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Editorial on the Research Topic 
Optical and electrochemical biosensing

It is a great opportunity for us to organize the important Research Topic “Optical and electrochemical biosensing” that highlights the recent developments emerging in biosensing field. This Research Topic is here to help with a Research Topic of articles and reviews that cover recent optical and electrochemical biosensing technologies. Although many transduction approaches are available for biosensors, optical and electronic signals are still two important pillars of analysis. This Research Topic collects three articles on optical sensing and four articles on electrochemical sensing. In addition, some interconnection techniques between optical and electrochemical signals, such as photoelectrochemical sensor, demonstrated the merits of minimum intercross inference between input and output signals. The reviews are encouraged to cover the last 3 years developments so that readers can catch up on the most up to date trends in this Research Topic. Therefore, two reviews are included in the Research Topic to summary recent developments in analytical probes such as DNAzyme and metal graphitic nanocapsules. These reviews will also offer a convenient way for junior researchers to quickly understand a field.
Optical biosensing is one of the most important pillars in measurement science. By using light intensity, spectroscopy and microscopy, a fruitful source of information can be obtained from different aspects. The three articles on optical sensing in this Research Topic have chosen different fluorescent probes (gold nanocluster, organic molecules and quantum dots, respectively) for biosensing. The analytical targets range from neurotransmitters, ClO−, and glycoproteins on cell membranes. The most powerful information with optical output is its spatial resolution that enables the direct observation of the distribution of targets in cellular compartments. For example, the ferroptosis-induced ClO− was mapped by using mitochondrial-targeted ratiometric fluorescent probe in confocal fluorescence microscope. Abundant groups in organic fluorescent molecules possess great flexibility in designing targeted units and reactions units. Thus, the recognition group p-methoxyphenol and mitochondrial-targeted group benzimidazole are integrated into the probe. Another fluorescence imaging strategy is to use fluorescence resonance energy transfer (FRET). A short distance between quantum dots and gold nanoparticles is controlled by the hybridization of aptamer and ssRNA. But antigen CD133 on the cell membrane competitively replaced ssRNA and bound to aptamer, releasing the gold nanoparticles and recovering the fluorescence signal. Thus, lung cancer cells can be determined by the FRET aptasensor using confocal imaging.
Electrochemical biosensing is another important issue in this Research Topic. Compared with fluorescence analysis, electrochemical techniques generally have a simple setup and higher sensitivity. The modified materials on electrode surface largely determined the performance of these electrochemical sensors. As we can see, the four collected articles about electrochemical sensors have emphasized the design of modified materials, including graphene, carbon nanotube, metal-organic frameworks. These materials not only fabricate conductive interface for electron transfer, but also act as vehicles for other nanomaterials such as noble metal nanoparticles. The combination of electrocatalytic materials and DNA amplification techniques further improves the sensitivity and limit of detection. For example, G-quatruplex-hemin hybridization chain reaction nanowire acted as a mimicking DNAzyme to assist the cycle amplification of electrochemical signals. Some biomarkers released by cells can also be detected by the nanomaterial-modified electrode.
In addition to individually used optical or electrochemical biosensors, interconnection techniques between optical and electrochemical signals demonstrate the unique advantages by separating input and output signals. Photoelectrochemical sensors attracted great attentions in recent years due to its low background. The semiconductor heterostructure plays a key role in the performance of photoelectrochemical signal sensitivity. Thus, novel bismuth-based semiconductors were used to fabricate photoelectrochemical interface for the detection of L-Cys. Compared with other analytical methods, photoelectrochemical analysis generally has a wide linear range and a low limit of detection. In addition to original articles, two reviews on DNAzyme and metal graphitic nanocapsules are included in this Research Topic. DNAzyme-based biosensor for the detection of uranyl is an important tool for monitoring the processes in nuclear technology. Diverse signal outputting strategies like fluorescence, colorimetry, surface-enhanced Raman scattering and electrochemistry are fully discussed in the realm of DNAzyme biosensing. In addition, the encapsulation of metal NPs is one of the most effective strategies to promote their stability for biosensing. Metal graphitic nanocapsules are excellent nanoprobes in many analytical methods. By using the properties of metal core and graphene shell, the Raman signal of graphene and catalytic activity of H2O2 in colorimetry analysis can be used in various biosensing.
I remember that every day writing at least five grateful things can increase the base level of happiness. Therefore, I would like to thank 1) our editorial team that informed the potential authors and put efforts on review processes, 2) the Frontiers in Chemistry staff that did excellent and professional works for publication in a timely manner, 3) the reviewers whose professional advice helped improve the quality of every publication, 4) the authors that contributed their efforts to develop new analytical techniques and summarize the recent progress, 5) our funding agencies that supported the financial cost in all experiments. It is both meaningful and pleasurable to complete this Research Topic and I appreciate if it is useful to our potential readers.
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Hydrogen peroxide (H2O2) is the most significant reactive oxygen species in biological systems. Here, we reported an electrochemical sensor for the detection of H2O2 on the basis of bimetallic gold-platinum nanoparticles (Au3Pt7 NPs) supported by Co-based metal organic frameworks (Co-MOFs). First, Au3Pt7 NPs, with optimal electrocatalytic activity and accessible active surface, can be deposited on the surface of the Co-MOF–modified glassy carbon electrodes (Au3Pt7/Co-MOFs/GCE) by one-step electrodeposition method. Then, the electrochemical results demonstrated that the two-dimensional (2D) Co-MOF nanosheets as the supporting material displayed better electrocatalytic properties than the 3D Co-MOF crystals for reduction of H2O2. The fabricated Au3Pt7/2D Co-MOF exhibited high electrocatalytic activity, and the catalytic current was linear with H2O2 concentration from 0.1 μM to 5 mM, and 5–60 mM with a low detection limit of 0.02 μM (S/N = 3). The remarkable electroanalytical performance of Au3Pt7/2D Co-MOF can be attributed to the synergistic effect of the high dispersion of the Au3Pt7 NPs with the marvelous electrochemical properties and the 2D Co-MOF with high-specific surface areas. Furthermore, this sensor has been utilized to detect H2O2 concentrations released from the human Hela cells. This work provides a new method for improving the performance of electrochemical sensors by choosing the proper support materials from diverse crystal morphology materials.
Keywords: electroanalysis, bimetallic nanoparticles, electrochemical sensor, hydrogen peroxide, cancer cells
INTRODUCTION
Hydrogen peroxide (H2O2), as one of the most significant reactive oxygen species (ROS), commonly exists in biological processes as a ubiquitous intracellular messenger or receptor signaling in various cells (Ushio-Fukai et al., 1999). On the one hand, H2O2 was considered as a toxic by-product during the process of aerobic metabolism (Rhee et al., 2005). On the other hand, some serious human diseases will be triggered by an abnormal concentration level of H2O2 (Trachootham et al., 2009; Yang et al., 2011), including myocardial infarct (Griendling, 2004), Alzheimer’s disease (Markesbery, 1997), aging (Giorgio et al., 2007; Hayyan et al., 2016), and cancers (Jorgenson et al., 2013). Therefore, developing an accurate and sensitive detection method to monitor the H2O2 concentration at the cellular level is vital and urgent for future clinic diagnosis and cancer treatment (Dong et al., 2019a). Until now, various analytical technologies have been utilized to detect H2O2, such as fluorescence (Ren et al., 2016; Ma et al., 2017), chemiluminescence (Yuan and Shiller, 1999; Xie and Huang, 2011), spectrophotometry (Yu et al., 2017), chromatography (Gimeno et al., 2015), and electrochemistry. Compared with the established analytical methods, the electrochemical sensing technique is a promising approach to attain dynamic analysis of H2O2 concentration for its outstanding properties, specifically high sensitivity, good selectivity, simple operation, and low cost.
Electrochemical sensors for testing H2O2 can be subdivided into natural enzymes and nanomaterial-based artificial enzymes (nanozymes)–based sensors. The natural enzymes were known as peroxidases, such as horseradish peroxidase (Sun et al., 2004). The enzyme-based electrochemical sensors have been widely utilized in electroanalysis for the advantage of specificity and fast response to the target substance. However, natural enzymes are restricted to their inherent weaknesses, including the uncontrollable deactivation and hardship in purification (Wang et al., 2018). Therefore, to overcome the shortages of natural enzymes, nanozymes have been taken into consideration as robust alternatives. Until now, a series of nanomaterials have been proved to possess intrinsic peroxidase-mimicking catalytic properties (Wu et al., 2019), including noble metals, metal oxides, and carbon-based nanomaterials (Wei and Wang, 2013).
Among various enzyme mimics, bimetallic nanoparticles (NPs) have been widely employed to fabricate electrochemical biosensors. It usually performed better electrocatalytic properties than its monometallic counterparts (Iyyamperumal et al., 2013; Li et al., 2020; Yang et al., 2021). As previously reported, the properties of electrons can be improved by the synergistic effects of each monometallic nanomaterials (Renner et al., 2006). However, few limitations are constraining the further application of these bimetallic particles-based electrochemical sensors: 1) it is usually a challenge to meet the satisfactory sensitivity of the living cells detection; and 2) their thermodynamic instability and tendency to aggregate, owing to their high surface free energy (Wang et al., 2019).
These disadvantages can be improved by immobilizing metal NPs in/on supporting structures. Recently, metal organic frameworks (MOFs) formed by the self-assembly of organic ligands and metal ions (Batten et al., 2013) have drawn extensive attention as supporting materials because of their inherent advantages (Furukawa et al., 2013). Among various MOFs, Co-based MOFs were widely used in fabricating electrochemical sensors as supporting material (Dong et al., 2019b). According to the previous research, the zeolite imidazolate framework (ZIF)–67 which compounded of the imidazole-based organic linkers and transition metal (Co) displaying a desirable 3D structure rhombic dodecahedron morphology, and it has been widely utilized for fabricating the 3D Co-MOF–modified electrodes. Lu et al. (2020) constructed a novel electrochemical sensor with the help of 3D Co-MOF to load artificial enzymes Ag nanostructures. Recently, two-dimensional (2D) Co-MOF has drawn extensive attention as supporting material in fabricating electrochemical sensors. The meso-tetra-(4-carboxyphenyl)–substituted porphyrins (TCPP) is the excellent ligand for the constructing 2D MOF due to their tetragonal symmetry and rigid structure (Zhao et al., 2018a). When the TCPP ligands connect with Co2+, 2D Co-MOF nanosheets was formed. Four Co paddle-wheel metal nodes link one TCPP ligand. These TCPP linked ultrasmall 2D metalloporphyrinic MOF nanosheets have been used to fabricating electrochemical sensors for electrochemical catalyzing and sensing applications (Zhao et al., 2015). For example, Huang et al. (2017) reported a novel sensor for catalyzing the cascade reactions. The electrochemical sensor was fabricated by peroxidase mimics material Au NPs and artificial glucose oxidase, ultrasmall 2D metalloporphyrinic MOF nanomaterial. Ma et al. (2019) reported a novel electrochemical sensor fabricated by TCPP-based 2D Cu-MOF nanosheets and Ag NPs. Because of the smaller size and more accessible active sites (Xu et al., 2016; Zhao et al., 2018b), 2D Co-MOF may combine other functionalized materials better than 3D bulk MOF crystals (Tan et al., 2017; Liu et al., 2020). However, which morphology of MOF can perform better in loading artificial enzymes that still need more exploration?
In this work, our experiments first tried to answer whether AuPt NPs are a much better catalyst for H2O2 reduction reaction than either Au or Pt NPs. Then, we evaluated the electrocatalytic activity of 3D and 2D Co-MOF–modified electrodes, figuring out the influences of morphology for a supporting material. During the electrodeposition process with a negative voltage, AuPt NPs can be easily reduced from the solution adhering to the surface of the working electrode steadily (Wirtz and Martin, 2003). After comparing a series ration of Au NPs and Pt NPs with (V:V = 1:9, 3:7, 5:5, 7:3, and 9:1), a novel sensor was constructed which bimetallic Au3Pt7 NPs decorated on the 2D Co-MOF–modified glassy carbon electrode (Au3Pt7/2D Co-MOFs/GCE) by electrodeposition. This high-performance electrochemical sensor was successfully utilized to monitor H2O2 concentration in real-time, and it performed a desirable property for tracing H2O2 in human cancer samples. Scheme 1 illustrated the detecting process of in suit analyzing of H2O2 secreted from Hela cells with drug stimulation by electrochemical sensor.
[image: Scheme 1]SCHEME 1 | The electrochemical sensor for detecting H2O2 secreted from HeLa cells in response to drug stimulation.
EXPERIMENTAL
Reagents and Apparatus
The reagents and apparatus were provided in detail in the Supporting Information.
Synthesis of 2D and 3D Co-MOF
In this work, two kinds of pristine Co-MOF materials were prepared according to the published method with some improvements (Zhao et al., 2015; Sun et al., 2020).
Preparation of the Modified Electrodes
First, 0.3 and 0.05 μM alumina slurries were used to polished the bare GCE (3 mm in diameter), until it shows mirror-like luster. Second, the electrodes were ultrasonicated in ultrapure water, ethanol, and ultrapure water. Last, nitrogen steam was used to dry the electrodes. A volume of 5 μl (2 mg/ml) of crystal ink of 2D Co-MOFs and 3D Co-MOFs were dropped on the GCE surface (the modified electrode was labeled as 2D Co-MOFs/GCE and 3D Co-MOFs/GCE), respectively. Then, the electrodes were air-dried at room temperature. After that, HAuCl4 (1.0 mM) and H2PtCl4 (1.0 mM) were mixed with the different volume ratio. The Co-MOFs/GCE was immersed in the mixed HAuCl4 and H2PtCl4 solution. AuPt NPs were grown on the surface of the modified electrodes by electrodepositing at −0.2 V (vs. Ag/AgCl). Last, two pristine Co-MOF–supported electrodes were fabricated, and these modified electrodes were washed by ultrapure water.
Measuring H2O2 Secreted From Hela Cells
In the electrochemical experiments at the cellular level, 10 mM phosphate-buffered saline (PBS) with N2-saturating (pH 7.0) was utilized as the electrolyte to collect the living Hela cells. The details of Hela cells culturing condition were listed in the Supporting Information. With the help of cyclic voltammogram (CV) measurement and amperometric I-t experiment, the redox characteristics of the fabricated electrodes Au3Pt7/2D Co-MOF/GCE were fully approved and the I-t experiment potential was kept at −0.5 V.
Before the analyzing experiments, the cultured cells were gently washed twice with PBS. Then, 3 ml of PBS was added into the Hela cells culture dish, and 400 μM ascorbic acid (AA) was injected into the dish to stimulate the cells releasing H2O2. With the amperometric technique, the current response for H2O2 detection was recorded.
RESULTS AND DISCUSSION
Characterization of Noble Metal Nanostructures
Here, we fabricated a bimetallic electrochemical sensor on the basis of Au3Pt7 NPs for H2O2 detection by CV measurements. Scanning electron microscopy (SEM) were employed to characterize the Au NPs, Pt NPs, and Au3Pt7 NPs. Figure 1A showed the SEM image of Au NPs that dispersedly immobilizing on the electrode. The Au NPs were of spheroidal nature, the average diameter of Au NPs was almost 20 nm. As recorded in the CV curves of Figure 1B, with different time of electrodeposition, the Au NP–modified electrodes showed an increased catalytic ability to H2O2, and the best catalytic response was obtained at 120 s. Figure 1C exhibited the histograms of the reduction peak current value of different electrodeposition time (t = 30, 60, 90, 120, and 150 s). The detection signal of H2O2 increased following the electrodeposition time, increasing until the electrochemical signal achieves a peak value of 120 s. Then, the current signal declined with continually increasing the electrodeposition time. The SEM image of Pt NPs is shown in Figure 1D, and the Pt NPs were of spheroidal nature, showing an average size of ∼50 nm. Figures 1E,F demonstrate the CV curves with different electrodeposition time of Pt NPs. The peak current increased from 30 to 120 s and dropped down until 150 s. The result demonstrated that, with the electrodeposition time increased to 120 s, the detection signal of H2O2 reduction achieved a peak value. Therefore, 120 s was chosen to be the suitable electrodeposition time of synthesized Au3Pt7 NPs. As shown in Figure 1G, the SEM image of Au3Pt7 NPs was distributed sparsely on the surface of GCE electrode, where a uniform NP structure with nearly 100 nm exists. Figures 1H,I depict the volume ratio of AuPt NPs (3:7), presenting the best catalytic ability to H2O2 with the different volume ratio of AuPt NPs (V:V = 1:9, 3:7, 5:5, 7:3, and 9:1). Au3Pt7 NPs was selected as the optimum nanozyme for fabricating the novel electrochemical sensors. From the results above, metal NPs all gain high catalytic abilities to H2O2, especially the Au3Pt7 bimetallic NPs, and the phenomenon may come from the several reasons as follows: 1) electrodeposition provided a considerable route for its low cost, immediate modification, stable current signal, and simple construction; and 2) Au3Pt7 NPs combining the advantages the high catalytic ability of the Pt NPs and the stability of Au NPs. Therefore, the electrochemical catalytic capability and the selectivity of Au3Pt7 have been improved (Sun et al., 2017; Yu et al., 2018).
[image: Figure 1]FIGURE 1 | (A) SEM images of Au NPs. (B,C) The CV curves and histograms of reduction peak current responses of Au/GCE for 2 mM H2O2 with different electrodeposition time (t = 30, 60, 90, 120, and 150 s) (n = 3). (D) SEM images of Pt NPs. (E,F) The CV curves and histograms of reduction peak current responses of Pt/GCE for 2 mM H2O2 with different electrodeposition time (t = 30, 60, 90, 120, and 150 s) (n = 3). (G) SEM images of Au3Pt7 NPs. (H,I) The CV curves and histograms of reduction peak current responses of Au3Pt7/GCE for 2 mM H2O2 with different volume ratio of Au NPs : Pt NPs (1:9, 3:7, 5:5, 7:3, and 9:1).
Characterization of Pristine 3D and 2D Co-MOF
The morphology analysis of 2D and 3D Co-MOF was investigated by SEM, transmission electron microscopy (TEM), powder X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and Fourier transform infrared (FT-IR) spectroscopy. As Supplementary Figure S1 shown, the collected products of pristine Co-MOF exhibited a powder-like 3D Co-MOF that was purple and 2D Co-MOF that was brown, matching with the previous report. Figure 2A shows the SEM image of 3D Co-MOF, which displays a 3D structure rhombic dodecahedron crystalline morphology with the uniform size of nearly 500 nm. Figure 2B reveals the 2D Co-MOF with a sheet-like structure. The crumpled and wrinkled surface indicates its ultrathin property. The TEM image supported 2D Co-MOF with a thin nanosheet structure and confirmed the structure shown in the SEM image. Figures 2C,D reveal the XRD patterns of the 3D Co-MOF and 2D Co-MOF. Figure 2E shows the chemical composition and states of the Co-MOF. As indicated from the two lines of XPS data, there were two main peaks of approximately 780 and 796 eV for 3D and 2D Co-MOF products, respectively, corresponding to Co 2p3/2 and Co 2p1/2 that are derived from Co2+. The two broad peaks at 786.0 and 802.8 eV were satellite peaks, matching well with the reported data. Then, for further investigating of the prepared pristine MOFs, FT-IR spectroscopic studies are shown in Figure 2F, and the characteristic absorption peak of 3D Co-MOF and 2D Co-MOF nanosheet appeared at nearly 716, 770, and 1,025 cm−1. These three peaks can prove the existing of skeleton vibration absorption peak of the porphyrin ring (Bai et al., 2019). The peak approximately 1,396 cm−1 is related to the stretching vibration of C=N. Besides, the peaks at 1,128 and 1,610 cm−1 are generated by the vibration of the benzene ring skeleton outside the pyrrole ring. The absorption peak at 1,700 cm−1 can be attributed to the C=O vibration of the carboxyl group on the benzene ring. These results demonstrated that the pristine Co-MOF products had been successfully synthesized.
[image: Figure 2]FIGURE 2 | SEM images of (A) 3D Co-MOF and (B) 2D Co-MOF. (C) TEM images of 2D Co-MOF. (D) XRD patterns of 3D Co-MOF and 2D Co-MOF. (E) XPS survey scan of 3D Co-MOF and 2D Co-MOF. (F) The FTIR spectra of 3D Co-MOF and 2D Co-MOF. (G,H) CV curves and EIS curves of GCE, 3D Co-MOF/GCE, and 2D Co-MOF/GCE in 5.0 mM K3Fe (CN)6/K4Fe (CN)6 solution containing 0.1 M KCl (amplitude 10 mV, impedance spectral frequency 0.1∼105 Hz). (I) CV curves of GCE, 3D Co-MOF/GCE and 2D Co-MOF/GCE in 100 mM PBS solution containing 10 mM H2O2 at a scan rate of 100 mV/s.
