 2017b). As a result, the creation of more economical and environment-friendly materials for colorimetric detection of Cu2+ is of significant importance.
In current years, some non-precious metals oxides-based nanosheets and nanosphere has been synthesized for electrochemical detection of various pollutants, such as MnO2, CuO and graphene (Asif et al., 2017a; Asif et al., 2017b; Asif et al., 2018; Asif et al., 2019a; Aziz et al., 2019). MnO2 nanosheets (NSs) have obtained high-level interest as a brand new type of two-dimensional (2D) nanomaterial (Chen et al., 2019). MnO2 nanosheet is a kind of graphene-like nanomaterial, which can be used as a DNA nanocarrier to construct ratiometric fluorescence biosensors to detect miRNA and living cell imaging (Wang et al., 2019a). Due to its large particular sensing area, high chemical durability and inherent oxidative enzyme mimic activity, MnO2 NSs are widely utilized in biosensors. The strong oxidation ability of MnO2 NSs makes it great potential to constitute a colorimetric strategy for practical applications. Also, MnO2 has excellent ion exchange and redox capabilities that can be widely used in supercapacitors, batteries and catalysis. It has been identified as the most promising electrode material for electrochemical energy storage systems, depending on its high density, high purity and sufficient electrochemical activity (Guo et al., 2019). some MnO2 NSs based material has been synthesized for photoelectrochemical detection of Cu2+ (Hammami et al., 2021), electrochemiluminescence detection of glutathione (Gao et al., 2016), fluorescence detection of Fe2+ (Jiang et al., 2022), ascorbic acid (Xu et al., 2017), and glutathione (Wang et al., 2016), colorimetric detect of glutathione (Ge et al., 2019), acetylcholinesterase (Yan et al., 2017) and chlorothalonil (Sheng et al., 2020). Nevertheless, the colorimetric assays based on MnO2 NSs for Cu2+ detection are very rare.
Herein, based on the catalytic oxidation activity of MnO2 NSs, an easy, speedy and economic colorimetric assay is established for the sensitive determination of Cu2+. TMB can be quickly oxidized by MnO2 NSs to form blue oxTMB without the need for H2O2. After interaction with reduced glutathione (GSH), the MnO2 NSs are dissolved, which reduce the formation amount of blue oxTMB, so the mixture remains colorless. When Cu2+ ions are introduced into the reaction mixture, Cu2+ catalyzes the formation of GSSG (oxidized glutathione) from GSH and thus inhibits the decomposition of MnO2 NSs. As a result, the color of the mixture changes from colorless to blue. According to these results, a simple colorimetric method for Cu2+ was established. Moreover, this method has high sensitivity and selectivity for the determination of Cu2+. The applicability of the assay in practical samples was also investigated.
METHODS AND MATERIALS
Materials and Reagents
Tetramethylammonium hydroxide (TMAOH), cysteine (Cys), ascorbic acid (AA), uric acid (UA) were purchased from Aladdin Reagent Co., Ltd (Shanghai, China). Bovine serum albumin (BSA) and l-glutathione (GSH) were received from Sigma-Aldrich (St. Louis, Missouri, United States ). Manganese chloride tetrahydrate (MnCl2.4H2O), hydrogen peroxide (H2O2, 30 wt%), sodium hydroxide (NaOH), copper sulfate (CuSO4.5H2O), acetic acid (HAc), and ethanol were obtained from Sinopharm Chemical Reagent Co. (Shanghai, China). TMB substrate solution was obtained from Beyotime Biotechnology (Shanghai, China). All of the reagents used were analytical grades and were used directly (without further treatment). All the solutions were prepared from ultrapure water produced by a Milli-Q system.
Apparatus and Instrumentation
UV-Vis absorption spectra had been measured on the Cary-300 UV-Vis spectrophotometer (Agilent, United States ). X-ray photoelectron spectroscopy (XPS) spectra were measured on the ESCALAB MKⅡX-ray photoelectron spectrometer (Thermo Fisher Scientific, United States ). Morphology of MnO2 NSs was analyzed by Nova NanoSEM 230 field-emission scanning electron microscopy (FEI, United States ). Transmission electron microscope (TEM) photographs of MnO2 NSs were obtained on the JEM-2100 transmission electron microscope (JEOL, Japan). The level of metal ions in practical water samples was evaluated by an X SERIES II inductively coupled plasma mass spectroscopy (ICP-MS) (Thermo Fisher Scientific, United States ).
Synthesis of MnO2 NSs
MnO2 NSs were prepared according to the previous literature (Liu et al., 2017). Briefly, the mixture composed of 4.4 mL (25 wt%) TMAOH, 2 mL (3 wt%) H2O2 and 15 mL ultrapure water was quickly added into 10 mL MnCl2.4H2O solution (0.3 M) within 15 s. Then, the resulting dark brown suspension was stirred vigorously overnight at room temperature. After that, the prepared bulk manganese dioxide was centrifuged at 8,000 rpm for 10 min and washed three times with a large amount of distilled water and alcohol. The washed precipitate and 20 mg of BSA were dispersed in 20 mL ultrapure water and then treated with ultrasound for 10 h. The suspension was then centrifuged at 4,000 rpm for 15 min to remove the undispersed pellet. The supernatant was placed in the dark at 4°C for further use.
Colorimetric Detection of Cu2+
Copper sulfate was dissolved in ultrapure water to prepare various concentrations of Cu2+ solutions. At first, 14 μL of 0.5 mM GSH solution was mixed with 40 μL different concentrations of Cu2+ solutions and reacted for 5 min. Then, 15 μL MnO2 NSs (1.3 mg/mL) and 200 μL citric acid buffer (0.01 M, pH = 5.0) were added to the mixture and maintained 10 min at 45°C to ensure complete reaction. Subsequently, 100 μL of TMB substrate solution was introduced into each tube for another 10 min. Finally, the absorbance of the reaction solution in the wavelength range of 500–800 nm was determined. All reactions were carried out at 45°C.
Selectivity Investigation of Cu2+ Assay
In order to study whether other ions might interfere with the detection of Cu2+, some other metal ions were applied to the system with ten times concentrations of that of Cu2+. These ions including Fe3+, Ni2+, Ca2+, Mg2+, K+, Zn2+, Mn2+, Pb2+, Na+, Hg2+, and Ag+. 1.0 μM Cu2+ was used for the test and the concentration of other metal ions was 10 μM.
Detection of Cu2+ in Actual Samples
To investigate the application ability of the colorimetric method in the practical samples, the collected tap water and waste water were naturally settled overnight for experiments. The supernatant obtained was treated with the 0.45 μm filtration membrane to take away particulate impurity. Then different concentrations of Cu2+ were introduced to the filtrate for further detection. The procedure described above was used for Cu2+ detection in the tap water and waste water samples.
RESULTS AND DISCUSSION
The Principle of Colorimetric Determination of Cu2+
The strategy of Cu2+ colorimetric assay based on MnO2 NSs is described in Scheme 1. Due to its intrinsic oxidase-like activity, the synthesized MnO2 NSs can catalyze the formation of blue oxidation product (oxTMB) from colorless substrate TMB, which possesses an absorption peak at 650 nm. No additional H2O2 is added during this process. As an antioxidant, GSH can react with MnO2 NSs in the way shown in Eq. 1, resulting in the reduction and decomposition of MnO2 NSs. The released Mn2+ loses the catalytic ability, thus the chromogenic reaction of TMB is inhibited. In the presence of Cu2+, Cu2+ can catalyze GSH to GSSG (Tang et al., 2016), resulting in less decomposition of MnO2 NSs and more generation of oxTMB. As a result, the color of the solution turns blue. Cu2+ concentration is linearly related to the absorption value of TMB oxidation products. Thus, a sensitive “turn on” Cu2+ detection scheme is established.
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[image: Scheme 1]SCHEME 1 | Schematic diagram of colorimetric determination of Cu2+ based on MnO2 NSs.
Feasibility of the Cu2+ Colorimetric Assay
Some control experiments were performed to confirm the feasibility of the colorimetric assay. As shown in Figure 1A, the characteristic peak (380 nm) of MnO2 NSs gradually decreased with the increasing GSH concentration, indicating that MnO2 NSs have been decomposed by GSH. Without GSH, the TMB oxidation process can be promoted by MnO2 NSs, generating colored solution and significant absorption signal (Figure 1B, curve a). After interaction with GSH, the MnO2 NSs was decomposed, and TMB oxidization was inhibited, which resulted in colorless solution and a great decrease of absorption signal (Figure 1B, curve b). Through the catalysis of Cu2+, GSH was oxidized to GSSG, which inhibited MnO2 NSs dissociation. Thus the absorption signal was enhanced (Figure 1B, curve c). According to these results, we concluded that Cu2+ could be quantified by measuring the absorption values of TMB oxidation products at 650 nm.
[image: Figure 1]FIGURE 1 | (A) The UV-vis absorption spectra of MnO2 NSs (162.5 μg/mL) with different concentrations of GSH (B) Absorption spectra of the system under different conditions: (a) MnO2 + TMB, (b) MnO2 + GSH + TMB and (c) MnO2 + Cu2+ + GSH + TMB (Inset: the photograph of the solution color).
Characterization of MnO2 NSs
After interaction with TMAOH, Mn2+ was oxidized to Mn4+ by H2O2 to form bulk MnO2. By treating it with BSA under ultrasonication, MnO2 NSs with good dispersibility, biocompatibility and high peroxidase activity were obtained, as previously described (Liu et al., 2012). The morphology of MnO2 NSs was analyzed by scanning electron microscopy (SEM). As displayed in Supplementary Figure S1, the obtained MnO2 NSs presented an obvious sheet-like morphology and well dispersed in water. As the TEM image (Figure 2A) shown, the obtained MnO2 NSs exhibit characteristic 2-D layered architecture with partial folds/wrinkles, which contribute to the large specific surface area and good dispersibility.
[image: Figure 2]FIGURE 2 | (A) TEM photograph of MnO2 NSs (B) Absorption spectra of different concentrations of MnO2 NSs (C) XPS characterization of MnO2 NSs.
The UV-Vis absorption spectra in Figure 2B shows that MnO2 NSs have a wide absorption spectra in the 250–500 nm range with a maximum absorption band at 380 nm, which can be ascribed to a d-d jump of Mn4+. This is in agreement with the optical properties of MnO2 NSs reported previously (Liu et al., 2012). Furthermore, with the increase of MnO2 NSs, the absorption intensity at 380 nm increased.
Chemical and elemental compositions of MnO2 NSs were analyzed by XPS. The wide scan spectrum results are represented in Figure 2C. Four main peaks centered at 647.2, 528.7, 401.6 and 284.7 eV can be ascribed to Mn 2p, O 1s, N 1s and C 1s (Liu et al., 2012; Asif et al., 2019b). Figure 3 shows the high-resolution XPS spectra of Mn 2p and O 1s. From Figure 3A, two strong characteristic peaks located at 652.9 and 641.2 eV emerge in the Mn 2p1/2 and Mn 2p3/2 core-level spectra, corresponding to the presence of Mn4+ moieties (Iftikhar et al., 2021). In Figure 3B, the peak at 528.7 eV is caused by O 1s. The O 1 s spectrum contains two sub energy states in Figure 3B and these peaks can be assigned to Mn–O–Mn and Mn–O–H (Liu et al., 2012; Asif et al., 2022; Aziz et al., 2022).This indicate that the acquisition of pure MnO2 and the oxidation valence of Mn is +4 (Saha and Pal, 2014). These results indicate the successful synthesis of MnO2 NSs.
[image: Figure 3]FIGURE 3 | The XPS spectra of (A) Mn 2p and (B) O 1 s.
Optimization of the Experimental Conditions
In order to improve the sensitivity of the Cu2+ detection system, we further optimized some important experimental conditions, including pH, reaction temperature, the dosage of TMB substrate solution and GSH concentration. At first, the optimal pH of the reaction system was studied. HAc-NaAc buffer solutions with different pH were added to the reaction system. Supplementary Figure S2 shows the absorption values at different pH in the presence and absence of Cu2+. In the presence of 250 nM Cu2+, the absorption increment increases sharply in the pH range of 3.5–5.0. While the pH reaches 5.5, the increment of absorption decreases instead. As continues to raise the pH, the absorption increment returns to a slow upward trend. It is determined that the absorption increment is maximal when the pH value is 5.0. Therefore, the pH was selected at 5.0 for further test.
We also studied the influence of temperature on Cu2+ sensing systems. The absorption values at different temperatures in the presence and absence of Cu2+ are shown in Supplementary Figure S3. In the range of 25–45°C, the increase of temperature is beneficial to the reaction, and the absorbance difference of the final solution presents a steady rise trend. When the temperature reaches 45°C, the absorbance difference reached the maximum. Once the temperature is above 45°C, the temperature has a negative impact on this system. In order to obtain good experimental results, the colorimetric Cu2+ detection was carried out at the temperature of 45°C.
Subsequently, it was found that the amount of TMB substrate solution was related to the absorption intensity of the reaction solution at 650 nm. As Supplementary Figure S4 shown, the absorption value increases gradually with the increase of TMB substrate solution and remains stable when the amount of TMB is more than 100 μL. Therefore, the dosage of TMB substrate solution was selected as 100 μL.
The concentration of GSH used to decompose MnO2 NSs is critical. In order to achieve higher detection sensitivity, it was also optimized. As shown in Supplementary Figure S5A, the absorption value of the solution gradually decreases with the increase of GSH concentration in the reaction system. The solution color also changes from blue to colorless. These results indicated that MnO2 NSs were decomposed into Mn2+ by GSH, which inhibited the production of blue oxTMB. Meanwhile, there was a good linear relationship between the absorbance and the concentration of GSH from 0 to 18.75 μM (Supplementary Figure S5B). Considering the sensitivity and practical conditions of the system, the colorimetric assay was performed by selecting 17.5 μM GSH.
Sensitivity, Reproducibility and Stability Investigation of Cu2+ Assay
The sensitivity of the colorimetric assay was verified by adding different concentrations of Cu2+ to the solution at the optimal conditions. The recorded UV-vis absorption spectra of the system and the calibration curve established by absorption values of different concentrations of Cu2+ at 650 nm are presented in Figure 4. The results showed that with the increase of Cu2+ concentration, absorption value exhibited a rising trend and the color of the solution became deeper (Figure 4A). The absorption value has a good linear relationship with Cu2+ concentration from 10 to 300 nM, and the correlation coefficient is 0.997 (Figure 4B). Cu2+ detection limit (LOD) was estimated to about 6.9 nM (3σ). Because of the hazardous effects of high levels of Cu2+, the US Environmental Protection Agency stipulates that the maximum level of Cu2+ allowed in drinking water was about 20 μM (U.S.E.P. Agency, 2012). Thus, this colorimetric assay is suitable for the detection of low concentration Cu2+ in the environment.
[image: Figure 4]FIGURE 4 | (A) Absorption spectra obtained for colorimetric detection of Cu2+ (Inset: the photograph of the color change of the solution) (B) Linear relationship between Cu2+concentration (10–300 nM) and the absorption value.
Compared with other reported methods in Table 1, this strategy could achieve a lower detection limit and a wider detection range. Besides, the characteristic of the novel colorimetric assay, such as simple operation (no additional H2O2 was required), low toxicity, and low cost (without the need of precious metal or nucleic acid), makes it great potential in high sensitivity and rapid test of Cu2+ in drinking water and environment.
TABLE 1 | The list comparison of this work with other previously published works.
[image: Table 1]The reproducibility of the colorimetric sensor was evaluated by intra-assay. Five parallel measurements have been performed to detect 100 nM Cu2+ at the same conditions. The obtained relative standard deviation (RSD) was calculated to be 2.9%. The long-term stability of the colorimetric sensor was also investigated. The MnO2 NSs were stored in dark under 4 °C when it is not used. After stored for more than 1 month, the Cu2+ induced absorption response could retain 96% of its original value. These results indicate that the colorimetric sensor shows good repeatability and stability.
Interference Study
To investigate the specificity of colorimetric determination of Cu2+, series interference experiments were also carried out. Various metal ions including Fe3+, Ni2+, Ca2+, Mg2+, K+, Zn2+, Mn2+, Pb2+, Na+, Hg2+, Ag+ and common compounds with redox properties were studied. Under the same conditions, 1.0 μM Cu2+ or other metal ions with ten times the concentration of Cu2+ were added to the system to collect the absorption signal. Although Ag+ and Hg2+ could give rise to measurable absorbance signals (Supplementary Figure S6) in the concentration of 10 μM, the interference is small when they are at the same concentration as Cu2+ (1.0 μM) (Supplementary Figure S7), and they will not significantly affect the detection of Cu2+ at this concentration in the environmental system. In addition, KBr (1.25 mM) and KCl (12.5 mM) were used as masking agents to eliminate the interference of Hg2+ and Ag+. It could be seen in Figure 5 that with the coexistence of KBr and KCl, the colorimetric assay showed high specificity for Cu2+. At the same time, other metal ions with concentration ten times of Cu2+ made no difference in the sensitivity of Cu2+ analysis. Common redox substances, such as 100 μM of Cys, AA, UA and 1.0 mg/mL of BSA had no significant effect on the detection of Cu2+ (Supplementary Figure S7). It is worth noting that the selectivity can be observed with the naked eye. Hence, the specific detection of Cu2+ can be achieved by the established colorimetric assay.
[image: Figure 5]FIGURE 5 | Study on the selectivity of the established Cu2+ assay after the addition of masking agents (The concentration of Cu2+ was 1.0 μM, other metal ions concentration was ten-fold of Cu2+).
Detection of Cu2+ in Real Samples
To verify the applicability of this method in practical samples and complex sample matrix, Cu2+ spiked tap water (collected from the laboratory) and waste water (collected from a point source suspected to discharge metal ions by Longyan Rare Earths LTD.) were prepared for the test. The practical samples were settled overnight at room temperature, and then the impurities were removed by filtration with a 0.45 μm filter membrane. For comparison, ICP-MS was also used to evaluate the Cu2+ level in these samples. The initial concentration of Cu2+ detected by ICP-MS in tap water and waste water is 3.5 and 235.2 nM, respectively. The analytical performances of the proposed colorimetric assay for the detection of Cu2+ from waste water is in good agreement with the results obtained by ICP-MS with RSD value of 1.74% (Supplementary Table S1). This result indicated the good accuracy of the proposed colorimetric assay for the analysis of Cu2+ in real samples. After dilution, series of Cu2+ with different concentrations were added into the pretreated water samples and detected by this colorimetric method. The detection results are listed in Supplementary Table S1. The recovery of standard Cu2+ spiked samples is between 95.2 and 105.7%, with RSD< 3.24% (n = 3). The results illustrate that this colorimetric method is promising for applying efficient quantitative detection of Cu2+ in actual samples with high sensitivity.
CONCLUSION
To summarize, we developed a novel colorimetric method to detect Cu2+ rapidly and effectively. The basic principle of the method is that Cu2+ can catalyze GSH to GSSG, thus inhibiting the decomposition of the single-layer MnO2 NSs into Mn2+ by GSH to achieve Cu2+ detection. Under the optimal experimental conditions, the colorimetric system exhibits highly sensitive, broad linear range, low detection limit and rapid analysis. In addition, the experimental results showed that this method is expected to be used for the determination of Cu2+ in practical conditions. Compared to natural enzymes, the layered nanostructures of 2D MnO2 NSs makes themselves possess higher chemical and thermal stability. It should be noted that the TMB can be quickly oxidized by MnO2 NSs with high oxidase-like activity within 10 min. Importantly, the colorimetric assay does not require any expensive reagents, additional H2O2 or complicated modification processes and can complete the detection under mild conditions in a short time, which is expected to be applied to the detection of Cu2+ in other practical situations. It is worth mentioning that combining with Cu-contained nanomaterials, this colorimetric method can provide a novel general sensing strategy for the indirect detection of a variety of analytes.
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In this work, highly fluorescent copper nanomaterials were synthesized by using ascorbic acid as a ligand. The excitation wavelength of copper nanomaterials is 367 nm, and the emission wavelength is 420 nm. The size range is 5–6 nm. Nitrite can selectively quench the fluorescence of copper nanomaterials. Therefore, copper nanomaterials can be used to selectively detect nitrite ions. The linear equation is F = −32.94 c (NO2−) + 8,455, and the correlation coefficient is 0.9435. At the same time, we found that the fluorescence intensity of copper nanomaterials has a good correlation with temperature (20–60°C), which shows that they have great potential in the application of nanothermometers.
Keywords: CuNPs, nitrite, temperature detection, nanomaterial, fluorescence
INTRODUCTION
Nitrite, as a food additive and soil raw material, widely exists in food and environment. But excessive nitrite in actual water will cause serious harm to public health and environment (Davis and Compton, 2000; Kroupova et al., 2008; Wang et al., 2009; Zhao and Li, 2020; Jahan et al., 2021). When the concentration of nitrite is higher than 4.5 mg/ml (Iii and Finke, 1999), it will damage the nervous system, spleen, and kidney of human beings and even leads to a high risk of cancer. Therefore, accurate detection of nitrite in drinking water sources, wastewater treatment systems, the food industry, and environment is of great significance.
In recent years, copper nanoparticles with high fluorescence have been widely used in biomedicine (Zhang et al., 2018), bioimaging (Satyvaldiev et al., 2018), environmental detection (Zhong et al., 2015; Li et al., 2018), catalysis (Wang et al., 2019), and other fields due to their excellent photoelectric properties, great biocompatibility, good stability, and low toxicity. Wang’s group reported that copper nanoclusters were synthesized using glutathione as stabilizer and ascorbic acid as reductant, and they detected nitrite ions by utilizing the quenching fluorescence effect (Zhou et al., 2017). The method has been successfully applied to the detection of nitrite ions in actual water samples. Li’s group reported that copper nanomaterials were synthesized using cysteine (Li et al., 2015; Ashraf et al., 2019; Aziz et al., 2019; Ashraf et al., 2020; Ashraf et al., 2021; Iftikhar et al., 2021). Based on the aggregation induction (AIE) of copper nanoclusters induced by sulfur ions, they established a fluorescence analysis method for the determination of hydrogen sulfide. It was applied to the detection of practical samples. Current analytical challenges faced by researchers in carrying out nitrite detection and temperature sensing are that the methods used are not suitable for online monitoring and in-site detection as they require fine instruments and complicated sample pretreatment. Therefore, fluorescence sensing has emerged as a tempting analytical method, as it does not require expensive instruments and involves a simple pretreatment procedure. Herein, copper nanomaterials were selected because the synthesis cost of copper nanomaterials is low and the fluorescence signal is good.
In this study, highly fluorescent copper nanomaterials were synthesized with ascorbic acid as a protective and reducing agent. Nitrite ions can effectively quench the fluorescence of copper nanomaterials and realize the detection of nitrite ions. As the synthesized copper nanomaterials have good temperature sensitivity, they can also be used as temperature sensors. The fluorescence intensity of copper nanomaterials is linear at different temperatures. Therefore, the synthesized copper nanomaterials have great potential in ion sensing, detection, and drug delivery.
INSTRUMENT, REAGENT, AND EXPERIMENTAL SECTION
Instrumentation
Fluorescence spectrogram was obtained by using an F-4600 fluorescence spectrophotometer (Hitachi High Tech. Company). Transmission electron microscope (TEM) signals were obtained by a JEOL-2100F transmission electron microscope (Japan) operating at a voltage of 200 kV. TEM sample characterization was carried out by dropping the sample in a carbon-coated copper mesh dispersion solution and drying at room temperature. An ESCALAB-250-XI X-ray photoelectron spectroscopy (XPS) analyzer was used (Thermo Fischer Scientific).
Chemical Reagent
Ascorbic acid (C6H8O6); Cu(NO3)2·3H2O; ZnSO4·7H2O; Pb(NO3)2 (analytically pure, Tianjin Wind Ship Chemical Reagent Technology Co., Ltd.); Bi(NO3)3·3H2O; AgNO3 (analytically pure, Beijing Fuchen Chemical Reagents Co., Ltd.); FeCl2·4H2O (analytically pure, Beijing Shle Chemical Plant); MnSO4·H2O (analytically pure, Beijing Chaoyang District Chemical Four Plant); Ni(NO3)2·6H2O (analytically pure, Beijing 5671 Chemical Plant); Al(NO3)3·9H2O (analytically pure, Tian Jin Bo Di Chemical Co., Ltd.); sodium citrate (analytically pure, Tian Jin Public and Private Joint Chemical Reagent First Plant); Cd(NO3)2 (analytically pure, Beijing Chemical Co., Ltd.); CoCl2•6H2O (analytically pure, Shang Hai Public and Private Joint Venture Factory); NaF (Beijing Public and Private Chemical Plant); NaCl, Na2S2O3·5H2O, and KCl (Tian Jin North Union Fine Chemicals Development Co., Ltd.); AgNO3 (Beijing Fuzhou Chemical Reagents Co., Ltd.); NaNO2 (Tianjin Public and Private Chemical Reagents First Plant); NaBr and NH4Cl (Tian Jin People Chemical Plant); Na2SiO3.9H2O (Beijing Yizhuang Middle School Chemical Plant); and water used in all experiments is ultra-pure water with a resistance of 18.25 MΩ.
Synthesis of CuNPs
The specific method for synthesizing copper nanomaterials is as follows: first, 0.5 ml of 1 mmol/L copper nitrate solution and 3 ml of 10 mmol/L ascorbic acid solution were mixed and stirred for 20 min. Then 10 mmol/L sodium hydroxide solution was used to adjust the pH of the mixed solution to 6. After that, the solution was transferred to a 60°C constant temperature water bath for 5 h. Finally, after centrifugation, the supernatant of copper nanomaterials was preserved at 4°C for later use.
Detection of NO2−
Of the prepared copper nanoparticles, 450 ml was placed in 1.5-ml centrifuge tubes, and then 50 ml of nitrite solution was added at different concentrations to the centrifuge tubes. The fluorescence intensity was measured at 365 nm after 40 min reaction at room temperature.
Copper Nanomaterials for Temperature Sensing
The copper nanomaterial solution was placed in 1.5-ml centrifuge tubes. The tubes were heated at different temperatures for 20 min, and then the fluorescence intensities of the solutions were measured with a fluorescence spectrophotometer.
RESULTS AND DISCUSSION
Characterization of Copper Nanomaterials
Figure 1A shows the excitation and emission spectra of copper nanomaterials. It demonstrates that the synthesized copper nanomaterials have a strong fluorescence signal, and the maximum emission wavelength is 420 nm. The copper nanomaterials were dropped on the nickel mesh of the carbon support. The samples were dried and tested by TEM and energy dispersive spectroscopy (EDS). The morphology of the prepared copper nanomaterials was characterized by TEM (Figure 1B). As shown in Figure 1B, the copper nanomaterials are uniformly dispersed and have a smaller particle size. Figure 1C presents a high-resolution transmission electron microscopy (HRTEM) image. The crystal lattice of d = 0.3348 nm corresponding to the face-centered cubic structure (110) of copper can be clearly seen. Figure 1D indicates that the particle size distribution of the copper nanomaterials is uniform, and the average diameter of the copper nanomaterials is in the range of 5.0 ± 0.1 nm. The EDS image and the elemental contents in the copper nanomaterials are presented in Figure 1E. The percentage of copper was 67.72%. The results indicated that the synthesized copper nanomaterials have the characteristics of good fluorescence, uniform dispersion, and small particle size, which indicates that highlyfluorescent copper nanomaterials have been successfully synthesized.
[image: Figure 1]FIGURE 1 | (A) Fluorescence spectra of copper nanomaterials; (B) TEM image of copper nanomaterials; (C) HRTEM image of copper nanomaterials; (D) size distribution histogram of copper nanomaterials; (E) ED image of CuNPs.
The chemical and surface properties of the copper nanoparticles were analyzed by ultraviolet-visible (UV) spectroscopy and Fourier transform infrared (FT-IR) spectroscopy. Figure 2A shows the ultraviolet absorption spectra of CuNPs and ascorbic acid. There is no obvious absorption peak of ascorbic acid but a small ultraviolet absorption peak of CuNPs near 340 nm, which corresponds to the fluorescence excitation wavelength of copper nanomaterials. Figure 2B exhibits the infrared spectra of the copper nanomaterials and ascorbic acid, which can broaden the characteristic peaks of CuNPs. The shrinkage vibration peak of 2,524 cm−1 belonging to -OH has disappeared in the copper nanomaterials, which proves that glutathione molecules bond to the surface of copper nanomaterials through Cu-O. The characteristic peaks of ascorbic acid did not appear, which proves that the ligand exchange was complete.
[image: Figure 2]FIGURE 2 | (A) UV–vis spectra of CuNPs and AA; (B) FT-IR spectra of CuNPs and AA; (C) XPS of CuNPs thus obtained; (D) amplified XPS of Cu 2p electrons.
XPS was used to characterize the valence state of copper in CuNPs. The full spectrum indicated that CuNPs consist of C, O, N, Si, and Cu (Figure 2C). Figure 2D shows that no satellite peaks appear, which means that no Cu2+ exists. The strong peak of 932.3 eV belongs to zero-valent copper’s 2p3/2, and this is consistent with previous literature reports (Koski et al., 2012). However, it should be noted that the binding energy of 2p3/2 of Cu(0) is similar to that of Cu(I). Due to the charge transfer of the Cu-O bond, the valence state of Cu nanomaterials may be between 0 and +1.
Optimization of Experimental Synthesis Conditions
The synthesis time, temperature, molar ratio, and pH were optimized. By adjusting the molar ratio of copper nitrate to ascorbic acid, the appropriate drug dosage for the synthesis of copper nanomaterials was determined. As shown in Figure 3A, when the molar ratio of copper nitrate to ascorbic acid is 1:60, the fluorescence intensity of copper nanomaterials is higher. Therefore, the best molar ratio is 1:60. Figure 3B shows the effect of synthesis temperature on fluorescence intensities. When the temperature was changed from 30 to 90°C, the fluorescence intensities of CuNPs first increased and then decreased. The fluorescence intensity of CuNPs was the highest at 60°C. Therefore, the optimal synthesis temperature of copper nanomaterials is 60°C. Figures 3C,D show the optimum time and pH data for the synthesis of copper nanomaterials. With the increase in time, the fluorescence intensity of copper nanomaterials increases. When the synthesis time is set to 5 h, the fluorescence intensity is the highest (Figure 3C). Therefore, the optimal synthesis time of copper nanomaterials is 5 h. As shown in Figure 3D, the fluorescence intensity of copper nanomaterials is the highest at pH 6. Therefore, we chose pH 6 as the best condition. Here, we synthesized CuNPs under the above optimum conditions.
[image: Figure 3]FIGURE 3 | (A) Determination of the mass ratio of the synthesized CuNPs; (B) temperature of the synthesized CuNPs; (C) time of CuNP synthesis; (D) pH of CuNP synthesis.
Stability of CuNPs
The stability of the synthesized CuNPs was evaluated by comparing the fluorescence intensities of CuNPs stored for different periods and at different conditions (Figure 4). Figure 4A shows that the fluorescence intensity of the synthesized CuNPs measured at 5 h and 1 month after storage remains basically unchanged. It is concluded that CuNPs can be preserved for 1 month at 4°C. The fluorescence intensities of CuNPs were almost unchanged when the CuNPs were exposed to a xenon lamp for 100 min (Figure 4B). Figure 4C depicts the effect of different concentrations of NaCl solutions on the stability of CuNPs. It was found that the fluorescence intensity of copper nanomaterials was independent of the concentration of NaCl solution (up to 1 mol/L). These results indicate that the nanomaterials have good storage and fluorescence stability.
[image: Figure 4]FIGURE 4 | (A) Storage time; (B) irradiation time; (C) effects of the concentration of NaCl solution on the fluorescence intensity of the CuNPs.
Selectivity
To further investigate the selectivity of this method, contrast experiments were performed using 18 metal cations (K+, Na+, Ca2+, Hg+, Cr3+, Fe3+, Pb2+, and Bi3+) and 10 inorganic anions (F−, Cl−, Br−, I−, S2−, and NO2−) as the interference for detection of nitrite ions at the concentration of interference are 100 μmol/L. As shown in Figure 5, only nitrite ions show a strong quenching effect on the fluorescence of CuNPs. While Cd2+, Fe3+, and Hg+ have little effect on the fluorescence of CuNPs, other ions have no obvious effect on it. All these results indicate that this method possesses good selectivity for nitrite ion detection.
[image: Figure 5]FIGURE 5 | Selectivity of CuNPs toward I− sensing over other common metal ions (A) and anions (B). The concentration of all metal ions is 100 μmol/L.