The examination of CV and electrochemical impedance spectroscopy (EIS) characterized that the pristine Co-MOF of two morphologies was decorated on the surface of the surface of GCE. The electrochemical study of the fabricated sensor in 5 mM K3Fe (CN)6/K4Fe (CN)6. As shown in Figures 2G,H, the electrochemical performances of the interfacial of the modified electrodes have been tested by CV and EIS. For the bare GCE, a couple of reversible redox peaks was observed, and the current signals of 3D Co-MOF and 2D Co-MOF–modified electrodes (2D Co-MOF/GCE) were decreased. Moreover, the diffusion-limited process of the electrons was showed in the Nyquist plots. The semicircle diameter displaying the charge transfer resistance (Rct) of the modified GCE electrodes. The picture of EIS showed the bad conductivity of the pristine 3D Co-MOF. The Rct of 2D Co-MOF/GCE was close to 800 Ω, and the Rct of 3D Co-MOF/GCE was close to 1,700 Ω. Three-dimensional Co-MOF performed worse than the bare GCE in electrical conductivity properties. Without interlayer interactions and electron confinement, 2D Co-MOF performed better than 3D Co-MOF and bare GCE. As shown in Figure 2I by using the CV technique, the electrocatalytic activity of the selected two pristine Co-MOF for H2O2 reduction was evident, indicating the current signal of the 2D Co-MOF/GCE closed to 50 μA, the 3D Co-MOF/GCE closed to 23 μA, and the bare GCE was 8 μA. These results illustrated that Co-MOF materials had little influence in the catalytic activity for H2O2 reduction in 100 mM PBS solution containing 10 mM H2O2, which can be ignored after the noble metal depositing on the Co-MOF–modified electrodes.
Characterization of Au3Pt7 NP-Modified Co-MOF Electrodes
After figuring out the optimum volume ratio of Au3Pt7/GCE for H2O2 detection, the influence of the supporting materials was investigated. Electrodepositing Au3Pt7 NPs on Co-MOF/GCE, the morphology of Au3Pt7/3D Co-MOF/GCE and Au3Pt7/2D Co-MOF/GCE was observed by SEM measurements. Moreover, the CV measurement results exhibited that 2D Co-MOF performed better in supporting that Au3Pt7 NPs showed the best electrocatalytic activity to reduce H2O2. As Figures 3A,B reveal, Au3Pt7 NPs immobilized on the 3D Co-MOF sparsely with an average size of 100 nm. The corresponding EDS spectrum verified the existence of Co, Au, and Pt elements, as shown in Figure 3C and Supplementary Figure S2. The pictures of SEM clarified that the Au3Pt7 NPs located on the 2D Co-MOF/GCE uniformly (Figures 3D,E). The result of EDS element analysis clearly characterized the Au3Pt7 NPs combining on the nanosheet 2D Co-MOF. The Co, Au, and Pt elements can be observed distinctly in Figure 3F and Supplementary Figure S3. The result supported that the Au3Pt7/2D Co-MOF/GCE was synthesized successfully. The small Au3Pt7 NPs attached better to the 2D Co-MOF nanosheet layers than these were attached to 3D Co-MOF. The redox peak current was increased due to the excellent conductivity of the Au3Pt7 NPs.
[image: Figure 3]FIGURE 3 | (A,B) SEM images of 3D Co-MOF. (C) EDS mapping analysis of Au3Pt7/3D Co-MOF/GCE. (D,E) SEM images of Au3Pt7/2D Co-MOF/GCE. (F) EDS mapping analysis of Au3Pt7/2D Co-MOF/GCE. (G) CV curves of GCE, Au3Pt7/3D Co-MOF/GCE, and Au3Pt7/2D Co-MOF/GCE in 5.0 mM K3Fe (CN)6/K4Fe (CN)6 solution containing 0.1 M KCl (amplitude 10 mV, impedance spectral frequency 0.1∼105 Hz). (H) CV curves of GCE, 2D Co-MOF/GCE, Au3Pt7/3D Co-MOF/GCE, and Au3Pt7/2D Co-MOF/GCE in 100 mM PBS solution containing 10 mM H2O2 at a scan rate of 100 mV/s. (I) Histograms of GCE, 3D Co-MOF/GCE, 2D Co-MOF/GCE, Au3Pt7/GCE, Au3Pt7/3D Co-MOF/GCE, and Au3Pt7/2D Co-MOF/GCE in 0.1 M PBS containing 10 mM H2O2.
Operating in the solution of 5 mM K3Fe (CN)6/K4Fe (CN)6, in Figure 3G, after Au3Pt7 NPs depositing on two morphologies of pristine Co-MOF–modified electrodes, the gap between the cathodic and anodic peaks of the CV curves has been narrower, and the peak current of Au3Pt7 Co-MOF/GCE and Au3Pt7 2D Co-MOF/GCE was increased. Comparing with the conventional 3D Co-MOF, the 2D Co-MOF nanosheets possessed a larger surface area, smaller diffusion barrier, and more accessible active sites for the substrate molecules (Li et al., 2018). As shown in Figure 3H, compared with the peak current of the pristine 2D Co-MOF–modified electrode, the current signal of the Au3Pt7/Co-MOF/GCE prominent increased, indicating that the H2O2 can be catalyzed effectively by the presence of Au3Pt7 NPs. Preliminarily, the 2D Co-MOF with the better affinity for locating the Au3Pt7 NPs was inferred. Two-dimensional MOF nanosheets possess unique advantages, such as their large surface area can facilitate the contact of substrate molecules with the active sites on their surface with minimal diffusion barriers (Huang et al., 2017), thus improving their performance in catalysis and sensing applications (Wang et al., 2016). Figure 3I illustrates the peak current of 10 mM H2O2 to electrodes modified by different materials. The sequence of the peak current increases as follows: GCE < 3D Co-MOF/GCE < 2D Co-MOF/GCE < Au3Pt7/3D Co-MOF/GCE < Au3Pt7/GCE < Au3Pt7/2D Co-MOF/GCE. The sequence indicated the 2D Co-MOF as supporting materials combining the Au3Pt7 NPs as the compound nanozymes can help get the best electrocatalytic activity to reduce H2O2.
These results are mainly attributed by the 2D Co-MOF with a highly porous structure and more accessible electroactive sites for adsorbing more Au3Pt7 NPs than the 3D Co-MOF. On the basis of the Randled–Sevcik equation, the electroactive surface area of different modified electrodes was calculated Ip = (2.69 × 105) AD1/2n3/2γ1/2C, where Ip is the peak current (A); A refers to the effective surface area of the electrode (cm2), D means the diffusion coefficient for [Fe (CN)6]3-/4-(6.7 × 10−6 cm2s−1), n is the number of transition electrons of [Fe (CN)6]3-/4- (n = 1), γ means the scan rate (V/s), and C is the concentration of the redox reactant (5 × 10−6 mol cm−3). The effective surface area of Au3Pt7/2D Co-MOF/GCE was determined to be 0.143 cm2, which is nearly 1.5 times higher than that of bare GCE (0.09 cm2). However, the effective surface area of Au3Pt7/3D Co-MOF/GCE was determined to be 0.085 cm2, indicating the lousy conductivity of the 3D Co-MOF. Therefore, Au3Pt7/2D Co-MOF/GCE was selected to carry on the further electrocatalytic performance.
Electrochemical Performance of Au3Pt7/2D Co-MOF/GCE
The sensitivity of Au3Pt7/2D Co-MOF/GCE was verified in 10 ml of PBS solution with different concentrations of H2O2 (2, 4, 6, 8, and 10 mM) (Supplementary Figure S4A). The reduction peak current increased following the increase of H2O2 concentrations from 0 to 10 mM. The electrochemical signal was plotted, and a good linear relationship was revealed in Supplementary Figure S4B. These consequences preliminarily illuminated that the fabricated electrode possessed a good response for H2O2 reduction. Supplementary Figure S5A displays the effect of scan rates and the charge transport behavior of electrode Au3Pt7/2D Co-MOF/GCE that have been investigated, with the help of the [Fe (CN)6]3−/4−redox probe. The CV curves revealed that both the catholic and anodic peak currents were enhanced with increasing scan rates from 50 to 700 mV/s. Furthermore, the current signal responses exhibited a proportional to the square root of the scan rates (Supplementary Figure S5B). The good linear relationship illustrated fast electron transfer kinetics with a typical diffusion-controlled process.
Amperometric Measurement of H2O2
For meeting the sensitivity of demonstrating H2O2 concentration at the cellular level, the suitable detecting potential of the fabricated electrode Au3Pt7/2D Co-MOFs/GCE needs to be obtained. The amperometric responses were recorded in different potentials from −0.2 to −0.6 V. With the potential increase, the current responses were enhanced under successive injection of 0.4 mM H2O2, and the solution was stirred continuously at 250 rpm. The highest response showed in the potentials −0.6 V, but the signal noise of the background currents was too larger to be ignored. On the basis of the above results, −0.5 V was selected as the optimal working potential in the following determination (Supplementary Figure S6).
The amperometric measurement was employed to evaluate the detection sensitivity of Au3Pt7/2D Co-MOFs/GCE for the reduction of H2O2. With the successive injection of different H2O2 concentrations into 10 ml of PBS at the optimum potential of −0.5 V. Figure 4A describes the current response for the low concentration of H2O2. A typical amperometric plot was exhibited of injecting H2O2 per 50 s. The insets of Figure 4A show that the current response was achieved at 0.1 μM. The result means that the electrochemical sensor had a good sensitivity response for H2O2 at a low concentration. Figure 4B reveals the linear regions from 0.1 μM to 5 mM and the linear regression was I (μA) = −31.77C (mM) −0.16695 (R2 = 0.999) with the sensitivities of 236.1 μA mM−1 cm−2. The amperometric plot of 5–60 mM was shown in Figures 4C,D, discovering the liner regression of high concentration of H2O2, which was I (μA) = −24.98C (mM) −73.26 (R2 = 0.997) with the sensitivities of 174.6 μA mM−1 cm−2 (the sensitivities were calculated by dividing the slope of the linear regression equation by the geometric surface area of the bare GCE). In addition, the low detection limit (LOD) was calculated to be 0.02 μM (S/N = 3). The Au3Pt7/2D Co-MOF/GCE presented a good electrochemical catalytic activity for H2O2 with an extended linear range and a lower LOD.
[image: Figure 4]FIGURE 4 | (A) Amperometric responses of Au3Pt7/2D Co-MOF/GCE with the successive addition of low concentration of H2O2. (B) The linear relationships of the response current of Au3Pt7/2D Co-MOF/GCE with the H2O2 concentrations from 0.1 μM to 5 mM (R2 = 0.999) and (C) amperometric responses of Au3Pt7/2D Co-MOF/GCE with the successive addition of high concentration of H2O2. (D) The linear relationships of from 5 to 60 mM (R2 = 0.997). (E) Amperometric responses of 5 mM L-ascorbic acid, DL-alanine, ethanol, glucose, lactic acid, citric acid, lysine acid, KCl, NaCl, Na2SO4, and 0.5 mM H2O2 in PBS solution at an applied potential of −0.5 V. (F) Histograms of different substances.
Selectivity, Reproducibility, and Stability of Au3Pt7/2D Co-MOF/GCE
The selectivity of Au3Pt7/2D Co-MOF/GCE for H2O2 was evaluated by injecting the relevant species successively. As shown in Figures 4E,F, there was no obvious current signal when following adding different substances, including 5 mM L-AA, 5 mM DL-alanine, 5 mM glucose, 5 mM lactic acid, 5 mM citric acid, 5 mM Lysine acid, and 5 mM KCl, NaCl, and Na2SO4. However, an apparent electrochemical signal was observed when a low concentration of H2O2 (0.5 μM) was added into the same solvent system. These results indicated that the H2O2 sensor possessed high selectivity for H2O2.
The stability of the H2O2 sensor was investigated. The peak current of CV curves was displayed in Supplementary Figures S7A,B after 7 days, the signal of peak currents only decreased to 93.3%, which presented the excellent stability of the Au3Pt7/2D Co-MOF/GCE. The same sensor recorded five successive CV measurements. The response current signals shown in Supplementary Figure S8 were almost unchanged with a relative standard deviation of 3.5%, which suggested the excellent repeatability of the electrode. The relevant electrode materials for the electrochemical sensing of H2O2 displayed in Table 1. The novel electrode Au3Pt7/2D Co-MOF/GCE exhibited an acceptable electrochemical catalytic activity for H2O2 with an extended linear range and a lower LOD.
TABLE 1 | Comparison of the different H2O2 sensors in detection performance.
[image: Table 1]Real-Time Determination of H2O2 Released From Hela Cells
Hela cells have been elected as the model cell to estimate weather the sensitivity of the novel electro-sensor Au3Pt7/Co-TCPP/GCE could meet the need of evaluating H2O2 secreted from actual samples. Before the electrochemical detecting, dehydrogenate (DHE) staining was applied for preliminary analyzing the intracellular H2O2 of Hela cells. As the fluorescence image depicting, the intracellular concentration of H2O2 was kept at a low level before AA stimulation (Figure 5A). After the treatment with AA (400 μM), the level of endogenous H2O2 concentration increased apparently (Figure 5B). The DHE fluorescence photographs proved that H2O2 of Hela cells indeed motivated by AA.
[image: Figure 5]FIGURE 5 | (A) DHE fluorescence image of Hela cells without stimulation by AA (400 μM). (B) Hela cells stimulated by AA (400 μM). (C) Current responses of Hela cells without and with AA (400 μM) stimulations at an applied potential of −0.5 V. (D) Bright images of Hela cells after electrochemical detection.
The amperometric technique was utilized to analyze H2O2 at the cellular level with the potential of −0.5 V. AA was injected into the dish as a stimulant to boost the H2O2 secreted from the Hela cells. After the injection of 400 μM AA solution into the system without cell, there was a negligible current response. However, an obvious electrochemical current signal was observed when the same drug injected into the system contained the Hela cells at the same concentration. The current value was calculated to be 204 nA, which corresponded to 0.12 μM H2O2 (Figure 5C). Bright images of Hela cells revealed that the modified electrodes and the electrochemical detection were harmless to the cells, and the morphology and viability of the living cells were similar to those without stimulating (Figure 5D). These results supported that Au3Pt7/2D Co-MOF/GCE could meet the need of the intracellular H2O2 in situ detection.
CONCLUSION
In conclusion, we have fabricated an enzyme-free electrochemical sensor for the real-time detection of H2O2 released from cells. We discovered that bimetallic Au3Pt7 NPs showed much higher electrocatalytic activity than pure Au NPs or Pt NPs toward H2O2 detection. Because of the ultrathin nanosheet structural features, 2D Co-MOF showed a better supporting ability than the 3D Co-MOF. Benefitting from the microplate structures of 2D Co-MOF and the high catalytic ability of Au3Pt7 NPs, we constructed a novel electrochemical biosensor on the basis of the Au3Pt7 NPs deposited on the 2D Co-MOF/GCE for the first time. The fabricated Au3Pt7/2D Co-MOF/GCE exhibited high electrocatalytic activity, fast response, and good sensitivity toward H2O2 reduction. The linear range of the Au3Pt7/2D Co-MOFs/GCE provided to H2O2 appealing in 0.1 μM–5 mM and 5–60 mM and exhibited a LOD of 0.02 μM (S/N = 3). These characters enable the real-time quantification of H2O2 secreted from Hela cancer cells under drug stimulation. This work provided a new method for improving the detection performance by changing the supporting materials of different crystalline morphologies. For future electrochemical sensors, more efforts will be made in cell adhesion/growth on the surface of the electrodes to get excellent sensitivity in situ detection of H2O2 or other disease biomarkers.
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Ochratoxin A (OTA) is a harmful mycotoxin, which is mainly secreted by Penicillium and Aspergillus species. In this work, an electrochemical aptasensor is presented for OTA detection based on Au nanoparticles (AuNPs) modified zeolite imidazolate frameworks (ZIFs) ZIF-8 platform and duplex-specific nuclease (DSN) triggered hybridization chain reaction (HCR) signal amplification. G-quadruplex-hemin assembled HCR nanowire acted as a nicotinamide adenine dinucleotide (NADH) oxidase and an HRP-mimicking DNAzyme. Besides, thionine (Thi) was enriched as a redox probe for signal amplification in this pseudobienzyme electrocatalytic system. Under the optimal conditions, the analytical response ranged from 1 to 107 fg ml−1 with a detection limit of 0.247 fg ml−1. Furthermore, the aptasensor was proven to be applied in real wheat samples with a recovery between 96.8 and 104.2%, illustrating the potential prospects in practical detection.
Keywords: zeolite imidazolate frameworks (ZIF-8), electrochemical aptasensors, mycotoxin, ochratoxin A (OTA), signal amplification strategy
INTRODUCTION
Ochratoxin is one of the secondary metabolism substances of ochra and penicillium fungi, which includes seven types of homologous structure compounds. Under the classification of WHO’s International Agency for Research on Cancer, ochratoxin A (OTA) is known as the highest-toxic-ranking category, marking as Level 2B carcinogen (Lee and Ryu, 2017). It can threaten the health of most mammalian species in liver, kidneys, and immune system. OTA contamination occurs in most crop types, such as corn and wheat, and causes accumulation in livestock (Lee and Ryu, 2015). Besides, due to the high chemical stability, OTA rarely has quantity loss in the transportation and storage or lower risk of toxic hazards through additional manufacturing procedures (Abrunhosa et al., 2002). Hence, OTA can even be found in people’s body since they eat the contaminated food (García-Campaña et al., 2012). Fully taking into account the potential toxicity, firm standards for residue harmful substance have been established by European regulators and the maximum content of OTA in both farm and sideline products shall not exceed 10 µg kg−1. In general, the concentration of OTA often demonstrates low levels especially in the early stage. With the increase in health consciousness, associated research for detection of OTA in foodstuff has garnered particular attention.
Up to now, the universal analysis for OTA detection is largely concentrated in advanced instrumental methods, including high-performance liquid chromatography (HPLC), HPLC-fluorescence detector (HPLC-FLD), ELISA, and immunochromatographic assay (Pittet and Royer, 2002; Cho et al., 2005; Giovannoli et al., 2014; Zhang et al., 2017; Sun Zhichang et al., 2018; Armstrong-Price et al., 2020). Although these chromatography and immunoassays have high precision and are selective during external interference, there still exist inescapable disadvantages such as high-cost expenses, complicated operation requirements and strict experimental conditions, and difficulty to conduct field testing. Therefore, the upcoming challenge is to have higher sensitivity and cost reduction advantages in OTA detection to realize application in practice. Compared with the aforementioned methods, electrochemical methods are preferable due to the low cost and short response, and are suitable for miniaturization in practical applications. Thereafter, various electrochemical biosensors for OTA have arisen, mainly involving immunosensors, capacitance biosensors, photo-electrochromic biosensors, aptasensors, etc. (Chen et al., 2012; Bougrini et al., 2016; Duan et al., 2017; Ying et al., 2018). Among them, the electrochemical aptasensors have been attracting more and more attention since they combine the advantages of electrochemical methods and aptamers.
Alternatively, aptamers have a favorable ascendancy in stability, affinity, and output, which make them obtain very high commercial availability (Cheow and Han, 2011; Han et al., 2012). Ever since the first time it was reported that the aptamer was applied for OTA detection by Cruz-Aguado’s team (Cruz-Aguado and Penner, 2008), diverse OTA electrochemical aptasensors have been widely introduced. Hairpin-DNA aptamer toward OTA was first reported by Zhang et al. with an analytical response varying from 1.0 to 20 pg ml−1 (Zhang et al., 2012). Moreover, one recent work proposed a new model of OTA aptasensor, based on self-assembly between SH-aptamer and gold layer deposition, allowing to show wide-dynamic-range capabilities (1 × 10−5–10 nM). Researchers also applied the aptasensor to investigate OTA in red wine samples (Yang et al., 2019). Although the sensitivity of these sensors has fulfilled OTA detection with a low content, development of novel aptasensors from various angles is still imperative.
To further make the best use of electrochemical aptasensors, electrode materials are crucial to enhance the sensitivity and stability. A series of nanomaterials were introduced to bring larger active surface and higher electrical conductivity for amplifying the response to weak signals (Manna and Raj, 2018). Metal-organic frameworks (MOFs), characteristic of high crystalline structure, have shown extensive application prospect in catalysis, medical science, biological toxicity testing, etc. (Wang P.-L. et al., 2019). However, bare MOFs did worse in constructing electrochemical aptasensors as they often conduct electricity poorly. Therefore, various MOF composites with metal nanoparticles, carbon nanostructures, and conductive polymers have been assembled for a wide application in electrochemical field (Zhang et al., 2020). In addition, zeolitic imidazolate frameworks (ZIFs) belonging to one of those prove to have special structure of zeolite, which is characteristic of both thermal and chemical stability (Keskin, 2011). Because of the aforementioned advantages, ZIFs composite was used as a carrier in this work to load biomaterials. At present, the quest for ZIF-based aptasensors is still under way (Hao et al., 2019; Salandari-Jolge et al., 2021), and significantly, few of them have been applied in aspect of OTA detection.
With this idea in mind, a heterogeneous composite of Au nanoparticles (AuNPs)/ZIF-8 was selected and served as a conductive platform for supporting and sensing, by implanting ultrafine AuNPs into the highly regular ZIF-8 while the dodecahedral structure was unchanged. At the same time, in attempt to boost the number of recycling oligonucleotides for signal amplification, duplex-specific nuclease (DSN) was adopted. It can identify and digest DNA strand from a DNA/RNA hybrid to free RNA and achieving recovery (Qiu et al., 2015). The schematic illustration of this work is displayed in Scheme 1. In the absence of OTA, hairpin aptamer (HP) hybridized with RNA strand, which had an unmatched ssDNA on 3′-end. DNA strand in the duplex can be shorn by DSN to release RNA and trigger more cycles of DSN reaction. A short strand named ssDNA could be released to open HP1 assembled on the electrode, which initiated a HCR on the AuNPs/ZIF-8 modified electrode surface. The remaining parts in HP2 and HP3 combined with Hemin molecules to form G-quadruplex-hemin DNAzymes. In the catalytic reaction, thionine (Thi) was adopted as a redox probe and nicotinamide adenine dinucleotide (NADH) worked as coenzyme to further amplify the electrochemical signal (Yuan et al., 2014). Otherwise, with certain amount of OTA, HP tended to interact with OTA while RNA strands are released. HP/OTA failed to release ssDNA and trigger the subsequent HCR reactions, and then a weaker redox signal was recorded in comparison with circumstances when no OTA exists. In this perspective, the relationship between OTA content (COTA) and current signal has a negative linear correlation instead of a linear one.
[image: Scheme 1]SCHEME 1 | Schematic illustration of the principle of the electrochemical aptasensor: (A) fabrication of the AuNPs/ZIF-8, (B) DSN-assisted signal amplification strategy in the absence of OTA, and (C) selective recognition of HP with OTA.
EXPERIMENTAL
Materials and Instrumentation
Zinc (II) nitrate hexahydrate [Zn(NO3)2·6H2O], 2-methyl imidazole (2-MI), and sodium borohydride (NaBH4) were purchased from Aladdin. Chloroauric acid hydrated (HAuCl4·4H2O) was obtained from Beijing HWRK. NADH, Thi, and hemin were obtained from Aldrich. Bovine serum albumin (BSA) and Tris (2-carboxyethyl) phosphine hydrochloride (TCEP-HCl) were purchased from Baoman Biotech. Co., Ltd. Phosphoric acid buffer solution (PBS, 0.1 M, pH 7.0) was prepared by regulating the amount of Na2HPO4 and NaH2PO4 and used as electrolyte. PBS containing 5.0 mM [Fe(CN)6]3−/4− was used for cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) analysis. Hemin solution was prepared by 0.15 mM hemin, 0.25 mM HEPES, 0.20 mM KCl, 2 mM NaCl, and 1 mM DMSO. OTA was obtained from PriboLab. DSN and the buffer were obtained from Evrogen. All functional group-modified oligonucleotides were purified by Sangon Biotechnology Co., Ltd. Indium tin oxide (ITO)–coated electrodes (coating thickness 180 ± 25 nm, sheet resistance <15 U/cm2) were purchased from Kaivo Electronic Components Co., Ltd. All reagents were prepared with ultrapure water. All other chemicals were analytical grade and used without further purification. The oligonucleotide sequences are listed in Table 1.
TABLE 1 | Oligonucleotides used in this work
[image: Table 1]Electrochemical measurements including differential pulse voltammetry (DPV), CV, and EIS were conducted on a CHI 660E electrochemical workstation (Chenhua Instrument). The morphology of the nanostructures was investigated by scanning electron microscopy (SEM; Zeiss Sigma 300) and transmission electron microscope (TEM; JEOL JEM-F200). Elemental mapping and energy dispersive spectrometry (EDS) were characterized on TEM (Hitachi S4800). The X-ray diffraction (XRD) pattern was recorded in the 2θ scan range from 5 to 40° using Cu Kα radiation with wavelength (λ) of 0.154 nm. Fourier-transform infrared resonance (FTIR) spectra were conducted on a Nicolet iS5 (Thermo Fisher Scientific) instrument using KBr pellet method. The chemical states were measured by X-ray photoelectron spectroscopy (XPS; Thermo Kalpha). The nitrogen adsorption–desorption isotherms were recorded by a gas sorption analyzer (ASAP2460), and the specific surface area was estimated by Barrett–Emmett–Teller (BET) theory. Agarose gel electrophoresis (AGE) analysis was conducted in 1× TAE buffer under 120 V for 40 min, in which the concentration of agarose was 2%. The gel stained by ethidium bromide (EB) was then separated to have images under gel imaging system (Bio-Rad). The 50–500 bp DNA Ladder (Solarbio) was used as marker to analyze DNA bands.
Synthesis of ZIF-8
ZIF-8 was prepared according to a previous literature with a slight adjustment (Torad et al., 2013). Then 1 mmol Zn(NO3)2·6H2O and 8 mmol 2-MI were respectively added to 10 ml methanol to form two clear solutions. They were then mixed into one beaker and let stand overnight for stratification. The white precipitated ZIF-8 was prepared in steps of methanol washing and vacuum drying.
Synthesis of AuNPs/ZIF-8
AuNPs/ZIF-8 was prepared according to a previous report (Wang Y. et al., 2019). ZIF-8 (0.2 g) was taken and 20 ml of 10 mM HAuCl4 solution was added into a 50-ml beaker. To guarantee sufficient reaction, the solution was first ultrasonicated for 10 min and stirred vigorously for another 12 h. Then, 0.2 M NaBH4 solution was quickly added and stirred for another 30 min. The resulting AuNPs/ZIF-8 was prepared in steps of water washing and vacuum drying.
Fabrication of AuNPs/ZIF-8 Modified Electrode
First, ITO electrode underwent ultrasonic cleaning in acetone and then successively treated with ethanol and distilled water, and then dried with nitrogen for further use. A region of space for electrochemical testing was confined to a 3-mm-diameter circular controlled by tape punching. Then, 10 µl of 1 mg ml−1 AuNPs/ZIF-8 dispersion was obtained and dribbled on the electrode surface. It was left to stand under room ambience to dry naturally and then stored at 4°C, which was designated as AuNPs/ZIF-8/ITO.
Process of Aptasensing
Before aptasensing, 20 µl of HP, HP1, HP2, or HP3 solution with a concentration of 4 µM was brought to a 95°C thermostatic water bath for 5 min and then cooled down to room temperature prior to use. Significantly, since HP and HP1 are –SH group modified, to reduce the formation of disulfide bond, per 100 µl of solution was added with 0.1 µl of 100 mM TCEP-HCl after activation. All DNA sequences were diluted with PBS and RNA sequence was diluted with TE buffer. Twenty microliters of different concentrations of HP1 was immersed on the AuNPs/ZIF-8/ITO surface at room temperature for 2 h. In this procedure, thiolated HP1 bound to the electrode surface via Au–S bonding. After that, the electrode was rinsed with distilled water and then incubated with 0.25 wt.% BSA solution for 30 min to block the residue active sites on electrode surface.
After that, the electrode was immersed in 20 µl of mixture (containing 7 µl of 2 µM HP, 1 µl of OTA with different concentrations, 1 µl of 10× DSN buffer, 1 µl of 2 µM RNA, and 0.1 U DSN) and reacted at 50°C for 30 min. This process was aimed at activating DSN and cleaving DNA–RNA duplex. Then, 10 µl of 2× DSN STOP solution was added for another 5 min. At this time, the released DNA had been digested and ssDNA had been generated. A part of HP1 strands on electrode surface could hybrid with ssDNA after incubating with the aforementioned mixture at room temperature. After thoroughly rinsed with PBS, the ssDNA/HP1/AuNPs/ZIF-8/ITO electrode was incubated with 10 µl mixture containing 1 µM HP2, HP3, and AP, 0.25 mM Thi, and 0.15 mM hemin to initiate HCR reaction (Sun Xiaofan et al., 2018). After the incubation, the hemin/G-quadruplex came to generate and acted as a horseradish peroxidase (HRP) mimicking enzyme for NADH oxidation to NAD+ with the aid of dissolved O2. During this process, Thi worked as an electron mediator and a dramatically amplified current signal could be observed. DPV measurements were carried out in 10 ml PBS and the addition of NADH was 3 mM. The potential range came between −0.4 and 0 V.
RESULTS AND DISCUSSION
Characterization of AuNPs/ZIF-8
Surface functional groups and formation of zinc nuclear imidazole coordination polymer were observed by FTIR spectra. As depicted in Figure 1A, both precursor ZIF-8 (curve b) and AuNPs/ZIF-8 (curve c) showed a C=N stretching vibration at 600 cm−1 and an aliphatic C–H stretch at 3,129 and 2,929 cm−1, which is caused by methyl and imidazole ring of imidazole ligands (Yang et al., 2015; Zhang et al., 2011). Besides, the band at 400 cm−1 is characterized by Zn–N stretch, demonstrating that Zn2+ was coordinated with N atom in the imidazole ring, and the structure of the ligand was intact (Zhang et al., 2016). Compared with FTIR spectra of imidazole ligands (curve a), observations cannot be made at 1,845 or 2,648 cm−1, which should be credited with N–H vibration and the N–H–N hydrogen bond absorption. The disappearance of the two strong bands shows the deprotonation of 2-methyl imidazole in the preparation process. It is known that there are no characteristic peaks for Au in the IR region and the analyzed FTIR result of AuNPs/ZIF-8 coincides well with that conclusion (Wang, Y., et al., 2019).
[image: Figure 1]FIGURE 1 | (A) FTIR spectra of (a) 2-MI, (b) ZIF-8, and (c) AuNPs/ZIF-8. (B) XRD patterns of ZIF-8 and AuNPs/ZIF-8.
XRD patterns also authenticated the preparation of ZIF-8 and AuNPs/ZIF-8, as illustrated in Figure 1B. The presence of diffraction peaks with high intensity demonstrated that the synthesized products all had a crystalline structure. The characteristic peaks at 7.4°, 10.4°, 12.3°, 16.5°, 18.1°, and 26.8° corresponded to the crystal plane of (011), (002), (112), (013), (222), and (134) belonging to ZIF-8, which is consistent with previous reports (Park et al., 2006). In addition, the sharp peaks appearing at 7.4° and 12.3° indicated that the synthesized ZIF-8 structure was highly crystalline. Shown as the red curve in Figure 1B, after encapsulation of AuNPs, the main diffraction peaks of ZIF-8 remained unchanged, which can be attributed to the small sizes and high dispersion of AuNPs (Zhang et al., 2018).
The structure and morphology of ZIF-8 and AuNPs/ZIF-8 were characterized by TEM and SEM, respectively. As seen in Figures 2A,B, typical uniform rhombic dodecahedron shape of ZIF-8 was preserved entirely after AuNP modification, and the particle size was found to increase from 65 nm (Figure 2C) to 80 nm (Figure 2D). Since AuNPs were produced in situ on the surface of ZIF-8 particles, some AuNPs uniformly scattered over the surface of ZIF-8 particles and others were implanted inside of ZIF-8, as seen in Figures 2D,E. To evaluate the pore structure and surface area before and after AuNPs interspersing into ZIF-8, N2 adsorption–desorption isotherms were performed (Figure 2F). According to the IUPAC classification, two hysteresis loops of Type-I were observed, indicating the presence of microporous structure of ZIF-8 and AuNPs/ZIF-8 materials (Sun et al., 2019). The surface area of AuNPs/ZIF-8 was calculated to be 628.8 ± 2 m2 g−1, which was much smaller than that of ZIF-8 (1,880.1 ± 2 m2 g−1). The pore size of AuNPs/ZIF-8 (5.38 nm) was a little smaller than that of the parent ZIF-8 (5.42 nm), and the total pore volume also decreased by about 68%. The result illustrated that AuNPs have implanted into the pores of ZIF-8 (Li Ying et al., 2021). Meanwhile, TEM images of Figure 2D demonstrated the uniform distribution of AuNPs into ZIF-8 surface, which was further confirmed in Figure 2E. The EDS result of Figure 2G verified the existence of Zn, C, N, and Au elements in an AuNPs/ZIF-8 singular particle.
[image: Figure 2]FIGURE 2 | SEM images of (A) ZIF-8 and (B) AuNPs/ZIF-8. TEM images of the (C) ZIF-8 and (D) AuNPs/ZIF-8. (E) HRTEM image of AuNPs/ZIF-8. (F) N2 adsorption–desorption isotherms of ZIF-8 and AuNPs/ZIF-8 (inset: pore size distribution). (G) EDS spectrum of AuNPs/ZIF-8.
Elementary mapping was also applied for confirming AuNP distribution in AuNPs/ZIF-8. Compared with Figure 3A of ZIF-8, uniformly distributed AuNPs could be observed on ZIF-8 surface (blue dots in Figure 3B). As shown in Figure 3C, XPS measurements were conducted to determine the valance states of different atoms in AuNPs/ZIF-8. In Figure 3D, the high-resolution Zn 2p spectrum in AuNPs/ZIF-8 split into doublet peaks due to the spin–orbit coupling effect, corresponding to Zn 2p1/2 and Zn 2p3/2. Meanwhile, Zn 2p spectrum was deconvoluted into four peaks, which were assigned to Zn–N (1,019.22 eV, 1,042.16 eV) and Zn–O (1,021.69 eV, 1,044.63 eV), respectively, which indicated the presence of +2 oxidation state of Zn (Tuncel and Ökte, 2021). As shown in Figure 3E, the XPS spectrum of Au 4f overlapped with that of Zn 3p, which could be deconvoluted into four peaks of Au 4f7/2 at 81.18 eV, Au 4f5/2 at 84.80 eV, Zn 3p3/2 at 85.64 eV, and Zn 3p1/2 at 89.63 eV, respectively (Gao et al., 2020). It can be noted that the intensity of Au was lower than that of Zn2+, which can be attributed to the sub-participation of AuNPs, and the obtained results were consistent with EDS analysis (Figure 2G).
[image: Figure 3]FIGURE 3 | EDS mapping of (A) ZIF-8 and (B) AuNPs/ZIF-8. (C) XPS survey spectrum, high-resolution XPS spectra of (D) Zn 2p and (E) Au 4f-Zn 3p of AuNPs/ZIF-8.
Feasibility of the Amplification Strategy
To characterize the stepwise modification process of the aptasensor, EIS at each immobilization step was recorded as shown in Figure 4A. Curve a represented the impedance spectrum of ITO, with an electron transfer resistance (Ret) value around 135.2 Ω. When the AuNPs/ZIF-8 was modified onto the ITO surface, the diameter of semicircle (curve b) decreased since external AuNPs helped enhance the interface electron transfer. After the modification of HP1 through Au–S bond, Ret value increased from 96.7 to 133.6 Ω (curve c), which can be explained that the negative-charged HP1 electrostatically repulsed the negative-charged electrochemical probe of [Fe(CN)6]3−/4−, decreasing the electron transfer rate from [Fe(CN)6]3−/4− to electrode surface. A larger semicircle domain was displayed after the electrode was blocked with 0.25% BSA (curve d). Curve e depicts the hybridization of ssDNA with HP1, by unfolding HP1 from hairpin rigid structure to liner flexible structure, with a very small Ret value around 71 Ω. The decrease of Ret can be explained in terms of steric effects caused by structural changes of chains. As for electrode treating with HCR, a further increased Ret was observed because the exponential negatively charged nucleic acids immobilized onto the sensing interface (Wang X. et al., 2019). According to the characterization of impedance spectra, each step of fabrication was successfully conducted and HCR/ssDNA/HP1/AuNPs/ZIF-8/ITO was proved to be well assembled. The fitted Ret values were calculated based on the equivalent circuit, which consisted of four main elements: electrolyte solution resistance (Rs), Ret, the double layer capacitance (Cdl), and Warburg impedance (Zw) (inset part in Figure 4A).
[image: Figure 4]FIGURE 4 | (A) Nyquist plots of different modified electrodes were recorded in PBS containing 5.0 mM [Fe(CN)6]3−/43−: (a) bare ITO, (b) AuNPs/ZIF-8/ITO, (c) HP1/AuNPs/ZIF-8/ITO, (d) BSA/HP1/AuNPs/ZIF-8/ITO, (e) ssDNA/HP1/AuNPs/ZIF-8/ITO, (f) HCR/ssDNA/HP1/AuNPs/ZIF-8/ITO. (B) DPV signals in PBS at (a) ssDNA/HP1/AuNPs/ZIF-8/ITO, (b) HCR/ssDNA/HP1/AuNPs/ZIF-8/ITO with Thi, (c) solution b added with NADH, Thi, and hemin, (d) HCR/ssDNA/HP1/AuNPs/ZIF-8/ITO formed after the addition of 103 fg ml−1 OTA. (C) The AGE characterization. Lane M: DNA marker, lanes 1–4: HP, HP1, HP2, and HP3, respectively; lane 5: HP/RNA; lane 6: solution 5 added with DSN; lane 7: ssDNA/HP1; lane 8: ssDNA/HP1/HCR.
Feasibility of the strategy employed for amplifying signals was verified by DPV with different modified electrodes under diverse detection conditions. Figure 4B illustrates the DPV responses of different aptasensors. Curve a corresponded to ssDNA/HP1/AuNPs/ZIF-8/ITO electrode in PBS, in which no visible DPV signals could be seen. It indicated that there was no electrochemical probe Thi on the electrode surface at this time. After HCR structure formed on the electrode surface, Thi could be electrostatically adsorbed on HCR, arousing a low current response (curve b) mainly due to the insulating nature of oligonucleotides. When hemin/G-quadruplex DNAzyme formed with the participation of hemin, an obviously increased peak current was obtained in the presence of 3.0 mM NADH (curve c) due to the synergistic catalytic effect between DNAzyme and NADH. The obtained current was about 2.6 times of that in curve b, illustrating enhanced signal amplification. For comparison, in the presence of 103 fg ml−1 target OTA, a weaker DPV signal (curve d) was recorded since the strong affinity between HP and OTA caused less ssDNA to be released.
To further evaluate the feasibility of the aptasensor, AGE analysis was conducted by DNA electrophoresis on various stages of samples (Bai et al., 2021). As shown in Figure 4C, lanes 1 to 4 corresponded to HP, HP1, HP2, and HP3, and four bright bands could be observed respectively. In the absence of OTA, HP hybridized with RNA, which gave a good explanation for a bright band in lane 5, and the height was a little higher than that of HP. After adding DSN in duplex HP/RNA, HP was digested while ssDNA was released. No obvious band was observed in lane 6, which might be explained by the fact that single-stranded ssDNAs with much smaller molecular weights were hard to detect in electrophoresis analysis. Lanes 7 and 8 corresponded to ssDNA/HP1 and ssDNA/HP1/HCR, two bright bands that illustrated the hybridization among ssDNA, HP1, AP, HP2, and HP3 was successful. In addition, lane 7 was found to be a little higher than lane 2, which can be attributed to the combination of ssDNA and HP1. Lane 8 was the highest band in this image, illustrating the large molecule nature of HCR structure. Therefore, the AGE result fully confirmed the strong interactions among these sequences and the feasibility of the sensing strategy in this work.
Kinetic Study of the Modified Electrode
To study the kinetic principle of the electrochemical process, CV curves were recorded at different scan rates (ν) from 10 to 150 mV s−1. As shown in Figure 5A, CV curves displayed good symmetry at different scanning rates accompanying with a significant pair of redox peaks, in which [Fe(CN)6]3−/4− worked as the oxidation–reduction probe. By deducing the relationship between redox peak currents and the square root of scan rate (ν1/2), a linear relationship can be acquired, indicating a diffusion-controlled electrochemical process. It meant that a fast electron transfer occurs between the Fe(CN)64− and the electrode surface, demonstrating an excellent conductivity of AuNPs/ZIF-8 and a uniform distribution of AuNPs in pores of ZIF-8 (Figure 5B).
[image: Figure 5]FIGURE 5 | (A) CVs of HP1/AuNPs/ZIF-8/ITO at the scan rate of 10, 20, 50, 80, 100, and 150 mV s−1 (from internal to external) in PBS solution containing 5.0 mM [Fe(CN)6]3−/4−, respectively. (B) The corresponding plot of peak current vs. ν1/2.
Optimization of Experimental Parameters
To improve the performance of the aptasensor, the reaction parameters of HP1 concentration, DSN dosage, DSN cleaving temperature, and reaction time were investigated by EIS and DPV techniques (Li Xiaoyan et al., 2021; Peng et al., 2018; Zhang et al., 2019). As shown in Figure 6A, along with the concentration of HP1 that increased from 0 to 2.4 μM, the detected Ret value of HP1/AuNPs/ZIF-8/ITO increased accordingly and the largest value appeared at 1.6 μM. If the immobilized HP1 exceeded 1.6 μM, the Ret value seemed decreased a little, which might be ascribed to the excessive HP1 that could not link the limited active sites on AuNPs/ZIF-8/ITO surface. It meant that 1.6 μM of HP1 immobilization was saturated on electrode surface.
[image: Figure 6]FIGURE 6 | (A) Nyquist plots of HP1/AuNPs/ZIF-8/ITO immobilized with different concentrations of HP1, which recorded in PBS containing 5.0 mM [Fe(CN)6]3−/4−. Effects of DSN catalytic nicking reaction parameters of (B) reaction temperature, (C) reaction time, and (D) DSN dosage on the peak current of HCR/ssDNA/HP1/AuNPs/ZIF-8/ITO in the presence of NADH and Thi, respectively.
DSN could cleave HP in heteroduplex of HP/RNA and thus release the RNA strand for amplification cycle. The reaction temperature, time, and DSN dosage are important for the optimal performance of DSN catalytic reaction, which should be studied and discussed. To maximize the effect of DSN catalysis, reaction time and DSN dosage were fixed at 60 min and 0.3 U, respectively. The peak currents of HCR/ssDNA/HP1/AuNPs/ZIF-8/ITO in the presence of NADH and Thi were recorded. As Figure 6B illustrates, peak current successively increased when the reaction temperature rose from 30 to 60°C, since more and more ssDNA could be released after DSN catalysis. However, the current was observed to decrease at 70°C, which might be due to less stability of DSN and HP/RNA heteroduplex at a higher temperature. In addition, the peak current was found to be increased along with the reaction time that was prolonged from 10 to 40 min, and then reached a plateau. Similarly, the peak current was also found to reach a maximum and steady value at the DSN dosage of 0.2 U. It meant that 40 min of reaction time at 60°C and 0.2 U of DSN dosage were sufficient for the enzyme catalyzed nicking reaction.