Detection of NO2−
Based on the quenching effect of nitrite ions on the fluorescence of CuNPs, we established a fluorescence quenching sensor for accurate detection of nitrite ions. Figure 6A indicates that the fluorescence intensities of copper nanomaterials decrease with the increasing concentration of nitrite ions. Figure 6B shows a good linear relationship between the quenching fluorescence intensities of CuNPs and nitrite concentration in the range of 10 μ M–180 μ M. The linear equation is F = −32.94 c (NO2−) + 8,455, and the correlation coefficient is 0.9435. Figure 6C shows the TEM image of CuNPs after adding NO2−. It demonstrates that the fluorescence quenching is caused by the aggregation of nanomaterials because of the interaction between the surface ligand (ascorbic acid) of CuNPs and NO2−. The results are basically consistent with previous reports. Nitrite is a kind of food additive and is used for its coloring and antiseptic properties. It is widely used in cooked meat and canned animal food and is also used as an enema agent. Nitrite is not only a carcinogen but can also cause food poisoning when ingested at 0.2–0.5 g and can cause death at 3 g. Accurate detection of the nitrite content in food online is a key problem.
[image: Figure 6]FIGURE 6 | (A) Fluorescence spectra of CuNPs obtained with different concentrations of NO2− (from top to bottom: 10, 30, 50, 80, 100, 120, 1,400, and 180 μmol/L, respectively); (B) relationship between F and the concentration of NO2−; (C) TEM of copper nanomaterials after adding NO2−.
Temperature Sensing
A temperature-sensitive sensor based on copper nanomaterials was studied. As shown in Figure 7A, the fluorescence intensity of copper nanomaterials varies with temperature, from 20°C to 60°C. There is a good linear relationship between fluorescence intensity and temperature. The calibration equation is F = − 42.62T + 7,200, and the correlation coefficient is 0.9645 (as shown in Figure 7B). Therefore, the synthesized copper nanomaterial shows great potential in the application of nanothermometers.
[image: Figure 7]FIGURE 7 | (A) Fluorescence spectra of CuNPs obtained at different temperatures (from top to bottom: 20, 25, 30, 35, 40, 45, 50, 55, and 60°C, respectively); (B) relationship between F and temperature.
CONCLUSION
In summary, we synthesized a new kind of copper nanomaterial using ascorbic acid as both protectant and reductant. Nitrite ions can selectively quench the fluorescence of copper nanomaterials. Based on the fluorescence quenching mechanism, a sensor for detecting nitrite ions was established. We also found that there is a linear relationship between fluorescence signal and temperature in the temperature range of 20–60°C. Therefore, our new copper nanomaterials show great potential in the application of nanothermometers.
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Redox activity is an important indicator for evaluating electrochemical biosensors. In this work, we have successfully polymerized indole-5-carboxylic acid into poly-5-carboxyindole nanomaterials (PI-5-CA), using its superior redox activity, and introduced carboxylated single-walled carbon nanotubes (C-SWCNTs) to synthesize a composite material. Finally, a synthesized composite material was used for the modification of the glass carbon electrode to fabricate the PI-5-CA/C-SWCNTs/GCE-based immunosensor and was successfully applied for the sensitive detection of E. coli O157:H7. The fabricated immunosensor exhibited an outstanding electrocatalytic activity toward the detection of E. coli O157:H7 with a remarkably lowest limit of detection (2.5 CFU/ml, LOD = 3 SD/k, n = 3) and has a wide linear range from 2.98×101 to 2.98×107 CFU/ml. Inspired from the excellent results, the fabricated electrode was applied for the detection of bacteria from real samples (water samples) with a good recovery rate (98.13–107.69%) as well as an excellent stability and specificity. Owing to its simple preparation, excellent performance, and detection time within 30 min, our proposed immunosensor will open a new horizon in different fields for the sensitive detection of bacteria from real samples.
Keywords: poly-5-carboxyindole, carboxylated single-walled carbon nanotubes, E. coli O157:H7, electrochemical immunosensor, indole-5-carboxylic acid, plate counting method
HIGHLIGHTS

• PI-5-CA/C-SWCNT nanohybrids are synthesized by facile methods
• The PI-5-CA/C-SWCNT nanohybrid-modified GCE was further incubated with the E. coli antibody to complete the antigen–antibody reaction to fabricate the Ab/PI-5-CA/C-SWCNTs/GCE immunosensor
• Ab/PI-5-CA/C-SWCNTs/GCE shows an excellent electrochemical activity for E. coli O157 detection
• Real-time in vitro detection of E. coli O157 from real samples and compared results obtained from the actual samples
1 INTRODUCTION
To date, the most important topic of concern for food industries is the alarming increase of food- and waterborne diseases (Law et al., 2015; Patra and Baek, 2016). According to statistics from the World Health Organization (WHO), up to 30% of the world’s population suffers from foodborne diseases every year (Jia and Jukes, 2013). Factors that cause foodborne diseases include bacteria, parasites, viruses, chemicals, and toxins (Aziz et al., 2021; Rad et al., 2021). Among these factors, bacterial contamination is an alarming threat to human health (Chen et al., 2017; Sai-Anand et al., 2019). Bacteria are ubiquitous in nature, and bacterial contamination may occur in any food chain (Odeyemi et al., 2020). If food chains once get infected with these pathogens, it can seriously threaten human health and can cause economic losses, if not treated timely (Asif et al., 2018). In 2011, there was an outbreak in the United States due to the contamination of cantaloupe instigated by Listeria monocytogenes, which infected 147 with 33 deaths (Ghosh et al., 2019). In the same year, Germany also experienced a massive outbreak of hemolytic uremic syndrome, which was initiated by E. coli O104:H4 infection (Stockman, 2013). Above all, every year, the number of infections caused by Salmonella crossed one million, leading to severe illness and sometimes death (Jarvis et al., 2016). In 2016, 13 cases of diarrhea occurred in nine U.S. states due to the consumption of flour infected with E. coli O157:H7 (Sperber and North American Millers' Association Microbiology Working Group, 2007). Therefore, fast and reliable detection of pathogens is essential to prevent and control the outbreaks of foodborne diseases.
Among the common pathogens in daily life, E. coli O157:H7 is one of the most hazardous foodborne pathogens because of its virulence and pathogenicity (Buchanan and Doyle, 1997; Zhao et al., 2021). Diseases caused by E. coli O157:H7 include diarrhea, fever, and vomiting (Pandey et al., 2017). At present, quite a lot of attention has been devoted to the research for the rapid detection of E. coli O157:H7 (Park et al., 2020) The conventionally used plate counting method is reliable to some extent but inevitably limited owing to the time-consumption (Sieuwerts et al., 2008; Zhao et al., 2014). Technological advances introduced and proposed new methods and techniques, such as polymerase chain reaction (PCR) (Amagliani et al., 2004; Zhou et al., 2022) and enzyme-linked immunosorbent assay (ELISA) (Di Febo et al., 2019; Hu Y. et al., 2021), but the requirement of high precision and accuracy as well as the need of highly professional trainers limited their use to some extent. To address all these issues related to conventional and advanced techniques, biosensors have been developed (Aziz et al., 2022). The development of biosensors can solve the abovementioned problems (Asif et al., 2019; Aziz et al., 2019b), such as colorimetry (Yao et al., 2020), fluorescence (Shi et al., 2015), and electrochemistry (Li et al., 2021). Among them, the electrochemical method has received widespread attention because of the low cost, easy handling, and portability (Asif et al., 2022).
Many electrochemical redox active materials have been used as electronic media for the development of electrochemical biosensors, such as ferrocene (Hu L. et al., 2021), graphene oxide (GO) (Aziz et al., 2019a), and Prussian blue (22). However, most of these materials suffer low conductivity and poor stability, so their effects in the field of electrochemical detection are not satisfactory (Kang et al., 2016). As a conductive polymer, poly (indole-5-carboxylic acid) (PI-5-CA) exhibits good electrochemical behavior, good thermal stability, and superior redox activity due to its abundant functional groups and specific surface area (Asif et al., 2015; Yang et al., 2019). At the same time, the introduction of carboxylated single-walled carbon nanotubes (C-SWCNTs) can further improve the specific surface area and the electrical conductivity of PI-5-CA. Due to its tubular hollow structure, carbon nanotubes have unique electrical conductivity, high strength, flexibility, stable chemical properties, and excellent specific surface area (Kumar and Sundramoorthy, 2019; Li et al., 2021). Through chemical synthesis, PI-5-CA and C-SWCNTs are synthesized into a composite material to syndicate the electrochemical advantages of the two, and using their abundant carboxyl functional groups to combine with various biological recognition molecules (Yang et al., 2019).
Therefore, we use the superior electrical conductivity of C-SWCNTs and the ultrahigh redox activity of PI-5-CA to construct an electrochemical sensing platform (Joshi and Prakash, 2013; Yang et al., 2019). At the same time, we use the characteristic of antigen-antibody-specific binding to propose an electrochemical immunosensor to detect E. coli O157:H7. First, the PI-5-CA/C-SWCNT composite material was synthesized for the modification of glassy carbon electrode (GCE), and the redox characteristics of the material were explored using the classic three-electrode system. By activating the carboxyl group on the surface of the material and binding with the amino group of the antibody, the anti-E. coli antibody is connected to the surface of the modified GCE for E. coli O157:H7 detection as represented by Figure 1. In this research work, PI-5-CA was used to provide a stable redox signal to improve the detection sensitivity (Joshi and Prakash, 2013), while C-SWCNT coupling was used to further improve stability and conductivity (Joshi and Prakash, 2013), as well as provide abundant binding sites for antibodies, which in turn ensure the detection specificity. By detecting the change of PI-5-CA redox current, the rapid and sensitive detection effect of E. coli O157:H7 is realized (Yang et al., 2021). We used this constructed biosensor to successfully detect E. coli in domestic water, and compared the results with the traditional culture method to determine the sensitivity and reliability of the fabricated sensor.
[image: Figure 1]FIGURE 1 | Schematic illustration of the step-by-step preparation of PI-5-CA/C-SWCNTs/GCE and its modification with antibodies and BSA for the sensitive detection of E. coli O157:H7.
2 EXPERIMENTAL SECTIONS
2.1 Chemicals and Reagents
Indole-5-carboxylic acid (I-5-CA) was purchased from Shanghai Vita Chemical Regent Co., Ltd. (Shanghai, China). Carboxylated single-walled carbon nanotubes (C-SWCNTs) were purchased from Nanjing Xian Feng Nanomaterials Technology Co., Ltd. (Nanjing, China). N-hydroxysuccinimide (NHS) and N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) were purchased from Aladdin Chemistry Co., Ltd. (Shanghai, China). Bovine serum albumin (BSA) and 2-morpholinoethanesulfonic acid (MES) were purchased from Sigma-Aldrich (United States). The anti-E. coli O157:H7 antibody was purchased from Thermo (United States). Ethanol, ammonium persulfate (APS), disodium hydrogen phosphate (Na2HPO4), sodium dihydrogen phosphate (NaH2PO4), and H2SO4 were purchased from Sinopharm Chemical Co., Ltd. (Shanghai, China). All the chemicals and reagents were used as it is, without further purification. The four different strains were used in this research as shown in Table 1.
TABLE 1 | Information of the strains used in this work.
[image: Table 1]2.2 Synthesis of PI-5-CA/C-SWCNTs
The PI-5-CA/C-SWCNT nanocomposite was synthesized by the chemical method. First, 100 mg of In-5-COOH monomer and 2 mg of carboxylated single-walled carbon nanotubes (C-SWCNTs) were dissolved in 2.5 ml of absolute ethanol, Next, 100 mg ammonium persulfate (APS) was dissolved in 10.0 ml of H2SO4 (pH = 1). Under constant temperature stirring, the mixed solution of 100 mg ammonium persulfate (APS) dissolved in 10 ml H2SO4 (pH = 1) was added gradually, and the mixture was left to react at 30°C for 6 h. After the reaction was completed, the product was filtered and washed with ultrapure water and absolute ethanol several times in sequence. Finally, we used this solid product to prepare 1 mg/ml solution in ultrapure water for further use.
2.3 Fabrication of the Electrochemical Immunosensor
Before each experiment, the glassy carbon electrode (3 mm in diameter) was polished to a mirror surface with 0.05 μM alumina powder and ultrasonically treated with ultrapure water and absolute ethanol, respectively. Finally, the cleaned electrode was dried with high-purity nitrogen for the next modification.
For the modification of electrode, 10 µL of 1 mg/ml solution of PI-5-CA/C-SWCNTs was injected onto the surface of the GCE and dried in air naturally. To activate the carboxyl group on the composite material, first, the modified electrode was immersed in a mixed solution (containing 40 mM NHS, 100 mM EDC and 100 mM MES), and then incubated at 37°C for 30 min accompanied by the subsequent deposition of 10 μL of Ab solution (5 μg/ml). After that the prepared Ab/PI-5-CA/C-SWCNTs/GCE was further incubated at 37°C for 2 h to ensure that the antibodies bind to the electrode surface. Next, 10 µL of BSA (1 mg/ml) was added dropwise onto the electrode surface and incubated at 37°C for 30 min to block the residual active sites. Finally, the prepared immunosensor was successfully used against bacterial detection and repeated the same procedure after each experiment. It is noted that after each modification, the electrode should be gently washed with PBS (pH = 6) to remove physical adsorption (26).
2.4 Preparation of Samples
In order to obtain satisfactory results, pretreatment of the bacterial culture medium is necessary. The bacterial strains used in the research were inoculated into the 5 ml LB medium and cultured at 37°C and 200 rpm for 6 h to their logarithmic growth phase. After that, the freshly cultivated bacterial liquids were centrifuged and immersed in PBS to further dilute into appropriate concentrations. The sample preparation process for actual testing is as follows: first, the tap water was filtered three times with a 0.22 µM filter membrane, and then freshly cultured E. coli O157:H7 was added to obtain a natural sample.
2.5 Analytical Performance of the Immunosensor
First, 10 µL of the above bacterial liquid was injected to the surface of the immunosensor electrode, and it was incubated at 37°C for 2 h to complete the antigen–antibody reaction. After that, the electrode was gently washed with PBS (pH = 6) to remove the physical absorption. All electrochemical experiments were performed on a CHI660A electrochemical workstation. Throughout the electrochemical experimentation, a three-electrode system (Ag/AgCl as the reference electrode, platinum plate as the counter electrode, and modified electrode as the working electrode) was used to perform cyclic voltammetry (CV) under −0.2–0.8 V at a scanning speed of 100 mV/s to evaluate the electrode surface behavior. Throughout the experimentations, PBS (pH = 6) was used.
3 CHARACTERIZATION OF THE PI-5-CA/C-SWCNTS COMPOSITE
The surface morphologies of PI-5-CA and C-SWCNTs were initially characterized by using the transmission electron microscope (TEM) and scanning electron microscope (SEM) to observe the morphology of the three-dimensional structure of PI-5-CA/C-SWCNTs. The SEM images of PI-5-CA/C-SWCNT nanocomposite at different magnifications showed in Figures 2A–C formed a three-dimensional layered porous structure, which can facilitate the combination of various biorecognition molecules and improve the analytical performance of the electrochemical sensor based on PI-5-CA/C-SWCNTs. PI-5-CA exhibited a distinct aggregated morphology that was further combined with SWCNTs to form a distinct three-dimensional structure. SWCNT rods covered with aggregated PI-5-CA as rough surfaces greatly enhance the surface area to provide more active sites to complete the catalytic reaction. SWCNTs support completely burying inside PI-5-CA enhances the catalytic efficiency of the fabricated material being conductive materials. The SEM image results are also consistent with the TEM results taken at different magnification as shown in Figures 2D–F.
[image: Figure 2]FIGURE 2 | (A–C) SEM images of C-SWCNTs, PI-5-CA, and PI-5-CA/C-SWCNTs at different magnifications, and TEM images of (D) C-SWCNTs, (E) PI-5-CA, and (F) PI-5-CA/C-SWCNTs.
The polymerization mechanism of PI-5-CA was studied by Fourier transform infrared spectroscopy (FT-IR), and the result is shown in Figure 3A. The spectral absorption peak intensity of PI-5-CA is significantly wider than that of I-5-CA monomer, which may be attributable to the wide conjugated chain length distribution of polymers (Liu et al., 2016; Yang et al., 2021). Among them, in the spectrum of monomer I-5-CA and polymer PI-5-CA, the fluctuation of absorption peak in the range of 700–820 cm−1 is caused by the deformation vibration of three C-H on the benzene ring, which indicates that the polymerization of monomer occurs on the pyrrole ring (Sivakkumar et al., 2005). The = CH-N stretching vibration of the monomer near 890 cm−1 disappeared in the polymer spectrum. The peaks near 1,478–1,838 cm−1 showed the presence of carboxyl groups in the monomer I-5-CA and the polymer PI-5-CA (Narang et al., 2013). Compared with the FT-IR spectra of PI-5-CA, the FT-IR spectra of PI-5-CA/C-SWCNT nanocomposites showed a one-point positive shift in the C=C bond, which should be attributed to the π–π interaction between PI-5-CA and C-SWCNTs (Yang et al., 2019).
[image: Figure 3]FIGURE 3 | (A) FT-IR characterization results of I-5-CA, PI-5-CA, and PI-5-CA/C-SWCNTs. (B) CV of electrodes modified with PI-5-CA/C-SWCNTs, bare GC, and PI-5-CA in 0.1 M PBS (pH = 6). (C) CV representation of the electrode in 0.1 M PBS (pH = 6) after each step of modification, and (D) the current changes of the immunosensor under different antibody incubation times in 0.1 M PBS (pH = 6).
4 RESULTS AND DISCUSSION
4.1 Electrochemical Performance of PI-5-CA/C-SWCNTs/GCE
Compared with the bare GCE, both PI-5-CA/C-SWCNTs and PI-5-CA-modified electrodes can promote electron transfer and generate redox current. It can be seen from Figure 3B that the redox current peak value of PI-5-CA/C-SWCNTs/GCE is significantly higher than that of PI-5-CA/GCE, which may be attributed to the tubular structure of C-SWCNTs promoting the electron transfer of PI-5-CA. Figure 3C shows the electron transfer behavior of the electrode surface after each modification. Because PI-5-CA/C-SWCNTs have higher redox activity and conductivity, a higher redox current peak can be clearly seen. In that case, when antibodies bound to the carboxyl groups present on the surface of PI-5-CA/C-SWCNTs, a reduction in the peak redox current can be clearly observed. This is due to the fact that the antibody protein is a non-conductive substance, which causes hindrance during the electron transfer on the electrode surface that resultantly causes a decrease in redox current. After incubating with E. coli O157:H7 bacterial solution, the peak redox current further decreased, which just proved that the bacterial solution successfully combined with the antibody on the electrode surface. This reduction was due to the increased steric effect of antigen–antibody immune complexes during electron transfer. The current change on the surface of the glassy carbon electrode indicates the successful preparation of the immunosensor, which can be further used as a potential platform for detecting bacteria.
4.2 Optimization of Experimental Parameters
4.2.1 Optimization of Antibody Incubation Time
When the PI-5-CA/C-SWCNT composite material was deposited on the surface of the electrode, the carboxyl group can be activated with a mixed solution containing EDC, NHS, and MES. Then, 10 µL of antibody solution was dropped onto the surface of the electrode, which helps antibodies to get attached to the surface of the GCE through the amino-carboxyl reaction in a 37°C water bath. In order to make sure the -COOH group of the PI-5-CA/C-SWCNT composite material can bind to more and more antibodies, the incubation time was optimized within 100 min.
It can be seen from Figure 3D that as the incubation time increases, the peak value of the redox current on the electrode surface gradually decreases. This is due to the gradual increase in the amount of antibodies bound to the electrode surface, which increases the impedance of electron transfer. As shown in Figure 3D, after about 60 min of reaction, the current peak gradually stabilized. It can be concluded that the antibodies bound to the electrode surface reach a relatively saturated state after 60 min of incubation. Later studies also chose 60 min as the antibody incubation time.
4.2.2 Optimization of Incubation Time for E. coli O157:H7
In order to ensure the binding of sufficient amount of bacteria on the electrode to achieve a sensitive detection effect, the incubation time of the bacteria solution was further optimized. The freshly cultured E. coli O157:H7 bacterial solution was immersed in PBS after centrifugation, and then was diluted to different concentrations. In total, 10 µL of 4 × 106 CFU/mL E. coli O157:H7 bacterial liquid was added dropwise to the prepared immunosensing electrode and incubated at 37°C for different times.
As the incubation time increases, the oxidation peak current gradually decreases and the current value tends to stabilize at about 30 min as depicted by Figure 4A. In the subsequent incubation time, the fluctuation of the current value may be attributed to the reversibility of the antigen–antibody immune binding reaction (Ghosh, 2006). In summary, 30 min was selected as the reaction time for the combination of bacteria and immunosensor.
[image: Figure 4]FIGURE 4 | (A) Current changes of the immunosensor under different bacterial incubation times, (B) linear relationship between the current change value and the logarithm of the bacterial concentration, (C) detection specificity of the immunosensor, and (D) performance of the electrochemical immunosensors at various storage periods.
4.3 Analytical Performance of the Immunosensor
Under the optimal experimental conditions, the analytical performance of the prepared immunosensor was studied. The E. coli O157:H7 monoclonal colony was picked into the LB liquid medium and cultivated to a logarithmic phase at 37°C with 200 rpm shaking. Later, the freshly cultured bacterial solution was centrifuged and immersed in PBS. Finally, the bacterial liquid was diluted to a series of concentration gradient from 2.98×101 to 2.98 × 107 CFU/ml, and 10 µL of the abovementioned diluted bacterial solution was dropped onto the electrode surface and incubated for 30 min in a 37°C water bath. After that, the current changes on the electrode surface were recorded.
It can be seen from Figure 4B that there is a good linear relationship between the current change value (ΔI) (before and after the immunosensor is combined with the bacterial solution) and the logarithmic value of the bacterial solution concentration [Log(CFU/ml)]. After fitting, within the linear range, the linear relationship between ΔI and the concentration of E. coli O157:H7 is ΔI = 4.0684 Log(CFU/mL)-1.4083 (R2 = 0.9976) with a low limit of detection of 2.5 CFU/ml (LOD = 3 SD/k, n = 3). It can be concluded that the prepared immunosensor platform has great potential for the rapid detection of E. coli O157:H7, which can provide a basis for the next step of detection in natural samples.
4.4 Analytical Specificity of the Immunosensor
In order to explore specificity of the biosensing system for E. coli O157:H7 detection, different types of strains such as Salmonella, Pseudomonas aeruginosa, Staphylococcus aureus, and E. coli O157:H7 have been detected by repeating the same detection procedure. In total, 10 µL of 106 CFU/ml of the aforementioned various fresh bacterial liquids were injected onto the prepared immune-electrode surface, respectively, for the sensitive strain detection.
In comparison to the E. coli O157:H7 modified immunosensor, the other immunosensors modified with Salmonella, Pseudomonas aeruginosa, and Staphylococcus aureus exhibited up to 20% less response toward the target strain as shown in Figure 4C. It can be seen that the specificity of the developed electrochemical immunosensor is acceptable.
4.5 Stability of the Immunosensor
The storage performance of this sensor also was studied. The prepared antibody sensor was stored at 4°C and the peak value of the redox current on the electrodes was detected every other day. It can be seen from Figure 4D that the prepared immunosensor has good storage stability. After 1 week, it can still maintain 96.78% of the original current value. After 2 weeks of storage, the current value was about 93.30% of the original value, which further shows that the sensor has good stability and practical applications potential.
4.6 Detection and Analysis of Real Samples
Benefitted from the excellent electrochemical performance, we applied our modified electrode for the detection of E. coli O157:H7 from the real samples and compared the results obtained from the actual samples with the plate counting method in Table 2.
TABLE 2 | Assay results of the actual sample using the proposed and plate counting method.
[image: Table 2]Recovery (%) is expressed as the ratio of the number of detected/number of spiked. As shown in Table 2, the recovery rate of the prepared biosensor is 98.13–107.69%, indicating that the proposed immunosensor for E. coli O157:H7 detection has good accuracy. In other words, this electrochemical immunosensor provides a potential application prospect for the analysis of E. coli O157:H7 in natural samples.
5 CONCLUSION
In summary, we have successfully proposed a PI-5-CA/C-SWCNT-based electrochemical immunosensor for the rapid detection of E. coli O157:H7. First, we prepared PI-5-CA/C-SWCNT composites with a three-dimensional porous structure through a simple chemical oxidation polymerization method. The PI-5-CA/C-SWCNT material has a stable redox activity, good conductivity, large specific surface area, and abundant functional groups. By taking the advantage of these superb characteristics, we used antibodies as biorecognition molecules to construct Ab/PI-5-CA/C-SWCNTs/GCE immunosensing electrodes for the sensitive detection of E. coli O157:H7. Compared with previous reported works (Xue et al., 2020; Yang et al., 2020; Qaanei et al., 2021), our fabricated biosensor can detect bacteria as low as 29.8 CFU/ml within 30 min, which greatly shorten the detection time. At the same time, the immunosensor shows good sensitivity, specificity, reproducibility, and stability toward the detection of E. coli O157:H7. We believe that the bacteria detection method proposed in this article has good application prospects, which can not only be used for the sensitive and selective detection of E. coli O157:H7 but also pave a way for the simple and fast detection of different bacterial strains as well as other substances.
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The rational design and construction of high-performance flexible electrochemical sensors based on hierarchical nanostructure functionalized microelectrode systems are of vital importance for sensitive in situ and real-time detection of biomolecules released from living cells. Herein, we report a novel and facile strategy to synthesize a new kind of high-performance microelectrode functionalized by dual nanozyme composed of rime-like Cu2(OH)3NO3 wrapped ZnO nanorods assembly [Cu2(OH)3NO3@ZnO], and explore its practical application in electrochemical detection of hydrogen peroxide (H2O2) released from living cells. Benefiting from the merits of the unique hierarchical nanohybrid structure and high catalytic activities, the resultant Cu2(OH)3NO3@ZnO-modified AGF microelectrode shows remarkable electrochemical sensing performance towards H2O2 with a low detection limit of 1 μM and a high sensitivity of 272 μA cm−2 mM−1, as well as good anti-interference capability, long-term stability, and reproducibility. These properties enabled the proposed microelectrode-based electrochemical platform to be applied for in situ amperometric tracking of H2O2 released from different types of human colon cells, thus demonstrating its great prospect as a sensitive cancer cell detection probe for the early diagnosis and management of various cancer diseases.
Keywords: graphene fibers, hierarchical structure, flexible microelectrode, nanozymatic electrochemical sensor, in situ cancer cell detection
INTRODUCTION
Since cancer is the second leading cause of death globally, there has always been an increasing research interest in developing efficient techniques for early cancer diagnosis and treatment to circumvent the challenges being faced in clinical practices (Labib et al., 2016; Lin et al., 2016; Asif et al., 2018b). Hydrogen peroxide (H2O2), one of the most common reactive oxygen species, performs as a critical component within biological systems (Lippert et al., 2011; Aziz et al., 2019a). The level of H2O2 in human body can be regarded as a versatile biomarker for early diagnosis of various diseases such as cancer (Xiao et al., 2016). For effective and accurate monitoring of the versatile biomarkers associated with cancer, electrochemical biosensors have comprehensive advantages of fast response, low detection limit, high sensitivity, good reproducibility, easy operation, and the ability to be miniaturized for online, and in vivo analysis (Sun et al., 2015; Sun et al., 2016; Zhao et al., 2021). Moreover, the development of wearable and implantable electrochemical sensing systems for continuous monitoring of the H2O2concentration in the human body has shown greater prospects in clinical diagnosis (Wang L. et al., 2018; Asif et al., 2022). Therefore, it is of great significance to construct structural rigidity, high mechanical strength functionalized microelectrodes, which can be integrated into wearable flexible electrochemical sensors to achieve fast, real-time, and high-sensitivity detection (Aziz et al., 2021b).
The development of advanced electrochemical sensors necessitates the design and construction of freestanding electrode system with good mechanical strength and high flexibility (Aziz et al., 2021a), which can be rolled up for use as well as good sensing performance in cancer cell detection. In this regard, graphene fiber (GF), a new type of carbon fiber assembled from graphene nanosheets, possesses one-dimensional microstructure with good flexibility, mechanical strength, high electronic conductivity, and excellent electrochemical stability (Xin et al., 2015; Huang et al., 2018; Xin et al., 2019). The prepared GF integrates the high electrical conductivity of graphene nanosheets and the unique mechanical properties of its macroscopic fiber structure, which has broad application prospects in flexible energy storage/conversion devices, wearable devices, artificial intelligence, etc. (Zhang et al., 2016; Huang et al., 2018). In particular, the intrinsic advantages GF microelectrode, such as adjustable active sites, high signal-to-noise ratio, and good biological compatibility, as well as immobilization of enzyme, enable its application in electrochemical sensing fields (Ding et al., 2016; Chen et al., 2019; Zeng et al., 2019). However, among different kinds of electrochemical sensors, GF microelectrode-based electrochemical biosensor is still in its infancy, so rational design of nanohybrid GF with active components is important for improving the comprehensive performance of electrochemical sensors for the detection of biomolecules. Nanozyme is a class of nanomaterials with enzyme-like characteristics (Wang H. et al., 2018; Wu et al., 2019). With the recent advance of nanotechnology with biology, a variety of nanozymes, such as carbon-based nanomaterials (Ji et al., 2021; Li et al., 2021), transition metal dichalcogenides/peroxides/oxides nanosheets (Asif et al., 2018a; Asif et al., 2019; Huang et al., 2019), noble metal nanoparticles (NPs) (Shen et al., 2015; Xu et al., 2018), and their hybrids (Zhang et al., 2019), have been discovered to possess unique enzyme-mimic catalytic activities and used in the biomedicine or bioanalysis by virtue of their reasonable stability, low cost, mass production, and long-term storage properties that are superior to nature enzymes. In the past few years, tremendous research efforts have been devoted to developing nanozyme-modified GF microelectrodes, which have been used in electrochemical detection of versatile biomarkers, such as adrenaline (Zeng et al., 2019), glucose (Chen et al., 2019), dopamine (Cai et al., 2016; Aziz et al., 2019b), and H2O2 (Peng et al., 2018; Zhao et al., 2020; Guo et al., 2021). Although considerable progress has been made in this field, it is still a challenge for the development of high-performance functionalized GF-based microelectrodes with optimized microstructural configurations by judiciously selecting electroactive species and rationally designing the composition and structure of nanozyme for continuous detection of biological samples.
In this work, we have developed an activated graphene fiber (AGF) modified with MOF-mediated rime-like hierarchical nanozyme as flexible and biocompatible microelectrode for in situ electrochemical detection of H2O2 in human colon cells. As far as we know, this has never been reported previously. As shown in Figure 1, the freestanding and flexible AGF is synthesized by wet-spinning using graphene oxide as the structural units and ionic liquid (IL) as coagulation bath to introduce heteroatoms (Cheng et al., 2015). The introduction of heteroatoms into the graphene materials not only possesses superior charge mobility to deliver high electrochemical activity, but also provides abundant active sites for the accessibility of substrate molecules and anchoring extrinsic functional species. To improve its catalytic activity, a metal-organic framework (MOF)-mediated rime-like hierarchical nanozyme [i.e., Cu2(OH)3NO3@ZnO] is assembled on heteroatom-doped GF (Cui et al., 2016). Specifically, ZnO nanorods are grown on AGF via a typical solvothermal method. ZIF-8 is then in situ grown on ZnO nanorods by the impregnation method to obtain ZIF-8@ZnO/AGF. The Cu2(OH)2(NO3) is bonded to ZnO/AGF by chemical etching of ZIF-8, named, Cu2(OH)3NO3@ZnO/AGF. Benefitting from the synergistic contributions of dual nanozymatic activity of rime-like hierarchical Cu2(OH)3NO3@ZnO as well as unique structural and electrical properties, the resultant rime-like hierarchical Cu2(OH)3NO3@ZnO-decorated heteroatom-doped GF [Cu2(OH)3NO3@ZnO/AGF] microelectrode demonstrated significantly improved sensing performances to H2O2 detection, with a low detection limit (LOD) of 1 µM (S/N = 3) and a sensitivity of 272 μA cm−2 mM−1. These characteristics combined with its favorable anti-interference ability, high reducibility, and long-term stability, as well as good biocompatibility, enable a Cu2(OH)3NO3@ZnO/AGF microelectrode-based electrochemical biosensor to be used for real-time tracking of H2O2 released from different live human colon cells, which can act as a sensitive probe to distinguish colon cancer cells and normal colon epithelial cells. Thus, our strategy for the development of high-performance electrochemical biosensor coupled with recent advance in GF microelectrode and nanozyme opens up a new avenue for facile and efficient detection of possible disease-related clinical specimens, which is of great significance for the early diagnosis of various diseases in clinic practice.