Quantitative Determination of OTA
Under the optimal conditions, the performance of the aptasensor was evaluated in terms of sensitivity and dynamic response range. In the absence of OTA, the DPV current of Thi was recorded as I0. In the presence of OTA, the high infinity of OTA with its aptamer led to the decrease in the amount of HP/RNA, and thus the corresponding current response of Thi (I) became lower. A gradual reduction of DPV current was observed after adding OTA from 1 to 107 fg ml−1 (Figure 7A). As shown in Figures 7A,B, good linearity between the peak current change (ΔIp = I0−I) and the logarithm of OTA concentration was obtained, with a linear equation of ΔIp/μA = 0.14 lgCOTA/fg ml−1+1.25 (n = 5, R2 = 0.99). The limit of detection was evaluated to be 0.247 fg ml−1 according to 3 σ principle. Compared with the performance of previously reported OTA aptasensors, as listed in Table 2, the proposed aptasensor exhibited a wide linear range by eight orders of magnitude with a low detection limit. The advantages of our work were ascribed to six aspects: 1) the controllable and perfect structured ZIF-8 provided rich active sites and a large surface area for DNA strands modification; 2) the in situ implantation of AuNPs significantly enhanced the electron transfer rate; 3) DSN was used for selective digestion of DNA strand in DNA/RNA hybrid, providing a good chance for designing a RNA recycled amplification strategy; 4) the G-quadruplex-hemin assembled HCR nanowire acted as an NADH oxidase to assist the concomitant formation of H2O2 in the presence of dissolved O2; 5) meanwhile, the G-quadruplex-hemin assembled HCR nanowire acted as an HRP-mimicking DNAzyme to catalyze the reduction of the produced H2O2; 6) with the redox probe Thi as electron mediator, the pseudobienzyme electrocatalytic system combined with the aptamer recognition strategy endowed a dramatically amplified electrochemical aptasensing performance.
[image: Figure 7]FIGURE 7 | (A) DPV responses at the HCR/ssDNA/HP1/AuNPs/ZIF-8/ITO with varying concentrations of OTA from 0 to 107 fg ml−1 (curves a to j: 0, 1 fg ml−1, 10 fg ml−1, 102 fg ml−1, 103 fg ml−1, 104 fg ml−1, 105 fg ml−1, 106 fg ml−1, 107 fg ml−1, 108 fg ml−1). (B) Linear relationship between the peak current change and the logarithm of OTA concentration from 1 to 107 fg ml−1.
TABLE 2 | Comparisons of analytical performances of different OTA aptasensors
[image: Table 2]Selectivity and OTA Detection in Real Samples
To evaluate the selectivity of the constructed OTA aptasensing strategy, 103 fg ml−1 of zearalenone (ZEN), aflatoxin B1 (AFB1), aflatoxin B2 (AFB2), and the mixture of the aforementioned interfering substances were tested as the normal interferents toward OTA. Herein, blank solution without OTA and 103 fg ml−1 of OTA were set as control samples. It could be seen that a significantly decreased peak current was obtained in 103 fg ml−1 of OTA solution, while the peak currents detected in interferents were similar to that in blank solution, as could be seen in Figure 8. It could be demonstrated that there is a high selectivity of this OTA aptasensor, which was owing to the high affinity between aptamer and OTA.
[image: Figure 8]FIGURE 8 | DPV currents recorded in blank solution, 103 fg ml−1 of OTA, ZEN, AFB1, AFB2 and the mixture of above interfering substance, respectively.
The performance of the aptasensor was further evaluated in some OTA real samples. Wheat flour (5 g) purchased from the market was added into 20 ml of acetonitrile–water (v/v = 9:1) mixture, and the supernatant was collected for use after centrifugation and filtration. Wheat extract was diluted with PBS via the volume ratio of 1:9, then 1 ml of OTA standard solutions with the concentration of 102 fg ml−1, 105 fg ml−1, and 108 fg ml−1 were spiked respectively into 9 ml of the aforementioned extractions. As shown in Table 3, the recoveries of the three samples were in the range of 96.8–104.2% with the relative standard deviation (RSD) values of 3.0–5.9%. According to the result, the proposed aptasensing strategy was expected to become a powerful tool for OTA residue detection in real samples with enough precision and accuracy.
TABLE 3 | The recovery determination in real wheat flour samples
[image: Table 3]CONCLUSION
In conclusion, the AuNPs/ZIF-8 with a typical rhombic dodecahedron shape was prepared by in situ reduction method with NaBH4. A highly sensitive OTA aptasensor was then designed by conducting an enzymatic signal amplification system, accompanying with ZIF-8 materials and the autonomously assembled hemin/G-quadruplex DNAzyme for further signal amplification. BET experiments revealed that the prepared ZIF-8 provided abundant available functional surface for subsequent modification of AuNPs, which is in favor of immobilization of HP1 on AuNPs/ZIF-8/ITO electrode. Owing to the specific ability of DSN to identify and cleave DNA from DNA/RNA heteroduplex, ssDNA thus could be released and to open HP1 assembled on the electrode, which successfully triggered the HCR and further realized the pseudobienzyme electrocatalytic amplification. Catalytic results indicated that this constructed aptasensor exhibited a high sensitivity from 1 to 107 fg ml−1 and a low detection limit of 0.247 fg ml−1. Furthermore, the aptasensor was proven to be applied in wheat samples, which demonstrated the potential prospects in practical detection.
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Nuclear facilities are widely used in fields such as national defense, industry, scientific research, and medicine, which play a huge role in military and civilian use. However, in the process of widespread application of nuclear technology, uranium and its compounds with high carcinogenic and biologically toxic cause a lot of environmental problems, such as pollutions of water, atmosphere, soil, or ecosystem. Bioensors with sensitivity and specificity for the detection of uranium are highly demand. Nucleic acid enzymes (DNAzyme) with merits of high sensitivity and selectivity for targets as excellent molecular recognition elements are commonly used for uranium sensor development. In this perspective review, we summarize DNAzyme-based biosensors for the quantitative detection of uranyl ions by integrating with diverse signal outputting strategies, such as fluorescent, colorimetry, surface-enhanced Raman scattering, and electrochemistry. Different design methods, limit of detection, and practical applications are fully discussed. Finally, the challenges, potential solutions, and future prospects of such DNAzyme-based sensors are also presented.
Keywords: uranyl sensor, DNAzyme, environmental monitoring, detection, spectrum, electrochemistry
INTRODUCTION
Uranium, a radioactive metal element, is a significant raw material for the nuclear industry including nuclear power, nuclear weapons, scientific research, and nuclear medicines. Uranium-based nuclear energy effectively reduces global environmental problems such as global warming and energy depletion caused by fossil energy. Economic, efficient, and clean nuclear energy has great development prospects. Whereas, with the development and application of nuclear technology, the radioactive wastes containing uranium will gradually infiltrate environmental media, such as water, soil, and atmosphere, and eventually enter the biosphere system, which will cause great damage to humans and ecosystems. Uranium with strong chemical toxicity and radiotoxicity will cause lasting disturbances and damage to the immune, reproduction, and hematopoietic systems of organisms (Domingo, 2001). The World Health Organization lists uranium as a priority environmental pollutant, stipulating that the concentration limit of uranium in drinking water is 30 ug/L (Ansoborlo et al., 2015). Uranium possesses a lot of forms under different conditions and the uranyl ion (UO22+) is the most stable chemical form in aqueous solution. Many techniques have been developed for UO22+ detection, including X-ray fluorescence spectroscopy, atomic emission spectrometry, inductively coupled plasma mass spectrometry, and high-performance liquid chromatography (Jamali et al., 2006; Jaison et al., 2011; Boulyga et al., 2016; Sanyal et al., 2017). These methods with high selectivity and sensitivity are high cost, requiring sophisticated instrument and tedious pre-treating procedures, which are difficult to achieve the goal of real-time and onsite detection. Therefore, bioensors with high sensitivity and specificity for the detection of uranyl ion have become increasingly necessary.
Nucleic acid enzymes, also called DNAzymes, are isolated through in vitro selection (Liu et al., 2009). DNAzyme typically is composed of a substrate strand and an enzyme strand, and the two DNA strands are partially complementary hybridized by base pairing to form a double-stranded system. The presence of target ion activates the activity of DNAzyme and the ribo-adenosine (rA) on the substrate chain is cleavaged. The released target ion subsequently interacts with another DNAzyme, resulting in a signal-amplifying effect. DNAzymes with high metal-binding affinity and specificity show great promise as molecular tools in the design of diverse biosensors and nanodevices, benefiting from their unique characters, including low nonspecific adsorption, good stability, and easy preparation (Zhou et al., 2017; Jouha and Xiong, 2021). Moreover, the recycling of target molecule properties makes DNAzymes outstanding signal amplifiers for enzyme-free and highly sensitive detection of many different metal ions (Saidur et al., 2017; Jouha and Xiong, 2021; Khan et al., 2021). UO22+-specific DNAzyme was firstly selected by Lu group and a fluorescent sensor was developed simultaneously (Liu et al., 2007). In the past few years, quite a few amplified sensing platforms had been established for the quantitative detection of UO22+ (Farzin et al., 2019; He and Hua, 2019; Wu et al., 2019; Wang et al., 2022). In this review, we only focused on the application of various types of DNAzymes-based methods with diverse signals outputting approaches to achieve quantitative detection of uranyl ion. Design strategies, detection limits, and detection ranges were comprehensively compared. Such DNAzymes based sensors are expected to show great potential in environmental monitoring and nuclear emergency.
APPLICATIONS OF DIFFERENT TYPES OF DNAZYME-BASED SENSORS
DNAzymes as the recognition element are suitable for the fabrication of uranyl sensors. Target molecules induced huge changes in structure and conformation of DNAzymes to produce diverse signal outputting including fluorescence, electrochemistry, colorimetry, and surface-enhanced Raman scattering (SERS). Table 1 summarized the DNAzyme-based biosensors for the detection of UO22+ by integrating with different signal output types including fluorescent, electrochemistry, colorimetry, and SERS.
TABLE 1 | DNAzyme-based biosensors for the detection of uranyl ion.
[image: Table 1]DNAzyme-Based Fluorescent Sensors for UO22+ Detection
Fluorescence techniques are commonly used for the detection of diverse targets by measuring the change of fluorescence emission. DNAzyme as affinity ligand was applied in fluorescence sensors. Lu group reported a DNAzyme-based gold nanoparticles (AuNPs) sensor for uranyl ion detection (Wu et al., 2013). AuNPs were functioned with uranyl-specific DNAzyme and the substrate strand was modified with a fluorophore/quencher at 5′ and 3’-end respectively. In the absence of UO22+, the fluorescence of fluorophore was quenched by both quencher and AuNPs. Upon uranyl ion binding, the cleavage of rA resulted in the release of fluorophore and the enhanced fluorescence enabled the sensitive detection of UO22+ in living cells. Xiong et al. presented a DNA tweezer probe for the fluorescent detection of UO22+. DNAzyme catalytic cleavage strategy was used for signal enhancement (Xiong et al., 2020). AuNPs and fluorophore were fixed at the ends of DNA tweezer. In the presence of target UO22+, DNAzyme cleaved substrate linker DNA sequence, the enhanced fluorescent signal allowed the detection of target ions, and the limit of detection was 25 pM UO22+.
Zhu et al. reported a G-quadruplex-assisted enzyme strand recycling strategy-based fluorescent sensor for detecting UO22+ as shown in Figure 1A (Zhu et al., 2019). Such approach contained enzyme strand (E-DNA), cleaved substrate strand (S-DNA), and SYBR green I (SG). In the presence of target UO22+, DNAzyme was activated and further cleaved the S-DNA containing G-quadruplex sequence at the both ends. The formation of G-quadruplex helped the separation between E-DNA and S-DNA, which obviously improved the recycle utilization of E-DNA. The fluorescent signal of SG, a DNA intercalating dye, positively correlated with the amount of target UO22+. The limit of detection was 200 pM UO22+.
[image: Figure 1]FIGURE 1 | DNAzyme-based biosensors for the detection of uranyl ions by integrating with diverse signal outputting strategies in previous reports (A) G-quadruplex-assisted enzyme strand recycling-based fluorescent uranyl ion sensor. Reprinted with permission (Zhu et al., 2019), Copyright 2019 Elsevier B.V. (B) Ratiometric fluorescent biosensor for uranyl detection. Reprinted with permission (Yang et al., 2021). Copyright 2021 Elsevier B.V. (C) Electrochemical biosensor for uranyl detection based on DNAzyme and CHA. Reprinted with permission (Yun et al., 2016a). Copyright 2017, Royal Society of Chemistry (D) DNAzyme-modulated SG photosensitization colorimetric sensor for detection of UO22+. Reprinted with permission (Huang et al., 2018). Copyright 2017, Royal Society of Chemistry.
A variety of signal amplification strategies were also applied to the design of UO22+ sensor based on DNAzyme cleavage. Entropy-driven amplification and DNAzyme circular cleavage amplification-based fluorescent sensor was used for sensitive uranyl ion detection (Yun et al., 2019). The first amplification, entropy-driven amplification, was initiated by a DNA fragment coming from the cleavage of DNAzyme in the addition of target UO22+. Two DNA sequences released from the entropy driven amplification were partly complementary, which was an E-DNA of Mg2-specific DNAzyme. The second amplification, DNAzyme circular cleavage amplification, subsequently was activated. The formation of E-DNA circularly cleaved S-DNA-FAM probes decorated AuNPs. The following recovery of fluorescent signal enabled the sensitive detection of UO22+ and the limit of detection was as low as 13 pM. An enzyme-free dual amplification-based fluorescent sensor for ultra-sensitive detection of UO22+ was reported by Huang et al. (Yun et al., 2018). The hairpin catalytic assembly (HCA) reaction and DNAzyme-strand recycling were used in such strategy. In the absence of UO22+, dye-labeled hairpins absorbed on the surface of AuNPs and aggregation of AuNPs were prohibited. The addition of UO22+ triggered HCA reaction between the three hairpins. The formed rigid DNA triangles with negatively charged released from the negatively charged AuNPs. Turn-on fluorescent signal achieved the sensitive detection of UO22+ and the limit of detection was as low as 0.1 pM.
Wang et al. reported a fluorescent DNAzyme beacon probe for uranyl ion detection by embedding 2-aminopurine into the middle of S-DNA instead of labelling fluorescent dyes at the ends of S-DNA (Wang et al., 2019). 2-aminopurine, a fluorescent analog of adenosine, emitted fluorescence signals in a single-strand DNA (ssDNA); however, it was significantly quenched in the hybridized double-stranded DNA (dsDNA) due to the base-stacking interaction. In the presence of UO22+, fluorescence signal recovered upon the cleavage of DNAzyme. Turn-on sensing process enabled the quantitative detection of UO22+. The original catalytic activity of DNAzyme was hugely enhanced by inserting a C3 spacer. The length of flexible linkers and site of insertion were fully studied (Feng et al., 2019). Such modified DNAzyme was used in a fluorescent sensor and the detection limit was 0.19 nM UO22+.
Nanosheets with merits of great adsorption of DNA probes and excellent fluorescence quenching effect were commonly used for the fabrication of fluorescence sensors. Fu group presented a fluorescent biosensor for the simple and rapid detection of UO22+ in aqueous environment (Zhang et al., 2015). Such an approach used DNAzyme as target recognition element and molybdenum disulfide (MoS2) nanosheets as the fluorescence quencher. In the presence of UO22+, the cleavage occurred and the released FAM-labeled ssDNA adsorbed on the surface of MoS2 nanosheets, resulting in an obvious decreased fluorescence signal. The limit of detection of this turn-on sensor was 2.14 nM. Graphene oxide (GO) was used as a quencher to lower background fluorescence for amplified detection of UO22+ (Li et al., 2015). The presence of targets led to the cleavage of rA in DNAzyme, resulting in the formation of G-quadruplexes, which could interact with N-methyl-mesoporphyrin IX (NMM) to cause an enhanced fluorescence intensity. Free ssDNA and NMM were adsorbed by GO for background reduction. The limit of detection was as low as 86 pM.
DNAzyme nanostructures for UO22+ detection in living cells were developed (Zhou et al., 2016). The fluorescently quenched nanoprobes were decorated by ssDNAs containing the metal ion-dependent enzymatic and substrate sequences. The self-assembly formation nanostructure could specifically recognize target ions to recover fluorescent emissions. Increased fluorescent signals enabled the quantitative detection of uranyl ions. Yang et al. reported a ratiometric fluorescent DNAzyme sensor for UO22+ monitoring (Yang et al., 2021). The fluorescent biosensor contained DNAzyme probes (39E-DNA and 39S-DNA) and the split G-quadruplex probes (39F-R and 39F-L) as shown in Figure 1B. The presence of 39S-DNA leaded the proximity of 39F-R and 39F-L to form G-quadruplex. In the presence of target ions, DNAzyme-induced the cleavage of 39S-DNA splitted 39F-R and 39F-L. The decreased fluorescent of NMM was linear with uranyl ion concentration. Meanwhile, SG was used to monitor the hybridization of G-quadruplex probes and 39S-DNA. The ratiometric signal of NMM and SG enabled the robust detection of UO22+.
DNAzyme-Based Colorimetric Sensors
Colorimetric technique was used to determine the concentration of targets in solution by measuring the absorbance of a specific wavelength, which could be performed by UV-vis spectrophotometry (Priyadarshini and Pradhan, 2017). The sensitivity of colorimetric technique was lower than that of fluorescence; however, the color change was easily captured by naked eyes, making it a facile and convenient method.
DNAzyme-based colorimetric sensors had been developed for UO22+ detection via DNAzyme modulated photosensitization as demonstrated in Figure 1C (Huang et al., 2018). The dsDNA structure allowed SG to be located in, which could activate the photosensitization of SG for TMB (3,3′,5,5′-tetramethylbenzidine) oxidation, and chromogenic reaction occurred subsequently. In the presence of target UO22+, dsDNA structure of DNAzyme was cleaved and SG was released. Therefore, the color was weakened due to the reduced TMB oxidation from SG. This colorimetric sensor offered a detection limit of 0.08 μg/L (UV−vis detection) and 0.5 μg/L (naked eye).
Fu group reported magnetic beads (MBs) and HCR-based colorimetric biosensor for uranyl ion detection (Zhang et al., 2017). The addition of UO22+ cleaved DNAzymes immobilized on MBs surface to release ssDNA. The released ssDNA on MBs surface triggered HCR to capture a large amount of horseradish peroxidase (HRP). Upon the addition of TMB-H2O2 solution, the HRP-DNA-MBs conjugates could catalyze the H2O2-mediated oxidation of TMB, a color change from colorless to blue in solution was observed. This provided a sensitive and selective sensing platform for the visual or colorimetric detection of UO22+. The proposed biosensor has high sensitivity and strong anti-interference capability. In addition, the same group described a UO22+ sensor in combination with rolling circle amplification (RCA) (Cheng et al., 2017). DNAzyme functionalized on MBs was selectively cleaved in the presence of UO22+. The released DNA chains then triggered RCA, which increased the sensitivity of such biosensor. The detection limit was 37 pM. AuNPs-based enzymatic catalysis amplification was applied for UO22+ sensor development (Zhang et al., 2016).
DNAzyme-functionalized MBs was used for UO22+ recognition, released short ssDNA, then fixed HRP-functionalized AuNPs to the surface of MBs. H2O2-mediated oxidation of TMB occurred. The limit detection was 7 pM.
A smart hydrogel sensor was designed and synthesized for rapid, portable, sensitive detection of UO22+ (Huang et al., 2016). DNA-grafted polyacrylamide chains were utilized to crosslink with DNAzyme to form the DNA hydrogel. Colorimetric analysis was achieved by encapsulating AuNPs in the DNAzyme-crosslinked hydrogel. The presence of UO22+ in the sample activated the cleavage of substrate strand from the enzyme strand, thereby decreasing the density of crosslinkers and destabilizing the hydrogel, which then released the encapsulated AuNPs. The dispersion of AuNPs would lead to the change of absorbance. The decreased signal value enabled the quantification of uranyl ion. DNAzyme-functionalized AuNPs were used for UO22+ detection (Zhou et al., 2013). The cleavage of the substrate strand of DNAzyme in the presence of targets resulted in releasing a shorter duplex, leading to the aggregation of AuNPs. The changed signal allowed the sensing of UO22+. A litmus test-based assay for colorimetric uranyl biosensor was developed by Manochehry et al., The addition of target ions produced a pH-increasing enzyme, which was recognized by litmus paper. The changed signal was linear with uranyl ion concentration (Manochehry et al., 2018).
DNAzyme-Based SERS Sensors
SERS technique with advantages of rapid detection speed, high-throughput screening, and high sensitivity had great potential in the high-speed and sensitive detection of diverse targets molecules (Pilot et al., 2019; Fan et al., 2020). Jiang et al. showed a label-free DNAzyme-based SERS method for sensing uranyl ion (Jiang et al., 2013). Such an approach used rhodamine as the Raman signal probe. The addition of UO22+ induced the cleavage of DNAzyme and the released ssDNA was adsorbed on the surface of AuNPs to form a stable conjugate. Subsequently, the combination of rhodamine and AuNPs-ssDNA conjugate gave a strong SERS signal. Gwak et al. presented a DNAzyme-based plasmonic nanowire interstice sensor for uranyl ion detection (Gwak et al., 2016). The DNAzyme reacted with target UO22+ and released Cy5 labeled strand. The plasmonic nanowire interstice sensor sensitively captured the released strands, giving a strong Raman signal and the detection limit was 1pM.
He et al. described a reusable SERS-based microfluidic biosensor for rapid detection of UO22+(He et al., 2019). When target ions were added to the solution, 5′-rhodamine B (RhB)-labeled DNAzymes were cleavaged in the microfluidic chip, ZnO-Ag nanosheet arrays modified with S-DNA, which was sequence-complementary with the RhB-labeled E-DNA. The hybridization of S-DNA and E-DNA fixed RhB close to the surface of ZnO-Ag. The increased Raman signal enabled the sensitive detection of UO22+. In addition, the same group developed a recyclable SERS-microfluidic biosensor for UO22+ detection (He et al., 2020b). ZnO-Ag hybrids arrays were designed as the reaction substrates. In the absence of UO22+, RhB-labeled dsDNA formed a rigid structure and weak Raman signal was detected. Addition of uranyl triggered DNAzyme-cleavage reaction. RhB was dropped down from the surface of SERS substrates, leading to the variation of Raman signals. The detection limit of uranyl was 0.72 pM. Flexible DNAzyme-based hydrogel SERS sensor for the detection of uranyl ions was also developed by Wang group (He et al., 2020a). The presence of UO22+ ions triggered the activity of DNAzyme to cleave the substrate strand; subsequently, the DNA hydrogel structure was destroyed to release RhB, leading to a changed Raman signal. The detection of limit of such approach was 0.84 pM.
DNAzyme-Based Electrochemical Sensors
Electrochemical biosensors had become increasingly popular due to its simplicity, portability, low cost, and high sensitivity (Wongkaew et al., 2019). DNAzymes were employed to achieve target recycling for signal amplification in electrochemical sensors. Tan et al. developed a DNAzyme-based electrochemical sensor for sensitive uranyl ion detection (Tang et al., 2013). A split uranyl-specific DNAzyme decorated with ferrocene unit was immobilized on the surface of a gold electrode. In the presence of uranyl, the cleavage of S-DNA induced the ferrocene release from the electrode. The measurement of changed electrochemical signal enabled the quantitative detection of UO22+.
AuNPs with large surface areas had the ability to absorb large number of DNAzymes and electroactive indicator, which was suitable for electrochemical sensor fabrication. Ma et al. presented a DNAzymes- and AuNPs-based electrochemical biosensor for uranyl detection (Ma et al., 2014). The addition of UO22+ induced the cleavage of DNAzymes and electroactive indicators were removed from the electrode subsequently. Differential current signals were used for sensing uranyl. Cao et al. designed an electrochemical biosensor for UO22+ detection by the integration of DNAzyme and different DNA-modified AuNPs network structure (Cao et al., 2020). Such an approach effectively increased the amount of methylene blue (MB), a commonly used electrochemical indicator. The presence of UO22+ triggered the cleavage of DNAzyme. MB and DNA-AuNPs then released from the gold electrode. The detection of reduced electrochemical response allowed the sensitive uranyl sensing with a low detection limit of 8.1 pM.
Different amplification strategies, such as hybridization chain reaction (HCR) and catalyzed hairpin assembly (CHA), were used for electrochemical biosensor development. Yun et al. reported an ultrasensitive DNAzyme-based electrochemical sensor for uranyl detection (Yun et al., 2016b). DNAzyme was selectively cleaved in the presence of UO22+. The released DNA chains triggered HCR, which increased the sensitivity of monitoring. The detection limit was 20 pM uranyl. An ultrasensitive electrochemical biosensor for uranyl detection based on DNAzyme and CHA was presented by Yun et al. (Yun et al., 2016a). As shown in Figure 1D, DNA was selectively cleaved in the presence of UO22+. The released fragment hybridized with hairpin probe 1 (H1) immobilized on the gold electrode. The unfolding of H1 subsequently induced the hybridization with hairpin 2 (H2). The DNA fragment spontaneously dissociated from the surface and then initiated the next hybridization cycle. MB was added to intercalate into the dsDNA. Double magnification strategy enabled the sensitive detection of UO22+ and the detection limit was 2 pM.
CONCLUSION AND OUTLOOKS
In this review, the recent progresses of sensors functioned with DNAzymes for uranyl ion detection were summarized including the design strategies, limit of detection, and dynamic range. Sensitive sensing for uranyl ion had been achieved with different signal outputting approaches including fluorescent, electrochemistry, colorimetry, and SERS. Despite great progress has already been achieved in this area, there are still many challenges to be overcome. Firstly, even though most DNAzyme-based uranyl sensors immune to the interference of commonly used metal ions, Th4+ can still affect the detection results. Hence, it is an important task in the future to improve the selectivity of such biosensor to tolerance the interfering ions. Secondly, in order to improve the limit of detection, complex construction strategies including using of functional nanomaterials and DNA recycle amplification (e.g., HCR, RCA and CHA) still need to be designed. Low-cost, portability, and onsite sensing platforms are of great promise in future uranyl sensor application. Thirdly, miniaturization and intellectualization are the trend of uranyl sensor in the future. Quantitative detection of uranium based on mobile phones is a very attractive direction (Chen et al., 2018), and chemical hybridization of carbon dots and CdTe QDs were used for the fabrication of ratiometric fluorescent probe. The addition of uranyl ions greatly quenched the red fluorescence of CdTe QDs, whereas the green fluorescence of carbon dots kept constant, leading to an obvious color change. A smartphone was used to analyze the content of uranyl on the basis of captured signals. Onsite and point-of-care detection of uranyl ions was achieved. Therefore, the sensitivity needed to be improved, which was mainly because the amplification strategy was not adopted.
Nowadays, the fabrication of high-quality DNAzyme-based sensors with merits of rapidness, low cost, sensitivity, and selectivity will become more active due to the widely used nuclear energy applications and the combined effects of its radioactive and biological toxicity during the uranium exploitation. Along with the great progress in the field of sensor design, we believe that DNAzyme-based sensors will play a vital role in various applications in environmental monitoring and nuclear environmental protection.
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An electrochemical sensor for sensitive sensing of acyclovir (ACV) was designed by using the reduced graphene oxide–TiO2–Au nanocomposite-modified glassy carbon electrode (rGO–TiO2–Au/GCE). Transmission electron microscopy, X-ray diffractometer, and X-ray photoelectron spectroscopy were used to confirm morphology, structure, and composition properties of the rGO–TiO2–Au nanocomposites. Cyclic voltammetry and linear sweep voltammetry were used to demonstrate the analytical performance of the rGO–TiO2–Au/GCE for ACV. As a result, rGO–TiO2–Au/GCE exerted the best response for the oxidation of ACV under the pH of 6.0 PB solution, accumulation time of 80 s at open-circuit, and modifier amount of 7 µl. The oxidation peak currents of ACV increased linearly with its concentration in the range of 1–100 µM, and the detection limit was calculated to be 0.3 µM (S/N = 3). The determination of ACV concentrations in tablet samples also demonstrated satisfactory results.
Keywords: acyclovir, electrochemical sensor, chemically modified electrode, metallic oxide, reduced graphene oxide
INTRODUCTION
Acyclovir (2-amino-9-[(2-hydroxyethoxy) methyl]-6,9-dihydro-3H-purin-6-one, ACV), an effective antiviral drug of synthetic deoxyguanosine analog, plays an important role in the therapy of viral diseases (Clercq, 2004). However, if ACV was used in an inappropriate and excessive manner, many other adverse reactions related to kidneys and certain neurotoxicity effects will occur (Lu et al., 2012). Therefore, measuring the concentration of ACV in pharmaceuticals and biological fluids appears very significant, and a number of analytical methods have already been developed for the analysis of ACV (Yu and Xiang, 2008; Long and Chen, 2012; Ajima and Onah, 2015; Liu et al., 2015; Mulabagal et al., 2020). Electrochemical sensors based on chemically modified electrodes are ideal candidates to more traditional methods, owing to their advantages of simplicity, sensitivity, rapidity, portability, and cheapness (Tarlekar et al., 2018; Bao et al., 2021; Kong et al., 2021). In addition, electrochemical methods can provide the drug-based electrode reaction mechanism, while the redox properties of drugs offer insight into their metabolism, in vivo redox processes, or pharmacological activity (Özkan et al., 2003; Özkan et al., 2004).
Reduced graphene oxide (rGO) is a promising candidate for the preparation of high-performance modified electrodes because of its unique 2D structures, interesting electrocatalytic activity, and excellent conductivity (Coros et al., 2020). Moreover, these characteristics can be tailored by making rGO as the building blocks with metal oxide and metal nanoparticles (Chakraborty and Roychaudhuri, 2021). Metal oxide nanoparticles, such as TiO2, have garnered extensive attention in the design of a potential sensing interface due to their non-toxicity, high surface area, exceptional chemical stability, and notable electrochemical properties (George et al., 2018). Meanwhile, noble metal nanoparticles such as Au and Ag possess outstanding conductivity, remarkable electrocatalytic properties, and good biocompatibility, which make them fit as modifiers for sensor fabrication (Xiao et al., 2020). All these alluring features endow the composite of rGO–TiO2–Au with an improved sensing performance based on the excellent synergetic effect among them.
With regard to the aforementioned survey, we prepared the rGO–TiO2–Au nanocomposite-modified glassy carbon electrode (GCE) for the sensitive sensing of ACV. On the rGO–TiO2–Au/GCE, a significant improvement of the oxidation peak current of ACV was observed. It was endowed with the sensitive determination of ACV. On the basis of optimizing various experimental parameters, such as the pH of the supporting electrolyte, accumulation time and potential, and the modifier amount, the rGO-TiO2-Au/GCE showed a wide linear range and low detection limit. The selectivity, repeatability, and stability of rGO–TiO2–Au/GCE for the determination of ACV were also evaluated, and the results were acceptable. Finally, the rGO–TiO2–Au/GCE was implemented for the estimation of ACV in tablet samples, which offered excellent recovery.
EXPERIMENTAL
Chemicals and Reagents
Graphite powder, chloroauric acid (HAuCl4·4H2O), and the ACV standard powder were purchased from Aladdin Reagent Co. Ltd. Sodium citrate, NaH2PO4, Na2HPO4, H3PO4, NaOH, and other chemical reagents were purchased from Sinopharm Chemical Reagent Co., Ltd. ACV tablets (200 mg) were purchased from the local pharmacies. All other chemicals and reagents used in this work were of analytical grade and used directly. ACV stock solution (1.0 mM) was prepared by dissolving appropriate amounts of the ACV powder in ultrapure water. Before use, it was stored at 4°C in the dark to avoid any decomposition. The required concentration of ACV was made by diluting the stock solution. The supporting electrolyte was 0.1 M phosphate buffer (PB) solution. The pH varying from 5.5 to 8.0 was obtained by mixing NaH2PO4 and Na2HPO4, using H3PO4 and NaOH as reagents for pH adjusting. Ultrapure water (18 MΩ cm) obtained from a Milli-Q water purifying system was used for preparation of all the solutions.
Apparatus and Characterization
The structure and surface morphology of the prepared products were observed by transmission electron microscopy (TEM) (JEOL JEM-2100F) operated at 200 kV. The surface composition and chemical state of the rGO–TiO2-–Au nanocomposites were examined by X-ray photoelectron spectroscopy (XPS) with a monochromatic Al Kα excitation source. The crystal phase of the materials was investigated by using a Bruker D8 Advance X-ray diffractometer at 40 kV with Cu Kα radiation (λ = 1.54 Å). The electrochemical performance of the nanocomposites was measured using a CHI 660E electrochemical workstation. A standard three-electrode system was engaged, which comprised a GC (bare or modified) working electrode with a diameter of 3 mm, a platinum wire counter electrode, and a 3-M KCl-saturated Ag/AgCl reference electrode. All the electrochemical experiments were carried out at room temperature with dissolved oxygen removed by a N2 stream.
Synthesis of the rGO–TiO2–Au Nanocomposites
GO, TiO2, and Au nanoparticles were first prepared. GO was prepared by the oxidation of the graphite powder using a modified Hummer’s method. Experimental details were given in the literature (Kong et al., 2015). TiO2 nanoparticles were synthesized by the hydrothermal method using tetrabutyl titanate as the titanium source (Ya et al., 2015). Au nanoparticles were synthesized by the citrate reduction method. Details can be found in our previous work (Kong et al., 2019).
For the synthesis of rGO–TiO2–Au nanocomposites, 10 mg of GO was dispersed in 20 ml ultrapure water and sonicated for 30 min to obtain a uniform dispersion. Then, 5.0 ml of GO dispersion was mixed with 100 µl TiO2 and sonicated for 1.0 h. After adding 100 µl Au nanoparticles and ultrasonic treatment for another 0.5 h, the mixture was poured into a transparent vial and illuminated using a UV-LED spot lamp. After irradiation for 3 h, the product was collected by centrifugation and washed several times with ultrapure water.
Fabrication of the rGO–TiO2–Au/GCE
The preparation process of rGO–TiO2–Au/GCE was as follows: initially, the GCE was carefully polished with 0.3 and 0.05 μm alumina powder in sequence on a polishing cloth to obtain a mirror-like surface. After ultrasonic cleaning in 1:1 nitric acid, ethanol, and ultrapure water for 5 min, it was dried under N2 flow. Then, 7 μl of rGO–TiO2–Au dispersion was drop-cast on the surface of GCE using a microsyringe, and it was dried naturally under a closed vessel.
Electrochemical Measurements
The electrochemical measurements were performed in 10 ml of 0.1 M PB solution containing a certain concentration of ACV using cyclic voltammetry (CV) and linear sweep voltammetry (LSV). The accumulation step was performed at open-circuit for 80 s under stirring. After 5 s quiescence, LSV was recorded between +0.6 and +1.4 V. The oxidation peak currents were measured at 1.10 V for the quantification of ACV.
Analysis of the Sample
A total of ten tablets of ACV were finely powdered using the agate and a mortar, and a portion of this powder was accurately weighed and dissolved in ultrapure water with ultrasonic agitation for 10 min to ensure complete dissolution. Finally, it was filtered and diluted to volume with ultrapure water. A desired volume of the sample solution was transferred to the electrochemical cell and analyzed under optimal conditions using the LSV technique. The ACV content in the tablet was calculated using the standard addition method.
RESULTS AND DISCUSSION
Characterization of the rGO–TiO2–Au Nanocomposites
The microstructure and morphology of the prepared nanomaterials are observed by TEM, and the obtained images are displayed in Figure 1. Figure 1A depicts the TEM micrograph of GO, in which an ultra-thin, wrinkled, and sheet-like structure is observed. The TEM image of TiO2 exhibits a small amount of aggregation, which is composed of spheroid nanoparticles with a diameter of about 10 nm (Figure 1B). Figure 1C shows the well-monodispersed and spherical shape of Au nanoparticles with a mean size of about 15 nm. The obtained nanocomposites maintained the 2D sheet structure as shown in Figure 1D. TiO2 and Au nanoparticles were loaded on the rGO sheet and accumulated along the wrinkles and edges.
[image: Figure 1]FIGURE 1 | TEM images of GO (A), TiO2 nanoparticles (B), Au nanoparticles (C), and rGO–TiO2–Au nanocomposites (D).
XRD analysis was recorded to study crystalline characteristics of the nanocomposites, and the results are presented in Figure 2. As can be observed, GO reveals a sharp and intensive diffraction peak at 2θ of 11.0°, which corresponds to the (002) plane of the graphene sheets (Wang et al., 2008), indicating the formation of GO by the Hummers’ method. The XRD pattern of rGO–TiO2 shows the diffraction peaks at 25.3°, 37.8°, 48.0°, 55.1°, and 62.7°, which can be indexed to (101), (004), (200), (211), and (204) crystal planes of anatase TiO2 (JCPDS card no.21-1272) (Li et al., 2007), respectively. Meanwhile, the characteristic diffraction peak of GO disappears, indicating the successful reduction of GO via UV irradiation. According to a previous report (Kong et al., 2016; Yang et al., 2016), when TiO2 is exposed to UV light, the photo-induced electron–hole pairs are produced. The separated holes react with water to generate oxygen and H+, whereas the electrons are effectively captured by the GO substrate to reduce functional groups. The XRD pattern of the rGO–TiO2–Au nanocomposites is similar to rGO–TiO2, suggesting that the introduction of Au nanoparticles did not alter their lattices.
[image: Figure 2]FIGURE 2 | XRD patterns of GO, rGO–TiO2, and rGO–TiO2–Au nanocomposites.
The formation of rGO–TiO2–Au nanocomposites and their surface features were examined by XPS, and the corresponding results are illustrated in Figure 3. The presence of major elements such as Au, C, Ti, and O from the survey spectrum conveys the successful preparation of rGO–TiO2–Au nanocomposites (Figure 3A). For the Ti 2p spectrum, two main peaks appeared at 459.4 and 464.1 eV fit binding energy of Ti 2p3/2 and Ti 2p1/2 (Figure 3B), confirming Ti ions occur in the form of Ti4+ states. The result is consistent with the reported literature (Zhu et al., 2020). In Figure 3C, Au 4f displays two peaks located at a binding energy of 84.17 and 87.82 eV, which are assigned to Au 4f7/2 and Ag 4f5/2 of metallic Au, respectively (Shukla et al., 2018).
[image: Figure 3]FIGURE 3 | XPS survey spectra (A) and high-resolution spectra of Ti 2p (B) and Au 4f (C) of the rGO–TiO2–Au nanocomposites.
The Electrochemical Oxidation of Acyclovir at the rGO–TiO2–Au/GCE
The electrochemical oxidation of ACV at the rGO–TiO2–Au/GCE was investigated by the CV method (Figure 4). In the potential range from +0.6 to +1.4 V, the CV in the absence of ACV shows no observable redox peaks (Figure 4A, curve a). However, in the presence of ACV, a well-resolved oxidation peak is observed at about 1.10 V (Figure 4A, curve b), indicating that the oxidation peak is attributed to ACV. Furthermore, no reduction peaks are found in the reverse scan, suggesting that the electrochemical reaction is a totally irreversible process. Based on the aforementioned results and previously published literatures (Wang et al., 2013; Dorraji and Jalali, 2016; Ilager et al., 2021), a possible oxidation mechanism of ACV involves the two-electron and two-proton transfer process for the formation of 8-oxoacyclovir, which is structurally analogous to the preliminary oxidation product of guanine (Supplementary Figure S1).
[image: Figure 4]FIGURE 4 | CVs of rGO–TiO2–Au/GCE in the absence (a) and presence (b) of 0.2 mM ACV in 0.1 M PB solution (pH 6.0) (A); CVs of rGO–TiO2–Au/GCE (a), rGO–Au/GCE (b), rGO–TiO2/GCE (c), rGO/GCE (d), TiO2/GCE (e), and bare GCE (f) in 0.1 M PB solution (pH 6.0) containing 0.2 mM ACV (B). Scan rate: 100 mV s−1.
The electrochemical behavior of ACV at various electrodes included rGO–TiO2–Au/GCE (a), rGO–Au/GCE (b), rGO–TiO2/GCE (c), rGO/GCE (d), TiO2/GCE (e), and bare GCE (f) as illustrated in Figure 4B. As can be seen, the CV of ACV shows a broad peak and poor current response at bare GCE, revealing sluggish electron-transfer kinetics. At TiO2/GCE and rGO/GCE, the peak current increases due to the huge surface area of nanomaterials. In great contrast, a well-defined and resolved oxidation peak of ACV can be observed at rGO–TiO2/GCE, rGO–Au/GCE, and rGO–TiO2–Au/GCE. Most notably, the rGO–TiO2–Au/GCE shows the highest augmentation toward the determination of ACV. The outstanding electrochemical response may be due to the large surface area, excellent electrical conductivity, and remarkable electrocatalytic activity of rGO–TiO2–Au nanocomposites, which provided the fastest electron transport at the electrode surface. These results clearly indicate that rGO–TiO2–Au/GCE is very suitable for the determination of ACV.
Quantitative Analysis of Acyclovir by Using rGO–TiO2–Au/GCE
Under optimized conditions (see Electronic Supplementary Material), LSV was recorded by varying the concentration of ACV at the rGO–TiO2–Au/GCE (Figure 5). Figure 5A shows the LSV responses of rGO–TiO2–Au/GCE for varying the concentration of ACV from 0 to 500 μM in 0.1 M PB solution. As illustrated, the successive increase of the peak current is observed by raising the concentration of ACV. The plots of peak current responses against ACV concentrations are shown in Figure 5B. It can be seen that the peak current responses of ACV increased linearly with its concentrations from 1 to 100 μM. For higher concentrations, a deviation from linearity is observed, which is due to the adsorption of ACV or its oxidation product on the electrode surface. The linear regression equation is Ipa (µA) = 0.1403c + 2.1814 (µM) with a correlation coefficient of 0.996 (Figure 5B inset). The detection limit is 0.3 μM based on a signal-to-noise ratio of 3. The rGO–TiO2–Au/GCE showed a comparable or better dynamic range and detection limit for ACV compared to other electrochemical sensors, such as Cu nanoparticle-modified carbon paste electrode (2.64 μM) (Heli et al., 2010), pencil graphite electrode (0.3 μM) (Dilgin and Karakaya, 2016), nanoporous nickel microsphere-modified carbon paste electrode (40 μM) (Heli et al., 2012), fluorine-doped SnO2 electrode (1.25 μM) (Martínez-Rojas et al., 2017), and CdO/Fe3O4-modified carbon paste electrode (0.3 μM) (Naghian et al., 2020).