[image: Figure 1]FIGURE 1 | Fabrication procedure of a rime-like Cu2(OH)3NO3@ZnO/AGF microelectrode for live cancer cell detection.
EXPERIMENTAL SECTION
Chemicals and Materials
Sulfuric acid (H2SO4, 98%), hydrochloric acid (HCl, 37%), potassium nitrate (KNO3), potassium permanganate (KMnO4), hydrogen peroxide (H2O2, 30%), ethanol, zinc nitrate hexahydrate (Zn(NO3)2·6H2O), zinc acetate dihydrate (Zn(CH3COO)2)·2H2O, hexamethylenetetramine (C6H12N4), and copper nitrate trihydrate (Cu(NO3)2·3H2O) were purchased from the Sinopharm Chemical Reagent Co., Ltd. 1-Butyl-3-methylimidazolium tetrafluoroborate ([BMIM][BF4]), hydroiodic acid (HI, 48%), and worm-like expanded graphite powder (50 mesh number) were purchased from Shanghai Aladdin Biochemical Technology Co. Ltd. Guanine (G), adenine (A), cytosine (C), uracil (U), ascorbic acid (AA), D(+)-glucose (Glu), uric acid (UA), and dopamine (DA) were purchased from the Macklin Co. Ltd. N-formylmethionyl-leucyl-phenyl-alanine (fMLP, ≥99.5%) was obtained from Sigma-Aldrich (United States). All chemicals and reagents are of analytical grade and used without any further purification.
Instruments
SEM images were acquired on Nova NanoSEM 450 (10 kV). TEM images were examined by Tecnai G2-F20 (200 kV). X-ray photoelectron spectroscopy (XPS) measurements were carried out on a Perkin-Elmer model PHI 5600 XPS system; all peaks were standardized to C 1s line at 284.6 eV correction. Powder x-ray diffraction (PXRD) was performed on a Rigaku D/max-IIIA diffractometer (Cu Kα, λ = 1.54056 Å) at room temperature. Electrochemical experiments were conducted on a CHI 760E electrochemical workstation (Shanghai CH Instruments Co., China).
Synthesis of GF
Graphene oxide (GO) was first synthesized from worm-like expanded graphite powder based on a modified Hummer’s method (Xu et al., 2016). The as-obtained GO suspension was centrifuged twice at 14,000 rpm for 30 min to obtain concentrated GO suspension with a mass concentration of 20 mg ml−1. For wet spinning of GO fiber, the concentrated GO suspension was transferred into a 5-ml syringe connected by polyetheretherketone tube with a glass capillary (inner diameter of 500 μm) at the other end (Supplementary Figure S1). It was pumped into [BMIM][BF4] IL coagulation bath solution at a rate of 450 μl min−1. Subsequently, GO fibers were immersed into 30 ml of HI solution and kept at 80°C for 12 h to be reduced. Finally, they were washed successively with water and methanol to remove the HI and the iodine and dried at 60°C for 12 h.
Synthesis of Cu2(OH)3NO3@ZnO/AGF Microelectrode
Reduced GF was placed in 30 ml of 30% H2O2 solutions at 70°C for 30 min and then washed with ultrapure water to obtain AGF. For the synthesis of ZnO nanorod-modified graphene fibers (ZnO/AGF), Zn(NO3)2 6H2O (59.50 mg) and hexamethylenetetramine (28.04 mg) were dissolved in 40 ml of deionized water and stirred for 10 min. AGF was placed in a PTFE autoclave containing the above solution for 12 h at 90°C. Then, the obtained fibers were placed into a high-temperature tube furnace, and heated to 400°C at a heating rate of 5°C min−1 for 40 min to obtain ZnO/AGF. The as-synthesized ZnO/AGF was incubated into 2-methylimidazole solution (1.5 M, 30 ml) for 24 h for the in situ growth of ZIF-8 (ZIF-8@ZnO/AGF). Then, the ZIF-8@ZnO/AGF was soaked in Cu(NO3)2 solution (0.5 M) for 5–10 min to obtain Cu2(OH)3NO3@ZnO/AGF.
Cell Culture
Human colon cells SW-48, NCM-460, and HCT-116 were obtained from the American Type Culture Collection (ATCC, Manassas, VA, United States). Cells were seeded in a 6-well plate for 24 h, and grown in Dulbecco’s modified eagle medium containing 10% fetal bovine serum supplemented with 100 units ml−1 penicillin and 100 mg ml−1 streptomycin in an incubator at 37°C with 5% CO2. The incubation solution was removed after growing to 90% confluence, then washed with PBS for three times to collect cells. The number of cells was counted by a hemocytometer. For real-time measurements of H2O2 in live cells, a three-electrode system was located on the plate containing 3 ml of PBS with the cell density of 5 × 106 cells ml−1, and the amperometric responses of different live cells were recorded.
Cell Detection
Nikon Ti-U microscope was used to record the color changes of fluorescent dichlorofluorescein. The microscope was equipped with a CSU-X1 spinning-disk confocal unit (Yokogawa) and an EM-charge-coupled device camera (iXon+; Andor). The chronoamperometry (i-t) measurement was performed at an applied potential of −0.8 V vs. Ag/AgCl. After the baseline was stable, 10 μl of fMLP (1 mg ml−1) was injected into wells (1 ml) of different types of colon cell, and then the responding currents were recorded to monitor the concentration of H2O2.
RESULTS AND DISCUSSION
Morphological and Structural Characterization
For the preparation of hierarchical nanohybrid microelectrode, the flexible GF has been used as the freestanding electrode substrate. As shown in Figures 2A,B, it can be observed that GF consists of stacked graphene nanosheets neatly aligned along the axis to form a layered structure with a uniform diameter of ∼50 μm and wrinkled structure (Figure 2B). The wrinkled structure endows the GF with a typical porous microstructure, which provides a larger specific surface area. For the subsequent growth of nanohybrids, the pristine GF is oxidized by chemical methods to introduce the desired functional groups on its surface to enhance its hydrophilicity. The ZnO is synthesized by a hydrothermal method with a rod-like morphology (Figure 2C), endowing ZnO/AGF with a larger surface area than bare AGF, which is conducive to easier loading of other active materials in subsequent derivatization steps. After the coordination of 2-methylimidazole with zinc ions, the ZnO nanorods are in situ converted to ZIF-8 with rhombic dodecahedron morphology. The average particle size of ZIF-8 is about 3 μm with smooth and uniform surface (Figure 2D). Then, ZIF-8 is used as a mediator to facilitate the growth of Cu2(OH)3NO3 nanozyme on ZnO nanorods. As shown in Figures 2E–H, ZIF-8 with rhombic dodecahedron is etched into irregular particles, while the inner part of the particles still has a rod-shaped ZnO skeleton. The morphology of Cu2(OH)3NO3@ZnO/AGF resembles rime in natural landscape (Supplementary Figure S2). The nanostructure of Cu2(OH)3NO3@ZnO/AGF has also been investigated by transmission electron microscopy (TEM). Figure 2I reveals that Cu2(OH)3NO3@ZnO/AGF possesses ultrathin nanosheet morphology. The ultrathin nanosheet morphology further endows the microelectrode with more exposed active sites and high electrocatalytic activity towards H2O2. High-resolution TEM (HRTEM) image shows that the lattice fringe with a crystal spacing of 0.248 and 0.153 nm matches well with the crystal plane ZnO (101) and Cu2(OH)3NO3 (040), respectively (Figure 2J). The corresponding selected area electron diffraction (SAED) pattern presents some clear bright spots, further confirming the composition of Cu2(OH)3NO3@ZnO/AGF (Figure 2K). The HAADF-STEM and the corresponding energy-dispersive spectroscopy (EDS) mappings demonstrate the distribution of C, N, O, Cu, and Zn in Cu2(OH)3NO3@ZnO/AGF (Figures 2L–O), further confirming the successful synthesis of Cu2(OH)3NO3@ZnO/AGF.
[image: Figure 2]FIGURE 2 | SEM images of (A) cross-sectional view and (B) front view of the AGF; SEM images of (C) ZnO/AGF and (D) ZIF-8@ZnO/AGF; SEM images of (E–H) Cu2(OH)3NO3@ZnO/AGF at different magnifications; TEM image of (I) Cu2(OH)3NO3@ZnO/AGF; (J) HRTEM image and corresponding (K) SAED pattern of Cu2(OH)3NO3@ZnO/AGF; (L–O) EDS mappings of C, Cu, N, O, and Zn elements in Cu2(OH)3NO3@ZnO/AGF.
The composition of hierarchical nanohybrids has been investigated by powder x-ray diffraction (PXRD) analysis. Figure 3A shows that the PXRD patterns of AGF exhibit a broad peak at 26.4°, corresponding to the crystallographic planes of C (002). After decorating with ZnO, four distinct characteristic diffraction peaks are observed at 31.7°, 34.4°, 36.2°, and 47.4°, corresponding to the (100), (002), (101), and (102) planes of ZnO (PDF#36-1451) (Anila et al., 2021). A series of peaks with weak intensity appeared at 5°–20° in the ZIF-8@ZnO/AGF pattern, which can be attributed to the diffraction peaks of ZIF-8. The PXRD pattern of Cu2(OH)3NO3@ZnO/AGF exhibits new peaks at 12.8°, 25.7°, 33.6°, 35.3°, 36.4°, 39.8°, 43.5°, and 49.2°, corresponding to the crystallographic planes of (001), (002), (−201), (−121), (121), (−202), (122), and (−131) of Cu2(OH)3NO3 (PDF#15-0014) (Supplementary Figure S3), which are well consistent with the HRTEM characterization (Munyemana et al., 2020). Thermogravimetric analysis (TGA) under N2 atmosphere provides stability information of Cu2(OH)3NO3@ZnO/AGF, which shows a two-step weight loss (Supplementary Figure S4). TG curve shows a sharp weight loss beyond 225°C associated with the decomposition of Cu2(OH)3NO3, followed by a long plateau until 700°C. The mass loss at 700°C corresponds to the reduction of ZnO by carbon at high temperature to generate carbon dioxide or carbon monoxide. These results demonstrate the successful synthesis of hierarchical nanohybrids on AGF.
[image: Figure 3]FIGURE 3 | (A) PXRD patterns of AGF, ZnO/AGF, ZIF-8@ZnO/AGF, and Cu2(OH)3NO3@ZnO/AGF. High-resolution XPS spectra of (B) C 1s, (C) N 1s, (D) O 1s, (E) Cu 2p, and (F) Zn 2p regions in Cu2(OH)3NO3@ZnO/AGF.
The surface chemical states of different elements in Cu2(OH)3NO3@ZnO/AGF have further been verified by x-ray photoelectron spectroscopy (XPS) analysis. The survey spectrum exhibits five predominant peaks at 285, 400, 533, 930, and 1,030 eV, assigned to C 1s, N 1s, O 1s, Cu 2p, and Zn 2p, respectively (Supplementary Figure S5). The surface atomic ratio of C:N:O:Cu:Zn is 29.87:8.42:44.46:10.59:6.65. The corresponding fitting curves of these elements are depicted in Figures 3B–F. The C 1s spectra can be deconvoluted into four components corresponding to different functional groups. The peaks at 284.8, 285.8, 286.4, and 288.6 eV are designated as C-C, C-N, C-O, and C=O, respectively. The high-resolution spectrum of N 1s shows a strong intensity of peak at 408.0 eV and a smaller intensity of peak in the range of 399–402 eV. The strong intensity of peak is assigned to NO3− and the smaller intensity of peak region is deconvoluted into four peaks at 399.2, 400.0, 401.1, and 401.7 eV, which are further assigned to pyridinic N, pyrrolic N, graphitic N, and N-oxide/Cu, respectively (Zhuang et al., 2014). The O 1s spectrum of Cu2(OH)3NO3@ZnO/AGF can be deconvoluted into three spin-orbit doublets, the fitting peaks at a binding energy of 533.3, 534.1, and 535.0 eV corresponding well with C=O, C-N-O, and C-O respectively. The Cu 2p core level XPS spectrum exhibits the Cu2+ 2p3/2 peak at 936.6 eV and the Cu2+ 2p1/2 peaks at 956.4 eV, with an energy gap of 19.8 eV, indicating that Cu exhibits only one oxidation valence of +2. The Zn 2p core level XPS spectrum exhibits the Zn 2p3/2 peak at 1,023 eV and the Zn 2p1/2 peaks at 1,047 eV, with an energy gap of 24 eV. All XPS results indicated that the successful synthesis of hierarchical dual nanozyme Cu2(OH)3NO3@ZnO on AGF.
Electrochemical Characterization of Microelectrodes
The electrochemical properties of the stepwise fabrication process of nanohybrid microelectrodes, such as current responses (Ipa) and peak-to-peak separation (ΔEp), are studied by CV in 0.1 M KCl solution containing 5.0 mM [Fe(CN)6]3-/4-. The voltammetric curves for ZIF-8@ZnO/AGF and Cu2(OH)3NO3@ZnO/AGF exhibit a pair of well-defined quasi-reversible peaks (Figure 4A), which signify the oxidation/reduction process by outer-sphere electrode reaction of the redox couple. However, ZnO/AGF does not show a pair of well-defined quasi-reversible peaks, which is due to the insulator characteristics of ZnO. The current response is sequentially improved by modification with ZIF-8@ZnO and Cu2(OH)3NO3@ZnO nanohybrids, respectively. The oxidation and reduction peak currents of Cu2(OH)3NO3@ZnO/AGF are approximately 24 times higher than that of ZnO/AGF. However, the peak separation is increased after modification, which should be attributed to the non-porous structure of Cu2(OH)3NO3. Furthermore, CVs of the stepwise fabrication process of nanohybrid microelectrodes in contact with 0.1 M KCl solution containing 5.0 mM [Fe(CN)6]3–/4– at different scan rates from 0.01 to 0.09 V s−1 are recorded. Figures 4B,C and Supplementary Figure S6 show that the current response increases with the increase in scan rate. As seen in Figures 4B,C inset and Supplementary Figure S6 inset, plots of anodic (Ipa) peak currents against square root of scan rate show the great linearity, suggesting that the reaction mechanism is diffusion-controlled. Based on the Randles-Sevick equation, the electroactive surface area of the modified electrodes is calculated to be 0.0091, 0.0351, and 0.2995 cm2 for ZnO/AGF, ZIF-8@ZnO/AGF, and Cu2(OH)3NO3@ZnO/AGF, respectively. Compared to ZnO/AGF, the peak current densities of the modified electrodes are drastically increased in the order of ZnO/GF < ZIF-8@ZnO/GF < Cu2(OH)3NO3@ZnO/AGF, indicating that decorating Cu2(OH)3NO3@ZnO on the surface of AGF-based microelectrodes remarkably improves the electroactive surface area and increases the rate of electron transfer between active sites and the redox species in solution.
[image: Figure 4]FIGURE 4 | (A) CV curves of different microelectrodes in 0.1 M KCl solution containing 5.0 mM [Fe(CN)6]3−/4−. Scan rate: 0.09 V s−1. CV measurements of (B) ZIF-8@ZnO/AGF and (C) Cu2(OH)3NO3@ZnO/AGF are performed with [Fe(CN)6]3−/4− as the redox probe at different scan rates from 0.01 to 0.09 V s−1. (D) Nyquist plots of ZnO/AGF, ZIF-8@ZnO/AGF, and Cu2(OH)3NO3@ZnO/AGF in 5 mM [Fe(CN)6]3−/4− solution. Frequency range: 0.01–106 Hz.
To investigate the charge transport mechanisms of various fabricated microelectrodes, electrochemical impedance spectroscopy (EIS) measurements are conducted using [Fe(CN)6]3–/4– as redox probes, where the Nyquist plots can be fitted by an equivalent circuit (Supplementary Figure S7). Typically, the semicircular part of the Nyquist plot in the EIS coincides with the electron transfer-dependent process, where the diameter represents the interfacial charge transfer resistance (Rct), and the low frequency of the linear part is attributed to the diffusion-dependent process (Ciucci 2019). As shown in Figure 4D, there are larger Rct values of 504.4 Ω for ZnO/AGF. The Rct decreases to 141.4 Ω after ZIF-8 in situ grown on ZnO/AGF, which should be attributed to the porosity of ZIF-8 facilitating charge transport to GF by ions in solution. When the Cu2(OH)3NO3 is bonded to ZnO/AGF by chemical etching of ZIF-8, the Rct value is further decreased to 52.8 Ω, which is due to the positive charge of [Cu2(OH)3]+ (the electrostatic attraction between positively charged`` [Cu2(OH)3]+ and negatively charged [Fe(CN)6]3–/4– facilitates the charge transfer of [Fe(CN)6]3–/4– on the electrode surface). All the above EIS results indicate that the electrochemical sensing platforms for H2O2 are fabricated successfully as expected.
Electrochemical Sensing Performance of the Cu2(OH)3NO3@ZnO/AGF Microelectrode
Considering the unique hierarchical structure of Cu2(OH)3NO3@ZnO/AGF, the electrocatalytic performance of different microelectrodes towards H2O2 has been investigated by CV measurements in 0.1 M PBS (pH 7.4) solution containing 5 mM H2O2. As shown in Figure 5A, the CV curve of Cu2(OH)3NO3@ZnO/AGF shows a clear reduction peak at −0.8 V, and the peak current density is much higher than that of ZnO/AGF and ZIF-8@ZnO/AGF. With the addition of H2O2, the reduction current increases linearly, indicating that Cu2(OH)3NO3@ZnO/AGF possesses high electrocatalytic activity towards H2O2 (Figure 5B). However, CV curves of ZIF-8@ZnO/AGF and ZnO/AGF show relatively low activity towards H2O2 (Supplementary Figure S8). This result can be explained in the following two aspects: (I) From a structure point of view, after in situ conversion of ZnO nanorods to ZIF-8, ZIF-8@ZnO/AGF possesses a larger surface area and adsorption capacity due to the unique porous structure of the metal-organic framework, benefiting the catalytic activity of ZIF-8@ZnO/AGF towards H2O2. In addition, a redox couple of Cu2+/Cu+ is introduced by the metal salt impregnation method to etch ZIF-8 into rime-like Cu2(OH)3NO3, which greatly improves the catalytic activity of Cu2(OH)3NO3@ZnO/AGF. (II) From an electrochemical perspective, the charge transfer from Cu2(OH)3NO3@ZnO to AGF microelectrode leads to a slight change in the electronic structure of Cu2(OH)3NO3, which further improves their electrocatalytic performance. In terms of the catalytic mechanisms, the exposure of Cu2+/Cu+ sites can act as a facilitating center to promote H2O2 activation. For the reaction process on Cu2(OH)3NO3, Cu2 (OH)3NO3 is partially reduced in situ into Cu2(OH)NO3 during electrochemical treatment (Yi et al., 2020). Then, the generated Cu2(OH)NO3 are oxidized again to Cu2(OH)3NO3 in the presence of H2O2. The mechanism process of Cu2(OH)3NO3@ZnO/AGF to catalyze the decomposition of H2O2 can be presented as follows (Ling et al., 2020):
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[image: Figure 5]FIGURE 5 | (A) CV curves of ZnO/AGF, ZIF-8@ZnO/AGF, and Cu2(OH)3NO3@ZnO/AGF in 0.1 M PBS solution (pH 7.4) containing 5 mM H2O2. (B) CV curves of Cu2(OH)3NO3@ZnO/AGF in 0.1 M PBS solution (pH 7.4) containing different concentrations of H2O2. Scan rate: 50 mV s−1. (C) Amperometric current responses of Cu2(OH)3NO3@ZnO/AGF upon stepwise addition of different concentrations gradients of H2O2 in stirred 0.1 M PBS solution (pH 7.4). Inset: Amperometric current responses of Cu2(OH)3NO3@ZnO/AGF at low concentrations. Applied potential: −0.8 V. (D) Linear relationship between the corresponding current and H2O2 concentration.
Furthermore, the amperometric measurements are applied to evaluate the sensitivity of Cu2(OH)3NO3@ZnO/AGF upon stepwise addition of different concentrations of H2O2 in 0.1 M PBS solution with stirring (pH 7.4), where an optimal applied potential of −0.8 V is selected for testing. As shown in Figure 5C, a fast response signal can be observed with the addition from 1 μM to 2 mM H2O2, reaching 95% of the steady-state current within 3 s. The significant drop of the reduction current can be attributed to the rapid diffusion and activation of H2O2 on the active sites of the rime-like Cu2(OH)3NO3 with high specific surface, which could facilitate the fast electron transfer kinetics. Figure 5D shows that the proposed electrochemical sensor displays a wide linear range of the reduction current versus H2O2 concentration in the range of 1 μM–17.4 mM with a sensitivity value of 272 μA cm−2 mM−1. The calculated LOD is as low as 1 µM (S/N = 3). These results are better than or comparable with those of most H2O2 sensors reported in the recently published literature (Supplementary Table S1).
Anti-interference is another essential parameter of H2O2 sensors. In this work, the injection of 1.0 mM interfering species, i.e., K+, Na+, H2S, UA, AA, Glu, DA, GSH, DA, U, A, C, and G almost does not cause distinctive amperometric current density changes compared with 0.2 mM H2O2 under the negative applied potential of −0.8 V, demonstrating the preferential selectivity of Cu2(OH)3NO3@ZnO/AGF towards the detection of H2O2 (Figure 6A). The reproducibility of the proposed flexible electrode is also evaluated by successive monitoring of 0.2 mM H2O2 with six modified electrodes prepared under the same procedure. The relative standard derivation value of their amperometric current responses is measured to be only 5% (Figure 6B inset). In addition, the current response maintains 90% of its initial current value after 4 weeks by periodically recording the current response to 0.2 mM H2O2, indicative of its good long-term stability (Figure 6B).
[image: Figure 6]FIGURE 6 | (A) Amperometric current response curves of Cu2(OH)3NO3@ZnO/AGF to 0.2 mM H2O2, KCl, NaCl, H2S, UA, AA, Glu, DA, GSH, DA, U, A, C, and G. Applied potential: −0.8 V. (B) Current responses of six different Cu2(OH)3NO3@ZnO/AGF to 0.2 mM H2O2. Inset: Current responses of Cu2(OH)3NO3@ZnO/AGF to 0.2 mM H2O2 for 4 weeks.
Monitoring of H2O2 in Live Cells
Colon cancer is a clinically common human gastrointestinal malignancy with the third highest incidence worldwide and the fifth highest mortality rate among all malignancies in China, and the only way to improve survival rate as well as to escape from these deadly attacks is through early diagnosis (Wang et al., 2021). Therefore, the practical application of the proposed Cu2(OH)3NO3@ZnO/AGF microelectrode has been explored for tracking intracellular H2O2 fluctuations in different human colon cells, i.e., colon cancer cells (SW-48 and HCT-116), and epithelial cell lines from normal colon (NCM-460). Cytotoxicity tests show that Cu2(OH)3NO3@ZnO/AGF microelectrode does not induce cell death (apoptosis and necrosis) in SW-48 and NCM-460 cells (Figure 7A). fMLP is a kind of chemotactic peptide, used as a stimulator to initiate the release of H2O2 from living cells. The amperometric curves will exhibit an obvious reduced current density after injecting an amount of fMLP in the test cell containing different human body cells. Afterwards, the released H2O2 is quantified by electrochemical measurement using Cu2(OH)3NO3@ZnO/AGF as probe. Figure 7B shows the amperometric current responses to the addition of 10 μM fMLP in test solution containing 5.0 × 106 cells. The amperometric current values increase by 0.11, 0.62, and 0.85 μA for NCM-460, SW-48, and HCT-116, respectively. These results indicate that human colon cancer cells produce more extracellular H2O2 than normal cells, which is consistent with the titration measurement observation (Supplementary Table S2). Thus, the Cu2(OH)3NO3@ZnO/AGF-based electrochemical sensor can be applied to effectively differentiate normal and tumor cells for cancer cell detection.
[image: Figure 7]FIGURE 7 | (A) Live and dead body fluorescence images of SW-48 and NCM-460 cells, detected by Calcein-AM/PI, with Calcein-AM staining surviving cells green and PI staining dead cells red. Scale bar, 100 μm. (B) Amperometric current responses of Cu2(OH)3NO3@ZnO/AGF to the addition of 10 μM fMLP in test solution containing 5.0 × 106 NCM-460, SW-48, and HCT-116 cells.
CONCLUSION
In summary, we have developed a new type of high-performance flexible microelectrode based on MOF-mediated hierarchical nanohybrid-modified AGF, and used it in the electrochemical sensing system. Our results show that due to the synergistic effects of dual nanozymatic activity of rime-like hierarchical Cu2(OH)3NO3@ZnO as well as their unique structural and electrical properties, excellent sensitivity, selectivity, long-term stability, reproducibility, and practicality, the Cu2(OH)3NO3@ZnO/AGF microelectrode shows remarkable electrochemical sensing performance towards H2O2. The resultant electrochemical sensing platforms can be used for real-time tracking of H2O2 released from different kinds of live colon cells, which provides an effective strategy to distinguish cancer cells from the normal one for clinical diagnosis. An extension to more complex systems can be foreseen, upon conducting process/device engineering with this system. We envision that this work will open up a new pathway for the design of an assisting technology for cancer diagnosis and treatments in the future to hold great potential in the development of advanced implantable and wearable smartsensor for clinical practices.
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Developing efficient catalysts is vital for the application of electrochemical sensors. Metal–organic frameworks (MOFs), with high porosity, large specific surface area, good conductivity, and biocompatibility, have been widely used in catalysis, adsorption, separation, and energy storage applications. In this invited review, the recent advances of a novel MOF-based catalysts in electrochemical sensors are summarized. Based on the structure–activity–performance relationship of MOF-based catalysts, their mechanism as electrochemical sensor, including metal cations, synthetic ligands, and structure, are introduced. Then, the MOF-based composites are successively divided into metal-based, carbon-based, and other MOF-based composites. Furthermore, their application in environmental monitoring, food safety control, and clinical diagnosis is discussed. The perspective and challenges for advanced MOF-based composites are proposed at the end of this contribution.
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INTRODUCTION
With the development of science and technology, the demand for substance detection is becoming more selective (Sharma and Mutharasan, 2013). Sensors can effectively respond to an electrical, optical, or other signal in the presence of the analyte, and then, it will convert the physical parameters to complete the detection of the substance (Justino et al., 2015). The sensor system includes an identification element, a sensor, and a detector, which can be divided into several sensors (Chiu et al., 2017; Gogotsi et al., 2017; Zhou et al., 2017; Li S. et al., 2018; Shankar et al., 2018; Liu et al., 2021; Lin et al., 2022; Lu et al., 2022; Zamzami et al., 2022). Among them, electrochemical sensors, with simplicity, strong selectivity, and high sensitivity, have attracted wide attention (Yang S et al., 2021). Recently, nanomaterials with the advantages of high specific surface area, excellent catalytic performance, conductivity, and biocompatibility, can help the electrochemical sensors amplify signals and improve the sensitivity of the sensors as well as reduce the detection range (Yang Q et al., 2017). An efficient electrochemical sensor requires two requirements: high specificity of the signal tag and an electrode with superior sensitivity and stability (Yang ZH et al., 2017; Yang et al., 2022).
Metal–organic frameworks (MOFs) are known as coordination polymer networks or porous coordination polymers (Rosi, 2003; Zhang and Lin, 2014). The structure of different target molecules can be designed by selecting metal coordination nodes and organic junctions. Importantly, a metal-center (e.g., electrical, catalytic, or magnetic), an organic ligand (e.g., luminescent, fluorescent, or chiral), or a combination of both may produce a universal framework function that exceeds the accessible porosity (Liu et al., 2018). However, the slow mass transfer, low conductivity, and instable structure of MOF as catalysts limit their practical application (Ma and Zhu, 2020). MOF-based composites present higher surface area and richer active sites and exhibit highly ordered pore-like arrangement, which can expose active sites to a greater extent and make them have higher catalytic activity (Qin et al., 2018; Ma et al., 2020a; Ma et al., 2020b).
Recently, different effective strategies have been proposed to modify MOFs for improved electrocatalytic behavior, mechanical properties, and stability. Generally, metal nanoparticles, with the advantages of superior conductivity and high surface area, can be used to increase the electron transfer rate (Samadi-Maybodi et al., 2015; Da Silva et al., 2016). Thus, MOF–metal nanocomposites present versatility, high stability, and dispersibility. As a result, MOF composite with metal particles is an effective route to design the superior electrochemical sensors (Meng et al., 2018). MOFs composited with noble metals, transition metals, and two different metal cations are regarded as effective strategies to prepare sensing materials with higher stability and catalytic efficiency (Nan et al., 2020; Yang et al., 2020). Furthermore, MOFs show low electronic conductivity, electrical reactivity, and stability in aqueous media, which limit their applications in electrochemical sensors. Assembling MOFs with conductive materials, such as graphene, carbon nanotubes, carbon blocks, and carbon nanofibers, is an effective strategy (Wang et al., 2017; Lai et al., 2019; Li L et al., 2019; Zhou Y. et al., 2020). In addition, doping graphene with heteroatom can further improve the catalytic activity of MOF-based carbon materials (Deng et al., 2020a). Similar to carbon nanomaterials, conductive polymers present excellent electrical conductivity, low cost, and ease of polymerization that are ideal materials to overcome poor electrical conductivity of MOFs (Liu et al., 2020). The introduced nonnatural polymers, such as new functional groups, can significantly improve the structure and properties of MOFs. Moreover, by integrating heme into MOFs, the dimerization and oxidative self-destruction of heme are improved, contributing to their optimum detection performance and stability (Zhang et al., 2015).
In this review, advances of MOF-based catalysts in electrochemical sensors are comprehensively summarized. Based on the structure–activity–performance relationship of MOF-based catalysts, we introduce the mechanism of MOF-based catalysts as electrochemical sensors, including metal cations, synthetic ligands, and structure. Then, the MOF-based composites are successively divided into metal-based, carbon-based, and other MOF-based composites. Furthermore, their application in environmental monitoring, food safety control, and clinical diagnosis is discussed. The perspective and challenges for advanced MOF-based composites are proposed at the end of this contribution.
MECHANISM OF METAL–ORGANIC FRAMEWORKS-BASED CATALYSTS IN ELECTROCHEMICAL SENSOR
MOFs, with high porosity, biocompatibility, and superior specific surface area, have been widely applied in catalysis, adsorption, separation, and energy storage (Jiawen et al., 2019). The mechanism of MOFs in electrochemical sensors is as follows: 1) Signal amplification: loading different functional materials and signal molecules on MOFs is beneficial to the electrochemical detection (Yi et al., 2016; Liu et al., 2020). 2) Catalysts and signal probes: MOFs present periodic porous structure by coordination of metal cations and organic ligands, which can induce rich catalytic activity and redox activity centers, attributing to superior electrochemical properties (Liu et al., 2018). 3) Size selection: the macroporous structure of MOFs is helpful to easily introduce the guest materials and perform the size selection of substance molecules (Zhu and Xu, 2014; Zhang et al., 2019). 4) MOFs can generate interaction forces with analytes (including Van der Waals force, covalent bond, and p–p interaction), resulting in the improved selectivity for electrochemical detection (Carrasco, 2018).
In this review, the mechanism of MOFs in catalysts and signal probes, including the effects of catalytic active centers and redox active centers on electrochemical sensors, is mainly discussed (Liu et al., 2018). MOF materials with metal cations and ligands can provide the desired active sites, which deserve high catalytic activity for various detection molecules. In the electrochemical sensors, metal ions can be used as charge carriers. The interaction between the sensing material and target analyte is beneficial to enhance its selectivity at room temperature (Li et al., 2021). Furthermore, the active metal ions in MOF-based nanomaterials can be used as the catalysts, which can improve the activity of the oxidation–reduction reaction, resulting in the amplified electrochemical signals and the improved sensitivity (Liu et al., 2018). Furthermore, the metal cations in MOFs also act as coordination centers to form an infinite crystal network. For example, common active metal nodes, such as Co, Cu, Zn, and Cr, and their redox activity can enhance the catalytic ability of MOFs (Liu et al., 2020). In addition, organic ligands with redox activity are also attributed to the catalytic active sites of MOFs (Yang et al., 2022). In general, the organic ligands for MOFs can be divided into chemical ligands and biological ligands (Smaldone et al., 2010). For instance, porphyrin, heme, and amino acids are common organic ligands, which present affinity to metal cations and combine well with them.