[image: Figure 5]FIGURE 5 | LSV curves of various concentrations of ACV (0–500 µM, down to up) at rGO–TiO2–Au/GCE in pH 6.0 PB solution (A); plots of the peak current against the concentration of ACV (B). Inset: the calibration plots for ACV.
Reproducibility, Repeatability, Stability, and Selectivity of rGO–TiO2–Au/GCE
To evaluate the reproducibility of rGO–TiO2–Au/GCE for the analysis of ACV, five rGO–TiO2–Au/GCEs were prepared independently with the same fabrication procedure, and their peak current values toward 100 µM ACV were compared. A relative standard deviation (RSD) of 3.18% was obtained, demonstrating the excellent reproducibility of the proposed sensor. The repeatability of rGO–TiO2–Au/GCE was estimated by performing five successive measurements with the same rGO–TiO2–Au/GCE in the same solution. It was observed that the oxidation peak current of ACV decreased continuously, which was due to the adsorption of an oxidative product of ACV on the electrode surface. In this case, rGO–TiO2–Au/GCE can only be used for a single measurement. Meanwhile, the stability of TiO2–Au–rGO/GCE was studied by storing the electrode in a refrigerator at 4°C. After two weeks, the peak current signal of the electrode remained at 90.2% of its initial response, suggesting the good storage stability of the modified electrode. The selectivity of rGO–TiO2–Au/GCE toward the analysis of ACV was evaluated by testing some possible interfering species, including Na+, K+, Ca2+, Mg2+, Zn2+, Mn2+, glucose, sucrose, starch, dopamine, ascorbic acid, uric acid, guanine, paracetamol, and acetaminophen. As shown in Figure 6, a 100-fold concentration of each species had almost no influence on the peak current of ACV with deviations below 5%. These data revealed the good selectivity of rGO–TiO2–Au/GCE toward the determination of ACV.
[image: Figure 6]FIGURE 6 | Current ratio (I/I0) of rGO–TiO2–Au/GCE with 100 μM ACV in the presence of possible interfering species.
Analysis of a Real Sample
The practical application of rGO–TiO2–Au/GCE in the analysis of real samples was studied by determination of ACV in commercial ACV tablet samples. The procedures for the analysis of tablets were followed as specified in Analysis of the Sample. The sample was spiked with three levels of ACV in the calibration range, and the content of ACV in the tablet samples was calculated by the standard addition method keeping the dilution factor in consideration. The result shows that the content of ACV was 196.2 mg per tablet, which was very close to the claimed value of 200 mg per tablet. Moreover, the recovery tests of ACV were performed, and the results are presented in Table 1. The satisfactory sample recoveries indicated the validity of the developed sensor for the determination of ACV in pharmaceutical formulations.
TABLE 1 | Determination of ACV in commercial ACV tablet samples (n = 3).
[image: Table 1]CONCLUSION
In this work, the sensitive determination of ACV was achieved by using the rGO–TiO2–Au/GCE. The formation of rGO–TiO2–Au nanocomposites was verified by TEM, XRD, and XPS techniques. The electrochemical experiments demonstrated that the rGO–TiO2–Au/GCE showed outstanding electrocatalytic activity for the oxidation of ACV in pH 6.0 PB solution. Based on the unique properties of rGO, TiO2, Au, and their synergistic effects, a good linear detection range and low detection limit for ACV were achieved. The rGO–TiO2–Au/GCE also represented acceptable selectivity, repeatability, and stability and offered satisfactory recovery when applied for the analysis of ACV in the real samples.
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Metal nanoparticles (NPs) with superior physicochemical properties and biocompatibility have shown great potential in theranostics. However, metal NPs show poor stability in some harsh conditions such as strong acid, oxidation, corrosion and high-temperature conditions, which limits their extensive bioapplications. To address such issue, a variety of superstable metal graphitic nanocapsules with the metal cores confined in the nanospace of few-layer graphitic shell have been developed for biodetection and therapy in harsh conditions. In this mini-review, we summarize the recent advances in metal graphitic nanocapsules for bioapplications in harsh conditions. Firstly, their theranostic performance in non-intrinsic physiological harsh environment, including oxidation, corrosion and high-temperature conditions, is systematically discussed. Then, we highlight their theranostic performance in the harsh stomach condition that is strong acidic and pepsin-rich. It is expected that this review will offer inspiration to facilitate the exploitation of novel theranostic agents that are stable in harsh conditions.
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INTRODUCTION
Metal nanoparticles (NPs) with different compositions and unique physicochemical properties are powerful tools for various biodetection and therapy (Azharuddin et al., 2019; Kim et al., 2019; Ma et al., 2021b). However, metal NPs show unsatisfactory stability in some non-intrinsic physiological harsh conditions (including strong oxidation, corrosion and high-temperature conditions) as well as harsh stomach condition (including strong acid (pH 0.9-1.5) and pepsin-rich conditions), and these harsh conditions hinder their broad applications in biomedicine. Hence, it is of great significance to develop effective strategies to improve the stability of metal NPs for reliable disease diagnosis and treatment in harsh conditions. The encapsulation of metal NPs is one of the most effective strategies to promote their stability (Gao et al., 2021). Currently, inert inorganic coating (such as silica (Li et al., 2010; Żygieło et al., 2021), titanium dioxide (Jin et al., 2021; Perumal et al., 2021) and graphene oxide (Xu et al., 2020; Kasztelan et al., 2021)) protection and organic coating (such as polyvinylpyrrolidone (Mirzaei et al., 2017)and lipids (Hsu et al., 2018)) functionalization strategies have been widely used to prevent the metal NPs from damage under external environments. However, these strategies make it difficult to completely isolate metal NPs from harsh conditions without affecting their inherent properties and functions.
Metal graphitic nanocapsules, a new type of nanomaterials with metal cores confined in the nanospace of few-layer graphitic shell prepared by the chemical vapor deposition method, show superior stability in harsh conditions (Li et al., 2019, 2022; Liu et al., 2020; Tang et al., 2021; Zhu et al., 2021). The graphitic shell acts as an inert layer to protect the unique physicochemical properties and intact functions of the metal core. Moreover, the graphitic shell with a large specific surface area and delocalized π electronic structure offers a robust platform for targeted molecules or drugs loading, and it also acts as a stable Raman label or internal standard molecule for reliable Raman bioanalysis. Benefiting from the ultra-high stability of graphitic layer and versatility of metal cores, a variety of theranostic applications in harsh conditions have been implemented by metal graphitic nanocapsules in the past few years. In this mini-review, we first introduce the theranostic advances of the metal graphitic nanocapsules in non-intrinsic physiological harsh environment, including oxidation, corrosion and high-temperature conditions. Then, we highlight the theranostic performance of the metal graphitic nanocapsules in the strong acid (pH 0.9-1.5) and pepsin-rich stomach conditions. Finally, the potential challenge and development direction of their theranostic applications in harsh conditions are further discussed. We expect this review will attract readers to facilitate the exploitation of novel theranostic agents that are stable in harsh conditions.
Theranostics in Non-intrinsic Physiological Harsh Conditions
Metal NPs-based theranostic agents are commonly subjected to a variety of non-intrinsic physiological harsh conditions, including strong oxidation, corrosion and high temperature conditions that exists during the occurrence, development and theranostics of diseases. These harsh conditions affect the stability of metal NPs to a certain extent, making direct biodetection and therapy challenging. Core-shell structured metal graphitic nanocapsules that integrated the multifunctional metal core in the nanospace of inert graphitic shell demonstrate exceptional theranostic potential in harsh conditions.
Oxidation conditions are able to affect the stability and property of metal NPs, especially the plasmonic-active Ag NPs that are prone to oxidation in air (Han et al., 2011). With the goal of protecting Ag NPs from oxidation, Song et al. (2014) prepared a highly surface enhanced Raman scattering (SERS)-active AgCu graphitic nanocapsules (AgCu@G). Using the intrinsic characteristic Raman bands from the graphitic shell of AgCu@G as the stable Raman label, high-resolution multimodal cellular Raman imaging was achieved (Figure 1A). Latterly, Li et al. (2021) reported a novel AuAg graphitic nanocapsules (AuAg@G) with superior anti-oxidation property and realized SERS quantitative analysis in homogeneous system and multimodal Raman imaging of MCF-7 cells.
[image: Figure 1]FIGURE 1 | Metal graphitic nanocapsules-based theranostics in non-intrinsic physiological harsh conditions. (A) Oxidation resistance of AgCu@G and AgCu@G for multimodal cellular Raman imaging (Song et al., 2014). (B) Illustration of the CoPt@G propelled navigator to enhance penetration and PTT action against tumor cells (Zhang et al., 2021a). (C) Illustration of the CoPt@G@GOx with magneto-actuated cascade catalytic activity for the therapy of Streptococcus mutans biofilm (Dong et al., 2022). (D) AuCo@G with corrosion resistance for direct capture and SERS analysis of the CN− (Zhang et al., 2019). (E) AuNR@G-P-aspirin for enhanced NIR-mediated PTT of solid tumor and simultaneously inhibit PTT-induced inflammatory response (Dong et al., 2018). (F) Thermostable Ag@G-GOx synergistic PTT platform for bacterial elimination (Liu et al., 2022).
Endogenous/exogenous H+ and H2O2 are other kinds corrosive substances that influence the stability and function of metal NPs (Mabilleau et al., 2006). Zhang et al. (2021a) constructed the catalase-like CoPt graphitic nanocapsules (CoPt@G) with superior corrosion resistance to H2O2, and it catalyzed H2O2 to produce O2, offering a driving force for enhanced tumor penetration. Coupled with the magnetic and photothermal properties of CoPt@G, enhanced penetration and efficient photothermal therapy (PTT) of solid tumors have been achieved with the assistance of H2O2 and an external magnetic field (Figure 1B). Based on the superior corrosion resistance to H2O2 of CoPt@G, Dong et al. (2022) further proposed a glucose oxidase loaded CoPt@G (CoPt@G@GOx) platform with cascade reaction activity for Streptococcus mutans biofilms treatment. GOx firstly oxidized glucose to generate H2O2 and gluconic acid in the presence of endogenous glucose. The lower pH of the local microenvironment caused by gluconic acid could enhance the peroxidase-like activity of CoPt@G, and catalyze H2O2 to produce a large amount of highly toxic •OH, thereby achieving efficient inhibition of bacteria (Figure 1C). Recently, Keoingthong et al. (2021) fabricated a novel peroxidase active Ru graphitic nanocapsules (Ru@G) with superior corrosion resistance to H2O2 for sensitive colorimetric detection of glutathione (GSH) at near-physiological pH. In the presence of H2O2, Ru@G could catalyze colorimetric probe 3,3′,5,5′-tetramethylbenzydine (TMB) into blue-colored products, which was inhibited in the presence of GSH, building a simple and sensitive method for the colorimetric detection of GSH. In addition to H+ and H2O2, CN− is also a common corrosive substance that could influence the stability and function of metal NPs-based bioanalytical platform (Wang et al., 2009). Zhang et al. (2019) developed a versatile AuCo graphitic nanocapsules (AuCo@G) with superior SERS activity, magnetic properties and corrosion resistance to CN−, and direct SERS analysis of the biomarker of CN− in Pseudomonas aeruginosa was achieved (Figure 1D). The superstable AuCo@G proposed a robust platform for detecting Pseudomonas aeruginosa infection.
High temperature produced in the PTT process tends to affect the stability of photothermal reagents, meaning the development of stable photothermal reagents is of great significance (Gao et al., 2015). Metal graphitic nanocapsules present excellent thermostability and the graphitic layer has superior spectral absorption properties, thus showing extensive prospects in PTT applications. Dong et al. (2018) found that gold nanorod graphitic nanocapsules (AuNR@G) had superior near-infrared (NIR) light absorption property and had a better thermostability than AuNR. They further integrated AuNR@G with anti-inflammatory prodrugs (AuNR@G-P-aspirin) to realize enhanced NIR-mediated PTT of solid tumor and simultaneously inhibit PTT-induced inflammatory response (Figure 1E). Based on the superior thermostability and photothermal property of AuNR@G, Xu et al. (2019) reported a AuNR@G-doped hydrogel system for highly efficient photothermal antibacterial therapy for both Gram-negative Escherichia coli and Gram-positive Staphylococcus aureus. Recently, Liu et al. (2022) reported a GOx and Ag graphitic nanocapsules (Ag@G) co-loaded silk membrane theranostic system, the silk membrane enabled GOx to maintain good antibacterial activity during the photothermal antibacterial therapy process, the inert graphitic shell enabled Ag@G to keep excellent SERS performance and photothermal performance under high temperature and GOx-catalyzed production of large amounts of H2O2, SERS identification of bacteria in the bacteria-infected wound model and efficient synergistic treatment of bacteria were eventually achieved (Figure 1F).
Theranostics in Harsh Stomach Conditions
Gastric environment is a harsh condition with extremely low pH (0.9-1.5) and abundant pepsin. Among these, H+ is a corrosive substance that affects the stability of theranostic reagents, and pepsin in gastric fluid can degrade or bind to theranostic reagents nonspecifically, resulting in instability and inefficiency of theranostics (Huang et al., 2015). Metal graphitic nanocapsules have excellent corrosion resistance to H+ and degradation resistance to pepsin, providing a robust platform for the theranostic of gastric diseases.
Helicobacter pylori (H. pylori) infection is implicated in the aetiology of many diseases (Sanders and Peura, 2002). Although a series of methods for the detection of H. pylori infection have been developed, researchers have never stopped exploring safer and more efficient in situ diagnostic methods (Abu Shady et al., 2015; Celik et al., 2021; Jain et al., 2021). Magnetic resonance imaging (MRI), a powerful technique with superior penetration depth, noninvasiveness, high spatial and temporal resolution, shows great promises for the in situ detection of H. pylori infection (Hsieh et al., 2019). However, the harsh gastric acid environment affects the application of conventional contrast agent such as Gd3+ complexes and superparamagnetic iron oxide (Stephen et al., 2011; Li and Meade, 2019). Previous works reported that the FeCo graphitic nanocapsules (FeCo@G) showed superior stability and magnetic properties in solutions with extensive pH range, including the 1 M HCl solution (Chen et al., 2012; Nie et al., 2014). Based on the unique properties of FeCo@G, Li et al. (2017) used the FeCo@G as a robust contrast agent, and further prepared the benzeneboronic acid-PEG (B-PEG, a molecule that could specifically bind to peptidoglycan in bacterial cells) modified FeCo@G system for in situ targeted MRI imaging detection of H. pylori in mice (Figure 2A). Triple therapy (a proton pump inhibitor and two antibiotics) is used as the standard first-line therapy in the clinical treatment of H. pylori infection, but its efficacy is greatly limited by the rapid degradation of antibiotics in gastric acid, the emergence of drug-resistant bacteria and the side effect to the intestinal flora (Wu et al., 2012; Brestoff and Artis, 2013). Nanozyme-based bacterial therapy has been developed rapidly in recent years, and it is expected to provide new options for the treatment of H. pylori (Huang et al., 2019; Jiang et al., 2019). Zhang et al. (2021b) developed a bacteria-targeting molecule C18-PEGn-benzeneboronic acid-functionalized CoPt graphitic nanocapsules (CoPt@G@CPB) platform for targeting and selective combating H. pylori infection in vivo. The CoPt@G showed superior corrosion resistance in acidic conditions and its oxidase-like activity was activated to catalyze the generation of superoxide radical species for antibacterial applications (Figure 2B). Meanwhile, its oxidase-like activity was suppressed under intestinal neutral conditions, showing minimal side effects. In addition, MRI and Raman imaging was used for monitoring the distribution of CoPt@G@CPB to guide further treatment.
[image: Figure 2]FIGURE 2 | Metal graphitic nanocapsules-based theranostics in harsh stomach conditions. (A) Stability of FeCo@G in 1 M HCl and FeCo@G-B-PEG for in situ MRI images of H. pylori (Li et al., 2017). (B) CoPt@G@CPB platform for targeted and selective combating H. pylori infection in vivo (Zhang et al., 2021b). (C) Hydrogel isolated HSA-Mn system for MRI monitoring of gastric pH (Xu et al., 2021). (D) Pepsin-assisted assembly of FeCo@G for enhanced mucosal penetration depth and prolonged drug retention (Cai et al., 2021).
Abundant pepsin in the gastric fluid can also affect the theranostics of gastric diseases because it tends to degrade or bind to the theranostic reagents nonspecifically. Many gastric diseases are highly correlated with abnormal pH, and in situ pH monitoring is therefore indispensable for prevention and treatment of gastric diseases (Ma et al., 2021a). To realize accurate and interference-free MRI detection of gastric pH, Xu et al. (2021) developed an orally administrated hydrogel capsule isolated human serum albumin−manganese (HSA-Mn) complex system, which could shield the interference of the pepsin in gastric fluid without severely hindering the penetration of H+, for sensitive MRI monitoring of gastric pH in vivo (Figure 2C). Magnetic nanomaterials show huge potential for enhanced targeted drug delivery, the FeCo@G with superior corrosion resistance to gastric fluid is therefore expected to be a robust tool for targeted drug delivery in the stomach (Yang et al., 2014; Xu et al., 2018). Cai et al. (2021) surprisingly discovered FeCo@G could not only avoid the interference, but also use the pepsin as a “bridge” to realize the self-assembly of FeCo@G under an external magnetic field, and enhanced mucosal penetration depth and prolonged drug retention time were finally achieved in vivo (Figure 2D). This magnetic field-mediated in situ self-assembly platform without the interference of extremely acidic and pepsin-rich stomach conditions provided new ideas for the delivery of oral drugs and site-selective treatment of gastric diseases.
DISCUSSION AND PERSPECTIVES
Versatile metal graphitic nanocapsules have been widely used for theranostics in harsh conditions due to their excellent stability, good biocompatibility and unique physicochemical properties. In this mini-review, we have summarized the recent advances in metal graphitic nanocapsules for theranostics in different harsh conditions. Firstly, plasmonic metal graphitic nanocapsues that can resist corrosion and high temperature damage have been constructed for reliable SERS bioanalysis, efficient photothermal anticancer and photothermal antibacterial applications in harsh conditions. Secondly, metal graphitic nanocapsules with robust MRI contrast ability and nanozyme activity under strong acid conditions have shown superior performance in the theranostics of gastric diseases. Finally, magnetic and magnetocatalytic propelled metal graphitic nanocapsules that can be stabilized in harsh conditions have been developed as delivery platforms for enhanced gastric mucus penetration and tumor penetration.
Despite great progress has been made in metal graphitic nanocapsules for theranostics in harsh conditions, some critical issues are still needed to be resolved. Firstly, novel multifunctional metal graphitic nanocapsules should be developed to broaden their scope of disease theranostics applications in harsh conditions. Secondly, long-term toxicity of metal graphitic nanocapsules in vivo should be systematically explored for promoting expected clinical applications. Finally, the integration of metal graphitic nanocapsules with some advanced technology like Raman endoscope should be considered to acquire more accurate and abundant information for the theranostics of grastric diseases. We expect the superstable metal graphitic nanocapsules will offer robust nanoplatforms for future clinical theranostics without the interference of harsh conditions.
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via simple hydrothermal method, CeO2 was in-situ grown onto the CNTs to form CeO2/CNTs nanocomposites were synthesized with cerium nitrate as Ce resource. The morphology and structure were characterized by transmission electron microscopy and X-ray diffraction. The characterizations reveal that CeO2 nanoparticles are uniformly dispersed onto the surface of the pre-acidified CNTs. The electrochemical property of the synthesized nanocomposite was investigated in 0.1 M KCl electrolyte containing 2 mM [Fe(CN)6]3-/4-. The nanocomposites were employed to fabricate electrochemical sensor for phenol detection. The linear range for phenol detection measured by the differential pulse voltammetry method is 1–500 μM. The sensor also exhibits good selectivity, reproducibility and stability. When applied for the river and tap water analysis, it shows good recovery rate.
Keywords: carbon nanotube, phenol, electrochemical sensor, nanocomposites, cerium dioxide
INTRODUCTION
At present, human life is inseparable from chemical products. As the chemical industry brings great convenience to our daily lives, it also damages our environment, making the global water pollution problem more and more serious (Lopez-Pacheco et al., 2019; Liu J. et al., 2021). Phenol is such a common pollutant in the chemical industrial wastewater, which can cause pollution to water bodies and the atmosphere, and also has strong chemical toxicity to human beings (Gruzdev et al., 2015; Singh and Chandra, 2019; Wang and Chen, 2020). Excessive exposure to water containing phenol can cause damage to the skin and eyes, and it also causes nerve damage and increases the risk of cancer (Singh and Chandra, 2019). Not only the World Health Organization (WHO) lists it as the third category of carcinogens, the European Union (EU) and the US Environmental Protection Agency also list it as an important environmental pollutant (Diaz-Gonzalez et al., 2016). What’s more, because phenol is difficult to degrade in the natural environment, its environmental pollution will eventually destroy the ecology system. Therefore, it is urgent to develop a technology that can quickly detect the phenol content in river water. At present, the main methods for detecting phenol includes spectrophotometry, gas chromatography-mass spectrometry, liquid/solid phase extraction/microextraction, high-performance liquid chromatography, etc (Alcudia-Leon et al., 2011; Jaworek, 2018; Liu W. et al., 2021) However, the operations for these methods are relatively complex, and the instruments are expensive, which limit their rapid and wide detection. Compared with the previous analysis methods, electrochemical analysis has the advantages of good stability, high sensitivity, low cost, and easy operation (Curulli, 2020; Tajik et al., 2020). Owing to these advantages, it is widely employed for the electrochemical detection of inorganic ions, small organic molecules and bio-molecules, etc.