The superior structure of MOFs also plays an important effect on the boosted electrochemical activity. Their flexible and highly porous structure can be helpful to the easy diffusion of analyte molecules, facilitating the interaction between the host and analyte (Liao et al., 2018; Yang et al., 2022). Furthermore, MOFs, with a porous structure and superior specific surface area, act as a good carrier to form composite materials, resulting in the improved electrochemical activity (Kitagawa et al., 2004; Cui et al., 2013; Wang C et al., 2018; Li D et al., 2019; Wang Y et al., 2020). Therefore, regulating the structure of MOFs is an effective route to adjust its composition and structure, leading to larger surface area, higher porosity, and better electrochemical activity (He et al., 2021).
METAL–ORGANIC FRAMEWORK-BASED COMPOSITES
MOFs, with the merits of diverse chemical combinations, rich metal active sites, and adjustable structure, have attracted wide attention (Li et al., 2020). However, the slow mass transfer, low conductivity, and instable structure of MOFs as catalysts limit their practical application (Ma and Zhu, 2020). Various strategies are adopted to improve the electrocatalytic behavior, mechanical properties, and stability of MOFs. Designing MOF–metal, MOF–carbon, and other MOF-based nanocomposites is an effective strategy to induce MOFs with high porosity and ordered crystal pores (Bradshaw et al., 2012; Moon et al., 2013; Qiang et al., 2013; Falcaro et al., 2014; Li et al., 2016).
Metal–Organic Framework–Metal Nanocomposites
Due to the limited pore size of MOFs, the size of synthesized particles will be confined to nanoscale. Metal nanoparticles, with the advantages of superior conductivity and high surface area, can be used to increase the electron transfer rate (Ghaffari et al., 2015; Da Silva et al., 2016). Generally, MOF–metal nanocomposites present versatility, high stability, and dispersibility. Therefore, MOF composite with metal particles is an effective route to design the superior electrochemical sensors (Meng et al., 2018).
The size and morphology of noble metal nanoparticles can reduce the overpotential of oxidation and reduction, which can effectively regulate the electrocatalytic properties (Azad and Ganesan, 2010; Gupta and Ganesan, 2015; Sonkar and Ganesan, 2015). Recently, grafting noble metal nanoparticles on MOFs is widely applied as new electrode materials for various electrochemical and biochemical sensors (Turner et al., 2008; Sabo et al., 2007; Zhu et al., 2017; Mosleh et al., 2017). For instance, a porous rhombic dodecahedron structure of Ag@zeolitic imidazolate framework-67 is synthesized, which presents a strong electrocatalytic activity and low detection limit toward H2O2 reduction (Dong et al., 2019). Interestingly, combined with photocatalytic technology and electrochemical sensing, a novel synthetic method of Ag/MIL-160 hybrid is developed to detect p-nitrophenol (Figure 1A) (Liu Q. et al., 2019). The generated charge carrier in the Ag/MIL-160 organic molecule initiates its photocatalytic functionality (Figure 1B), the high sensitivity for pollutant reduction is dictated by the photocatalytic activity of Ag nanoparticles, and selective electron migration on the electrode interface (Figure 1C). In another example, Ag/MIL-101 composite-modified GCE is reported to be useful for monitoring tryptophan (Peng et al., 2016). The existed p–p accumulation between the ligands of MOF and tryptophan increases the diffusion of analyte molecules. Furthermore, the electromagnetic field generated by the noble metal nanoparticles promotes the accumulation of tryptophan molecules on the surface of MIL-101 (Yang J et al., 2015).
[image: Figure 1]FIGURE 1 | (A) Synthetic process of Ag/MIL-160; (B) UV–vis diffuse reflectance spectra of prepared composites; (C) CV curves of different electrodes at a scan rate of 50 mV s−1 in an electrolyte with p-NP. Reproduced with permission (Liu et al., 2019). Copyright 2019, ACS. Scanning electron microscope (SEM) image (D) and DPV responses without and with 4 mM glucose (E) of Cu(II)-anchored MOFs. Reproduced with permission (Zhang et al., 2020). Copyright 2020, Elsevier. Scheme (F), normalized capacitance response (G) of the Cu-TCPP IC-MOF sensor and (H) Cu-X IC-MOF sensors to 5 ppm H2S and 50 ppm CH3SH. Reproduced with permission (Li et al., 2021). Copyright 2020, Wiley.
Transition metals, such as Cu, Fe, Co, Ni, Zn, and Mg, present the merits of low price and high efficiency; they have been widely introduced to composites with MOF (Li et al., 2019; Hosseini et al., 2016). For instance, Cu(II)-anchored MOFs are constructed as signal probes (Figure 1D) (Zhang et al., 2020). This prepared composite presents an excellent glucose oxidation activity and amplified electrochemical signal, which can be ascribed to the oxidation of glucose by the generated Cu(III) from the oxidation of Cu(II) (Figure 1E). Furthermore, ionic conductive metal–organic framework sensor arrays act as charge carriers, which can directly and selectively interact with analytes (Lu et al., 2020). For example, a series of IC-MOF sensor arrays are constructed by modulating various metal nodes (Cu, Co, Ni, Zn, and Mg) and organic ligands (H2TCPP, H2THPP, and H4BTEC) (Figure 1F) (Li et al., 2021). Due to the strong interaction between H2S and Cu2+, the synthesized material can generate CuS during the detection process, resulting in an irreversible reaction, which can be adopted to detect volatile sulfide (Figures 1G,H).
The bonding between two different metal cations can increase electrical conductivity and improve the electrocatalytic efficiency, which is ascribed to different oxidation potentials and associated electron configurations (Yang et al., 2018). Therefore, a unique synergistic effect between two different metal elements is helpful in obtaining higher stability and efficiency (Wen et al., 2015; Jiang et al., 2018). Recently, bimetallic nanoparticles, including Fe, Co, Ni, or Cu, with a cooperative effect have been developed to optimize the performance of MOFs (Tang et al., 2016; Wang Z. et al., 2018). For instance, Au@Cu MOF nanomaterials with unique structures can effectively increase the number of binding sites on the polymer network, obtaining a more sensitive electrochemical sensor (Hatamluyi et al., 2020). The advanced core–shell heterostructure is introduced to fabricate composites by encapsulating metal oxides or metal nanoparticles as a core and MOFs as a shell (Paolo et al., 2016; Wengert et al., 2017; Yang Q. et al., 2017). The metal oxides or metal nanoparticle cores (e.g., magnetic, electrical, and catalytic properties, etc.) act as a catalyst, and MOFs shells (e.g., multiple coordination sites, ordered crystalline pores, structural adaptability advantages, and flexibility, etc.) act as a recognition agent for analog molecular sieves, may be combined. These advanced structures can greatly improve their anti-aggregation stability and avoid undesirable dissolution or corrosion in the photocatalytic process, resulting in boosted catalytic and adsorption properties (Liu and Tang, 2013; Kempahanumakkagari et al., 2018). For instance, Fe-MOF@Fe3O4@C core–shell nanostructured composite is composed of iron-based MOF and mesoporous Fe3O4@C (Zhang et al., 2017). Specific aptamer metal ions (e.g., Pb2+ and As3+) are attached to the constructed nanocomposites by supramolecular stacking and hydrogen bond interactions, exhibiting good anti-interference characteristics and detection of Pb2+ and As3+ ions in spiked river water.
Metal–Organic Framework–Carbon Nanomaterial Composites
The weak electronic conductivity, electrical reactivity, and low stability in aqueous media of MOFs limit their applications in electrochemical sensors. To overcome these technical shortcomings, they can be assembled with conductive materials, such as graphene, carbon nanotubes, carbon blocks, and carbon nanofibers, which are introduced to be assembled with MOFs (Wang et al., 2017; Lai et al., 2019; Li Y et al., 2019; Zhou et al., 2020). Among which, graphene oxide/reduced graphene oxides/carbon nanotubes as unique conductive additives can improve the electrical conductivity and mechanical strength of MOFs (Zhang et al., 2014; Liu et al., 2016).
The simplest way to improve the conductivity of MOF materials is to mix them with highly conductive carbon paste electrodes (Yang et al., 2014; Wang et al., 2013). The pore structure of carbon paste electrode-modified MOFs composite can allow the analyte to be pre-concentrated from the bulk solution onto the electrode surface, which helps to improve the selectivity of the analyte (Doménech et al., 2007). For instance, Co-based metal–organic coordination polymer-modified carbon paste electrodes are developed to analyze the electrocatalytic performance of redox glutathione (Figure 2A) (Yuan et al., 2014). This constructed composite exhibits excellent electrocatalytic oxidation–reduction and high selectivity of glutathione (Figures 2B,C). Furthermore, carbon paste electrodes modified with MOFs can be used for the electrocatalytic oxidation and detection of nitrite (Zhou et al., 2014). The modified material demonstrates improved sensitivity and selectivity. However, high background currents and continuous use of the electrode material will lack stability and reproducibility. Carbon nanotubes, with the advantages of the high aspect ratio, large specific surface area, and good mechanical properties and electrical properties, are widely used as electrode materials (Chen and Dai, 2013). Single-walled carbon nanotubes (SWCNTs) are covalently functionalized with benzoic acid and transition metal ions, which can form a 3D porous inorganic–organic hybrid framework, resulting in good electrochemical performance and reproducibility. Therefore, SWCNT–MOF composite is an effective electrochemical sensor material for organophosphorus pesticides.
[image: Figure 2]FIGURE 2 | (A) Illustration of the structure of metal–organic coordination polymers with 1,3,5-tris (1-imidazolyl) benzene and transition element Co2+ (Co-MOCP), CVs (B), and interference test (C) of the Co-MOCP/carbon paste electrode in the different solution. Reproduced with permission (Yuan et al., 2014). Copyright 2014, Elsevier. Schematic structure (D), transmission electron microscope (TEM) images (E), and CV curves at different nitrite concentrations (F) of the Cu-MOF/rGO hybrid. Reproduced with permission (Saraf et al., 2016). Copyright 2016, RSC. (G) Synthetic route of different composites; (H) field emission scanning electron microscope image of PdNPs@Fe-MOFs. Reproduced with permission (Li et al., 2018). Copyright 2018, Elsevier.
Similarly, graphene is a well-known advanced two-dimensional nanomaterial with advantages of large specific surface area and ultrafast carrier mobility (Chen et al., 2013). Therefore, MOF/graphene (or graphene oxide) composites have been developed in various electrochemical sensing applications. A copper-based MOF is proposed by combining with graphene for electrochemical sensing of H2O2 and ascorbic acid (Yang T et al., 2015). Due to the hydrogen bond between Cu-MOF and graphene, p-p stacking, and Cu-O coordination, the synthesized nanocomposites exhibit high stability and good anti-interference properties detect H2O2 and ascorbic acid in various carbohydrates. Furthermore, rGO can be introduced to the composite with MOF for detection of nitrite 1 (Figure 2D) (Saraf et al., 2016). rGO can greatly improve the conductivity of MOF in the composite. The positive synergistic effects exist between Cu-MOF crystals and rGO nanosheets (Figure 2E), and these can be attributed to the improved electrocatalytic performance of the prepared electrochemical sensor electrode (Figure 2F).
In general, nitrogen-doped graphene can present more defect sites and lower aggregation of graphene sheets, which is beneficial to increase the biocompatibility of graphene sheets and functionalize easily with noble metal nanoparticles (Chen et al., 2016). A signal amplification strategy is developed to construct AuNPs-functionalized nitrogen-doped graphene as capture probes, and PdNPs@Fe-MOFs as nanocarriers (Figures 2G,H) (Li et al., 2018). This assembled structure can initiate the next reaction process, which induces numerous tracer indicators anchored onto the sensing interfaces, contributing to the superior specificity and recovery in spiked serum samples. In addition, black phosphorus can bind with antibodies and enhance electron transfer; thus, the black phosphorus electrochemical sensor based on magnetic covalent organic frameworks is developed to detect prostate-specific antigens, which can be widely applied in detecting biomarkers of cancer (Pandey et al., 2021).
Other Metal–Organic Framework-Based Composites
Similar to carbon nanomaterials, conductive polymers present excellent electrical conductivity, low cost, and ease of polymerization that are ideal materials to overcome poor electrical conductivity of MOFs (Liu et al., 2020; Deng et al., 2020b). For instance, MOF–polyaniline composite (UiO-66-NH2@PANI) was synthesized by polymerizing a conductive PANI in the presence of pre-synthesized UiO-66-NH2 (Wang et al., 2017). The composite exhibited excellent electrochemical redox performance of Cd2+ ions, which is related to the synergistic effect between UiO-66-NH2 and PANI (Figures 3A–C). Furthermore, the large surface area and the existing chelating groups in MOF increase the number of conduction paths and increase the electron transfer rate between the solution and the composite electrode surface. The introduced nonnatural polymers, such as new functional groups, can significantly improve the structure and properties of MOFs. MIL-53(Fe), a flexible material consisting of iron oxides and phthalate, is functionalized by polymethyl methacrylate and can be used to make electrochemical sensor materials for detecting melamine in milk samples (Yang Z et al., 2021). In addition, MOFs have the merits of abundant pores, large surface area, and good biocompatibility, which can effectively prevent the aggregation and leakage of enzymes and improve the biological activity and stability of enzymes (Liu et al., 2020). Therefore, MOFs are usually used to immobilize enzyme and other biomacromolecules.
[image: Figure 3]FIGURE 3 | TEM images (A), CV in 0.1 mol L−1 KCl solution with 1 mmol L−1 Fe(CN)63−/4− at different scan rates (B), and differential pulse voltammograms of 100 μg L−1 Cd(ii) (C) of prepared UiO-66-NH2@PANI. Reproduced with permission (Wang et al., 2017). Copyright 2017, RSC. (D) Schematic representation of the route and coordinatively unsaturated grafted MIL-100(Fe); (E) comparison of the peroxidase-mimic activity of different samples; (F) time-dependent fluorescence intensities. Reproduced with permission (Valekar et al., 2018). Copyright 2018, Elsevier.
Heme is a famous natural metalloporphyrin, which acts as the active center of hemoglobin. Due to the reversible conversion of Fe(III)/Fe(II), heme presents significant peroxidase-like catalytic activity (Reuillard et al., 2017). However, its catalytic life is limited due to dimerization and oxidative self-destruction in the aqueous medium (Li et al., 2018). Anchoring hemin on a suitable carrier material is an effective strategy to remedy these shortcomings (Wang et al., 2016). MOFs with a regular porous structure are ideal candidates for hemin fixation (Zhang et al., 2015). By integrating heme into MOFs, the dimerization and oxidative self-destruction of heme are improved, contributing to the optimum catalytic performance and chemical stability of MOFs. For instance, a novel amine-grafted MOFs is designed as a promising alternative to peroxidase enzyme (Figure 3D) (Valekar et al., 2018). The synergetic effect of the enhanced negative potential and tuned molecular size of the grafted diamine are attributed to the improved fluorescent assay of choline and acetylcholine, which effectively detect choline and acetylcholine levels in real samples of milk and serum (Figures 3E,F).
APPLICATION OF METAL–ORGANIC FRAMEWORK-BASED CATALYSTS IN ELECTROCHEMICAL SENSORS
Environmental Monitoring
With rapid urbanization and industrialization, the ecological environment is suffering from serious damage (He et al., 2021). Developing satisfactory electrochemical sensors is an effective route to detect harmful chemicals, especially the detection of toxic gases with low concentrations and heavy metal ions in water (Dorda et al., 2003; Aslam et al., 2014; Zhang et al., 2017). MOF-based composites can be used to transform harmful chemicals in air and water into electrochemistry as fine-sensing materials. However, the formation of MOF inorganic clusters is highly dependent on the geometry, length, and connectivity of building organic linkers (Bai et al., 2016; Cho et al., 2019). Therefore, expanding the diversity and properties of MOFs is critical to their applications in environmental monitoring.
For instance, a layered porous Cu–benzene-1,3,5-tricarboxylic acid MOF is constructed for the glyphosate detection (Cao et al., 2019). The response current of the synthetic material is significantly increased, which can be ascribed to the strong affinity between chelate groups on the glyphosate with Cu2+. In another example, gold-modified MoS2/rGO and AuPd@Fe-MOFs are constructed as an electrochemical adapter sensor for detecting Pb2+ (Wang Z et al., 2020). The combination of catalytic chain and base complementary is contributed to the improved detection performance. Interestingly, the hinge-like organic ligand is obtained by the desymmetrization strategy (Feng et al., 2019). MOF materials are modified at the molecular level, which can realize the coexistence of acidic sites and alkaline sites in the material. This synthetic mesoporous composite with a functional structure is beneficial to the transformation of cascade catalytic, achieving high activity of a two-step efficient series catalytic reaction (Figure 4A).
[image: Figure 4]FIGURE 4 | (A) One-pot tandem reaction of benzaldehyde dimethylacetal and malononitrile by bifunctional mesoporous catalyst. Reproduced with permission (Feng et al., 2019). Copyright 2019, Wiley. (B) Schematic of the prepared approach of the fumarate-based fcu-MOF; (C) detection of H2S with concentrations of 1–100 ppm. Reproduced with permission (Yassine et al., 2016). Copyright 2016, Wiley. (D) Illustration of the structure of the used IDEs showing the MOF LB film characterization by SEM; (E) normalized capacitive response of IDEs to water and methanol. Reproduced with permission (Andrés et al., 2020). Copyright 2020, ACS.
MOF-based composites with the merits of excellent gas adsorption/separation capability can be adopted as electrically transduced gas sensors (Yao et al., 2021). Integrating MOFs onto capacitive sensors based on interdigitated electrode chips is an effective route to improve their detection performance. For example, an in situ growth strategy is adopted to synthesize fumarate-based fcu-MOF thin film on an interdigitated electrode (Figure 4B). This constructed sensor presents a remarkable detection sensitivity (down to 100 ppb) and lower detection limit (around 5 ppb) for H2S (Figure 4C). Furthermore, the Langmuir–Blodgett method is used to deposit MIL-96(Al) MOF thin films on the interdigitated electrode chips (Figure 4D) (Andrés et al., 2020). These prepared films achieve superior selective and short response/recovery for water and methanol (Figure 4E), which can be also extended to the detection of methanol, toluene, and chloroform, etc.
Food Safety Control
Electrochemical (biological) sensors are one of the most sensitive, simple, and selective chemical sensors, which have been widely used in rapid and reliable food safety control (Otles and Yalcin, 2012). MOFs, with the merits of uniform structures, ultrahigh porosity, and tunable composition, act as the promising sensor for food safety control. Nevertheless, the reuse and long-term storage of electrochemical sensor materials fabricated from MOFs in complex sample matrices remain a challenge. Inexpensive microbial sensors are designed for single use to avoid degradation of biosensor elements in complex matrices (Semih Otles, 2012).
In a recent study, Pt nanoparticles were decorated on a glassy carbon electrodes-modified Fe-based MOFs, and this designed MOF-based composites acted as a sensitive label-free electrochemical aptasensor to detect aflatoxin M1 (Figure 5A) (Jahangiri-Dehaghani et al., 2020). The fabricated aptasensor was successfully applied to measure AFM1 concentration in powder and pasteurized milk samples. Furthermore, molecularly imprinted mMOFs was synthesized by layer–layer modification to detect turtotomycin (Li et al., 2021). The magnetic pole in molecularly imprinted mMOFs is beneficial to form an electrochemical sensing interface, and its imprinted cavity can serve as electronic channels for probes for label-free detection of over-the-counter drugs.
[image: Figure 5]FIGURE 5 | (A) Schematic diagram for the preparation schematic diagram and electrochemical test of PtNP/MIL-101(Fe). Reproduced with permission (Jahangiri-Dehaghani et al., 2020). Copyright 2020, Elsevier. (B) Schematic of NH2-MIL53(Fe)-bacteriophage biosensor; TEM image of (C) NH2-MIL-53 MOF and (D) bacteriophage-loaded NH2-MIL-53 MOF; (E) specificity of the proposed biosensor. Reproduced with permission (Bhardwaj et al., 2017). Copyright 2017, ACS.
In general, when food with packaging is stored for a long time, foodborne pathogen infection will occur, resulting in many health-related problems (Jahangiri-Dehaghani et al., 2020). This MOF-based luminescent sensor can be adopted to detect these foodborne pathogens. For instance, a fluorescent MOF [NH2-MIL-53(Fe)] with a target-specific bacteriophage was synthesized for the detection of Staphylococcus aureus (Figure 5B) (Bhardwaj et al., 2017). The advanced structure of MOF can offer a precise control on particle size distribution (Figures 5C,D), which is helpful to construct a better structural compatibility with bacteriophages, contributing to the high stability, specificity, reusability, and wider linear range of the bacteriophage sensor (Figure 5E). In addition, CeO2/CuOx@MC nanocomposite is introduced as a carrier to detect the microtobramycin in milk (Cheng et al., 2021). The combination of different materials presents a strong biological affinity for the adaptor chain, contributing to a wide linear range and low detection limit of tobramycin.
Clinical Diagnosis
MOF materials, with the advantages of selective composition, adjustable pore size, and large surface area are widely used as electrochemical sensor materials in biomedical fields, including cancer diagnosis (e.g., cancer markers, microRNA, and live cancer cells) and glucose detection (Chen et al., 2013; Qin et al., 2016; Xie et al., 2018; Petrosillo et al., 2020). Nevertheless, it is difficult to construct the nanoparticles and active biomolecules in the same MOF-based structure. Recently, many strategies, such as functional MOFs and combination with bionic enzyme, as well as utilization of biosensing and molecular recognition technology, have been developed to improve the photoelectric and catalytic properties of MOF materials (Liao et al., 2017; Shen et al., 2018).
For instance, a multifunctional homologous MOF hybrid material is designed with enhanced therapeutic effect on hypoxic tumor cells by the in situ growth method (Liu et al., 2019). Black phosphorus quantum dots and catalase were precisely assembled into the inner and outer layers of a layered MOF to form a multifunctional MOF heterostructure (Figure 6A). This advanced heterostructure converts excess H2O2 into O2 by catalase wrapped in its outer shell, improving the hypoxic microenvironment of tumor cells (Figure 6B). An innovative MOF-on-MOF method is adopted to construct Zn-MOF-on-Zr-MOF composite for detecting protein tyrosine kinase-7 (Nan et al., 2019). The synthetic Zn-MOF-on-Zr-MOF composite presents hierarchical cross leaves and multilayer nanosheet structures, which demonstrate excellent sensing capabilities for the detection of protein tyrosine kinase-7. This improved performance is mainly ascribed to the presence of Zr-MOF, which significantly facilitates aptamer fixation and stabilizes the formed G-tetrexes, providing a new avenue for the application of bimetallic MOFs in the early cancer diagnosis. Interestingly, multifunctional iron-based MOFs, with the advantages of superior peroxidase-like activity, are developed as a sandwich-type biosensor (Figure 6C) (Li et al., 2018). The biosensor demonstrates a low detection limit (0.003 fM) and wide detection range (0.01 fM to 10 p.m.) for detecting miR-122 in human serum (Figure 6D). This strategy can be adopted to detect drug-induced liver injury at an early stage.
[image: Figure 6]FIGURE 6 | (A) Assemble process of synthetic material and its mechanism against hypoxic tumor cells; (B) immunohistochemistry and immunofluorescence staining of HIF-1α in tumor slices of different composites. Reproduced with permission (Liu et al., 2019). Copyright 2019, Wiley. (C) Fabrication process of the biosensor and the target-catalyzed hairpin assembly for target recycle; amperometric curves (D) of the proposed biosensor incubated with different concentrations of miR-122 containing 1 mM 3,3′,5,5′-tetramethylbenzidine and 20 μM H2O2. Reproduced with permission (Li et al., 2018). Copyright 2018, Elsevier. (E) Structures of the constructed material; CV curves (F) and amperometric response (G) of the constructed material with varied glucose concentrations. Reproduced with permission (Zhou et al., 2020). Copyright 2020, ACS.
Recently, commercial glucose sensors are mainly based on glucose oxidase-assisted electrooxidation. In order to avoid low reproducibility, complex immobilized enzyme process, and decreased enzyme activity of commercial glucose sensors, based on the direct electrocatalysis of electrode materials, the application of MOFs in nonenzymatic sensors has been designed and developed (Burke and Gorodetsky, 2012). Nevertheless, the existing small detection range, low sensitivity, and poor stability of MOFs in nonenzymatic glucose electrochemical sensors limit their commercial application (Al-Zoubi et al., 2020). Therefore, it is vital to develop MOF-based composites with good stability and high activity for glucose detection. For example, the Au/Cu MOFs coupled with a capture probe and a convertase form a bioconjugate (Liu et al., 2020). This modified electrode is incubated in sucrose solution, which can effectively detect glucose. Furthermore, coordinating metals with the functional tetrathiafulvalene core is an insightful route to modulate the catalytic performance of MOF-based composites. For instance, nickel bis(dithiolene-dibenzoic acid) as a redox-active linker is constructed for functional MOFs (Figure 6E) (Zhou et al., 2020). This synthetic composite presents high sensitivity, wide detection range, and low detection limit for the detection of glucose (Figures 6F,G), which is ascribed to the oxidation of glucolactone by several reversible and stable oxidation states of nickel bis(dithiolene) compounds.
PERSPECTIVE AND PROSPECT
Developing efficient catalysts is vital for the application of electrochemical sensors. MOFs, with high porosity, large specific surface area, good conductivity, and biocompatibility, have been widely used in catalysis, adsorption, separation, and energy storage applications. In this review, based on the structure–activity–performance relationship of MOF-based catalysts, the mechanism of MOF-based catalysts as electrochemical sensors, including metal cations, synthetic ligands, and structure, is introduced. Then, the MOF-based composites are successively divided into metal-based, carbon-based, and other MOF-based composites. Furthermore, their application in environmental monitoring, food safety control, and clinical diagnosis is discussed (Figure 7). Recently, many efforts have been devoted to constructing high efficiency MOF-based catalysts. However, there still exist some challenges to achieve superior MOF-based catalysts for electrochemical sensors.
[image: Figure 7]FIGURE 7 | Mechanism and application of MOF-based catalysts as electrochemical sensors.
First, MOF materials with an excellent redox and catalytic activity in electrochemical sensors are still an urgent need. Due to the large surface area of MOFs, the nonspecific adsorption of coexisting substances will occur in the complex matrix, which will negatively affect the sensing performance. The fine regulation of the pore structure of MOFs can provide precision for the selective adsorption of the target. Furthermore, most MOFs with weak mechanical properties are unstable in water. Surface modification can be adopted to hydrophobic materials or introduce surface functional groups, which is a good method to improve the stability of MOFs in water.
Second, MOF-based catalysts for peroxidase-like enzymes have much lower catalytic activity than natural enzymes. Construction of MOF-based catalysts with higher surface area and richer active sites can alleviate this problem. Furthermore, the catalytic activity of MOFs can also be improved by reasonable selection of multivalent ligands and metal nodes. The weak binding force between the target analyte and MOFs affects the detection sensitivity. Surface functional group modification is an effective strategy to provide stronger binding sites for the adsorption of the target analyte. In addition to carbonizing MOFs and introducing highly conductive species to the host MOFs, in situ or posttreatment of doped conductive impurities to MOFs is an alternative to improve their conductivity, resulting in the improved performance.
In addition, during the synthetic and detection process, developing advanced observation techniques will be helpful to understand the structure–activity–performance relationship of MOF-based catalysts for electrochemical sensors. Moreover, the electrochemical sensors based on MOF catalysts still have limitations under laboratory conditions. Further research on MOF-based catalysts is needed to improve their electrochemical properties and pave the way for further application. With the development of nanoscience and biotechnology, it is believed that MOF-based electrochemical sensors will bring a broader development prospect in environmental, food safety, and clinical aspects.
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Herein, an Au nanoparticles-polydopamine-poly acrylic acid-graphene (Au NPs-PDA-PAA-graphene) multicomponent nanohybrid is fabricated by surface functionalization of graphene alongside extensive in-situ growth of Au nanoparticles. The as-obtained nanocomposite possesses good hydrophilicity, excellent biocompatibility and high biomolecules loading capacity, which acts as an ideal platform for enzyme modification. Considering this fact, Horseradish peroxidase is expressively immobilized upon Au NPs-PDA-PAA-graphene surface, in order to lay the foundations of a biosensor that is majorly based on enzymatic activity. The biosensor exhibits higher sensitivity towards the determination of H2O2 with linearity ranging from 0.1 μm upto 20 mm, and the limit of detection going down to 0.02 μm. Encouraged by its acceptable electrocatalytic performance, this multicomponent system can also be easily employed for carrying out the real-time tracking of H2O2 coming out of Macrophage cells. Therefore, this work designs an extraordinarily updated platform for biosensing related applications, and also presents a reliable platform for the direct detection of H2O2 in vivo and in vitro, which show great potential in bioelectroanalytical chemistry, cellular biology, and pathophysiology.
Keywords: graphene, multicomponent nanohybrid, electrochemical biosensor, H2O2 detection, multicomponenet polymer
INTRODUCTION
The structural shape of graphene based nanocomposites incorporated with polymers as well as metallic nanoparticles, and other species to harvest synergetic effects and integrated properties of the individuals, has claimed great interest due to their wide range of scientific as well as industrial implications (Badhulika et al., 2015; Sun et al., 2016; Liao et al., 2018; White et al., 2019; Gao et al., 2021). Graphene has, for a long time, been an attractive choice as the building block for nanocomposites owing to its extraordinary mechanical, electronic, and thermal characteristics, as well as the large surface area (Sun et al., 2015; Zeng et al., 2019; Zhao et al., 2020). Graphene nanocomposites with well-designed nanostructures have been extensively fabricated in order to produce diverse materials with desired performance (Aziz et al., 2019a; Asif et al., 2019; Ibrahim et al., 2021). In particular, graphene and metal based nanoparticle composites have been an area of immense significance from the present day research perspective taking advantage of their unmatched implications in the area of sensors, fuel cells, and energy conversions (Nan et al., 2018; Darabdhara et al., 2019). So far, huge progress is reported to have been undertaken for the improved synthesis as well as manufacturing of graphene and metal based nanoparticle composites (Huang et al., 2011; Mangadlao et al., 2017; Ashraf et al., 2020). Among them, graphene-gold nanoparticles (Au NPs) are the ones being investigated the most, and many systematic approaches are reported to prepare Au NPs with various sizes (Asif et al., 2018a; Li et al., 2021). However, some challenges still remain in those methods, such as how to prevent the aggregation and restack of graphene sheet to get higher specific surface areas; how to ensure improved biocompatibility; and how to keep in check the spatial distribution as well as size for the nanoparticles on the surface of graphene. To address those problems, a surface modification strategy of graphene is proposed to fabricate an efficient substrate for the development and growth of gold NPs.
Covalent binding of polymers with graphene through interfacial interactions represents an effective approach for the development of special functional graphene composite (Sun et al., 2020; Perumal et al., 2021). When incorporated with polymer, the aggregation of graphene nanosheets will be effectively inhibited, thus providing the large surface area (Sun et al., 2017). In this paper, covalently functionalized graphene sheets are prepared through grafting poly acrylic acid (PAA) chains on its surface. PAA is a water soluble polymer with many advantages, such as good biocompatibility, non-toxicity, and easy chemical modification (Kausar, 2020). Both hydrophilicity and biocompatibility of graphene could be realized by functionalization of graphene with PAA. Because of plethora carbonyl groups on PAA, dopamine (DA) can be covalently bonded to PAA chain to form PDA-PAA-graphene. Dopamine, a naturally occurring neurotransmitter, found in a variety of animals, is generally regarded as a unique component that can mimick the proteins which are adhesive in nature (Li et al., 2015). Moreover, DA is also used as a reducing agent and stabilizer which is commonly used for the synthesis of metal-nanoparticles (Au, Ag, Pt et al.) by directly reducing the salt of metal precursor (Zhang et al., 2013; Ren et al., 2016; Wen et al., 2018). By using the in situ reducing method, Au NPs could easily be distributed upon the surface of the graphene nanosheets in a homogeneous way. The resulting Au NPs-PDA-PAA-graphene nanocomposites work an ideal platform for the modification of biomolecules. Horseradish peroxidase (HRP), with this unique ability of catalyzing the oxidation for an ample amount of substrates via hydrogen peroxide or any other closely related components, is hailed as a mainstream tool metalloenzyme for establishing the electrochemical biosensors (Sellami et al., 2022). As a potential application, by further linking peroxidase, an amplified biosensing toward H2O2 at such Au NPs-PDA-PAA-graphene nanocomposites is constructed.
H2O2 is reckoned as an extremely stable reactive oxygen species, which serves as a transporter in a variety of ongoing cellular activities, which holds a pivotal contribution in the case of dealing with unwanted oxidative stress, slowing down the aging process, as well as combating the pathological processes, like cancer, neurological disarray, and cardiovascular issues (Xiao et al., 2012; Asif et al., 2017; Zhang et al., 2017; Asif et al., 2018b; Aziz et al., 2019b; Zhao et al., 2021). Therefore, the quantitative determination of intracellular and extracellular H2O2 is known to offer more comprehensive illustration of the clinical aspects of the rise in H2O2 concentrations, alongside its assistance in studies put forward to elaborate the biological implications of H2O2 in cells (Xi et al., 2018; Ma et al., 2020; Yuan et al., 2020; Zhang et al., 2020; Wang et al., 2021; Zong et al., 2021).
In this paper, a novel Au NPs-PDA-PAA-graphene composite film is designed, which offers superior results both in loading and in the activity of immobilized enzymes. Apart from this, the mentioned film also presents improved electrocatalysis/nano-enhancement activity for H2O2 biosensing. PAA as a “friendly” and “soft” linker, DA as a coupling and reducing agent for HAuCl4, Au NPs as a catalyst for electrode reaction, and HRP as an enzyme, are mixed to yield graphene-based bionanocomposites. The proposed material showcases impressive biocompatibility, superbly uniform distribution of the nanoparticles, and a much higher loading/activity of the immobilized enzymes. This nanohybrid system shows immensely bettered amperometric biosensing activity in contrast to those based on traditional methods and techniques, e.g., a higher detection sensitivity or a sub-micromolar level detection limit, which makes H2O2 extremely useful for both in vivo and in vitro detections. This graphene-based bionanocomposites enzyme electrode shows great potential application in the second-generation style of biosensing.
MATERIALS AND METHODS
Preparation of Au NPs-PDA-PAA-Graphene
The preparation of PAA-graphene: The synthesis of PAA-graphene was performed by hydrolyzing poly tert-butylacrylate (PtBA). The synthetic procedure of PtBA-graphene was described in our previously published paper (Sun et al., 2018). Brifly, 200 mg graphene-PtBA was distributed into 20 ml CH2Cl2, and 1 ml trifluoroacetic acid (TFA) was added. Later, the prepared mixture was stirred at 40°C for 36 h. Then, CH2Cl2 was removed by centrifugation, and sediment was washed thoroughly by acetone and water to get pure PAA-graphene.
The synthesis of PDA-PAA-graphene: PAA-graphene (200 mg) was dissolved in 10 ml of deionized water, Na2CO3 solution was poured to adjust the pH to 8.5. After sonication for 0.5 h, the solution became homogeneous. This solution was then transferred to an ice-bath, and followed by the addition of N-Hydroxysuccinimide (NHS, 50 mg) and 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDCHCl, 200 mg), the mixture solution (denoted as solution A) was made to stir under N2 for about 15 min. Meanwhile, Na2CO3 (55 mg) was dissolved in 10 ml of deionized water in order to prepare solution B. This solution was also made to stir under N2 for about 15 min, and then dopamine HCl (240 mg) was poured in with yet another degassing for about 15 min. Later, solution B was mixed with solution A and was again stirred for about 30 min inside an iced-water bath for about 12 h at around 35°C. During this process, dopamine is easy to polymerize to form polydopamine in alkaline conditions. Eventually, the reaction mixture was made to centrifuge and was also washed thoroughly using deionized water to achieve PDA-PAA-graphene.
The preparation of Au NPs-PDA-PAA-graphene: PDA-PAA-graphene (10.0 mg) was put inside a reaction vessel, and was poured with 10 ml of HAuCl4 solution (50 mm). The reaction was allowed to continue overnight at the expected room temperature. At the end of the reaction, the Au NPs deposited PDA-PAA-graphene was removed from the suspension via centrifugation process and were frequently washed with water.
The Preparation of Enzyme Electrode
The enzyme based electrode was designed by immersing Au NPs-PDA-PAA-graphene electrodes into phosphate buffer solution (PBS) with 0.2 mg ml−1 HRP for overnight reaction, followed by washing with Milli-Q water and then drying at 4°C.
Characterization
A Kratos-Axis spectrometer having monochromatic Al KR of (1,486.71 eV), an X-ray radiation of (15 kV and 10 mA) and a strong hemispherical electron energy analyzer, was used to carry out X-ray photoelectron spectroscopy (XPS) determinations. Casa XPS software was employed to accomplish curve fitting and background suppression. Fourier-transformed infrared spectrum (FT-IR) was observed on Perkin Elmer FTIR. Thermogravimetric Analysis (TGA) was achieved with the help of TA Instruments TGA/DSC. 1H NMR measurement was performed on a Bruker AVANCE NEO 400 M equipment with D2O as solvent. UV-vis spectra were observed on a Schimadu UV-2550 spectrometer. Scanning electron microscopy images were acquired by using FESEM instrument (JSM-6700F, Japan). CV and chronoamperometric analysis were undertaken by a CHI 660 D electrochemical workstation (CH Instrument Company). For this purpose, a traditional three-electrode system was selected. HRP/Au NPs-PDA-PAA-graphene electrode was used as a working electrode. The auxiliary and reference electrodes were Pt wire and Ag/AgCl, respectively. All the measurements were conducted at room temperature.
Cell Culture
ATCC (United States) supplied the macrophages and the cells containing Bovine Brain Extract (BBE) supplement were stored in Endothelial Cell Growth Medium (EGM). EGM® is a modified MCDB 131 formulation and is supplemented with 10 μg/ml hEGF (human recombinant Epidermal Growth Factor), 1.0 mg/ml Hydrocortisone, 50 mg/ml Gentamicin, 50 μg/ml Amphotericin B, 3 mg/ml Bovine Brain Extract (2 ml), 2% v/v Fetal Bovine Serum (FBS) and stored at 37°C in humid conditions with 5% CO2. 24-well plate was used to seed macrophages where they gained 80% confluency before experiments. Calcein-AM was used for living cell staining. Macrophages cells were incubated at 37°C for 15 min before imaging.
RESULTS AND DISCUSSION
The detailed process employed for carrying out the preparation of the Au NPs-PDA-PAA-graphene composite is illustrated in Figure 1. The synthetic procedure of PAA-graphene was reported previously (Sun et al., 2018), then DA is covalent linked to PAA via the condensation reaction between the NH2 group in DA and the carboxyl group in PAA, meanwhile, DA will polymerize to form polydopamine (PDA) in alkaline conditions. Next, Au NPs are immobilized onto PDA-PAA-graphene by in situ reducing of HAuCl4 by dopamine. Au NPs-PDA-PAA-graphene was coated on the glassy carbon electrode to build a platform for enzyme loading. Finally, HRP was absorbed on the electrode to construct an enzyme electrode.
[image: Figure 1]FIGURE 1 | The preparation of the Au NPs-PDA-PAA-graphene composite and the construction of enzyme electrode.
X-ray photoelectron spectroscopy (XPS) is first applied to trace the synthesis process. The condensation reaction between dopamine and PAA-graphene can be verified by noticing a new absorbance peak at 400.8 eV linked to the binding energy of N1s in an XPS spectrum of PDA-PAA-graphene (Figure 2A). After introducing Au NPs to PDA-PAA-graphene, the representing peaks of Au 4f7/2 and Au 4f5/2 show up at the binding energies of 83.9 and 87.7 eV respectively (Figure 2B), suggesting the successful immobilization of Au NPs upon the PDA-PAA-graphene surface. FT-IR measurement provides further evidences of the above chemical changes as the carboxylate peak in PAA is no longer present, and amine and aromatic rings peaks appear at 1,670, 1,620, and 1,550 cm−1, individually (Figure 2C) (Wu et al., 2011).
[image: Figure 2]FIGURE 2 | (A) The N1s XPS spectra of Au NPs-PDA-PAA-graphene (B) The Au4f XPS spectra of Au NPs-PDA-PAA-graphene (C) FT-IR spectra for PAA-graphene and PDA-PAA-graphene) (D) 1H NMR spectrum of PDA-PAA-graphene and PAA-graphene in D2O (E) UV-vis absorption spectra and photographs (inset) of PAA-graphene (A), PDA-PAA-graphene (B) and Au NPs-PDA-PAA-graphene (C) solutions (F) XRD pattern of Au NPs-PDA-PAA-graphene composite.
The condensation reaction can also be identified by 1H NMR spectrum (Figure 2D). Comparing with that of PAA-graphene, new peaks appear at d 6.83–6.40 and 2.5–3.0 at the 1H NMR spectrum of PDA-PAA-graphene, which directly corresponds to the chemical shift of protons in aromatic rings and alkyl of DA. f = A/A0 is used to determine the dopamine content (mol%) in PDA-PAA-graphene. Where, A stands for the integral part of the peaks at d 6.83–6.40 representing the quantity of H in the aromatic rings of the given catechol moieties, while A0 corresponds to the integral part of the peaks at d 2.2–1.2 showcasing the quantity of H in the PAA backbone. The dopamine ratio found in the resultant polymer is nearly 25% as per the given method. This result is a little lower than that calculated by thermogravimetric analysis (31%) (Supplementary Figure S1).
The as-prepared Au NPs-PDA-PAA-graphene composite is also confirmed by UV-vis absorption spectrum as displayed in Figure 2E. The spectrum of PAA-graphene presents a maximum absorption at 263 nm, which signifies π-π* transitions between the aromatic C=C bonds (He et al., 2011). After reacting with DA, a shoulder peak at 275 nm, a characteristic absorption for catechol, is detected (Bui et al., 2021). After reduction of HAuCl4, a relatively new peak at 556 nm appears and the solution becomes violet black in color. This newly appearing peak can well be stemming from the surface plasmon resonance (SPR) absorptive band for Au NPs, highlighting the reducibility of AuCl4−1 to Au NPs in a successful way (Mawlud et al., 2017). In contrast to the as-prepared Au colloids present in aqueous solution (Song et al., 2011), the obtained absorption maxima is found to be red-shifted, which in turn can consequently be attributed to the altering refractive index and to some extent partial aggregation of the seed particles inside the growth solution. These results further go on to prove that as far as in situ methods are concerned, Au nanoparticles are closely linked with each other for the sake of the reduction process and also to small quantities of agglomerations or even bigger particles are expected to have deposited on the graphene surface. The crystalline XRD pattern of Au NPs-PDA-PAA-graphene nanohybrid (Figure 2F) show a peak at 24.3 indexed to the (002) crystal face of graphene, and the peaks at 38.1, 44.3, 64.5, and 77.6 correspond to the (111) (200), (220), and 311) crystal faces of Au nanoparticles (JCPDS 4–0,783) (Li et al., 2012). Quantitative measurements of Au NPs on Au NPs-PDA-PAA-graphene surface are materialized by EDX, pointing out the presence of 58 wt% of Au NPs (Supplementary Figure S2).
SEM and TEM are used to undertake the characterization of the morphology of the Au NPs-PDA-PAA-graphene composites. Figures 3A,B, represent the random distribution of Au NPs PDA-PAA-graphene surface. These also show the fact that the nanoparticles are well embedded on the interior of the surface, highlighting a close interaction among the NPs and PDA-PAA modified graphene sheets. The distribution of Au NPs is believed to be relatively uniform with no severe aggregations. TEM images signify samples to be composed of nanoparticles having diameters averaging nearly 18 nm and the size distribution ranging between 5 and 30 nm. The diameter of most of the found particles is between 12 and 20 nm (Figures 3C,D).
[image: Figure 3]FIGURE 3 | (A,B) SEM based images of Au NPs-PDA-PAA-graphene with varying magnification (C) TEM image of Au NPs-PDA-PAA-graphene (D) Size and distribution of Au nanoparticles in statistics.
The novel nanostructure of the Au NPs-PDA-PAA-graphene inspires us to investigate it as enzyme biosensor. Figure 4 is the CV representation of differently modified electrodes in 50 mm PBS (pH = 7.4), with 50 mV s−1 scan rate. In the CVs of Au NPs-PDA-PAA-graphene and PDA-PAA-graphene electrodes, no observable redox peak appeared which is indicative of their electrochemical inactivity at the specific potential range (−0.8 + 0.1 V). A clearly distinguishable couple of redox peaks in the CVs of HRP/PDA-PAA-graphene are attributed to the FeIII/FeII redox coupling related to the heme protein for HRP (Liu et al., 2012). While in the CV curve of HRP/Au NPs-PDA-PAA-graphene, the FeIII/FeII redox couple is more distinct with the cathodic peak potential (−0.320 V) and anodic peak potentials (−0.267 V). Considering the conventional potential [Eo’ = (Epa + Epc)/2] of −0.294 V, and peak point separation (ΔEp) ∼53 mV at the scan rate of (50 mV/s), indicating a reversible electrochemical behavior of HRP, which is much better than other HRP-based biosensors known so far (Zong et al., 2006; Tang et al., 2008). This phenomenon is the proof of uninterrupted transfer of electrons between HRP and GCE, initiated by Au NPs as a promoter. The chemistry behind the direct electron transportation between the HRP and GCE is based on the Au NPs, which not only reduce the space for the center of activation for the immobilized HRP and the GCE, but also effectively boost up the electrochemical conductance of the fabricated electrode, in turn, encourages direct electron transportation between the HRP and glassy carbon electrode. As the active sites of HRP mostly buried deep inside the center and make it harder to exchange electrons with the electrode surface (Li et al., 2011), so Au NPs act as a mediator to carry out the fast electron transfer rate which in turn greatly enhanced the electrochemical performance of the synthesized electrode.
[image: Figure 4]FIGURE 4 | CV curves of HRP/Au NPs-PDA-PAA-graphene, HRP/PDA-PAA-graphene, Au NPs-PDA-PAA-graphene and PDA-PAA-graphene in 0.1 M PBS (pH 7.4) having 1 mM H2O2 at the Scan rate of (50 mV s−1).
To further clarify the catalytic activity between the HRP and the electrode we used the Au NPs-PDA-PAA-graphene modified electrode immobilized with HRP to study the thoroughgoing current response by applying a different scan rate. As represented in Figure 5A, although the redox current gradually increased with an increase in the scan rate, the peak potential did not change obviously. Figure 5B shows the excellent linear relation between the redox peak current values and increased scanning rate, ranged from 0.1—1 V/s. Here the regression equation;
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[image: Figure 5]FIGURE 5 | (A) CV curves of HRP/Au NPs-PDA-PAA-graphene at various scan rate ranged from 0.1—1V/s in PBS (pH 7.4) (B) is the plot of cathodic/anodic peak current vs. scan rate.
Here, v represents the scan rate while ipa, ipc are the peak current density of anode and cathode. This suggests that the redox reaction of HRP is a typical facet constrained reversible phenomenon. With the assimilation of current (reduction peak) and Faraday’s law, the electrochemically active HRP can be calculated from HRP/Au NPs-PDA-PAA-graphene surface from the equation. (Zhang et al., 2010),
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where ipa signifies the reduction peak current, n denotes the total amount of electrons, A stands for the electrode surface area, v is the scan rate, and Γ is the value which needs to be calculated. The estimated Γ value was 9.57 × 10−11 mol cm−2. The Au NPs-PDA-PAA-graphene composite matrix gives remarkable higher surface concentration value for the immobilization of HRP as compared to the previously published literature using different types of matrix, such as colloidal Au (7.5 × 10–11 mol cm−2) (Liu and Ju, 2002)], 3-mercaptopropionic acid monolayer-modified gold surface (5 × 10−11 mol cm−2) (Li and Dong, 1997).
H2O2 has been used as an analyte to study the catalytic applications of the fabricated HRP/Au NPs-PDA-PAA-graphene films. Figure 6 explained the catalytic behavior of the fabricated material in the presence and absence of H2O2. When the different concentrations of H2O2 were injected into PBS, there was a clear rise in the reduction peak current with a gradual decrease in the oxidation peak current. This phenomenon well explains the remarkable electrocatalytic process for the HRP oxidation via H2O2 which in turn was reduced. H2O2 oxidized the HRPre to HRPox which was further reduced through electron transfer upon the electrode surface. As H2O2 concentration increased it encouraged a large cathodic peak current value, in turn there was a fast rate of electron transfer between the quantities of electrode surface and immobilized HRP.
[image: Figure 6]FIGURE 6 | CV curves of HRP/Au NPs-PDA-PAA-graphene with and without H2O2 in PBS (pH 7.4). Scan rate: 50 mV/s.
The amperometric response of the HRP/Au NPs-PDA-PAA-graphene film electrode with sequential injection of H2O2 in PBS at −0.32 V is shown in Figure 7. The fabricated electrode gives a quick response towards any change in the H2O2 concentration and attains a steady state within 5 s, which is credited to the rise in electron transfer from the embedded Au NPs. The lowest limit of detection (0.02 μM S/N = 3) and an excellent linearity range from 0.1 μm to 20 mm (R = 0.999) is better than that in similar systems previously reported (Lin et al., 2007; Lu et al., 2011; Liu et al., 2012). These results suggest that HRP/Au NPs-PDA-PAA-graphene nanoarchitectures pave the way for the synthesis of enzymatic biosensors for the sensitive detection of H2O2.
[image: Figure 7]FIGURE 7 | (A) Typical amperometric response of HRP/Au NPs-PDA-PAA-graphene film electrode after the sequential adding various concentrations of H2O2. The inset is the enlarged response with the lowest concentration of H2O2 (B) The linear calibration curves of HRP/Au NPs-PDA-PAA-graphene film electrode for H2O2 determination.
The repeatability parameter was evaluated by taking 10 repeated measurements with the consecutive amount of 1.0 mm H2O2 with a same electrode which produces relative standard deviation (RSD) of ∼3%. Furthermore, the RSD for the current responses for more than 10 sensors obtained by following the similar protocol is ∼5%. For the stability evaluation of the HRP/Au NPs-DA-PAA-graphene film electrode preserved at 4°C, it gives 90% response even after 2 months of refrigeration (Supplementary Figure S3). The application of Au NPs-PDA-PAA-graphene composite enhances the biocompatibility and provides a favorable microenvironment for HRP, which aids the retention of the biological activity of HRP. Meanwhile, we speculate that the hydrophilic character of Au NPs-PDA-PAA-graphene would also improve the HRP catalytic performance it does not gets denaturation as well as no reduction in catalytic functioning has been observed at low temperature. Conversely, the sensor sensitivity get reduced quickly at room temperature which may be the reason for the swift deactivation of HRP.
By keeping in mind all the advantages of the excellent catalytic performances of the fabricated electrode such as lowest limit of detection, enhanced sensitivity, and quick response, it is noteworthy to say that the as-fabricated biosensor can be used for the determination of the extracellular H2O2 released by macrophage cells. The used macrophages offer a pivotal role against the different kind of microorganisms and tumors in there host cells (Niedel et al., 1979). However, these two special properties (tumoricidal and microbicidal) of the chemotactically responsive macrophages required some types of agents like bacterial products, cytokines, synthetic peptide, and some chemotherapeutic drugs for their activation. The stimulator N-formyl-methionyl-leucyl-phenylalanine (fMLP) used in this work is a synthetic peptide which is structurally identical to oligopeptide products of bacterial metabolism (Holian and Daniele, 1981). The chemistry behind the use of fMLP as a stimulator is not only its chemotactic properties but it also facilitates the adhering of PMN to endothelium cells. Moreover it also stimulates the release of many kind of molecules such as reactive oxygen intermediates (ROI), lysosomal enzymes, nitric oxide, interleukin 1 (IL-1), and tumor necrosis factor. In this work, the cell macrophages regarding 80% confluency are subjected to release H2O2 after injecting fMLP. In the experiment of real-time sensing of H2O2 secretion by macrophages, calcein-AM is used to stain the live cells. The dark field microscopic images refer to the fact that the stained macrophages cells are well-spread and healthy (Figure 8A). According to the experimental results, after the addition of each 10 μm concentration of fMLP a clear current increase (2.8 μA cm−2) has been observed on the HRP/Au NPs-PDA-PAA-graphene film electrode at the applied potential (−0.32 V), which then further decreases as the H2O2 scavenger catalase was spiked. The same procedure was carried out with control well plates (without macrophages) which showed no response as depicted by Figure 8B). Therefore, we can conclude that the reported rise in cathode current at HRP/Au NPs-PDA-PAA-graphene film electrode placed near the cells is endorsed to H2O2oxidation. All the above discussed results markedly validate that the as-fabricated biosensor can initiate a new opening in biosensing platforms for the unswerving determination of extracellular as well as intracellular H2O2 and could well be effectively helpful for advanced physiological and pathological related studies.
[image: Figure 8]FIGURE 8 | (A) The dark field image of the macrophages (RAW264.7 murine) investigated for the in vitro applications (B) Amperometric response of HRP/Au NPs-PDA-PAA-graphene electrode for measuring the reducibility of H2O2 released macrophage cells induced upon the addition of 0.3 mm fMLP (A) and without addition of 50 ml of catalase (300 UmL−1) (B). The electrode was checked at bias value of a consistent potential of −320 mV (versus SCE).
CONCLUSION
In summary, new Au NPs-PDA-PAA-graphene composite films have been synthesized by loading highly active enzyme immobilization. The material is introduced onto the electrode surface, and serves as biosensor for extracellular and intracellular H2O2 detection. The biosensor exhibits remarkable results in terms of extraordinary sensitivity, wider linear range (0.1 μm–20 mm), noble stability, lowest limit of detection (0.02 mm), and reproducibility for H2O2 detection, which is superior to previously constructed biosensing podiums. Hence, this work brings up an advanced biosensing platform for the determination of H2O2 in vivo and in vitro, which can be of utmost advantage for bioelectroanalytical chemistry, cellular biology, and pathophysiological studies.
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The detection of dissolved gases in oil is an important method for the analysis of transformer fault diagnosis. In this article, the potential-doped structure of the Ag3 cluster on the HfSe2 monolayer and adsorption behavior of CO and C2H4 upon Ag3–HfSe2 were studied theoretically. Herein, the binding energy, adsorption energy, band structure, density of state (DOS), partial density of state (PDOS), Mulliken charge analysis, and frontier molecular orbital were investigated. The results showed that the adsorption effect on C2H4 is stronger than that on CO. The electrical sensitivity and anti-interference were studied based on the bandgap and adsorption energy of gases. In particular, there is an increase of 55.49% in the electrical sensitivity of C2H4 after the adsorption. Compared to the adsorption energy of different gases, it was found that only the adsorption of the C2H4 system is chemisorption, while that of the others is physisorption. It illustrates the great anti-interference in the detection of C2H4. Therefore, the study explored the potential of HfSe2-modified materials for sensing and detecting CO and C2H4 to estimate the working state of power transformers.
Keywords: the first-principle study, HfSe2 monolayer, Ag3 doping, gas adsorption, transformer oil
INTRODUCTION
Two-dimensional transition metal dichalcogenides (TMDs) have recently emerged as a focus of the scientific community in virtue of their versatile and tunable physical properties (Xu et al., 2013; Duerloo et al., 2014; Si et al., 2020; Ju et al., 2021). Layered transition metal disulfides (LTMDs) own the properties of large specific surface value, high electronic activity, and sensitivity (Choi and Kim, 2018). The properties mentioned previously contribute to the great potential of the chemical sensors. Hafnium dichalcogenides (HfX2, X = S, Se, or Te) belong to middle-gap semiconductors and have a high chemical reactivity and various energy dispersions (Yue et al., 2015; Mirabelli et al., 2016; Mleczko et al., 2017; Cruzado et al., 2021). As a consequence, all the excellent properties mentioned previously embody their future applications in optoelectronics and electronics.
As the most important and valuable piece of equipment, the operation status of the oil-immersed power transformers affects the safety and stability of the electric power system operation directly (Gui et al., 2020). The malfunction that occurred in oil or the insulating paper is inevitable during the long-running process of the transformer. The malfunction mainly includes overheating of oil or the insulating paper, arc discharge, partial discharge, and spark discharge (Tang et al., 2020). Under the effect of electricity and heat, the transformer oil will undergo a chemical reaction and generate gases. The gases generated are mostly hydrocarbons and some other related gases, such as CH4, C2H4, CO2, and CO. Their composition and contents are closely linked to the type and severity of the transformer faults (Singh and Bandyopadhyay, 2010). Dissolved gas analysis (DGA) could discover the hidden faults sensitively. DGA mainly includes infrared spectroscopy, gas chromatography, Raman spectroscopy, and the gas sensor method (Tran et al., 2018). Due to its simple structure, high reaction sensitivity, low cost, and low power consumption, the gas sensor method is proposed to be applied for detecting gases by more and more scientists (Wei et al., 2020).
HfSe2 has the atomic stacking structure with a layer of Hf atoms stuck in the middle of two layers of Se atoms. Cui et al. explored the adsorption behavior of Pd-doped and Pt-doped HfSe2 monolayers upon several kinds of gases, such as NO2, SO2, and SOF2 (Cui et al., 2020a; Cui et al., 2020c). It is found that the Pd-doped monolayer behaves better for NO2, while the Pt-doped HfSe2 monolayer behaves better for SO2. Wang et al. studied the adsorption nature and behavior of Rh-doped HfSe2, and it shows a stronger interaction between the SO2 molecule and the monolayer than SO2F2 (Wang and Liao, 2019). Wu et al. studied the doping behavior of Pd atoms and the sensing character of the Pd-doped HfSe2 (Pd–HfSe2) monolayer upon CO and C2H2 (Wu et al., 2022). They found that the Pd-HfSe2 monolayer possesses a better adsorption behavior on CO. Yang et al. investigated the adsorption of CO, C2H2, and C2H4 based on the Cu-doped Se-vacant MoSe2 (Cu–MoSe2) monolayer (Yang et al., 2020). But Cu–MoSe2 is not selective for the detection of C2H4. Xu et al. explored four characteristic dissolved gases in transformer oil: H2, CH4, C2H2, and C2H4 (Xu et al., 2020). It was found that the adsorption effects on C2H2 and C2H4 are stronger than those of the others. Speaking of the methods of modifying the material monolayer, Asif et al. integrated positively charged semiconductive sheets of Zn-NiAl LDH and negatively charged layers of rGO to modify the glassy carbon electrode (Asif et al., 2019a). The modified electrode exhibited excellent electrocatalytic activity. The doping formation of the Ag3 cluster and the adsorption behavior of C2H4 and CO were not explored yet. In this article, the adsorption of C2H4 and CO of Ag3-doped HfSe2 monolayers was investigated. The doping formation adopted is the Ag3 cluster, and three atoms contribute to the formation of a stable triangle structure. The results showed that the Ag3-doped HfSe2 monolayer behaves better for C2H4 adsorption but is inactive for CO.
COMPUTATIONAL DETAILS
The first-principle calculations based on the DFT (density functional theory) framework emerged as an important and dominant method in quantum mechanics simulation (Delley, 2000). All the calculations in this article adopted the DMol3 package in Materials Studio software to establish the adsorption model of pristine and Ag3-doped HfSe2 upon C2H4 and CO. Moreover, Perdew–Burke–Ernzerhof (PBE) functional with a generalized gradient approximation (GGA) was used for the electron exchange and correlation function (Chen et al., 2019b). To better deal with the van der Waals interactions and the relativistic effect of doped atoms, Tkatchenko and Scheffler’s (TS) method and the DFT semi-core pseudopotential (DSSP) method were employed, respectively. The atomic orbital basis set was described by the double numerical plus polarization (DNP) method (Cui et al., 2020b). The supercell geometry optimizations were calculated under the Monkhorst-Pack k-point mesh of 5 × 5 × 1, while 7 × 7 × 1 was sampled for the more accurate electronic structure calculations. To ensure the precision of total energy, smearing was set as 0.005Ha, and the energy tolerance accuracy, maximum force, and displacement were set as 10−5 Ha, 2 × 10−3 Ha/Å, and 5 × 10−3 Å, respectively (Topsakal et al., 2009; Sharma et al., 2018). To mimic a free-standing graphene sheet of HfSe2, a periodic 4 × 4 × 1 HfSe2 supercell was established with a 20-Å vacuum region imposed in the direction where the sheet is not periodic, and the vacuum region is large enough to ensure the doping and gas adsorption processes, as well as eliminate the interaction between adjacent units (Yang et al., 2020).
The binding energy [image: image], which plays an important role in estimating the most stable configuration, is calculated as follows.
[image: image]
The aforementioned equation represents the total energy of the Ag3-HfSe2 monolayer subtracting the total energies of the free-standing sheet of the HfSe2 and Ag3 cluster. Comparing the binding energy of different doping sites, the configuration with the lowest binding energy is defined as the most stable one (Asif et al., 2022).
The adsorption energy [image: image] generated during the adsorption process is calculated as follows.
[image: image]
Here, in the aforementioned equation, [image: image] represents the total energy of the system of the Ag3-doped HfSe2 monolayer with the adsorbed gas molecule. [image: image] and [image: image] mean the energy of the adsorbed gas molecule and the energy of the Ag3-doped HfSe2 monolayer, respectively. By comparing the value of the adsorption energy [image: image] with 0.8, the type of the adsorption can be judged. If greater than 0.8, it is defined as chemisorption, otherwise, it is physisorption (Liu et al., 2021).
RESULTS AND DISCUSSION
Analysis of Pristine and the Ag3-Doped HfSe2 Monolayer
First, the geometric structure of the free-standing HfSe2 monolayer was optimized to obtain the most stable configuration, as shown in Figures 1A,B. It holds the atomic stacking structure with a layer of Hf atoms stuck in the middle of two layers of Se atoms (Wang and Liao, 2019). The Hf–Se bond in the intrinsic HfSe2 monolayer is measured as 2.70 Å, which is consistent with the articles published previously. Speaking of the performance of Ag3 doping on the HfSe2 monolayer, three doped sites were taken into account. They are named Tse1 (a tripod site right upside the lower-layer Se atoms), Tse2 (right upside the upper-layer Se atoms), and THf (a tripod site right upside the mid-layer Hf atoms) (Ambrusi et al., 2017; Ju et al., 2017; Mi et al., 2021). As far as the most stable doped configuration, the lower the binding energy (Eb), the more stable is the structure. Eb is calculated as shown in Eq. 2-1, and the lowest one was chosen as the most stable doping system in this article. The Ag3 cluster favored to be doped through the Tse1 site with the numerical value of −2.512 eV, of which the Eb is lower than −1.347 and −1.155 eV for Tse2 and THf, respectively.
[image: Figure 1]FIGURE 1 | Optimized configuration and electronic structures of the pristine and doped monolayer. (A–C) pristine system and (D–F) doped system. In DCD, red and blue regions represent electron accumulation and deletion.
As is depicted in Figures 1D,E, there is a slight deformation after the doping of the Ag3 cluster in the HfSe2 monolayer, of which the Ag–Se bonds are 2.646, 2.628, and 2.648 Å, respectively. From the result of the Mulliken method (Chen et al., 2019a), it can be seen that the Ag3 cluster is positively charged by 0.267 e after doping. As is shown in Figure 1F, Ag atoms are surrounded by blue areas, in which the red and blue regions indicate electron accumulation and deletion independently (Cui et al., 2019). As a consequence, the analysis of the Mulliken method is in good accordance with the DCD, showing that the Ag3 cluster is an electron donator. Compared with the bandgap obtained as 0.539 eV of the pristine HfSe2 monolayer in Figure 2A, Ag3–HfSe2 is 0.553 eV with a decrease of 0.14 eV in Figure 2B. In comparison of the pristine and Ag3-doped HfSe2’s TDOS, it can be seen that there is a right shift, which is keeping with the result of the bandgap analysis.
[image: Figure 2]FIGURE 2 | Band structure and the TDOS and PDOS of the pristine and doped monolayers. (A) Band structure of the pristine HfSe2 monolayer. (B–D) Band structure, TDOS, and PDOS of the Ag3–HfSe2 monolayer.
As illustrated in Figure 2D, it can be seen from the PDOS that there are several overlapping regions among the Ag-4d, Se-4p, and Hf-5d orbitals at −6 ∼ −1 eV, coincidently between the Hf-5d and Ag-5s orbitals at 0–1.5 eV. The PDOS verifies the conclusion that there are strong interactions existing among Ag, Se, and Hf atoms (Hu et al., 2019; Gao et al., 2020). As a consequence, due to the doping performance of the Ag3 cluster, it is among the Ag-4d, Hf-5d, and Se-4p orbitals that the main orbital hybridization occurs. In addition, compared with the TDOS and PDOS mentioned previously, it can be seen that it is on the Ag, Se, and Hf atoms that the bottom of the conduction band and the top of the valence band are localized, and it also verifies the charge transfers from the Ag3 cluster to the Se and Hf atoms (Yang et al., 2019).
Analysis of Gas Adsorption on the Pristine HfSe2 Monolayer
After investigating the doping performance of the Ag3 cluster, the adsorption behaviors of the pristine HfSe2 monolayer upon CO and C2H4 were investigated as follows. In terms of the adsorption site of different gases upon the pristine HfSe2 monolayer and Ag3–HfSe2 monolayer, all the possible adsorption sites were taken into account, but only the site with the lowest adsorption energy was adopted for further study (Zhang et al., 2009).