One key factor in improving the performance of electrochemical sensors is to find suitable materials for modifying working electrodes (Ferrier and Honeychurch, 2021). So far, scientists have done a lot of research on this, and many materials with excellent electrochemical properties have been used to improve the performance of sensors (Abbas and Amin, 2022; Shao et al., 2022). Among them, the carbon nanotube is treated as an ideal material for the chemical modified electrode owing to excellent performance (Zhang and Du, 2020; Billing, 2021). Carbon nanotubes are composed of pure carbon atoms that interact through strong sp2 carbon-carbon bonds. They exhibit the unique carbon network geometry of tubular structures in nanoscale diameters and microscale lengths. The strong chemical bonds in the carbon network make CNTs the most fascinating nanomaterials. Because of the unique physical and chemical properties such as high mechanical strength, large surface area and electrical conductivity, it is widely utilized in the electrochemical fields such as electrochemical sensor (Wang J. et al., 2018), electrochemical catalyst (Tafete et al., 2022), supercapacitor (Yang et al., 2020), etc.
Due to the unique electronic configuration, rare earth elements are currently the hot-topic research materials (Huang and Zhu, 2019). Take Cerium (Ce) as an example, Ce is a member of the lanthanide family of metals, and it is the most abundant element of the rare earth metals found in the earth crust (Algethami et al., 2018). It is easy to lose outer electrons to form compounds of different valence states, thus making its chemical properties very active. The oxide of cerium, called ceria, is a rare earth semiconductor material with a low price and a wide range of applications. CeO2 has a cubic fluorite structure, in which the Ce element has two oxidation states Ce4+ and Ce3+. It is widely used in luminescent materials (Huang et al., 2021) catalysts (Zhu et al., 2019), electrode materials (Xiao et al., 2018; Huang et al., 2019), and so on. For the purpose of further exploring the electrochemical application of CeO2, in this study, a simple hydrothermal route was used to in situ grow CeO2 nanoparticles on the surface of carbon nanotubes. The synthesized CeO2/CNTs composites were employed to construct a phenol electrochemical sensor. The experimental results show that the CeO2/CNTs modified electrode has a good detection effect on phenol.
EXPERIMENTAL
Preparation of CeO2/CNTs
First, the CNTs were acidified with a mixed acid solution (V98% concentrated sulfuric acid: V68% concentrated nitric acid = 3:1) at 90°C for 4 h under stirring and refluxing. Ce(NO3)3·6H2O was used as the cerium source to synthesize CeO2/CNTs composite material in one step by hydrothermal method. Dissolve 1.2 g Ce(NO3)3·6H2O and 0.1 g treated CNTs into 60 ml deionized water. After adjust the solution to pH = 9.0 with 0.5 M NaOH and stir for 1 h, it was then transferred into the autoclave and reacted at 160°C for 24 h. After that, it was allowed to cool naturally, and the product was centrifuged, washed, dried under vacuum, and ground. The similar route was used to prepare CeO2 nanoparticles without the addition of treated CNT at the beginning.
Preparation of Electrochemical Sensor
The modified glassy carbon electrodes (GCE, Φ = 4 mm) of CeO2/CNTs/GCE, CeO2/GCE and CNTs/GCE were used as working electrode. All the cyclic voltammetric (CV) and differential pulse voltammetric (DPV) responses were recorded on electrochemical workstation.
Other detailed experimental procedures and apparatus parameters are provided in the Supplementary Material.
RESULTS AND DISCUSSION
Material Characterization
TEM and XRD technologies were employed for the purpose of intuitively observing the morphology and structure of the nanomaterials. Shown in Figures 1A,B is the TEM image of CeO2 nanoparticles and CeO2/CNTs nanocomposites. It can be seen that CeO2 nanoparticles are grown uniformly on the surface of CNTs. In the XRD spectra of Figure 1C, the diffraction peak at 26° in the curve 1) is the characteristic peak of CNTs. For CeO2, it can be seen from curve b in Figure 1C that a series of sharp diffraction peaks appear at 28.3°, 33.1°, 47.5°, 58.2°, which are correspond to the (111), (200), (220), (311) planes of CeO2 (Xiao et al., 2019). This is also consistent with the standard XRD spectrum of CeO2 (curve d, JCPDS card No. 34–0,394). And all these peaks are appeared in the CeO2/CNTs nanocomposite (curve c), proving the successful preparation of CeO2/CNTs composite.
[image: Figure 1]FIGURE 1 | TEM images of CeO2 (A), CeO2/CNTs (B), and XRD patterns (C) of CNTs (a), CeO2 (b), CeO2/CNTs (c) and standard spectrum of CeO2 (d).
Cyclic Voltammetric Response of Different Electrodes
To study the electrochemical property of the nanocomposites, the CV responses of different nanocomposites modified electrode were recorded in 0.1 M KCl electrolyte containing 2 mM [Fe(CN)6]3-/4-, which are shown in Figure 2A. Compared with bare GCE (curve a), CeO2/GCE (curve b) shows a little bigger CV response. This confirms that as a rare earth semiconductor material, CeO2 can still promote the electron transfer between the electrode and the electrolyte. Nevertheless, the peak current is dramatically enlarged after CNTs are modified onto the GCE as CNTs/GCE (curve c), due to the excellent conductivity of CNTs. And the peak current is further enlarged for CeO2/CNTs/GCE (curve d). This proves that the binary composite of CeO2/CNTs owes the best electrochemical performance than single CNT or CeO2.
[image: Figure 2]FIGURE 2 | CVs of different electrode in 2 mM [Fe(CN)6]3-/4- + 0.1 M KCl (A) and in phosphate buffer (pH = 5.0, 0.1 M) containing 2 mM phenol (B). (a) bare GCE, (b) CeO2/GCE, (c) CNTs/GCE and (d) CeO2/CNTs/GCE. Scan rate: 50 mV s−1.
In order to investigate the electrochemical catalytic effect of the different nanomaterial towards oxidation of phenol, CV tests were performed on different modified electrodes in 0.1 M phosphate buffer containing 2 mM phenol in Figure 2B. It can be found that both CeO2/GCE (curve b in Figure 2B) and CNTs/GCE (curve c in Figure 2B) responses are better than the bare GCE (curve a in Figure 2B), which means both CeO2 nanoparticles and carbon nanotubes have a certain catalytic effect toward the electrochemical oxidation of phenol. And CeO2/CNTs/GCE (curve d in Figure 2B) has the largest oxidation peak compared to other modified electrodes. This shows that CeO2/CNTs nanomaterials have the best electrochemical catalytic effect on phenol. This is due to the synergistic catalysis effect between CeO2 nanoparticles and CNTs.
Effect of Scan Rate
The electrochemical kinetic behavior of the as-prepared electrode was studied by CV in phosphate buffer (pH = 5.0, 0.1 M) containing 1 mM phenol (Figure 3). When the scan rate enlarges from 10 to 200 mV s−1, the oxidation peak current increases accordingly (Figure 3A). Figure 3B shows the linear curve of peak current value vs. the scan rate, where Ip (μA) = 44.00961 + 1.00644 v (mV·s−1) with R2 = 0.98044. It confirms the kinetic behavior of CeO2/CNTs/GCE is a surface-controlled process.
[image: Figure 3]FIGURE 3 | CVs of CeO2/CNTs/GCE in phosphate buffer (pH = 5.0, 0.1 M) with 1 mM phenol at different scan rates (10–200) mV·s−1 (A), and the linear curve of the peak current vs. the scan rate (B).
Effect of the pH Value
During electrochemical analysis, the pH value of the solution plays an important role for the target determination. Herein, in order to study the effect of pH on the electrochemical performance of CeO2/CNTs/GCE, the CV behaviors of CeO2/CNTs/GCE in electrolytes with different pH values were recorded. As shown in Figure 4A, when the pH value increases from 4.0 to 8.0, the oxidation peak potential obviously shifts to the lower voltage direction. Figure 4B is the linear curve between the pH value of the solution and the oxidation peak potential of phenol, where Ep(V) = 0.99462–0.05473pH with R2 = 0.98843. Through calculation, the ratio value between the involved number of protons and electrons in the reaction is approximately 1. This is consistent with the transfer number of protons and electrons in the phenol oxidation reaction. At the same time, it is observed in Figure 4A that the electrode has the largest response current at pH = 5.0, so subsequent electrochemical experiments are carried out under the optimal pH value of 5.0.
[image: Figure 4]FIGURE 4 | CVs of CeO2/CNTs/GCE in electrolyte with pH from 4.0 to 8.0 (A), and the linear curve of peak potential vs. pH (B).
Determination of Phenol
Under the optimal condition, the DPV response of CeO2/CNTs/GCE upon the addition of different concentration of phenol was recorded. Figure 5A is the DPV signals recorded in a phosphate buffer (pH = 5.0) with different phenol concentrations in the range of 1–500 μM. It can be seen from Figure 5A that as phenol concentration gradually increases, the corresponding oxidation peak current also increases. Drawn from the DPV curves, the linear equation (Figure 5B) between the DPV peak current (Ip) and the phenol concentration (cphenol) is Ip(μA) = 0.252 + 0.105 cphenol (μM) with R2 = 0.992. The detection limit for phenol is 0.3 μM. In contrast to other published electrochemical sensors, as shown in Table 1, CeO2/CNTs/GCE has a lower detection limit and a wide detection range. It shows that the sensor in this system exhibits satisfied performance.
[image: Figure 5]FIGURE 5 | DPVs for CeO2/CNTs in phosphate buffer (pH = 5.0, 0.1 M) with different concentrations of phenol (1–500 μM) (A) and the corresponding plots of the oxidation peak currents at peak potentials vs. the concentrations of phenol (B).
TABLE 1 | Comparison of different sensor performance.
[image: Table 1]Selectivity and Reproducibility
In order to study the selectivity of the electrochemical sensor, other common substances are added into 0.1 M phosphate buffer (pH = 5.0) with 1 mM phenol, so as to record interfere effect for the electrochemical response of phenol. Based on the previous report about the anti-interference investigation for phenol detection, potassium chloride, calcium chloride, sodium chloride, iron chloride, sodium nitrate, magnesium chloride, hydroquinone (HQ) and catechol (CC) are chosen for anti-interference research. The result is shown in Figure 6. After adding different interferences (0.1 mM) into electrolyte, the electrochemical signal almost remains unchanged as compared to solo phenol detection. This illustrates that the prepared sensor has good selectivity. To investigate the repeatability of the sensor modification, five CeO2/CNTs modified electrodes were fabricated under the same conditions to measure 100 μM phenol solution. The calculated relative standard deviation (RSD) is 5.76%, which shows that the sensor has good reproducibility. And the stability is studied by measuring the CV response of the sensor in 100 μM phenol solution after stored in a desiccator for 1 week. Its signal value was 98.6% of the initial value.
[image: Figure 6]FIGURE 6 | The selectivity study of CeO2/CNTs/GCE upon addition of different interferences.
Real Sample Detection
DPV determinations of phenol in real samples of river and tap water were estimated using standard addition method to assess the possibility for real sample detection. Table 2 shows the actual sample detection results. The results show that the sensor in this system has good recovery rate and RSD in both river and tap water analysis. This proves that CeO2/CNTs/GCE is a reliable and effective platform for phenol detection in real sample.
TABLE 2 | Real sample detection in river water and tap water.
[image: Table 2]CONCLUSION
CeO2/CNTs nanocomposites were synthesized by hydrothermal method. CeO2 nanoparticles are obtained with cerium nitrate as Ce resource. TEM images reveal that CeO2 nanoparticles are uniformly dispersed onto the surface of the pre-acidified CNTs. XRD spectra show that all the characteristic peaks of CNT and CeO2 are appeared in the CeO2/CNT nanocomposite. The CV responses in 0.1 M KCl electrolyte containing 2 mM [Fe(CN)6]3-/4- prove that, as compared to the bare CNTs and CeO2, the CeO2/CNTs/GCE owes the best electrochemical performance. When applied for the electrochemical catalytic effect towards oxidation of phenol, CeO2/CNTs nanomaterials have the best catalytic effect on phenol oxidation. The CeO2/CNTs nanocomposites based electrochemical sensor displays wide linear range, good selectivity, reproducibility and stability, as well as the potential application for real sample detection.
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A novel signal-increased photoelectrochemical (PEC) biosensor for l-cysteine (L-Cys) was proposed based on the Bi2MoO6–Bi2S3 heterostructure formed in situ on the indium–tin oxide (ITO) electrode. To fabricate the PEC biosensor, Bi2MoO6 nanoparticles were prepared by a hydrothermal method and coated on a bare ITO electrode. When L-Cys existed, Bi2S3 was formed in situ on the interface of the Bi2MoO6/ITO electrode by a chemical displacement reaction. Under the visible light irradiation, the Bi2MoO6–Bi2S3/ITO electrode exhibited evident enhancement in photocurrent response compared with the Bi2MoO6/ITO electrode, owing to the signal-increased sensing system and the excellent property of the formed Bi2MoO6–Bi2S3 heterostructure such as the widened light absorption range and efficient separation of photo-induced electron–hole pairs. Under the optimal conditions, the sensor for L-Cys detection has a linear range from 5.0 × 10−11 to 1.0 × 10−4 mol L−1 and a detection limit of 5.0 × 10−12 mol L−1. The recoveries ranging from 90.0% to 110.0% for determining L-Cys in human serum samples validated the applicability of the biosensor. This strategy not only provides a method for L-Cys detection but also broadens the application of the PEC bioanalysis based on in situ formation of photoactive materials.
Keywords: photoelectrochemical sensor, Bi2MoO6–Bi2S3 heterostructure, L-cysteine, in situ formation reaction, ion exchange reaction
INTRODUCTION
l-Cysteine (L-Cys), which is involved in the process of protein synthesis, affects the function of protein and plays an important role in the life system (Palego et al., 2015). Its abnormal levels in human serum are associated with lots of diseases, and thus it is considered a significant biomarker. For instance, people with heart disease and liver injury often have low levels of L-Cys in their blood (Wu et al., 2016), whereas people with Alzheimer’s disease and cancer often have high levels of L-Cys (Li et al., 2014b; Huang et al., 2018). Therefore, monitoring the content of L-Cys in human body is meaningful. Currently, some analytical methods such as high-performance liquid chromatography (Deáková et al., 2015), mass spectrometry (Li et al., 2014a), fluorescence (Li et al., 2019), colorimetry (Song et al., 2018), and photoelectrochemistry (PEC) (Peng et al., 2020) have been developed for L-Cys detection.
PEC analysis, a fast, efficient, and low background analytical method, has attracted great attention in recent years (Cao et al., 2021; Lv et al., 2021; Zhu et al., 2021). Until now, many sensing principles have been exploited and adopted for the PEC bioanalysis, such as steric hindrance effect (Wang et al., 2019c; Meng et al., 2020), electron donor/acceptor reaction (Li et al., 2017; Wang et al., 2019b), exciton–plasmon interactions (Ma et al., 2016; Dong et al., 2017), plasmon-enhanced effect (Li et al., 2016; Qiu et al., 2018), and in situ growth reaction (Qiu and Tang, 2020). Of these, the signaling mechanism based on the in situ growth reaction that acts directly on the electrode is not only simple to operate but also with a low background signal (Hou et al., 2016). For example, on the basis of the reaction between L-Cys and copper compounds, Zhu et al. (2017) constructed a PEC bioassay of L-Cys using a CuO–Cu2O heterojunction as a photoactive material. By using the reaction between Cu2+ and S2− from the WO3–Au–CdS nanocomposite, Zhang et al. (2019) designed a PEC immunoassay for the prostate-specific antigen. However, these works have always quantified the targets based on the signal decrease, which limits the sensitivity to some extent. By the reaction between Ag+ and BiOI/Ni electrode, Yu et al. (2019a) constructed a signal-increased biosensing system. In this system, the AgI–Ag–BiOI Z-scheme heterojunction formed in situ greatly enhanced the PEC response, achieving satisfied detection sensitivity and stability. Considering the good performance and the few reports of such strategy, exploiting the new in situ growth reaction to construct signal-increased sensing systems and extending their applications in PEC bioanalysis are urgent and necessary.
Among various semiconductor materials, bismuth-based semiconductors possess advantages of good biocompatibility and highly visible light response (Chen et al., 2016; Zhou et al., 2017; Yu et al., 2019b). Bi2MoO6, featuring non-toxic, good stability, and adjustable morphology (Li et al., 2020), has attracted wide attention. In addition, Bi2MoO6 has a layered structure with a [Bi2O2]2+ layer stuck between two MoO42− slabs, which makes it have lots of active surfaces (Wu et al., 2018), while the PEC performance of Bi2MoO6 leaves much to be desired due to the rapid recombination between holes and electrons. In order to restrain such recombination, constructing heterostructures is one of the most effective strategies (Wang et al., 2019a; Liao et al., 2021). As a method to form heterojunctions, ion exchange can be excited by the differences in solubility of different substances and helps maintain their original state to a large extent (Wang et al., 2017). Intelligently, both Bi2MoO6 and Bi2S3 contain bismuth element, and the solubility of Bi2S3 is far less than that of Bi2MoO6. Based on this, whether the principle of the ion exchange reaction can be used for in situ generation of Bi2MoO6–Bi2S3 heterostructure and construction of a PEC biosensor?
A signal-increased PEC biosensor for L-Cys detection was proposed based on the in situ formation of a Bi2MoO6–Bi2S3 heterostructure on the indium–tin oxide (ITO) electrode. As illustrated in Scheme 1, Bi2MoO6 nanoparticles were initially coated on a bare ITO electrode. In the existence of L-Cys, Bi2S3 was generated in situ on the interface of Bi2MoO6/ITO by a chemical displacement reaction between sulfur ions from L-Cys and MoO66− from Bi2MoO6. The compact contact and the matchable band-edge levels of Bi2MoO6 and Bi2S3 formed a heterostructure, which broadens the light absorption range and effectively restrains the electron–hole recombination, producing an improved photocurrent response. The increased concentrations of L-Cys could generate more amount of Bi2S3 on the Bi2MoO6/ITO interface, thereby boosting the photocurrent response. By this means, a signal-increased PEC system to quantitatively detect L-Cys was established by measuring the photocurrent change of the photoelectrode.
[image: Scheme 1]SCHEME 1 | Illustration of the proposed PEC sensor.
EXPERIMENTAL
Chemicals and Reagents
Bismuth nitrate (Bi(NO3)3·5H2O), ethylene glycol (EG), and sodium molybdate (Na2MoO4·2H2O) were purchased from Macklin Biochemical Co., Ltd. (Shanghai, China). l-Serine (L-Ser), glycine (Gly), and l-tyrosine (L-Tyr) were purchased from Sinopharm Chemical Reagent Co., Ltd. (China). L-Cys and glutathione (GSH) were obtained from Aladdin Reagent Inc. (Shanghai, China). Ascorbic acid (AA), sodium sulfate (Na2SO4), and sodium sulfite (Na2SO3) were purchased from Sinopharm Chemical Reagent Co., Ltd. (China). Phosphate buffer solution of 0.01 M (PBS, pH 7.4) was prepared with NaH2PO4.2H2O, K2HPO4.3H2O, and KCl. All chemical reagents were of analytical grade, and all aqueous solutions were prepared with ultrapure water (18.2 MΩ cm).
Apparatus
The PEC system consists of a CHI660E electrochemical workstation (Shanghai Chenhua Apparatus Corporation, China) and a PEAC 200A PEC reaction instrument (Tianjin Aidahengsheng Science-Technology Development Co., Ltd., China). PEC experiments and linear sweep voltammetry (LSV) curves were conducted on the PEC system using a three-electrode system: an ITO electrode with a geometric area of 0.25 cm2 as the working electrode, a saturated Ag/AgCl electrode as the reference electrode, and a Pt wire as the counter electrode. The electrochemical impedance spectra (EIS) were implemented on a CHI660E electrochemical workstation in 5.0 mM K3 [Fe(CN)6]/K4 [Fe(CN)6] solution containing 0.1 M KCl. The scanning electron microscope (SEM) images were acquired from the Hitachi S-4800 SEM (Tokyo, Japan). UV-visible diffuse reflection spectra were recorded using a PerkinElmer Lambda 950 UV-visible spectrophotometer (United States). X-ray photoelectron spectroscopy (XPS) images were recorded on a K-Alpha X-ray photoelectron spectrometer (Thermo Fisher Scientific Co., Waltham, MA, United States). Fourier transform infrared (FT-IR) spectra were acquired from the Bruker TENZOR 27 spectrophotometer (Bruker Optics, Germany).
Synthesis of Bi2MoO6 Nanoparticles
Bi2MoO6 was synthesized by a hydrothermal method (Dai et al., 2018). First, 0.4210 g of Na2MoO4·2H2O was dissolved in 5 ml of EG under stirring for 0.5 h, and 1.6866 g of Bi(NO3)3·5H2O solution was prepared in the same way. After mixing them together, 20 ml of ethanol was added dropwise under stirring. Second, the resulted solution was transferred into the Teflon-lined stainless steel autoclave, heated to 160°C for 12 h, and cooled to room temperature. Finally, the resultant product collected by centrifugation was washed three times with ethanol as well as water, dried overnight at 80°C, and then annealed at 400°C for 3 h to obtain Bi2MoO6 nanoparticles.
Fabrication of the Photoelectrochemical Biosensor
Bi2MoO6 suspension of 20 microliters with a concentration of 3 mg ml−1 was evenly dropped onto the cleaned ITO electrode and dried at 60°C for 20 min. Afterward, 20 µL of L-Cys solution was cast onto the surface of Bi2MoO6/ITO gently. After the reaction at 37°C for 0.5 h, the electrode was washed with water and then immersed in 0.01 M PBS (pH 7.4) containing 0.1 M AA for PEC measurement.