As for the adsorption of CO molecules on the pristine HfSe2 monolayer, three different adsorption directions were simulated. The molecule accessed the Se atoms via C and O atoms vertically and parallelly to the monolayer, respectively (Ma et al., 2016). As shown in Table 1, C atoms tend to be adsorbed by Se atoms in the upper layer of the pristine HfSe2 monolayer, with a distance of 4.055 Å between C and Se atoms. The length is significantly longer than the sum of the C and Se atoms’ covalent radii, verifying the inexistence of the C–Se bond (Zhou et al., 2018b). For the adsorption of CO on the pristine HfSe2 monolayer, the adsorption energy is 0.159 eV, which is less than 0.8 eV and to be defined as physisorption. The amount of charge transfer QT between the monolayer and CO molecule is very weak, with a value of 0.004 e. It includes 0.019 e of the C atom and −0.0105 e of the O atom (Late et al., 2014). Similarly, the DCD shown in Figure 3C reveals that the C atom and O atom are surrounded by blue and red areas, which is consistent with the Mulliken analysis. Furthermore, the bandgap, calculated as 0.691 eV, has an increase of 0.067 eV. As a consequence, based on the analysis mentioned previously, the adsorption effect of CO on the pristine monolayer is poor.
TABLE1 | Adsorption characteristic parameters of CO and C2H4 on the pristine monolayer.
[image: T1][image: Figure 3]FIGURE 3 | Geometric and electronic structures of the adsorption system of CO and C2H4 on the intrinsic monolayer. (A–C) Adsorption system of CO and related DCD. (D–F) Adsorption system of C2H4 and related DCD.
For the adsorption sites on the pristine monolayer of C2H4, two possible sites were investigated to simulate, with C2H4 being vertical and parallel to the upper layer (Qian et al., 2020). According to the calculated adsorption energy, it is the site that in a parallel direction holds the lowest energy. The C2H4 molecule is arrested by the Se atom, with a distance of 3.39 Å between C and Se atoms, which is longer than the sum of their covalent radii (Gao et al., 2019). The charge transfer QT generated by the CO molecule is −0.015 e, including −0.378 e of C atoms and 0.363 e of H atoms, which is consistent with the DCD shown in Figure 3F. Compared with the monolayer before the adsorption, there is an increase of 0.067 eV for the bandgap. In terms of the adsorption energy, it is 0.3437 eV that reveals the property of physisorption, which is below the standard of 0.8 eV (Zhou et al., 2018a). By reason of the foregoing analysis, the adsorption capacity of the pristine monolayer for C2H4 is not very well either.
Adsorption of the CO Molecule on the Ag3-Doped HfSe2 Monolayer
With regard to the adsorption of the doped monolayer, the adsorption of CO upon the Ag3-doped monolayer was investigated first. The most stable adsorption configuration is as same as the pristine one. As is depicted in Figure 4A, there is a slight deformation in the configuration after doping, manifesting the reduction of the distance between the C atom and dopant, elongated from that of 4.055 Å in the pristine system to 3.65 Å. But the distance measured as 3.65 Å is still similarly longer than the sum of the covalent radii, representing that there is no chemical effect (Cortés-Arriagada et al., 2018). Although Ead is raised to 0.388 eV, its property is still defined as physisorption.
[image: Figure 4]FIGURE 4 | Geometric and electronic structures of the adsorption system of CO and C2H4 on the doped Ag3–HfSe2 monolayer. (A,B) Adsorption system of CO and related DCD. (C,D) Adsorption system of C2H4 and related DCD.
Figure 5B exhibits the total TDOS distribution of the adsorption system of CO, where a right shift is observed for the TDOS state of the CO adsorbed system after adsorption. By analyzing the band structure of the system after the adsorption of CO, it was found that the bandgap is 0.554 eV, which is shown in Figure 5A. Furthermore, as is shown in Table 2, there is 0.014 e transferred from the doped system to the CO molecule based on the analysis of Mulliken atomic charges (Allian et al., 2011). Combined with the Mulliken analysis, the demonstration of the DCD shown in Figure 5B is logical, in which the Ag atoms are surrounded by blue areas. In other words, the dopant Ag3 cluster plays an important role as an electron donator in the system. According to the PDOS in Figure 5C, it can be found that the Ag-4d orbital is highly hybrid with the C-2s and C-2p orbitals at −5 ∼ −4 eV, whereas the Ag-5s orbital is hybrid with the C-2p orbital at −1 ∼ −0.5 eV (Khan Musa et al., 2020). Also, after the adsorption of the CO molecule, the bandgap of the adsorbed system is raised to 0.554 eV, which has an increase of 0.015 eV.
[image: Figure 5]FIGURE 5 | (A) Band structure, (B) TDOS and (C) PDOS of CO molecules’ adsorption on the Ag3-doped HfSe2 monolayer.
TABLE2 | Adsorption characteristic parameters of CO and C2H4 on the doped monolayer.
[image: T2]As a consequence, compared with the pristine system, there is a rise in the absolute value of the change in the bandgap. The change of the electronic parameters of the monolayer after the adsorption of CO molecules could be observed. Compared to the adsorption energy, adsorption distance, and charge transfer with those of pristine mentioned before, it can be seen that the adsorption performance of CO has been improved to a certain extent but is not ideal (Zhang et al., 2017). To draw a conclusion, it is not suitable for Ag3-doped HfSe2 either as a sensor material or as an adsorbent.
Adsorption of the C2H4 Molecule on the Ag3-Doped HfSe2 Monolayer
To better investigate the property of the adsorption of the C2H4 molecule upon the doped monolayer, three possible adsorption sites and directions were considered. They are as follows, approaching the Ag3 cluster in a parallel way and in a vertical way but in two different directions, respectively. Compared with the results of the adsorption energy for different sites, it is the parallel way that holds the lowest value, which is calculated as −0.911 eV. After adsorption, it can be seen that the gas molecule is arrested by the dopant Ag3 cluster. The detailed adsorption performance may be depicted, as in Figure 4C, in which the distance between the C atom and Ag atom is measured as 2.400 Å. It confirms that the interaction exists between the C and Ag atoms, and the structure has an obvious change. From the DCD in Figure 4D, it can be observed that the C atoms are surrounded by red areas, and the H atoms are surrounded by blue areas. It means that the H and Ag atoms act as electron donators (Wang et al., 2020). As is shown in Figure 6A, the band structure reveals that the bandgap of the adsorption system is 0.674 eV, which has an increase of 0.156 eV. Compared with the band structure before the adsorption, it can be found that it becomes denser and adds more impurity tracks. It widens the impurity band of the adsorption system, makes the transfer of electrons more conducive, and presents a better adsorption effect (Wu et al., 2017). The result obtained from the TDOS in Figure 6B demonstrates that there is a slight right shift, which is coincident with the analysis of the bandgap mentioned earlier. As demonstrated in Figure 6C, the PDOS reveals that there is a hybridization between the C-2p orbital and Ag-5s and Ag-4d orbitals at −6 ∼ −2 eV. On the basis of the analysis of Mulliken atomic charges, there is 0.221 e transferred from the C2H4 molecule to the doped system.
[image: Figure 6]FIGURE 6 | (A) Band structure, (B) TDOS and (C) PDOS of C2H4 molecules’ adsorption on the Ag3-doped HfSe2 monolayer.
Moreover, according to the adsorption of the two gases, it can be concluded that the doped Ag3–HfSe2 monolayer is more selective for C2H4 gas molecules. Compared to the electronic properties of the monolayer after the adsorption of CO and C2H4, it can be seen that the latter holds lower adsorption energy, a wider bandgap, and a higher charge transfer capacity. All the properties mentioned previously contribute to its better performance of adsorption. As a consequence, from the aspect of electron property, it is the C2H4 system that holds the stronger interaction compared with the CO system. This also indicates its strong potential for applying gas sensing for detecting C2H4 gas molecules (Chen et al., 2020).
Analysis of the Frontier Molecular Orbital Theory
On the basis of the electronic mechanism, the dopant changes the electrostatic potential on the HfSe2 monolayer because of its different electron affinities. It contributes to a change in the height of the surface potential barrier or a corresponding change in the resistance value of the semiconductor. Gas molecules are trapped on the monolayer by the Ag3 cluster, and the dopant could be defined as a catalyst during the adsorption process (Asif et al., 2019b). It means the dopant can enhance the adsorption nature of gas molecules and accelerate the sensing electron exchange. Based on the frontier molecular orbital theory, the reasons that affect the conductivity change can be reacted directly (Liao et al., 2021). As is known, the resistive gas sensor demonstrates the effect of adsorption on different gas molecules by detecting the resistance change of the material (Asif et al., 2018). As is depicted in Figure 7, it shows the highest occupied orbital (HOMO) and the lowest free orbital (LOMO) before and after the adsorption of C2H4 and CO molecules on pristine and doped HfSe2. Compared with the pristine substrate material, the difference value between the LOMO and HOMO has a slight increase, which is 0.11 and 0.10 eV, respectively. Figure 7 shows the frontier molecular orbital of the doped system, in which the corresponding bandgap between the LOMO and HOMO is 0.52 eV. Moreover, the LOMO and HOMO orbitals are mainly distributed on the side of the doped sites of the Ag3 cluster. However, the distribution of the LOMO and HOMO is stretched to the C2H4 and CO molecules obviously after the interaction between Ag3–HfSe2 and adsorbed gas molecules. During the adsorption process of the doped system, there have been incremental changes to various extents, which are 0.15 and 0.03 eV for C2H4 and CO systems, respectively.
[image: Figure 7]FIGURE 7 | Frontier molecular orbital distributions of CO and C2H4 adsorption on pristine and Ag3–HfSe2 monolayers, respectively.
In accordance with the molecular orbital theory, the decrease in the bandgap means that the charge transfer of the system is harder. In other words, at a constant temperature, the wider the forbidden band, the harder it is for the electrons to be transferred from the valence band to the conduction band. As a result, from a macro point of view, it is demonstrated as an increase in the resistance but a decrease in the conductivity (Wu et al., 2022). The relation between resistivity and bandgap can be described as follows.
[image: image]
Here, [image: image] and [image: image] are the conductivity and bandgap of the sensing material, and T and [image: image] mean the Boltzmann constant and the temperature, respectively.
ANALYSIS OF RECOVERY CHARACTERISTICS AND ELECTRICAL SENSITIVITY
Last but not the least, it is the recovery properties that must be considered for the sensing materials, in which the recovery time is an important reference. Recovery time, also regarded as desorption time, refers to the desorption rate of the adsorbed gas molecules on a gas sensor. Generally speaking, the faster the recovery time, the better is the performance of the gas sensor. The desorption time is defined as formula (4-1).
[image: image]
Here, [image: image] and A represent the desorption time and apparent frequency factor 1012 s−1, and [image: image] and T mean the absolute value of the adsorption energy and different test temperatures, respectively. In this article, the test temperatures were defined as 289 K, 358 K, and 418 K, respectively, and the Boltzmann constant is 8.62 × 10−5 eV/K (Gui et al., 2020). According to the equation given previously, the desorption time of the adsorbed gas C2H4 and CO under different test temperatures is demonstrated in Table 3. It can be seen that the desorption time reduces gradually with the increase in the test temperature. In other words, to a certain degree, the higher the ambient temperature of the gas sensing elements, the faster the gas detaches from the gas sensing material. The results calculated are consistent with the previous analysis, including the physisorption of CO and the chemisorption of C2H4 on the Ag3–HfSe2 monolayer.
TABLE 3 | Desorption time (s) of the adsorbed gas under different test temperatures.
[image: Table 3]In addition to the desorption time analyzed previously, it is the electrical sensitivity (ES) that must be considered, which is defined in the following equation.
[image: image]
Here, [image: image] and [image: image] represent the electrical conductivity of the Ag3–HfSe2 monolayer before and after adsorption, respectively. The electrical conductivity could be calculated as in Eq. 4–2. The results of the electrical sensitivity are drawn in Figure 8, from which can be seen that after the doping of the Ag3 cluster, there are obvious promotions for the electrical sensitivity of two gases. In particular, for the adsorption of C2H4, the electrical sensitivity changes from 39.71 to 95.2%, revealing its good performance of adsorption (Aziz et al., 2022).
[image: Figure 8]FIGURE 8 | Electrical sensitivity of (A) CO and (B)C2H4 on pristine and doped adsorption systems. (C) Comparison of the adsorption energy of different gases.
To elucidate the anti-interference for the detection of the C2H4 molecule, the adsorption energy of different dissolved gases in oil was compared. The gases are H2, CH4, C2H6, C2H4, CO, and CO2 respectively. As is shown in Figure 8C, it can be seen that C2H4 is below the boundary at −0.8 eV, while other gases are above the boundary. In other words, only the adsorption of C2H4 is chemisorption while others are defined as physisorption. As a consequence, it can be concluded that the detection of C2H4 based on the Ag3–HfSe2 monolayer is of great anti-interference (Aziz et al., 2019).
CONCLUSION
In this article, the adsorption properties of the transformer oil decomposition gases (CO and C2H4) upon Ag3–HfSe2 are investigated theoretically on the basis of the first principle. The electronic behavior of Ag3–HfSe2 before and after the adsorption is analyzed and discussed by the band structure, DOS, DCD, and the Mulliken analysis. However, the desorption time is calculated through the adsorption energy, and the electrical sensitivity is analyzed through the bandgap and the frontier molecular orbital theory (Das and Shoji, 2011). After analyzing the adsorption behaviors and the response mechanisms of CO and C2H4, the main conclusions obtained are as follows. For the doping of the Ag3 cluster, the simulation results show that the Ag3 cluster is more inclined to be doped at the site Tse1. There are different adsorption interactions between the gases CO, C2H4, and the Ag3–HfSe2 monolayer, including the strong chemical adsorption of C2H4 and the weak physisorption of CO, respectively. In the adsorption process, C2H4 was attracted to transfer electrons to the monolayer of Ag3–HfSe2, whereas CO was just the reverse. After adsorption, the increase in the bandgap contributes to the increase in resistivity of Ag3–HfSe2, which corresponds to a decrease in conductivity. The resistivity relationship corresponding to the two adsorption systems is as follows: C2H4 > CO. After the doping of the Ag3 cluster, the electrical sensitivity has a great change for both the gases, including the change from 39.71 to 50.78% for CO and the change from 39.71 to 95.2% for C2H4, respectively. Speaking of the anti-interference of the detection for C2H4, the adsorption energy of different gases was compared. The results illustrate that the detection for C2H4 based on Ag3–HfSe2 is of great anti-interference. Our investigation highlights the high selectivity and better adsorption performance of C2H4 on the Ag3–HfSe2 monolayer. It provides guidance for expanding the application range of HfSe2 to the sensing materials and analyzes its feasibility to detect transformer oil decomposition theoretically.
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Based on the aggregation-induced luminescence of glutathione-protected non-noble metal copper nanoparticles (GSH-CuNPs), a fluorescence method for the rapid detection of bismuth (Bi3 +) was developed. The fluorescence intensity of GSH-CuNP solution is good, and the fluorescence can be quenched in the presence of Bi3 +. Based on this principle, a fluorescence mean for the admeasurement of Bi3+was built. The linear range was 0–100 mmol/L, and the detection limit was 10 mmol/L. The method is simple, rapid, and selective and can be used for the qualitative detection of Bi3 +.
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INTRODUCTION
Due to the serious impact of metal ions on the environment and human health, the detection of metal ions has been a hot research topic. (Brower et al., 1997; Aragay et al., 2011). These species come from anthropological and natural resources and are found in soil, reservoir water, and marine environments (Yoshizaki and Tomida, 2000; Gans et al., 2005; Ghaedi et al., 2009). They accumulate in plants, meat, and other foods (Gill, 1983; Oyaro et al., 2007; Sud et al., 2008). Through these different absorption channels, these ions can gather in the developing brain, destroy the secondary structure of proteins/peptides, and lead to debilitating diseases (Stohs and Bagchi, 1995; Järup, 2003; Sharma and Dietz, 2009). Specifically, the local accumulation of Zn2+ in the brain leads to the rapid induction of the amyloid structure in Alzheimer’s disease (Bush et al., 1994; Lee et al., 2004). Due to the obstinacy of heavy metal ions in the environment and the resistance to conventional filtration methods, heavy metal ion pollution has plagued most developed countries (Fu and Wang, 2011). The harmful effects of heavy metal ions have prompted extensive research on their sensitive detection (Alexander et al., 2000; Ferreira et al., 2004; Korolczuk et al., 2005; Lee et al., 2008; Li et al., 2012). Acute bismuth poisoning is mainly due to oral entry; the patient will have nausea, vomiting, salivation, tongue and throat pain, abdominal pain, diarrhea, black stool with blood, skin and mucous membrane bleeding, headache, spasm, etc. Liver and kidney damage can lead to jaundice, urine protein and tube type, and even acute liver and kidney failure. For those allergic to bismuth salt, fever, rash, acute hemolysis, and exfoliative dermatitis may occur after intramuscular injection. Long-term application of bismuth can cause multiple neuritis, stomatitis, gingival swelling, pigmentation of the oral mucosa, and a black line on the gingiva. The X-ray film of the long bone end of the patient showed a white band, which was similar to that of lead poisoning cases.
As the next generation of materials, nanomaterials have shown great application prospects in many fields, such as catalysis, photonics, environmental detection, biomedical diagnosis, and treatment (Nie et al., 2010; Chen et al., 2012; Lu and Yin, 2012; Schroeder et al., 2012). This prospect comes from the unique properties of these nanomaterials, such as their plasma and quantum confinement effects, which are largely dependent on morphology (such as shape and surface structure) (Xia et al., 2009). Fluorescent metal nanoclusters (Au, Ag, and CuNCs) have attracted much attention due to their ultra-small size, quantum confinement, high photostability, and biocompatibility (Zheng et al., 2004; Burda et al., 2005; Zhu et al., 2008; Xie et al., 2009; Bain et al., 2015; Barman et al., 2016; Jin et al., 2016; Bain et al., 2017; Chakraborty and Pradeep, 2017; Kundu and Patra, 2017; Cao et al. 2014). Water soluble CuNCs were prepared from tannic acid, and the fluorescence quenching induced by the electron transfer mechanism was used to realize the high sensitivity detection of Fe3 +. At present, the detection of metal ions by fluorescent nanoclusters is mostly based on the fluorescence quenching mechanism. Since there are many substances that inhibit fluorescence, fluorescence quenching is a common phenomenon and has a great influence on selectivity or sensitivity (Chen et al., 2016). Fluorescence AgNCs were synthesized with glutathione (GSH) as a protective agent, and S2− quenched the fluorescence of silver nanomaterials to detect S2−. In the work by Feng et al. (2015), branched polyethyleneimine (bpei)-terminated CuNCs were synthesized by using bpei as the template and ascorbic acid as the reducing agent. The results display that the luminous intensity of CuNCs reaches its maximum value at 360 and 430 nm. Even in a high-salt medium, it has great water solubility, high stability, and photostability. The results show that Fe3+can significantly quench the fluorescence of bpei CuNCs by electron transfer, while other common anions and cations have little effect on the luminous intensity of CuNCs. Based on these, an ultrasensitive and super selective Fe3+fluorescence sensor was built and applied for measure of Fe3+ in human urine and water.
In this experiment, Cu nanoparticles were prepared by an easy template method. GSH is used as the protective agent and template of CuNPs, and the synthesized high fluorescence CuNPs can detect bismuth ions. When bismuth ions were added into the system, the fluorescence of Cu nanoparticles was inhibited. Moreover, among the common inorganic metal cations and anions, only Bi3+ can trigger the significant fluorescence quenching effect of copper nanomaterials. The nanomaterial sensor has good linear range, stability, and high selectivity and has great potential in the field of metal ion sensing and detection.
MATERIALS AND METHODS
Materials
Glutathione (GSH), CuSO4, Cu (NO3)2 3H2O, ZnSO4·7H2O (Analytically Pure, Tianjin FengChuan Chemical Reagent Technology Co., Ltd.), FeCl2·4H2O (Analytical Pure, Beijing Shangle Chemical Plant), Bi(NO3)3·3H2O, NaCl, KCl (Analytical Pure, Tianjin Beilian Fine Chemicals Development Co., Ltd.), Ni (NO3)2·6H2O (Analytical Pure, Beijing 5671 Chemical Plant), NaOH (Analytically Pure, Tianjin Shengao Chemical Reagent Co., Ltd.), MnSO4·H2O (Analytical Reagent, No.4 Chemical Plant, Chaoyang District, Beijing), Cd(NO3)2 (Analytical Pure, Beijing Chemical Plant), NH4Cl (Analytical Pure, Tianjin People’s Chemical Plant), Na2SiO3·9H2O (Analytical Pure, Chemical Plant of Beijing Yizhuang Middle School), NaNO2 (Analytical Reagent, Tianjin Public Private Joint Venture Chemical Reagent Factory No.1), KI (Analytical Reagent, Baoding Chemical Reagent Factory, Hebei Province), Na2SiO3·9H2O (Analytical Pure, Chemical Plant of Beijing Yizhuang Middle School), CoCl2·6H2O (Analysys, Shanghai Public Private Joint Venture China Trade Factory), NaF (Analytical Pure, Beijing Public and Private Chemical Plant), and ultrapure water (about 18.25 m Ω).
Instruments
JEOL-2100f high resolution transmission electron microscope (equipped with xflash, Bruker, Germany), 5030t X-ray spectrometer (Japan Electronics Co., Ltd.), F-4600 fluorescence spectrophotometer (Hitachi high tech company), PHS-3c pH meter (Shanghai Yidian Scientific Instrument Co., Ltd.), d1008 series handheld centrifuge (Beijing Dalong Xingchuang Experimental Instrument Co., Ltd.), zf-7a portable UV detection lamp (Shanghai Guanghao analyzer Co., Ltd.), manual (adjustable and fixed) pipette (Beijing Dalong Xingchuang Experimental Instrument Co., Ltd.), and HJ-4A constant temperature magnetic heating agitator (Jiangsu Jintan Honghua instrument factory).
Synthesis of Copper Nanomaterials
Cu nanoparticles were prepared by blending 0.5 ml 50 × 10−3 M Cu (NO3) 2 ·3H2O with 2.5 ml of 50 × 10−3 M glutathione (GSH) and 2.0 ml of water, adjusting to pH 2.7 with 2 M NaOH, and centrifuging for 20 min to obtain GSH-CuNPs. Finally, it was stored at 4°C for subsequent experiments.
Detection of a Trivalent Bismuth Ion
The prepared GSH-CuNPs were put into a 1.5 ml centrifuge tube at 450 μ L, and then 50 μ L Bi3+ ion solutions with different levels were added. The reaction time was 15 min at room temperature. The fluorescence intensity at 471 nm was measured.
RESULTS AND DISCUSSION
Synthesis Principle of GSH-CuNPs
In this test, the synthesis method of GSH-CuNPs is shown in Figure 1. GSH-CuNPs with hyperfluorescence were prepared at room temperature with glutathione as the protective agent and reducing agent. When Bi3+ was added into the GSH-CuNP system, Bi3+ would destroy GSH-CuNPs and cause aggregation of GSH-CuNPs, resulting in fluorescence fading. Therefore, based on the trivalent bismuth ions, we can effectively inhibit the fluorescence of GSH-CuNPs so as to realize the detection of bismuth ions.
[image: Figure 1]FIGURE 1 | Sketch map of the GSH-CuNPs.
Characterization of Copper Nanomaterials
The fluorescence spectra of GSH-CuNPs are shown in Figure 2A. The emission and excitation of GSH-CuNPs are at 475 and 365 nm, respectively. As shown in Figure 2B, Cu nanoparticles have a small UV absorption spectrum, which also proves the successful synthesis of copper nanomaterials. Figure 2C exhibits the TEM image of GSH-CuNPs with small particle size and uniform distribution. Figure 2D exhibits the particle size spreading of GSH-CuNPs. The average diameter of GSH-CuNPs is about 17.0 ± 0.2 nm. These findings suggest that the synthesized GSH-CuNPs have the characteristics of great fluorescence, equality, dispersibility, and granule dimensions, indicating the successful synthesis of hyperfluorescence GSH-CuNPs.
[image: Figure 2]FIGURE 2 | (A) Fluorescence spectra of GSH-CuNPs; (B) UV–vis spectra of GSH-CuNPs; (C) TEM image of GSH-CuNPs; (D) size-distribution histogram of GSH-CuNPs.
Stability of Copper Nanomaterials
We study the stability of GSH-CuNPs under different conditions. As revealed in Figure 3A, the fluorescence magnitude of GSH-CuNPs remains unchanged when a sodium chloride solution of different concentrations is added. As exhibited in Figure 3B, when the pH value of CuNPs was adjusted, it was found that the fluorescence magnitude of CuNPs was affected by pH. When pH is 2.7, GSH-CuNPs have a higher fluorescence magnitude. As shown in Figure 3C, the fluorescence intensity of GSH-CuNPs remains unchanged with time. As we can see, compound GSH-CuNPs can be stored for about 45 days at 4°C. The aforementioned data prove that GSH-CuNPs have good storage stability and good optical stability.
[image: Figure 3]FIGURE 3 | (A) Fluorescence magnitude of GSH-CuNPs; (B) effect of pH value on GSH-CuNP fluorescence intensity; (C) GSH-CuNPs can be stored for 1 month at 4°C.
Selectivity and Sensing Properties of Copper Nanomaterials
A series of different cations (such as CO2 +, Mg2+, Cd2 +, K+, Na+, Bi3+, and Fe3+) and anions (such as I- and F-) with identical concentration (100 mmol L−1) were tested. As shown in Figures 4A, B, Bi3+ can quench GSH-CuNPs, and the other ions have little effect on GSH-CuNPs. The results show that the technique has higher selectivity for the gauging of Bi3+.
[image: Figure 4]FIGURE 4 | Fluorescence intensity of GSH-CuNPs at 475 nm under the existence of various cations (A) and anions (B).
Analysis of Sensing Properties of Copper Nanomaterials
In this trial run, a few bismuth ions with different levels were used for sensor analysis. As revealed in Figure 5A, the fluorescence of GSH-CuNPs was found by inch inhibition with the increase of bismuth ion concentration (0 mmol l−1–100 μ mol L−1). As revealed in Figure 5B, Bi3+ concentration has a good linear relationship in the range of 0 μ mol l−1–100 μ mol L−1 (R = 0.9495), and the detection limit is 10 mmol L−1.
[image: Figure 5]FIGURE 5 | (A) GSH-CuNP fluorescence spectra with different concentration of bismuth ions; (B) linear relationship between fluorescence intensity of GSH-CuNPs and concentration of Bi3+.
CONCLUSION
In view of the fluorescence inhibition mechanization, a fluorescent analysis means for the detection of Bi3+ was built by using GSH-CuNPs as the fluorescence probe and Bi3+ as the quenching agent. With the increase of Bi3+ concentration, the fluorescence of Cu nanoparticles is inhibited in diverse degrees. The results showed that the fluorescence quenching linear relationship was good in the range of 0 μ mol l−1–100 μ mol L−1 (R = 0.9495). The GSH-CuNPs can be used for selective detection of bismuth ions.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
RW: preparation and characterization of materials and writing of the manuscript. LG: detection of bismuth ions and theoretical guidance. JA: writing and revising of the manuscript.
FUNDING
This work was supported by the National Natural Science Foundation of China (Grant No. 21864020), the Natural Science Foundation of Inner Mongolia (Grant No. 2018MS02012), the Collaborative Innovation Center for Water Environmental Security of Inner Mongolia Autonomous Region, China, (Grant No. XTCX003), and the Inner Mongolia Innovation Guide Project and Research Project of Higher School, Department of Education of Inner Mongolia Autonomous Region (Grant No. NJZC16047).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Alexander, D. C., Costanzo, M. A., Guzzo, J., Cai, J., Charoensri, N., Diorio, C., et al. (2000). Blazing towards the Next Millennium: Luciferase Fusions to Identify Genes Responsive to Environmental Stress. Water Air Soil Pollut. 123, 81–94. doi:10.1007/978-94-011-4369-1_8
 Aragay, G., Pons, J., and Merkoçi, A. (2011). Recent Trends in Macro-, Micro-, and Nanomaterial-Based Tools and Strategies for Heavy-Metal Detection. Chem. Rev. 111, 3433–3458. doi:10.1021/cr100383r
 Bain, D., Paramanik, B., and Patra, A. (2017). Silver(I)-Induced Conformation Change of DNA: Gold Nanocluster as a Spectroscopic Probe. J. Phys. Chem. C 121, 4608–4617. doi:10.1021/acs.jpcc.6b10560
 Bain, D., Paramanik, B., Sadhu, S., and Patra, A. (2015). A Study into the Role of Surface Capping on Energy Transfer in Metal Cluster-Semiconductor Nanocomposites. Nanoscale 7, 20697–20708. doi:10.1039/c5nr06793f
 Barman, M. K., Paramanik, B., Bain, D., et al. (2016). Light Harvesting and White-Light Generation in a Composite of Carbon Dots and Dye-Encapsulated BSA-Protein-Capped Gold Nanoclusters. Chem. Eur. [J] 22, 11699–11705. doi:10.1103/physrevlett.93.077402
 Brower, J. B., Ryan, R. L., and Pazirandeh, M. (1997). Comparison of Ion-Exchange Resins and Biosorbents for the Removal of Heavy Metals from Plating Factory Wastewater. Environ. Sci. Technol. 31, 2910–2914. doi:10.1021/cr100383r
 Burda, C., Chen, X., Narayanan, R., and El-Sayed, M. A. (2005). Chemistry and Properties of Nanocrystals of Different Shapes. Chem. Rev. 105, 1025–1102. doi:10.1021/cr030063a
 Bush, A., Pettingell, W., Multhaup, G., d Paradis, M., Vonsattel, J., Gusella, J., et al. (1994). Rapid Induction of Alzheimer A Beta Amyloid Formation by Zinc. Science 265, 1464–1467. doi:10.1126/science.8073293
 Cao, H., Chen, Z., Zheng, H., and Huang, Y. (2014). Copper Nanoclusters as a Highly Sensitive and Selective Fluorescence Sensor for Ferric Ions in Serum and Living Cells by Imaging. Biosens. Bioelectron. 62, 189–195. doi:10.1016/j.bios.2014.06.049
 Chakraborty, I., and Pradeep, T. (2017). Atomically Precise Clusters of Noble Metals: Emerging Link between Atoms and Nanoparticles. Chem. Rev. 117, 8208–8271. doi:10.1021/acs.chemrev.6b00769
 Chen, D. J., Li, S. X., and Zheng, F. Y. (2016). Water Soluble Sulphur Quantum Dots for Selective Ag+ Sensing Based on the Ion Aggregation-Induced Photoluminescence Enhancement. Biosens. Bioelectron. 8, 632–636. doi:10.1016/j.bios.2014.06.049
 Chen, X.-J., Sanchez-Gaytan, B. L., Qian, Z., and Park, S.-J. (2012). Noble Metal Nanoparticles in DNA Detection and Delivery. WIREs Nanomed Nanobiotechnol 4, 273–290. doi:10.1002/wnan.1159
 Fan, J. A., Wu, C., Bao, K., Bao, J., Bardhan, R., Halas, N. J., et al. (2010). Self-Assembled Plasmonic Nanoparticle Clusters. Science 328, 1135–1138. doi:10.1126/science.1187949
 Feng, J., Ju, Y., Liu, J., Zhang, H., and Chen, X. (2015). Polyethyleneimine-templated Copper Nanoclusters via Ascorbic Acid Reduction Approach as Ferric Ion Sensor. Analytica Chim. Acta 854 (22), 153–160. doi:10.1016/j.aca.2014.11.024
 Ferreira, S. L. C., dos Santos, H. C., Costa, A. C. S., and de la Guardia, M. (2004). Procedures of Separation and Pre‐concentration for Molybdenum Determination Using Atomic Spectrometry-A Review. Appl. Spectrosc. Rev. 39, 457–474. doi:10.1081/asr-120037147
 Fu, F., and Wang, Q. (2011). Removal of Heavy Metal Ions from Wastewaters: A Review. J. Environ. Manage. 92, 407–418. doi:10.1016/j.jenvman.2010.11.011
 Gans, J., Wolinsky, M., and Dunbar, J. (2005). Computational Improvements Reveal Great Bacterial Diversity and High Metal Toxicity in Soil. Science 309, 1387–1390. doi:10.1126/science.1112665
 Ghaedi, M., Shokrollahi, A., Niknam, K., et al. (2009). Cloud point Extraction and Flame Atomic Absorption Spectrometric Determination of Cadmium (II), lead (II), Palladium (II) and Silver (I) in Environmental Samples. Hazard. Mater. 168, 1022–1390. doi:10.1126/science.1112665
 Gill, P. G. K. (1983). Surface Interaction Model for Tracemetal Toxicity to Fishes: Role of Complexation, pH, and Water Hardness. Environ. Sci. Technology 17, 342–347. 
 Järup, L. (2003). Hazards of Heavy Metal Contamination. Br. Med. Bull. 68, 167–182. doi:10.1093/bmb/ldg032
 Jin, R., Zeng, C., Zhou, M., and Chen, Y. (2016). Atomically Precise Colloidal Metal Nanoclusters and Nanoparticles: Fundamentals and Opportunities. Chem. Rev. 116, 10346–10413. doi:10.1021/acs.chemrev.5b00703
 Korolczuk, M., Moroziewicz, A., and Grabarczyk, M. (2005). Determination of Subnanomolar Concentrations of Cobalt by Adsorptive Stripping Voltammetry at a Bismuth Film Electrode. Anal. Bioanal. Chem. 382, 1678–1682. doi:10.1007/s00216-005-3358-2
 Kundu, S., and Patra, A. (2017). Nanoscale Strategies for Light Harvesting. Chem. Rev. 117, 712–757. doi:10.1021/acs.chemrev.6b00036
 Lee, J.-Y., Friedman, J. E., Angel, I., Kozak, A., and Koh, J.-Y. (2004). The Lipophilic Metal Chelator DP-109 Reduces Amyloid Pathology in Brains of Human β-amyloid Precursor Protein Transgenic Mice. Neurobiol. Aging 25, 1315–1321. doi:10.1016/j.neurobiolaging.2004.01.005
 Lee, J. H., Wang, Z., Liu, J., and Lu, Y. (2008). Highly Sensitive and Selective Colorimetric Sensors for Uranyl (UO22+): Development and Comparison of Labeled and Label-free DNAzyme-Gold Nanoparticle Systems. J. Am. Chem. Soc. 130, 14217–14226. doi:10.1021/ja803607z
 Li, N., Zhang, L., Chen, Y., Fang, M., Zhang, J., and Wang, H. (2012). Highly Efficient, Irreversible and Selective Ion Exchange Property of Layered Titanate Nanostructures. Adv. Funct. Mater. 22 (4), 835–841. doi:10.1002/adfm.201102272
 Lu, Z., and Yin, Y. (2012). Colloidal Nanoparticle Clusters: Functional Materials by Design. Chem. Soc. Rev. 41, 6874–6887. doi:10.1039/c2cs35197h
 Nie, Z., Petukhova, A., and Kumacheva, E. (2010). Properties and Emerging Applications of Self-Assembled Structures Made from Inorganic Nanoparticles. Nat. Nanotech 5, 15–25. doi:10.1038/nnano.2009.453
 Oyaro, N., Juddy, O., Murago, E., et al. (2007). The Contents of Pb, Cu, Zn and Cd in Meat in Nairobi, Kenya. Int. Food Agric. Environ. 5, 119–121. 
 Schroeder, A., Heller, D. A., Winslow, M. M., Dahlman, J. E., Pratt, G. W., Langer, R., et al. (2012). Treating Metastatic Cancer with Nanotechnology. Nat. Rev. Cancer 12, 39–50. doi:10.1038/nrc3180
 Sharma, S. S., and Dietz, K.-J. (2009). The Relationship between Metal Toxicity and Cellular Redox Imbalance. Trends Plant Sci. 14, 43–50. doi:10.1016/j.tplants.2008.10.007
 Stohs, S., and Bagchi, D. (1995). Oxidative Mechanisms in the Toxicity of Metal Ions. Free Radic. Biol. Med. 18, 321–336. doi:10.1016/0891-5849(94)00159-h
 Sud, D., Mahajan, G., and Kaur, M. (2008). Agricultural Waste Material as Potential Adsorbent for Sequestering Heavy Metal Ions from Aqueous Solutions - A Review. Bioresour. Technology 99, 6017–6027. doi:10.1016/j.biortech.2007.11.064
 Xia, Y., Xiong, Y., Lim, B., and Skrabalak, S. E. (2009). Shape-Controlled Synthesis of Metal Nanocrystals: Simple Chemistry Meets Complex Physics?Angew. Chem. Int. Ed. 48, 60–103. doi:10.1002/anie.200802248
 Xie, J., Zheng, Y., and Ying, J. Y. (2009). Protein-Directed Synthesis of Highly Fluorescent Gold Nanoclusters. J. Am. Chem. Soc. 131, 888–889. doi:10.1021/ja806804u
 Yoshizaki, S., and Tomida, T. (2000). Principle and Process of Heavy Metal Removal from Sewage Sludge. Environ. Sci. Technol. 34, 1572–1575. doi:10.1021/es990979s
 Zheng, J., Zhang, C., and Dickson, R. M. (2004). Highly Fluorescent, Water-Soluble, Size-Tunable Gold Quantum Dots. Phys. Rev. Lett. 93, 077402. doi:10.1103/PhysRevLett.93.077402
 Zhu, M., Aikens, C. M., Hollander, F. J., Schatz, G. C., and Jin, R. (2008). Correlating the Crystal Structure of A Thiol-Protected Au25 Cluster and Optical Properties. J. Am. Chem. Soc. 130, 5883–5885. doi:10.1021/ja801173r
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Wu, Ai and Ga. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 31 May 2022
doi: 10.3389/fchem.2022.920468


[image: image2]
Derivative Matrix-Isopotential Synchronous Spectrofluorimetry and Hantzsch Reaction: A Direct Route to Simultaneous Determination of Urinary δ-Aminolevulinic Acid and Porphobilinogen
Muhammad Ajmal, Jia-Wen Wei, Yan Zhao, Yi-Hong Liu, Ping-Ping Wu and Yao-Qun Li*
Department of Chemistry and the MOE Key Laboratory of Spectrochemical Analysis and Instrumentation, College of Chemistry and Chemical Engineering, Xiamen University, Xiamen, China
Edited by:
Muhammad Asif, Wuhan Institute of Technology, China
Reviewed by:
Muhammad Wajid Ullah, Jiangsu University, China
Dilshad Hussain, University of Karachi, Pakistan
* Correspondence: Yao-Qun Li, yaoqunli@xmu.edu.cn
Specialty section: This article was submitted to Analytical Chemistry, a section of the journal Frontiers in Chemistry
Received: 14 April 2022
Accepted: 13 May 2022
Published: 31 May 2022
Citation: Ajmal M, Wei J-W, Zhao Y, Liu Y-H, Wu P-P and Li Y-Q (2022) Derivative Matrix-Isopotential Synchronous Spectrofluorimetry and Hantzsch Reaction: A Direct Route to Simultaneous Determination of Urinary δ-Aminolevulinic Acid and Porphobilinogen. Front. Chem. 10:920468. doi: 10.3389/fchem.2022.920468

Early and sensitive detection of δ-aminolevulinic acid (δ-ALA) and porphobilinogen (PBG) is the cornerstone of diagnosis and effective treatment for acute porphyria. However, at present, the quantifying strategies demand multiple solvent extraction steps or chromatographic approaches to separate δ-ALA and PBG prior to quantification. These methods are both time-consuming and laborious. Otherwise, in conventional spectrofluorimetry, the overlapping spectra of the two analytes cause false diagnosis. To overcome this challenge, we present a two-step approach based on derivative matrix-isopotential synchronous fluorescence spectrometry (DMISFS) and the Hantzsch reaction, realizing the simple and simultaneous detection of δ-ALA and PBG in urine samples. The first step is chemical derivatization of the analytes by Hantzsch reaction. The second step is the determination of the target analytes by combining MISFS and the first derivative technique. The proposed approach accomplishes following advantages: 1) The MISFS technique improves the spectral resolution and resolves severe spectral overlap of the analytes, alleviating tedious and complicated pre-separation processes; 2) First derivative technique removes the background interference of δ-ALA on PBG and vice versa, ensuring high sensitivity; 3) Both the analytes can be determined simultaneously via single scanning, enabling rapid detection. The obtained detection limits for δ-ALA and PBG were 0.04 μmol L−1 and 0.3 μmol L−1, respectively. Within-run precisions (intra and inter-day CVs) for both the analytes were <5%. Further, this study would serve to enhance the availability of early and reliable quantitative diagnosis for acute porphyria in both scientific and clinical laboratories.
Keywords: matrix-isopotential synchronous fluorescence spectrometry, δ-aminolevulinic acid, porphobilinogen, simultaneous detection, derivative technique
INTRODUCTION
Porphyrins play a pivotal role in chlorophyll, hemoglobin, and certain enzymes (Killiny et al., 2020). For human bodies, their synthetic sequence leads to the production of haem. However, any abnormality in the haem biosynthetic pathway can give rise to a class of genetic disorders, known as the porphyrias (Ajmal et al., 2019; Fujiwara et al., 2020; Jaramillo-Calle et al., 2021). The porphyrias are broadly categorized as either acute or non-acute. Amongst acute intermittent porphyria (AIP), hereditary coproporphyria (HP) and variegate porphyria (VP), AIP is the most common type of acute porphyria. It is caused by reduced activity of porphobilinogen deaminase (PBGD), which is the third enzyme in the haem pathway (Bechara et al., 2021). The disease (AIP) is characterized by deadly episodes of neurovisceral attacks featured by hypertension, autonomic dysfunction, and abdominal pain (Lin et al., 2011). As δ-aminolevulinic acid (δ-ALA) and porphobilinogen (PBG) are the well documented precursors for the biosynthetic pathway of haem, disorders of their urinary concentrations bear remarkable diagnostic and therapeutic significance for acute porphyria. However, unlike AIP, HP, and VP, where the urinary concentrations for both δ-ALA and PBG are raised, elevated concentration of δ-ALA alone without raising PBG marks the presence of diseases like ALA-D deficiency porphyria (ADP), hereditary tyrosinaemia type I, and lead toxicity (van’t Klooster et al., 2017). Although PBG concentration in urine is recommended as the first identification test for an acute attack (Herrick and McColl, 2005), yet simultaneous detection of δ-ALA and PBG is essential for the differential screening of the aforementioned conditions.
The classical method for the qualitative determination of urinary PBG constitutes the colorimetric analysis after reaction with Ehrlich’s reagent (p-dimethylaminobenzaldehyde, DMAB) in acid solution forming a red compound. In this process, equal amounts of urine and Ehrlich’s reagent are mixed and PBG is obtained in the aqueous phase (Watson and schwartz, 1941). This method was later revised and simplified by Hoesch (Lamon and Redeker, 1974). However, these methods lack adequate selectivity and sensitivity for quantitative measurements, as the interfering compounds are extracted from the urinary sample before initiating the reaction. As the most prevalent alternative, Mauzerall and Granick’s method allows the quantification of both δ-ALA and PBG with the help of multiple sample extraction steps. In this method, urinary samples are purified by using different cation and anion-exchange columns before derivatization with Ehrlich’s reagent and precise spectrophotometric determination at 553 nm (Mauzerall and Granick, 1956). Driven by these methods, a plethora of assays (Zhang et al., 2011; Benton et al., 2012; Carichon et al., 2014) have been introduced to achieve simple and speedy quantification of δ-ALA and PBG. Despite their huge contribution towards the detection, the existing screening methods still meet the challenge to separately determine δ-ALA and PBG in complex environments with interference from plentiful coexisting compounds reacting with Ehrlich’s reagent (Marver et al., 1966; Pierach et al., 1977). Therefore, complicated and lengthy purification processes to reduce background interference from coexisting components become unavoidable, which deprives most hospitals of rapid detection for acute porphyria in patients with neuropathic abdominal issues. This delay usually results in awfully misdirected treatment (Bissell, 2015). Clearly, a simple, rapid and reliable method for direct and simultaneous determination of δ-ALA and PBG is of important significance.
Chemical derivatization is widely used to enhance the detection sensitivity and retain δ-ALA and/or PBG on columns in chromatography-based approaches (Hijaz and Killiny, 2016). Modified Hantzsch reaction is reckoned as one of the most frequently employed derivatization agent for δ-ALA, as it entails the detection based on fluorescence (Tomokuni et al., 1992; Oishi et al., 1996; Donnelly et al., 2006; Kanto et al., 2013). Fluorescence spectrometry has been a powerful tool for the identification, monitoring, and quantification of various analytes in a broad range of environments, on account of high selectivity and sensitivity (Ou-Yang et al., 2018; Tsumura et al., 2018; Cheng et al., 2019; Zhai et al., 2020; Ding et al., 2022; Remolina et al., 2022; Wang et al., 2022). Despite the extensive use, the considerable background fluorescence and the spectral overlap contributed by the interfering components are liable to pose a formidable diagnostic challenge for conventional fluorescence spectrometry in case of complex multi-component analysis. The technological advancement of synchronous fluorescence spectrometry (SFS) in biological applications shows great promise in solving this problem by taking advantage of spectral simplification, band narrowing, and minimized scattering interference (Lecrenier et al., 2018; Elmas et al., 2019; Kumar, 2019; Ouyang et al., 2019; Zhao et al., 2020). SFS exploits simultaneous scanning for excitation and emission wavelengths. With the passage of time, SFS has been transformed into a number of branches, including conventional constant-wavelength SFS (defined with constant Δλ), constant-energy SFS, variable angle SFS, and matrix-isopotential SFS. Constant-energy SFS deals with maintaining a constant energy difference of the excitation and emission photons (Li et al., 2010). In variable-angle SFS, the excitation and emission wavelengths are varied simultaneously but at different rates (Samokhvalov, 2020).
Matrix-isopotential synchronous fluorescence spectrometry (MISFS), a branch of SFS, specializes in eliminating the unknown fluorescence matrix background and determining the individual compounds in complex matrices simultaneously (Pulgarín and Molina, 1994). This technique proceeds by establishing a cut in the combined fluorescence spectrum for maintaining a constant matrix background. Subsequently, the cut is accompanied by the matrix-isopotential trajectory, which joins together the points of equal fluorescence intensity. Most importantly, as the selected trajectory passes all through the emission and excitation wavelength maxima of the target components in the matrix, the sensitivity is increased markedly (Li et al., 2010). Derivative spectrofluorimetry serves as an analytical tool which can transform the normal spectrum of a spectral curve into a derivative spectrum. Finally, MISFS in combination with the first derivative technique emerges as an ideal platform for multi-component detections by minimizing the unknown and unspecific background fluorescence from urine, and by resolving the spectra of adjacently overlapping mixtures, without resorting to pre-analytical purification processes (Pulgarín et al., 2014).
Capitalizing on our previous knowledge regarding the porphyrins and the porphyria (Huang et al., 2010; Shindi et al., 2010; Liu et al., 2012; Ajmal et al., 2019), we combine derivative matrix-isopotential synchronous fluorescence spectrometry (DMISFS) and the Hantzsch reaction to eliminate the long-standing problems of interference and laborious pre-analytical purifications for the simple, speedy and simultaneous determination of δ-ALA and PBG in the urine. While it is common to use the Hantzsch reaction for the fluorescent detection of δ-ALA, to our knowledge, there exists no precedent for either the detection of PBG alone or simultaneously with δ-ALA involving Hantzsch reaction or DMISFS. Thus, our work is envisioned to serve as a novel diagnostic tool for patients with severe abdominal pain in both clinical and scientific applications. This work also displays great promise as potential alternative to the present day kits for quantitative detection of δ-ALA/PBG.
EXPERIMENTAL
Materials and Reagents
δ-ALA hydrochloride, acetylacetone reagent, and Formaldehyde (37%, V/V in water) were provided by Aladdin-Reagent (Shanghai, China). Porphobilinogen was purchased from Sigma-Aldrich (St. Louis, MO, United States). Methanol HPLC grade, glacial acetic acid, and hydrochloric acid were supplied by J&K (China). The aqueous solutions were prepared by purified water. The ultrapure water was obtained from a Millipore Milli-Q water purifying system (Millipore, Bedford, MA, United States), with a specific resistance of 18.2 MΩ cm.
Stock solutions for δ-ALA and PBG were prepared as 3 and 1 mM, respectively, in amber-colored volumetric flasks and were preserved in the refrigerator until use. Samples for both the analytes were prepared following a procedure reported previously (Ajmal et al., 2019). Calibration plots were obtained by spiking different solutions with concentrations as 0–5 µM for δ-ALA and 0–15 µM for PBG. Acetylacetone reagent was formulated by mixing acetylacetone, ethanol, and water in a ratio of 15:10:75, respectively. Formaldehyde solution was prepared by 3.7–fold dilution of commercially available formaldehyde solution and was stored in darkness (Oishi et al., 1996).
Urine Samples
Urine specimens from apparently healthy individuals were collected, anonymized, stored in dark containers, and refrigerated at −20°C. The obtained samples were generally analyzed within an hour from their collection time. This research was carried out according to the regulations and guidelines of the National Ethics Committee for the Biomedical Research in China. All experiments complied with the institutional guidelines and relevant laws approved by the Medical Ethics Committee of Xiamen University. Informed consent was obtained from the volunteers participating in this study.
Fluorescence Study
All the fluorimetric experiments were conducted on a laboratory-assembled MYF spectrofluorometer (Huang et al., 2010; Liu et al., 2016; Ajmal et al., 2019). The instrument was equipped with 150-W xenon lamp as the excitation source. For the two monochromators, the slits were fixed at 5 nm band passes. To control the monochromators and obtain the excitation and emission spectra, a software package framed in Turbo C 2.0 was used. This software permits the export of the obtained fluorescence data into the format of ASCII file. ASCII file is employed in the FTOTAL program, which is written on Visual BASIC (Pulgarín and Molina, 1993). This program favors the representation of three-dimensional (3D) spectra of the individual compounds from their corresponding excitation and emission spectra. These 3D spectra can also be displayed as a contour map or an isometric projection. For recording the MISF spectrum, FTOTAL achieves the intensity values for the excitation wavelengths by applying the specific function which combines points of identical intensity on the matrix comprehensive fluorescence spectrum (Wu et al., 1999). This combination of equal intensity points is called the isopotential scanning trajectory. The first derivative spectra were then acquired directly via electronic differential device equipped with the spectrofluorometer without a phase converter. A quartz cuvette with a path length of 1.0 × 1.0 cm was utilized for all the fluorescence measurements.
RESULTS AND DISCUSSION
Conventional Fluorescence Spectra
We commenced our study by obtaining conventional fluorescence spectra for δ-ALA and PBG. Figure 1 exhibits the location of the excitation maxima of δ-ALA and PBG at 394.4 and 399.7 nm, respectively. And the corresponding emission maxima of δ-ALA and PBG at 467.3 and 481.6 nm, respectively. However, in this case, fluorescence bands of δ-ALA and PBG were closely overlapped on account of their almost identical molecular structures, indicating the fact that the presence of one component would overwhelmingly influence the other and hence their simultaneous quantitative detection using the conventional fluorescence spectrometry might well be difficult without resorting to the tedious and lengthy pre-separation processes.
[image: Figure 1]FIGURE 1 | Excitation and emission spectra of δ-ALA (2.5 μmol L−1, red solid lines, λex = 394.4 nm; λem = 467.3 nm) and PBG (6.5 μmol L−1, green solid lines, λex = 399.7 nm; λem = 481.6 nm).
Total Fluorescence Spectra
Theoretical three-dimensional (3D) spectra for both δ-ALA and PBG were obtained for selecting suitable scanning path of MISF. 3D spectra not only provide wide scope and comprehensive structural information, but can also furnish spectral features invisible in the conventional fluorescence spectra. These spectra were extracted from pair of emission and excitation spectra of both δ-ALA and PBG by using a home-made program (FTOTAL) and projected as the isometric presentation, where the emission spectra were plotted at corresponding increments of the excitation wavelengths. Subsequently, 3D spectra were efficiently transformed into two-dimensional contour plots by connecting the points of identical fluorescence intensity of the emission and excitation wavelengths. As shown in Figure 2, the superposition of the contour plots of δ-ALA and PBG leads to the overlapping in the maximum intensity regions of the analytes. This serious overlap disabled the individual detections owing to the spectral interference from the background signal.
[image: Figure 2]FIGURE 2 | Contour maps of δ-ALA [(A), 2.5 μmol L−1, red solid line], PBG [(B), 6.5 μmol L−1, green solid line], point of contact (C) and the selected isopotential scanning route [(D), black solid line].
Optimum Scanning Route Selection
The careful evaluation of the 2D contour plots of δ-ALA and PBG favored the selection of an optimum matrix-isopotential scanning trajectory by making a cut in the total fluorescence spectra of the two analytes. The selection of this trajectory was critically significant in establishing the suitable DMISFS method for the rapid and simultaneous detection of δ-ALA and PBG, since it could offer the DMISF spectra with the maximum fluorescence and minimum interference. In the selected trajectory, from left to right, the first section (S1) was a part of PBG contour lines, while the second section (S2) belonged to δ-ALA contour lines. Section1 (PBG) of the isopotential trajectory was chosen to pass through the highest possible wavelengths of δ-ALA: ex = 391 nm, em = 465.4 nm. Similarly, section 2 (δ-ALA), was selected to go through the highest possible wavelengths of PBG: ex = 403.6 nm, em = 484.3 nm. Later, these sections were combined at the crossing point, highlighted by the “C” sign to establish a complete scanning path as a matrix isopotential synchronous fluorescence (MISF) scanning route for the simultaneous detection of δ-ALA and PBG (Figure 2). The trajectory was highlighted by the sign “D”. This isopotential scanning route was used for both MISF and DMISF based detections. When this selected path was used for acquiring luminescence spectra of δ-ALA and PBG in the presence of urinary fluorescent matrix, the same spectrum was obtained for the targets as in complete isolation, thereby, maintaining high sensitivity.
Figure 3 shows MISF spectra for δ-ALA and PBG. For appropriate presentation and quantitative determinations, the MISF spectra were outlined with the determination series plotted as the x-axis, while the MISF intensity set as the y-axis. Moreover, the determination series demonstrate the coordinate orders of all the positions (ex, em) employed for the selection of the isopotential scanning path, beginning from the extreme left up to the extreme right.
[image: Figure 3]FIGURE 3 | MISF spectra of δ-ALA (2.5 μmol L−1, red solid line) and PBG (6.5 μmol L−1, green solid line).
Although the spectral bands of δ-ALA and PBG were satisfactorily resolved, their quantitative measurement using MISFS technique alone might still not be precise owing to the background interference of one component on the other. First-derivative technique has been an effective tool of background elimination and spectrum enhancement, which can improve resolution ability of fine spectral structures and identify subtle spectral changes. Considering the fact that the scanning path was selected isopotentially, this issue was resolved by using the first-derivative technique in which the baseline involvement of both analytes in the normal MISF spectrum offered no interference in the first-derivative MISF spectrum. Coupling MISF technique with the first-derivative, it was possible to resolve the interference caused by the spectral overlap and determine both δ-ALA and PBG separately with high sensitivity and selectivity (Figure 4). Figure 4 displays the elimination of PBG signal in the first section while retaining the net-derivative signal of δ-ALA, and vice versa for the second section. DMISF spectra of δ-ALA and PBG were scanned by the selected scanning path. The measurements corresponding to the peak maxima in the DMISF spectra of δ-ALA and PBG, highlighted as “A and B” on Figure 4, were applied for setting up their calibration plots.
[image: Figure 4]FIGURE 4 | DMISF spectra of δ-ALA (2.5 μmol L−1, red solid line), PBG (6.5 μmol L−1, green solid line), and their mixture, black dotted line. (A,B) refer to the detection points of δ-ALA and PBG respectively.
Calibration plots for both δ-ALA and PBG were constructed by diluting appropriate aliquots of each analyte to verify their mutual independence at the selected detection points. The independence of δ-ALA detection point was displayed by obtaining DMISF spectra in mixtures having 0–5 μmol L−1 δ-ALA while the PBG concentration was fixed as 8 μmol L−1. Likewise, the independence of PBG detection point was exhibited by conducting the DMISF spectra in mixtures with 0–15 μmol L−1 PBG while δ-ALA concentration was fixed, as 1.5 μmol L−1 (Figures 5, 6). As portrayed by Figures 5, 6, the DMISF spectra for δ-ALA and PBG at their respective detection points were mutually independent and well resolved, thereby, could well be quantified simultaneously in just a single scan within 90s. Moreover, the calibration plots were prepared by employing the linear regression method. The relationship between the analyte concentration and the DMISF signal at their respective detection points was linear up to the concentrations of 5 and 15 μmol L−1 for δ-ALA and PBG, respectively. The achieved correlation coefficient, 0.998 for both the analytes separately and individually, indicated good linearity.
[image: Figure 5]FIGURE 5 | DMISF spectra of 8 μmol L−1 PBG with increasing amount of δ-ALA 0–5 μmol L−1.
[image: Figure 6]FIGURE 6 | DMISF spectra of 1.5 μmol L−1 δ-ALA with increasing amount of PBG 0–15 μmol L−1.
Limits of Detection and Quantification
In compliance with IUPAC definition, the limits of detection were estimated as 0.04 and 0.31 μmol L−1 for δ-ALA and PBG respectively. The results were obtained with the equation CLOD = 3Sb/m, where Sb symbolizes the standard deviation of the blank measurements (n = 16) and m refers to the slope of the calibration curve for the corresponding analyte. For the limits of quantification, the equation 10Sb/m, was used. The limits of quantification was found as 0.15 μmol L−1 for δ-ALA and 1.04 μmol L−1 for PBG. The detection limits achieved by the proposed method are satisfactory for the routine analysis of δ-ALA and PBG in urine samples.
Application of the Method to Spiked Urine Samples
In order to investigate the potentiality of the proposed method towards the quantitative determination of δ-ALA and PBG, the DMISF spectra for a number of urine samples spiked with the target analytes with contrasting ratios were obtained at the isopotential scanning path. Previously constructed calibration plots were used for obtaining the concentrations of both components. The findings of these assays indicate the applicability of the present method for the precise quantification of δ-ALA and PBG in their mixtures (Table 1, Supplementary Figures S1A–E, ESI).
TABLE 1 | Urine samples spiked with δ-ALA and PBG and obtained concentrations.
[image: Table 1]Precision of the Method
The within-run precision for the present method was demonstrated by repeatedly analyzing δ-ALA and PBG in a randomly obtained urine sample, from an apparently healthy subject. To be precise, the random urinary sample was analyzed for intra-day CVs (ten times a day) and inter-day CVs (six times during 6 days). The used sample was stored at −20°C. The between-run precision for intra-day CVs turned out be 3.0 and 3.1% for δ-ALA and PBG, respectively (Supplementary Figure S2A, ESI). However for inter-day, the CVs were 4.3 and 4.0% for δ-ALA and PBG, respectively (Supplementary Figure S2B, ESI).
CONCLUSION
Based on the combination of Hantzsch reaction, MISFS and the first-derivative technique, a direct and straightforward strategy was proposed aiming at the simultaneous quantification of δ-ALA and PBG in urinary samples for early diagnosis and treatment of acute porphyria. Compared with the previously reported methods, DMISFS effectively removed the spectral overlap and minimized the influence of unknown background fluorescence, making a seminal contribution as a highly sensitive technique which demanded no pre-analytical purification processes, no complicated operations and could rapidly quantify both the analytes in a single scanning within 90 s. Moreover, the present method offered improved recovery, selectivity, and limits of detections. The present method was also examined for the detection of δ-ALA and PBG in urine samples without any significant interference. This work stands out as a successful effort to not only furnish a reliable alternative for the laboratory-based diagnosis of δ-ALA and PBG but also for the commercially available screening kits with a number of added advantages. The present method is also believed to strengthen the international strives against the acute porphyria by providing prompt analysis of δ-ALA and PBG.
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We aimed to synthesize sensitive electrochemical sensors for hydrogen peroxide sensing by using zinc oxide nanorods grown on a fluorine-doped tin oxide electrode by using the facial hydrothermal method. It was essential to keep the surface morphology of the material (nanorods structure); due to its large surface area, the concerned material has enhanced detection ability toward the analyte. The work presents a non-enzymatic H2O2 sensor using vertically grown zinc oxide nanorods on the electrode (FTO) surfaces with Cu nanoparticles deposited on zinc oxide nanorods to enhance the activity. Scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), energy-dispersive X-Ray (EDX), X-ray diffraction (XRD), and electrochemical methods were used to characterize copper–zinc oxide nanorods. In addition to the high surface area, the hexagonal Cu-ZnO nanorods exhibited enhanced electrochemical features of H2O2 oxidation. Nanorods made from Cu-ZnO exhibit highly efficient sensitivity of 3415 μAmM−1cm−2 low detection limits (LODs) of 0.16 μM and extremely wide linear ranges (0.001–11 mM). In addition, copper-zinc oxide nanorods demonstrated decent reproducibility, repeatability, stability, and selectivity after being used for H2O2 sensing in water samples with an RSD value of 3.83%. Cu nanoparticles decorated on ZnO nanorods demonstrate excellent potential for the detection of hydrogen peroxide, providing a new way to prepare hydrogen peroxide detecting devices.
Keywords: hydrothermal method, Cu-ZnO nanorods, electrochemical sensor, H2O2 detection, sensing
INTRODUCTION
Hydrogen peroxide (H2O2), a reactive oxygen species (ROS) formed by biological processes, is an important biomolecule found in environmental and biological systems and has been used in a wide range of fields such as green energy (fuel cells), medicine (Asif et al., 2022a), food industry, and environmental protection (Chen et al., 2018). In contrast, several studies have indicated that excessive concentrations of H2O2 adversely affect the body’s normal physiological functions and can cause several diseases in a living organism, such as cardiovascular disease, Alzheimer’s, Parkinson’s, tumors, and cancer (Arsalan et al., 2020; Wu et al., 2020). It is, therefore, vital for both industrial and academic purposes to be able to quickly, easily, and reliably carry out determination of H2O2 (Arsalan et al., 2021a). The detection of H2O2 has been accomplished by a number of analytical techniques, including titrometers, spectrophotometers, fluorescence, phosphorescence, chromatographies, and electrochemical techniques (Li et al., 2016; Waqas et al., 2022). The electrochemical technique is a superior alternative to the other methods because of its inherent sensitivity, wide detection range, rapid response, low cost, and good selectivity (Lin et al., 2010; Aziz et al., 2022a). Materials with metal-oxide properties have proven to be effective in the field of electrochemical sensing (Arsalan et al., 2019; Sooppy Nisar et al., 2019; Awais et al., 2021a; Arsalan et al., 2021b). There are many metal oxides with good performance in the biosensor and chemical sensor fields, including tin oxide, tungsten oxide, copper oxide, titanium dioxide, magnesium oxide, cuprous oxide, and zinc oxide (ZnO) (Khan et al., 2019; Awais et al., 2021b; Awais et al., 2021c; Khan et al., 2022). ZnO is an excellent candidate for applications in such environments due to its good catalytic efficiency, biocompatibility, chemical stability, and nontoxicity. In the past few years, ZnO nanostructures have been used in biosensors to detect urate, glucose, and phenolic compounds.
Electrochemical hydrogen peroxide sensors can be split into two classes based on the electrocatalyst utilized as sensor electrodes. The first group uses non-enzymatic electrocatalysts, while the second group uses enzymes, such as GDH and GOx (Zhang et al., 2012). Enzyme-based hydrogen peroxide sensors were first created by Leland C. Clark, also known as the “Father of Biosensors” (Drmosh et al., 2019). Enzyme-based sensors for hydrogen peroxide exhibit high sensitivity, selectivity, and a low detection limit. The operating temperature, relative humidity, and pH value, on the other hand, have a significant impact on the stability of enzyme-based hydrogen peroxide sensors (Asif et al., 2017). Furthermore, these sensors have a higher fabrication cost than non-enzyme–based hydrogen peroxide sensors. Due to the aforementioned limitations associated with enzyme-based hydrogen peroxide sensors, many attempts have been undertaken to produce non-enzymatic hydrogen peroxide sensors. As with enzyme-based sensors, the mechanism of sensing hydrogen peroxide non-enzymatically is entirely different from that of enzyme-based sensors, where electrocatalysts must fulfill several important criteria, including high electrocatalytic activity, large specific surfaces, strong conductivity, efficient electron transport from electrocatalysts to conductive substrates, stability, and repeatability (Khan et al., 2018; Aziz et al., 2022b). The noble metals (Au, Pd, and Pt) and their composites have been investigated as hydrogen peroxide sensor materials (Zhou et al., 2016; Jiao et al., 2017). Although noble metals are useful as hydrogen peroxide sensors, their high cost limits their practical application (Iftikhar et al., 2021). Many metal oxides have been investigated for their potential in fabrication and hydrogen peroxide sensor applications, including Co3O4, SnO2, Ag2O, Fe2O3, MnO2, NiOx, Cu2O, CoOx, and CuOx (Palanisamy et al., 2012; Xie et al., 2013; Bhati et al., 2018; Wang et al., 2018). Due to its abundance in nature, low fabrication costs, and favorable electrochemical and catalytic properties, ZnO is considered the best metal oxide for hydrogen peroxide sensors. Zinc oxide has been intensively explored due to its intriguing features, in addition to electrochemical sensors, photoelectric devices, gas sensors, and lithium-ion batteries (Ding et al., 2018). As a result of the superior catalytic properties of zinc oxide nanostructures compared to those of other metal oxide nanostructures, manufacture of low-cost hydrogen peroxide sensors based on ZnO nanostructures grown on conducting copper foil is possible (Asif et al., 2022b). Nanocombs, nanorods, nanotubes, and nanodisks, among all zinc oxide nanostructures, have more adsorption sites and a more significant surface area than nanoparticles and nanolayers. Recent research has focused on improving the electron transfer rate of ZnO nanostructures and the analyte sensing capability of the catalyst. Modifying ZnO nanostructures with Pt, Co, Ni, etc., nanoparticles increases their catalysis efficiency (Shen et al., 2020). In the preparation of active materials for sensors, several tedious steps must be completed, mostly by synthesizing nanomaterials individually and coating them on electrode surfaces. The reduction of active sites of the manufactured nanocomposite, spin coating, or drop-casting of the material on electrodes diminish electrocatalytic activity, resulting in low reproducibility and stability of the prepared electrode. As a result, high-performance nanostructures must be prepared by growing directly on the concerned electrode. This strategy will enhance the speed of electron transfer.
Thus, we present a facile chemical method of obtaining Cu-doped ZnO nanorods by modifying the electrode surface. The electrode was constructed and electrochemically analyzed in detail to obtain a large specific surface area, good electrical conductivity, and self-support structure to allow catalytic activities. As a result of this current investigation, the electrochemical sensor prepared expresses high electro-analytical performance and can be used as a sensing material for the next generation of sensors.
Using hydrothermal methods, we grew ZnO nanorods directly on FTO electrodes at low temperatures to identify an easy and feasible way of connecting nanoparticles to electrodes. In order to boost hydrogen peroxide sensing electrochemical activity, we prepared ZnO nanorods/FTO surfaces and deposited Cu nanoparticles on them (with larger surface areas and more active sites). Electrochemical activity for hydrogen peroxide sensing was increased as a result of the electron transfer. The morphological characterization of the copper–zinc oxide nanorods confirms that the Cu nanoparticles are attached to the zinc oxide nanorods in a uniform manner. With excellent stability, selectivity, repeatability, and reproducibility, Cu–ZnO nanorods exhibited excellent electrochemical results for hydrogen peroxide sensing. In addition, the modified electrochemical sensor yielded superior results for hydrogen peroxide detection in tap water and industrial water samples.
EXPERIMENTAL RESULTS
Chemicals
Zinc acetate dihydrate (C4H6O4Zn.2H2O, 99%), zinc nitrate hexahydrate [Zn (NO3)2.6H2O, 98%], copper nitrate [Cu (NO3)2], hexamethylenetetramine (C6H12N4, 99%), ethanol (98%), hydrogen peroxide (H2O2), fluorine doped Tin-oxide (FTO), acetone (98%), alanine (Ala), dopamine (DA), citric acid (CA), penicillamine (Pen), glycine (Gly), ascorbic acid (AA), uric acid (UA), valine (Val), phenylalanine (Phe), and fructose, all analytical grade reagents, were purchased from Aladdin. The reagents were used in the analysis without any further purification. For the preparation of all solutions, deionized distilled water (18 MΩ cm) was used. The 0.1 mol/L PBS (pH = 7.0) electrolyte was used in all the experiments.
Apparatus
Special instruments are used for morphological and chemical characterization. Scanning electron microscopy (SEM) measurements were taken with the JEOL, Japan (JSM-6390) and PHI-500 and Ulvac-Phi were used to perform X-ray photoelectron spectroscopy (XPS) (Japan). X-ray diffraction (XRD) measurements were taken with the D/MAX-3C (Japan), DPV (differential pulse voltammetry), EIS (electrochemical impedance spectroscopy), and CV (cyclic voltammetry), measurements were taken with the electrochemical work station (Gamry Reference 3000, Japan). As a working electrode, fluorine-doped tin-oxide (electrode area = 0.50 cm2 (active area = 0.30 cm2) was used. Pt wire was used as a counter electrode, and for the reference electrode, Ag/AgCl was used in the conventional three-electrode system.
Modification of the Sensor
For the preparation of the sensor, FTO electrodes (geometric area = 0.50 cm2) were cleaned three times with an acetone-ethanol solution and then dried. Following the cleaning of the electrode surface, an insulating layer was placed, with only 0.30 cm2 of the electrode surface remaining uninsulated for modification and electrocatalytic activities. The working area can be adjusted using this insulating layer, as stated in the literature (Baruah et al., 2021). The ultra-thin layer of zinc oxide seeds (45–55 nm) on the electrode surface was deposited using an optimal procedure that included soaking the electrode (FTO) surface with zinc acetate dihydrate (0.005 M) solution, washing it with methanol, and drying it with Ar gas. The process is performed four to six times for preparing uniform seed growth on the electrode surface. The zinc acetate substance put on the electrode was then heated for 15 min at 300 (°C) degrees Celsius. The method is repeated two more times to ensure that the ZnO seeds are deposited in a uniform layer on the electrode surface. Hydrothermal ZnO nanorod development was achieved after uniformly coating ZnO seeds. The electrode was suspended inversely in a glass dish with a standard mixture of a fixed concentration of hexamethylenetetramine (0.06 M) and zinc nitrate dihydrate (0.04 M) at a fixed 90°C temperature for 2.5 h. When the reaction was finished, the zinc oxide nanorods generated on the specific electrode were cleaned to eradicate any impurities. The Cu nanoparticles were deposited on the ZnO nanorods grown in a prepared solution of 15 ml deionized distilled water, 0.5 ml methanol (as a reducing agent), and 0.03 g/ml of [Cu(NO3)2]. The mixture was transferred to an autoclave after 30 min outside and kept at 120°C for 80 min. The electrode was thoroughly cleaned with distilled water and absolute ethanol after the reaction was completed and allowed to cool to room temperature.
Scheme 1 depicted the preparation and manufacturing of Cu–ZnO nanorods. We demonstrate the production and modification of an effective hydrogen peroxide sensor by hydrothermally growing zinc oxide nanorods directly on the concerned FTO electrode. The excellent hydrogen peroxide sensing results were obtained by depositing Cu nanoparticles on zinc oxide nanorods with enhanced surface area.
[image: Scheme 1]SCHEME 1 | Synthesis and manufacturing of zinc oxide nanorods on the electrode surface, followed by the deposition of Cu nanoparticles for hydrogen peroxide detection, are depicted schematically.
RESULTS AND DISCUSSION
Physical and Chemical Characterization
EIS, EDS, XPS, XRD, and SEM were used to characterize the morphology of the prepared and modified electrodes. Figure 1 depicts the zinc oxide nanostructure or morphology before and after the deposition of Cu nanoparticles. The XRD spectral analysis of manufactured zinc oxide nanorods before and after the synthesis of Cu nanoparticles is shown in Figure 1. The various peaks of zinc oxide nanorods indicated the hexagonal form of the nanorods. The Cu-ZnO nanorod spectra were also expressed after the modification with Cu nanoparticles, displaying all of the diffraction peaks and extra peaks of corresponding Cu nanoparticles. The hexagonal form of the prepared material was demonstrated by corresponding peaks at (100°), (101°), (102°), (103°), (002°), (110°), and (112°) planes, as indicated in literature (Kelly et al., 2019). The maximum peak intensity for the (101°) plane was measured at 2θ = 36.2°, with further peaks confirming the hexagonal form. Figure 1 shows the blue and green peaks, representing ZnO and Cu nanoparticles, respectively.
[image: Figure 1]FIGURE 1 | XRD spectral analysis of Cu-modified zinc oxide nanorods before (a) and after (b) deposition of Cu nanoparticles.
Figure 2 shows the results of SEM analysis of the manufactured electrode (A–E). Figure 2A shows an SEM image of ZnO nanoseeds that were equally scattered across the electrode surface. The zinc oxide nanorods were vertically generated and uniformly spread across the substrate’s surface, as shown in Figures 2B,C. The modified Cu-ZnO nanorods are shown in low- and high-resolution SEM images in Figures 2D,E. The Cu-Zn oxide nanorod rough surface was noticed when compared to the smooth surface of ZnO nanorods due to the production of Cu nanoparticles. Cu-ZnO nanorods had a diameter of about 100–150 nm. Figure 2F, which included the EDS analysis, was used to determine the composition of Cu-ZnO nanorods. EDS spectral analysis reveals the chemical composition of Cu, Zn, and O components in Cu-ZnO nanorods.
[image: Figure 2]FIGURE 2 | (A) Uniformly distributed ZnO nanoseeds on the substrate; (B,C) show the vertically developed zinc oxide nanorods on the concerned electrode surface; (D,E) shows the SEM images of fabricated copper-zinc oxide nanorods at low and high resolution; and (F) shows the EDS spectral analysis of copper–zinc oxide nanorods.
XPS analysis was used to further characterize the chemical properties of Cu-ZnO nanorods and ZnO nanorods, as shown in Figure 3. Figure 3A shows a comparison of the entire XPS spectra of ZnO nanorods and Cu-ZnO nanorods. The whole scan reveals the presence of zinc, carbon, and oxygen atoms in zinc oxide nanorods. In contrast, the spectra of Cu-ZnO nanorods corroborated the presence of Cu, Zn, C, and O elements, indicating that Cu nanoparticles were successfully modified on ZnO nanorods. Figure 3B shows an expanded XPS spectrum of O 1s, which reveals a peak at 532.1 eV with a slightly higher binding capacity due to the modification of the surface of zinc oxide with copper (Al-Dairy et al., 2021). The Zn 2p peaks in Cu-ZnO nanorods were discovered to be at 1043.9 and 1021.2 eV, respectively, matching the Zn 2p3/2 and Zn 2p1/2, suggesting that the Zn valence state is 2+ (Kelly et al., 2019; Mishra et al., 2019). As illustrated in Figure 3, the addition of copper nanoparticles or fabrication of copper on zinc oxide nanorods results in binding energy shifts of 932.5 and 952.3 eV for Cu 2p3/2 and 2p1/2, respectively (d). It was also shown that when compared to bulk Cu (953 eV), Cu 2p3/2 had a binding energy shift of 0.51 eV (Awais et al., 2021a; Fariba Beigmoradi and Hadi Beitollahi, 2021). The binding energy shifting in the negative direction was observed due to electron transfer from zinc oxide to copper, which could have been produced by the intensive attraction of copper nanoparticles with zinc oxide (Chen et al., 2018).
[image: Figure 3]FIGURE 3 | (A) Compare the XPS spectra of Cu-ZnO nanorods to the spectra of ZnO nanorods. It was also reported that the simplified peaks for oxygen (B) O1s, (C) zinc Zn 2p, and deposited material Cu 2p (D) elements with their magnified spectra were also mentioned.
Electrochemical Studies
Some analysis was carried out to better understand the electrochemical characteristics of the produced nanostructure. Figure 4A expressed the EIS spectral analysis of each electrode in standard potassium chloride solution containing K4 [Fe (CN)6] and K3 [Fe (CN)6] solution (for blank FTO, zinc oxide nanorods, Cu nanoparticles, and Cu-ZnO nanorods). The impedance findings were evaluated using the Rct values (as mentioned in the insert of Figure 4A). The Rct value of blank FTO (purple color) is the highest, with a value of Rct = 92, compared to ZnO nanorods (black color) with Rct = 40.5 and copper nanoparticles (light blue color) with Rct = 32.7. When compared to bare FTO, the Rct values reduced, indicating an enhanced electron transfer rate. We used prepared ZnO nanorods with Cu nanoparticle deposition in order to select the more competent electrode. The Rct value was further decreased after copper nanoparticle modification on ZnO nanorods, and Cu-ZnO nanorods (red color) exhibit low resistance when compared to all other electrodes, with Rct = 15.8. The fabricated copper–zinc oxide nanorod electrode exhibits the lowest resistance rate for electron transfer when related to other modified electrodes. For the additional electrochemical study, a Cu-ZnO nanorod electrode was used. In 0.1 mol/L KCl solution containing 0.1 mol/L K3 [Fe (CN)6]/K4 [Fe (CN)6], cyclic voltammetry analysis was conducted to investigate the electrochemical reaction of blank FTO with different modified electrodes such as zinc oxide nanorods, Cu nanoparticles, and Cu–ZnO nanorods. Figure 4B illustrates the current responses for oxidation peaks determined from cyclic voltammetry analysis for blank FTO, zinc oxide nanorods, Cu nanoparticles, and Cu–ZnO nanorod electrodes. The Cu–ZnO nanorod electrode had the largest redox peak current, while other ZnO nanorods, Cu nanoparticles, and blank FTO electrodes had less current value. When modified ZnO nanorod, Cu nanoparticle, and Cu-ZnO nanorod electrode comparison was carried out in CV experiments, the blank FTO had the lowest redox potential current. From the CV study, it was concluded that Cu-ZnO nanorods were a good contender for detecting the analyte in the study.
[image: Figure 4]FIGURE 4 | (A) Resistance capacity of Cu-ZnO nanorods, zinc oxide nanorods, Cu nanoparticles, and blank FTO, was best described by plotting Nyquist semicircle in standard 0.1 mol/L KCl containing a 0.1 M K4 [Fe(CN)6] and K3 [Fe(CN)6] solution. (B) CV results of blank FTO with further modified electrodes zinc oxide nanorods, Cu nanoparticles, and Cu-ZnO nanorods were mentioned in standard KCl containing K4 [Fe(CN)6] and K3 [Fe(CN)6] solution.
The simplest and most suitable method to investigate the electrochemical performance is the cyclic voltammetry method. CV results of different electrodes were analyzed in an electrochemical cell with specific potential ranges from 0 to +1.15 V to select the best potential electrode. Figure 5A shows the CV results at a fixed scan rate of 50 mVs−1 of produced Cu–ZnO nanorods in 0.1 mol/L phosphate buffer electrolyte containing 0.2 mM hydrogen peroxide. Fabricated Cu–ZnO nanorods were shown to have good current activity. As compared to CVs of various electrodes in 0.2 mM, hydrogen peroxide was also conducted, demonstrating a higher oxidation current. As shown in Figure 5B, the modified Cu–ZnO nanorods have outstanding catalytic properties when compared to those of blank FTO and zinc oxide nanorods. Modified Cu-ZnO nanorods exhibited a well-defined oxidation peak at +0.8 V in 0.2 mM hydrogen peroxide. The results of fabricated Cu-ZnO nanorods suggested that the electrode might be used for hydrogen peroxide electro-oxidation. Figure 5B clearly shows that as the hydrogen peroxide concentration rises, the current increases as well, indicating that the electrode has potential for detecting hydrogen peroxide. Supplementary Figure S1 depicted a schematic example of hydrogen peroxide sensing. In the absence and presence of 0.2 mM hydrogen peroxide, CV measurements of a fabricated copper–zinc oxide nanorod electrode in 0.1 mol/L phosphate electrolyte at various scan speeds from 20 to 200 mVs−1 were mentioned (Supplementary Figures S1A,B). The current response increased in the presence of hydrogen peroxide, indicating the catalytic activity of the fabricated material, according to CV data.
[image: Figure 5]FIGURE 5 | (A) Expressed that at a fixed scan rate of 50 mVs−1, and the CV curve of zinc oxide nanorods, Cu-ZnO NRs, and blank FTO in 0.1 mol/L phosphate buffer containing 0.2 mM hydrogen peroxide was mentioned. (B) Shows the various hydrogen peroxide concentrations, the CV curves of blank FTO, zinc oxide nanorods, and produced Cu-ZnO nanorods are compared.
Detection Results of Modified Cu-ZnO Nanorod Electrode
The modified electrode’s for hydrogen peroxide sensing activity was tested in order to exhibit analytical parameters such as linear range, response time, detection limit, and sensitivity. Figure 6A, shows the sensing performance of the prepared electrode to evaluate its sensing activity using DPV. It was discovered that as the concentration increased, the current increased as well, implying that the fabricated copper–zinc oxide nanorod catalyst is suited for hydrogen peroxide sensing. In addition, as indicated in the literature (Hu et al., 2022), amperometric studies with modified Cu-ZnO nanorods were conducted at various potential ranges between +0.65 and +0.85 V to evaluate the suitable potential for hydrogen peroxide detection. With continued addition of standard hydrogen peroxide concentrations, at a fixed scan rate of 50 mVs−1, the amperometric response in 0.1 mol/L phosphate electrolyte was evaluated at various applied potentials. Figure 6B demonstrates that when compared to other applied potentials, the Cu-ZnO nanorods were chosen for long-term current-time study because it has the highest potential at +0.8 V. The Randles–Sevcik equation was used to calculate the active surface area of the sensing electrode, and the CV technique is used to investigate it in a deoxidized mixture containing standard potassium chloride solution containing K4 [Fe (CN)6] and K3 [Fe (CN)6] solution, at various scan rates, as shown in Supplementary Figure S2. The active surface areas of ZnO nanorods (0.328 cm2), Cu nanoparticles (0.319 cm2), and Cu-ZnO nanorods (0.369 cm2) were observed. After carefully observing the surface area, the optimum pH of the electrolyte was also obtained for better sensing activity. To evaluate the optimum pH of the electrolyte, the amperometric analysis was conducted at a fixed scan rate of 50 mVs−1 in 0.1 mol/L PBS (at different pH) electrolyte at a fixed current of +0.8 V, and their linear graph is expressed in Supplementary Figure S3. The linear graph of different pH values from pH 6.0 to pH 8.0 was mentioned. The results show that the optimum pH of the electrolyte which shows maximum current or sensitivity is at pH 7.0. So, pH 7.0 is considered optimum pH for concerning materials and is used in all amperometric analyses.
[image: Figure 6]FIGURE 6 | (A) Depicted the DPV graph of Cu-ZnO nanorods at various hydrogen peroxide concentrations. (B) Amperometric response of copper-zinc oxide nanorods in 0.1 mol/L phosphate electrolyte with varied potentials ranging from (0.65–0.85 V) was discussed. The I-T graph of Cu-ZnO nanorods, with various hydrogen peroxide concentrations, is shown at a specific potential of +0.8 V (C). The insert shows a magnified I-T graph of Cu-ZnO nanorods. For Cu-ZnO nanorods, the corresponding linear graph of current vs. hydrogen peroxide concentration is displayed in (D). Insert mentioned the magnified linear graph.
The long I-T analysis was conducted at a fixed scan rate of 50 mVs−1 in 0.1 mol/L PBS (pH = 7.0) electrolyte at a fixed current of +0.8 V. The current response developed slowly at lower concentrations but rapidly at higher concentrations, as shown in Figure 6C. The linear range of 0.001–11 mM of Cu-ZnO nanorod modified electrode for hydrogen peroxide sensing was observed. For comparison, the current-time responses of Cu nanoparticles@FTO and ZnO nanorods@FTO electrodes were also examined. According to the findings, Cu-ZnO nanorods have substantially higher responsiveness than other electrodes. The enlarged current response of all electrodes at lower concentrations is shown in the insert. With increasing concentration, the current response increases linearly. The amperometric studies for linearity for hydrogen peroxide current vs. concentration are shown in Figure 6D. The limit of detection was found to be 0.16 M, and the coefficient of correlation (R2) value was observed to be R2 = 0.9957. Furthermore, the current was shown to increase linearly with the increase in hydrogen peroxide concentration from 0.001 to 11 mM. The hydrogen peroxide detection sensitivity of a modified Cu-ZnO nanorod electrode was measured to be 3415 μAmM−1cm−2 as mentioned in Table 1. In Table 1, we compare the detecting activity of our modified Cu-ZnO nanorod electrode to that of various previously published hydrogen peroxide electrodes. Table 1 demonstrates that the fabricated Cu-ZnO nanorods have a significantly higher sensing activity of 3415 μAmM−1cm−2 than previously reported electrodes and a lower LOD and a much wider linear range. The Cu-ZnO nanorod sensor that was prepared has a large linear range and a good reaction time. Chronoamperometry was used to determine the reaction time of the manufactured electrode. The chronoamperogram revealed that Cu-ZnO nanorods have a good reaction time. The reaction time of Cu-ZnO nanorods was 1.49 s, which is decent when compared to that of previous sensors. In addition, our fabricated electrode performed better in terms of sensing since it was grown directly on ZnO nanorods with a larger surface area for Cu deposition. The modified Cu-ZnO nanorod electrode showed a high electron transfer rate in an electrochemical method for hydrogen peroxide oxidation. The use of a hydrothermal approach to modify a non-enzymatic sensor results in an outstanding nanostructure with a cost-effective, stable, and larger surface area for hydrogen peroxide sensor modification.
TABLE 1 | Comparison of different electrodes for hydrogen peroxide sensing.
[image: Table 1]Reproducibility, Reusability, Anti-Interference Activity, and Stability
The fabricated electrode’s reusability and repeatability were assessed in order to assess its performance. To assess the performance of Cu–ZnO nanorods, a reproducibility and reusability test was carried out on ten samples, each of which contained the same amount of hydrogen peroxide. The CV response was evaluated in 0.1 mol L−1 PBS (pH = 7.0) vs. Ag/AgCl at a fixed scan rate of 50 mVs−1. After numerous uses, the produced electrode retains up to 98.2 percent of its sensing ability; this indicates that the produced electrode is repeatable and reusable. The RSD was estimated to be approximately 3.83 %. CV analysis responding in 0.2 mM hydrogen peroxide at a fixed scan rate of 50 mVs−1 in phosphate buffer was used to examine the stability of fabricated Cu-ZnO nanorods. The stability graph of Cu-ZnO nanorods during 500 cycles is shown in Figure 7A. The electrode’s stability is improved by nanorods generated directly on the electrode surface. The long-term durability of the manufactured electrode was also examined after 15 days, and there were few changes; as illustrated in Supplementary Figure S4, the modified electrode remained stable for a long time. The ability to distinguish between the target analyte and interfering species with similar electrocatalytic activity is one of the most significant analytical skills of electrochemical sensors. Major interferences which can impact hydrogen peroxide sensing include fructose, citric acid (CA), ascorbic acid (AA), dopamine (DA), and uric acid (UA). The anti-interference ability of the fabricated electrode for hydrogen peroxide detection was tested using aline (Val), fructose, alanine (Ala), citric acid (CA), phenylalanine (Phe), glycine (Gly), ascorbic acid (AA), dopamine (DA), uric acid (UA), and penicillamine (Pen). The amperometric response was evaluated at a fixed scan rate of 50 mVs−1 in the presence of 0.2 mM hydrogen peroxide in 0.1 mol/L phosphate electrolyte, by adding 0.1 mM of each interfering chemical. Figure 7B shows the result of those interfering substances as a graphical form. Fabricated Cu-ZnO nanorods results expressed that it has no obvious response to all other interfering substances, showing excellent selectivity for amperometric hydrogen peroxide detection. Due to the nature of the material, the Cu-ZnO nanorods display extremely few interferences at relatively high potential.
[image: Figure 7]FIGURE 7 | (A) Cu-ZnO nanorod stability was evaluated for 500 cycles in 0.2 mM hydrogen peroxide in phosphate electrolyte at a fixed scan rate of 50 mVs−1. (B) Anti-interference results for all probable interfering compounds such as fructose, Phe, Ala, Gly, Val, DA, CA, UA, AA, and Pen were expressed.
Hydrogen Peroxide Detection in Water Samples
Some studies were carried out in order to determine the use of the constructed Cu-ZnO nanorod electrode for hydrogen peroxide detection. The I-T graphical result of Cu-ZnO nanorods was obtained by adding 2 ml of the water sample or industrial water sample into 8 ml of 0.1 mol/L phosphate at a fixed current of +0.8 V as shown in Figure 8. The results of water samples were compared and mentioned. The findings of many samples were gathered and displayed in a histogram graph in Figure 8. When compared to analytically measured values, the results demonstrated that hydrogen peroxide detection in water samples was excellent, having various kinds of substances present in the water sample (Bhati et al., 2018), and the water sample has a 2.5 percent lower detection activity for hydrogen peroxide. The findings suggested that the manufactured Cu-ZnO nanorod sensor might be used in real-environment water samples.
[image: Figure 8]FIGURE 8 | Percentage of recovery results in an actual water sample test of a water sample and an industrial water sample, with a histogram graph was mentioned.
CONCLUSION
Finally, vertically growing copper–zinc oxide nanorods on the electrode surface were successfully constructed for excellent hydrogen peroxide detection. Physiochemical and electrochemical approaches were used to characterize the Cu–ZnO nanorods. The hexagonal Cu–ZnO nanorods had a large surface area and excellent electrochemical properties for hydrogen peroxide detection. The non-enzymatic electrochemical sensor that was created has a large linear range, a low detection limit, strong selectivity, and a good response toward hydrogen peroxide. The reaction time, stability, repeatability, and reproducibility of the Cu–ZnO nanorods were all excellent. Furthermore, the hydrogen peroxide sensing activity in a real water sample demonstrated the sensor’s excellent results with a recovery percentage of 98%. The fabricated copper–zinc oxide nanorod electrode outperformed ZnO nanorods, copper nanoparticles, and other electrodes in terms of electrochemical performance. The manufactured Cu-ZnO nanorods proved to be a viable candidate for hydrogen peroxide sensing in the actual world with excellent real-environment detection of the concerned analyte.
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In analytical chemistry, sensing and biosensing are among the most important research areas for carrying out the analysis of a number of target analytes (Hermawan et al., 2021). The growing number of analytes that can be detected using various approaches, along with the large number of sensing platforms that produce analytically beneficial outcomes, highlight the significance of sensing techniques (Asif et al., 2018). Sensing and biosensing techniques are regarded as highly sensitive, specific, and capable of multitasking as shown in Graphical abstract (Zhang et al., 2020).
In comparison to other nanomaterials, 2D nanostructures exhibit encouraging application potential for the in vitro detection of small biological molecules, neurotransmitters, and proteins, which in turn are used as biomarkers. These nanostructures are cost-effective and easy to synthesize, and they offer rapid response times in terms of the screening and monitoring of various disorders, including potentially fatal cancers (Iftikhar et al., 2021). They also play a role in improving the sensitivity, selectivity, and stability of the sensing platforms (Aziz et al., 2019). Moreover, 2D nanoarchitectures, when coupled with emerging types of nanostructures and advanced nanotechnology, not only improve sensing capabilities for the real-time detection of gases, pollutants, and small biomolecules but also help these technologies execute in vitro and in vivo diagnosis (Dral and Johan, 2018). The introduction of point-of-care testing devices, in particular, has revolutionized sensing systems. These devices offer portability, flexibility, non-invasiveness (Asamoah et al., 2021), low cost, time-effectiveness, improved sampling frequency, and implantability (Xu et al., 2019). Meanwhile, trials involving the wireless transmission of analytical data to medical centers for processing have been successful, while the development of ready-to-use and reusable sensors continues to lag behind due to the complexity and high cost of these devices (Asif et al., 2021).
In short, the research field is quite broad, which makes it a bit difficult to represent all the exciting developments in sensing platforms explored in these articles. This Research Topic covers a total of eleven articles, ten of which represent original research and one of which is a review. All articles were contributed by experts in the sensing and biosensing field.
To date, a great deal of effort has been devoted to improving the efficiency and biocompatibility of sensors. In this regard, Wang et al. successfully fabricated a composite material through the polymerization of indole-5-carboxylic acid into poly-5-carboxyindole nanostructures (PI-5-CA), which were further hybridized with carboxylated single-walled carbon nanotubes (C-SWCNTs). The electrode modified with PI-5-CA/C-SWCNTs was used as an electrochemical immunosensor to detect E. coli O157:H7, demonstrating a wide linear concentration range of 2.98 × 101 to 2.98 × 107 CFU/ml and a limit of detection (LOD) of 2.5 CFU/ml. Interestingly, the sensor was also used to detect bacteria in water specimens, with decent accuracy.
Colorimetric assays are considered quick and easy to use because they involve a color change phenomenon (Asif et al., 2020). Zhang et al. have developed a rapid and highly sensitive colorimetric method for the detection of L-Histidine (L-His) that uses Cu2+ ions, which inhibit the oxidation of the 3,3′,5,5′-tetramethylbenzidine (TMB)-H2O2 system. The as-constructed sensor showed two linear concentration ranges of 60 nM–1 μM and 1 μM–1 mM, with a LOD of 50 nM, and proved to be efficient for the detection of L-His in urine samples.
Wang et al. fabricated fluorescent copper-based nanoarchitectures of 5–6 nm in size and employed them as sensors for the detection of NO2− and temperature. The copper nanomaterials produced fluorescence, which was selectively quenched by nitrite ions. The intensity of the fluorescence also correlated well with temperatures ranging between 20 and 60°C. These nanomaterials are good enough to be used in nanothermometers, devices that, with their high degree of sensitivity and specificity, are considered necessary for, e.g., the detection of dissolved gases in oil, and therefore capable of, e.g., diagnosing faults in power transformers. Keeping this in mind, HYPERLINK Jia et al. constructed a gas sensor based on an Ag3-HfSe2 monolayer for the detection of C2H4 and CO molecules and explored their mechanisms and adsorption behaviors. The adsorption effect on C2H4 was greater than that on CO. The electrical sensitivity of C2H4 was found to increase up to 55.49% after adsorption, a phenomenon known as chemisorption. This sensor has the potential to efficiently monitor the working status of power transformers.
Tang et al. prepared MnO2 nanosheets with glutathione (GSH) to detect Cu2+ ions using a simple colorimetric assay. The fabricated sensor exhibited a wide linearity range of 10–300 nM, with an LOD of 6.9 nM, and demonstrated superb anti-interference capability in Cu2+ detection from tap water samples. The sensor performed efficiently without any additional H2O2 or complicated modification processes.
Furthermore, Wu et al. developed a fluorescence sensor for the detection of Bi3+ ions. The authors prepared glutathione-protected non-noble transition metal copper nanoparticles (GSH-CuNPs) that carried out their sensing applications via aggregation-induced luminescence. Mechanistically, the fluorescence of the CuNPs was inhibited upon the addition of Bi3+ ions. The fabricated sensor was simple, fast, and selective, displaying a linearity range of 0 mmol/L–100 mmol/L, with an LOD of 10 mmol/L. HYPERLINK Ajmal et al.presented a two-step approach, based on derivative matrix-isopotential synchronous fluorescence spectrometry (DMISFS) and the Hantzsch reaction, for the rapid, reliable, and simultaneous detection of δ-aminolevulinic acid (δ-ALA) and porphobilinogen (PBG) in urinary samples. The authors envision their sensor as a novel diagnostic tool for patients with severe abdominal pain and as a potential alternative to the δ-ALA/PBG detection kits currently in use, with both clinical and scientific applications.
Yang et al. discussed the recent progress on electrocatalysts based on metal–organic frameworks (MOFs) in the context of electrochemical sensing applications. In this review, the authors briefly present different types of MOFs-based nanomaterials by classifying them into metal-based, carbon-based, and other MOF-based nanostructures. They also elaborate on the structure–activity–performance relationships between these catalysts and extensively discuss the effects of metal cations and synthetic ligands.
Tong et al. and Huang et al. differentiated between cancerous and normal cells by precisely and accurately detecting H2O2 via sensors based on an Au nanoparticles-polydopamine-poly acrylic acid-graphene (Au NPs-PDAPAA-graphene) nanohybrid, and on a Cu2(OH)3NO3-wrapped ZnO nanorod assembly [Cu2(OH)3NO3@ZnO], respectively. Owing to the synergistic effects of multicomponent systems, the former electrochemical sensor offered higher sensitivity (LOD of 0.02 μM) than the latter (LOD of 1 μM). Both sensors were successfully employed in real-time tracking of H2O2 excreted by different types of live cells.
The last contribution to this Research Topic was by Siddique et al. The authors fabricated Cu-ZnO nanorods, which were used in the electrochemical sensing of H2O2. The constructed sensor exhibited good reproducibility, stability, and selectivity, with a linearity range up to 11 mM and an LOD of 0.16 μM.
In summary, this Research Topic highlights the development of nanomaterials, their structure–activity–performance correlations, their improvements to sensing platforms, their performances, and their various potential applications.
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