RESULTS AND DISCUSSION
Material Characterization
The morphology of Bi2MoO6 was characterized using the SEM. Figures 1A,B depicted that Bi2MoO6 possessed a nanosheet-assembled spherical structure, and the diameters of the microsphere were less than 3 µm. The stacked sheet structure makes the material have a large specific surface area, which benefits for the subsequent ion exchange reaction and the PEC detection. After incubated with L-Cys, parts of nanosheets granulated on the microsphere of Bi2MoO6 (Figure 1C), indicating the interaction between Bi2MoO6 and L-Cys. Additionally, the elemental mapping images in Supplementary Figure S1 suggested that Bi, Mo, O, and S elements existed in the material, indicating the reaction between Bi2MoO6 and L-Cys.
[image: Figure 1]FIGURE 1 | SEM images of Bi2MoO6 (A,B) and Bi2MoO6 after reacting with L-Cys (C).
To characterize the chemical composition and chemical state of Bi2MoO6 before and after reacting with L-Cys, XPS analysis was performed. As shown in Figure 2A, the elements of Bi, Mo, and O exist in Bi2MoO6 samples, whereas a new element of sulfur appeared after the reaction between Bi2MoO6 and L-Cys. Peaks in Bi 4f spectra in Figure 2B showed that two main peaks at 159.0 and 164.3 eV belong to Bi 4f5/2 and Bi 4f7/2 in Bi2MoO6 (Jia et al., 2018), shifted to 159.3 and 164.6 eV after the chemical reaction. This chemical shift originated from the formation of new bonds between bismuth and sulfur which changed the original chemical environment of bismuth atoms. The high-resolution XPS spectra of Mo 3d, S 2p, and O 1s of Bi2MoO6 after reacting with L-Cys were also conducted. The binding energy at 232.3, 235.4, 159.2, 164.4, and 531.1 eV pictured in Figures 2C–E were ascribed to Mo 3d5/2, Mo 3d3/2, S 2p3/2, S 2p1/2, and O 1 s, respectively. The result further witnessed the in situ formation of Bi2S3 on Bi2MoO6 (Li et al., 2020).
[image: Figure 2]FIGURE 2 | XPS survey spectra of Bi2MoO6 before and after reacting with L-Cys (A); high-resolution XPS spectra of Bi 4f (B), Mo 3d (C), S 2p (D), and O 1s (E).
The optical property of Bi2MoO6 before and after reacting with L-Cys was studied by FT-IR spectroscopy and UV-vis DRS. As can be seen from Figure 3A, the characteristic peak at 712 cm−1 existed both in the FT-IR spectrum of Bi2MoO6 and that after reacting with L-Cys, attributing to the symmetrical tensile vibration of the top oxygen atom of MoO66− (Zhang et al., 2010; Li et al., 2014a; Tian et al., 2015). Compared with the FT-IR spectrum of Bi2MoO6, a new peak at 842 cm−1 appeared in the chart of Bi2MoO6 after the reaction with L-Cys. This new peak corresponds to the stretching vibration of Bi–S, indicative of the formation of Bi2S3 through the reaction between Bi2MoO6 and L-Cys (Zhao et al., 2017). The UV-vis DRS in Figure 3B suggested that the formation of Bi2MoO6–Bi2S3 widened the absorption range of the light irradiation and thus is benefit for the subsequent PEC analysis.
[image: Figure 3]FIGURE 3 | FT-IR spectra of Bi2MoO6 and Bi2MoO6–Bi2S3 (A); UV-vis DRS of Bi2MoO6 and Bi2MoO6–Bi2S3 (B).
Condition Optimizations
As a photoactive material to construct the photoelectrode, the concentration of Bi2MoO6 plays a crucial effect on the PEC performance of the sensor. The photocurrent signal of the Bi2MoO6/ITO electrode constructed with varied concentration of Bi2MoO6 was recorded, and the photocurrent response reached a maximum value when the concentration of Bi2MoO6 was 3 mg ml−1 (Supplementary Figure S2). So, 3 mg ml−1 Bi2MoO6 was used for the subsequent experiments. In addition, the reaction time of Bi2MoO6 with L-Cys was optimized. According to Supplementary Figure S3, the photocurrent response gradually enhanced with the increase of reaction time, but the signal tended to stabilize when the reaction time reached 30 min. Therefore, 30 min was used as the reaction time.
Electrochemical and Photoelectrochemical Characterizations
To explore the interfacial electrochemical behavior of the biosensor, EIS analysis was conducted. As seen from Figure 4A, the bared ITO electrode displayed a small electron-transfer resistance (Ret), whereas the Bi2MoO6/ITO electrode gave an increased Ret because the coating of the semiconductor impedes the electron transfer. After Bi2MoO6/ITO was incubated with L-Cys, the Ret declined. This result may be because the in situ formation of Bi2S3 on the interface of Bi2MoO6/ITO improved the electrical conductivity of the electrode. The photocurrent responses of the sensor at different modification stages were also investigated. As illustrated in Figure 4B, almost no PEC response was shown on the bare ITO electrode, while an evident photocurrent response was observed when Bi2MoO6 was immobilized on the electrode. After reacting with L-Cys (10 μmol L−1), the Bi2MoO6/ITO electrode gave a much stronger photocurrent response. This is because the compact heterostructure formed between Bi2S3 and Bi2MoO6 by in situ formation of Bi2S3 on Bi2MoO6 and the matchable band-edge levels of Bi2MoO6 and Bi2S3 could effectively accelerate the transfer of the photo-excited charge carriers. The valence band (VB) and conduction band (CB) energy levels of Bi2MoO6 and Bi2S3 were determined by the electrochemical method (Supplementary Figure S4), and the charge transfer in Bi2MoO6–Bi2S3 heterostructure is illustrated in Scheme 2. Under the light irradiation, the photo-generated electrons in the CB of Bi2S3 (−0.36 eV) easily transferred to the CB of Bi2MoO6 (−0.17 eV), whereas the holes in the VB of Bi2MoO6 (2.69 eV) moved to the VB of Bi2S3 (1.33 eV).
[image: Figure 4]FIGURE 4 | EIS (A) and photocurrent intensity (B) of bare ITO, Bi2MoO6/ITO, and Bi2MoO6/ITO after reacting with L-Cys.
[image: Scheme 2]SCHEME 2 | Charge transfer of Bi2MoO6–Bi2S3 under visible light irradiation.
Analytical Performance
The PEC response of the Bi2MoO6/ITO electrode toward L-Cys was explored. As depicted in Figure 5A, the photocurrent intensity enhanced along with the increase in L-Cys concentration. The reason of this variation trend may be that more L-Cys increased the amount of Bi2S3 in situ formed on the Bi2MoO6/ITO electrode, thus facilitating the charge transfer and boosting the photocurrent enhancement. As demonstrated in Figure 5B, the photocurrent intensity of the sensor showed a linear relationship with the logarithm of L-Cys concentrations when the concentrations varied in the range of 5.0 × 10−11–1.0 × 10−4 mol L−1. The linear equation is I = 128.7 + 8.1 log CL-Cys (R2 = 0.997). The limit of detection is 5.0 × 10−12 mol L−1. Compared with some reported methods, this method demonstrates high detection sensitivity and a wide linear range for L-Cys (Table 1). The excellent performance of the sensor can be attributed to the in situ formation of Bi2MoO6–Bi2S3 heterostructure, which possesses an excellent photoelectric response under light irradiation.
[image: Figure 5]FIGURE 5 | Photocurrent responses of Bi2MoO6/ITO corresponding to L-Cys with varied concentrations (A); relationship between photocurrent changes and L-Cys concentrations (B); insert of part B, calibration curve between photocurrents and the logarithm of the L-Cys concentrations.
TABLE 1 | Comparison between this method and the reported methods for L-Cys detection.
[image: Table 1]Selectivity, Reproducibility, and Stability
The selectivity of the sensor was evaluated by testing the PEC response of Bi2MoO6/ITO toward Gly, L-Tyr, L-Lys, GSH, L-Ser, SO32-, and SO42- and the mixture of the aforementioned substances with L-Cys (all the aforementioned solutions have a concentration of 5 μmol L−1). As pictured in Figure 6A, the PEC responses of Bi2MoO6/ITO to Gly, L-Tyr, L-Lys, GSH, and L-Ser showed no obvious change compared with the blank solution, whereas the response of L-Cys as well as the mixture of the aforementioned interferents with L-Cys exhibited an obvious enhancement, thus demonstrating good selectivity. The reproducibility of the sensor was studied by intra-assay and inter-assay of 10 μmol L−1 L-Cys. The relative standard deviations (RSDs) of intra-assay by using five Bi2MoO6/ITO electrodes in the same batch and inter-assay of the electrodes in different batches were 3.0 and 4.2%, respectively, indicating good reproducibility of the sensor. In addition, the photocurrent response of Bi2MoO6/ITO for 100 nmol L−1 L-Cys within 4 weeks of storage was investigated to study the stability of the sensor. As shown in Figure 6B, the photocurrents show negligible change with RSDs less than 5.1%. The signal of this system for 15 cycles was monitored. In Supplementary Figure S5, the photocurrent was stable with a RSD of 3.2%. The data indicate the good stability of the sensor.
[image: Figure 6]FIGURE 6 | Selectivity (A) and stability (B) of the PEC sensor.
Applications
To explore the practical application of the sensor, seven undiluted human serum samples from Xinyang Central Hospital were measured. As listed in Supplementary Table S1, compared with the reference method (enzymatic cycling) used by the hospital, the relative errors between the reference method and this method are less than 6.1%, and the RSDs are no more than 6.2%. In addition, the standard addition test results suggest that the recoveries of L-Cys are in the range of 90.0–110.0% with RSDs less than 6.8%, as shown in Supplementary Table S2. The aforementioned results show that this method has good accuracy and feasibility.
CONCLUSION
In summary, a facile and signal-increased PEC sensor for L-Cys detection was developed based on the in situ formation of Bi2MoO6–Bi2S3 heterostructure. In virtue of the chemical reaction between L-Cys and Bi2MoO6, Bi2S3 was formed in situ on the surface of Bi2MoO6, and the signal-increased sensing system endowed the sensor with high sensitivity. The Bi2MoO6–Bi2S3 heterostructure showed effective photoelectric conversion efficiency and thus demonstrated sensitive photocurrent response under light irradiation. Thanks to the fine performance of the Bi2MoO6–Bi2S3 heterostructure, the sensor for L-Cys achieved excellent performance in sensitivity, selectivity, and stability. The proposed method based on the in situ growth reaction not only proposes a new strategy for L-Cys detection but also opens up a new perspective for PEC bioanalysis.
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Ferroptosis is a type of iron-dependent programmed cell death. Once such kind of death occurs, an individual cell would undergo a series of changes related to reactive oxygen species (ROS) in mitochondria. A mitochondrial-targeted ratiometric fluorescent probe (MBI-OMe) was developed to specifically detect ferroptosis-induced ClO−, whose recognition group is p-methoxyphenol, and the mitochondrial-targeted group is benzimidazole. The fluorescence of MBI-OMe was first quenched by 30 μM of Fe3+, and then MBI-OMe appeared as a ratiometric signal at 477 nm and 392 nm in response to ferroptosis-induced ClO− in living cells. MBI-OMe was successfully used to evaluate changes in ClO− induced by ferroptosis.
Keywords: fluorescent probe, ClO−, ratio fluorescence, mitochondria, ferroptosis
INTRODUCTION
Ferroptosis is a kind of programmed cell death that mainly results from the imbalance between the generation and degradation of intracellular reactive oxygen species (ROS) caused by iron accumulation (Chen et al., 2021; Cheshchevik et al., 2021; Dietrich and Hofmann, 2021). Mitochondria, the centers of energy metabolism in cells, are important sites for ROS generation (Yin et al., 2011; Li et al., 2019). Ferroptosis is frequently accompanied by the accumulation of ROS in mitochondria and is involved in many other pathophysiological processes (Gao et al., 2019; Floros et al., 2021). For example, iron homeostasis plays an important role in the nervous system, and the occurrence of ferroptosis induces neurodegenerative diseases, causing the degradation of mitochondrial activity (Wu et al., 1999; Torti et al., 2013; Zhou et al., 2022). In theory, real-time monitoring of ferroptosis could provide us with necessary information for disease diagnosis. Therefore, it is crucial to develop a selective and sensitive assay for ferroptosis-induced ROS at the solution and cellular levels, which is extremely helpful to understand the physiological and pathological roles of ferroptosis for the living organisms.
Hypochlorous acid, a kind of ROS, usually exists in the form—ClO− in physiological pH (Li et al., 2012; Ren et al., 2019; Zhang et al., 2020a). Due to its oxidative properties, ClO− is used in the immune defense system and plays an important role in a variety of physiological and pathological processes. Iron-dependent ferroptosis leads to the accumulation of ClO− concentrations which can reach the values of 20–400 μM, leading to oxidative damage to mitochondria (Tang et al., 2021; Yan et al., 2021). Fluorescent probes are becoming more and more popular in the detection of biological objects, such as ClO−, because of their simplicity, high temporal and spatial resolution, and real-time and non-destructive biological imaging. To date, fluorescent probes based on the detection of ClO− targeting different organelles have been designed (Wang et al., 2019; Li et al., 2020; Zhang et al., 2020b). In addition, a number of fluorescent probes have been prepared that specifically monitor ClO− changes in different disease models, such as sepsis, pneumonia, and cancer (Zhang et al., 2018; Long et al., 2020; Wang et al., 2021; Yang et al., 2021). Although these probes can achieve specific, fast, and sensitive responses to ClO−, these probes cannot be used to detect ClO− content changes in suborganelles during ferroptosis. This is mainly because the concentration of ClO− produced by iron death is larger than that in normal cells, so it is impossible to determine whether ferroptosis has occurred. Therefore, it is necessary to develop related reactive oxygen species probes to selectively detect ClO− and perform fluorescence imaging during ferroptosis.
With this in mind, we developed a mitochondrial-targeted fluorescent probe (MBI-OMe) for monitoring the changing behavior of ClO− that was induced by ferroptosis in this work. MBI-OMe was synthesized by linking p-methoxyphenol with a fluorophore benzimidazole via a conjugated vinyl bond. p-Methoxyphenol can enhance the fluorescence intensity of the probe and act as a selective recognition site for ClO− (Hu et al., 2014). MBI-OMe could coordinate with iron ions to quench fluorescence. When encountering ClO− induced by ferroptosis, MBI-OMe could produce a ratiometric fluorescence signal. More importantly, MBI-OMe with a high fidelity signal can be used to monitor ClO− production that accompanies ferroptosis, suggesting that mitochondrial ClO− levels may play an important role in ferroptotic cancer cells. Therefore, MBI-OMe is considered to be instructive to study the detection of ClO− in ferroptosis.
MATERIALS AND METHODS
Instruments and Reagents
All chemicals and solvents used in synthesis are commercially purchased, and no further purification is performed unless otherwise stated. The structures were characterized by AVANCE III HD 600MHZ (600 MHz 1H, 151 MHz 13C) NMR spectroscopy. The solvent was DMSO (TMS as an internal standard). An ultrahigh resolution electrospray time-of-flight mass spectrometry system was used to determine the molecular weight of compounds. Fluorescence spectra were determined using the HORIBA FluoroMax-Plus spectrophotometer. The UV spectrum was determined by the Cintra 2020 spectrophotometer of GBC. Fluorescence images were collected using an Olympus FV1200 confocal laser fluorescence microscope.
Synthesis of Probe MBI-OMe
Here, 2-methylbenzimidazole (1.5 mmol, 200.0 mg) and 2-hydroxy-5-methoxybenzaldehyde (1.8 mmol, 276.3 mg) were added to a mixed solution of acetic acid (6.0 ml) and acetic anhydride (12.0 ml). The mixture was obtained after reacting at 120°C for 6 h. The solution was cooled with water; 5 ml of concentrated hydrochloric acid was added overnight, and a solid was obtained by filtration. The yellow solid MBI-OMe was obtained by column chromatography. The yield of the probe MBI-OMe was 64%. 1H NMR (600 MHz, DMSO-d6) δ 12.76 (s, 1H), 9.66 (s, 1H), 7.86 (d, J = 16.6 Hz, 1H), 7.52 (dd, J = 5.9, 3.2 Hz, 2H), 7.27 (d, J = 16.6 Hz, 1H), 7.20–7.10 (m, 3H), 6.85 (d, J = 8.8 Hz, 1H), 6.80 (dd, J = 8.8, 2.9 Hz, 1H), and 3.75 (s, 3H). 13C NMR (151 MHz, DMSO-d6) δ 152.81, 151.99, 150.39, 130.86, 123.29, 122.49, 117.55, 117.34, 116.86, 111.74, and 55.91. High-resolution mass spectrometry (HRMS) m/z calcd for C16H14N2O2 (M + H)+: 267.1128; found 267.1156.
Cell Imaging
HL-7702 cells and HepG 2 cells were cultured in Dulbecco’s modified Eagle’s medium (Corning) containing 10% fetal bovine serum (Sigma Aldrich) and 1% penicillin/streptomycin (Corning). Cell culture conditions were 37°C and 5% CO2.
For the imaging experiment of exogenous ClO−, HepG 2 cells were incubated with ClO− solution of different concentrations for 30 min, and then the probe MBI-OMe was added for further incubation for 30 min. In the endogenous ClO− imaging experiment, lipopolysaccharides (LPSs) were added to HepG 2 cells and incubated for 12 h; phorbol-12-myristate-13-acetate (PMA) was added for further incubation for 90 min, and then the probe was added for 30 min for imaging. The cells treated with LPS and PMA were incubated with N-acetylcysteine (NAC) and 4-azidobenzohydrazide (ABH) for 1 h and then incubated with MBI-OMe for 30 min for imaging. The HepG 2 cells were incubated with erastin for 6 h to construct the ferroptosis cell model and then incubated with the probe for 30 min for imaging. Deferoxamine was added and incubated for 6 h, and MBI-OMe was added and incubated for 30 min before imaging.
RESULTS AND DISCUSSIONS
Design and Synthesis of MBI-OMe
In order to monitor the changing behavior of ClO− during ferroptosis, a ClO− responsive fluorescent probe (MBI-OMe) was designed. In molecular design, the p-methoxyphenol group was selected as the recognition site because it can produce benzoquinone through ClO− oxidation. In order to realize the detection of ClO− in the process of ferroptosis, imidazole and hydroxyl groups, which can complex with Fe3+, were introduced into the probe as the turn-on signal for the detection of ferroptosis. To form the typical intramolecular charge transfer (ICT) molecular system, MBI-OMe was synthesized by connecting p-methoxyphenol as the electron-donor group, benzimidazole compound as the electron-acceptor group, and vinyl as the conjugated bridge. When the probe is complexed with Fe3+, the ICT effect of the probe is weakened, and the fluorescence is quenched. When the system encounters ClO−, the complex system is destroyed and the fluorescence is recovered. As the ClO− concentration increased, methoxyphenol was oxidized to benzoquinone, thereby exhibiting a proportional fluorescence signal.
As shown in Scheme 1, the synthetic route of MBI-OMe is simple, and MBI-OMe is obtained by the Knoevenagel condensation reaction of 2-methylbenzimidazole (compound 1) and 2-hydroxy-5-methoxy-benzaldehyde (compound 2) directly. The chemical structure of MBI-OMe was characterized by 1H NMR, 13C NMR, and ESI-TOF-MS.
[image: Scheme 1]SCHEME 1 | Synthesis of the fluorescent probe MBI-OMe.
SPECTRAL PROPERTIES
The optical properties of the MBI-OMe (2.0 μM) were investigated by UV-vis absorption and fluorescence spectroscopy in PBS buffer (pH = 7.4). As shown in Figure 1A, MBI-OMe showed bright fluorescence at 477 nm that was excited by the one-photon light source (λexone-photon = 325 nm, Φ = 0.28) and the two-photon light source (λextwo-photon = 750 nm, Supplementary Figure S1). When MBI-OMe encountered 30 μM of Fe3+ in PBS buffer (pH = 7.4), the fluorescence decreased to 1.5×105 at 477 nm (Φ = 0.015) within 1 min (Supplementary Figure S2). Also, the dosage of Fe3+ for the MBI-OMe is 30 μM, which is far greater than the endogenous amount of Fe3+ in living organisms. Therefore, the Fe3+ concentration increased to 30 μM when ferroptosis occurred (Hentze et al., 2010). Due to the complexation of a large amount of Fe3+ with MBI-OMe, resulting in the change of the intramolecular conjugated system, the fluorescence intensity is quenched (Zhao et al., 2016). After that, by adding ClO− into the system, the fluorescence of MBI-OMe at 477 nm (Φ = 0.25) was recovered within 1 min (Supplementary Figure S2). When ClO− was continually added into the system, fluorescence strength at 477 nm decreased and was accompanied by another increase at a new emission peak (392 nm, Figure 1B).
[image: Figure 1]FIGURE 1 | (A) Absorption and emission spectra of MBI-OMe (2.0 μM) in PBS buffer (pH = 7.4). (B) Emission spectra of MBI-OMe in response to Fe3+ (30 μM) and ClO− (10, 16, and 48 μM).
Figure 2A shows the fluorescence spectra of MBI-OMe in PBS buffer (pH = 7.4) containing different concentrations of ClO− (0–56 μM) at an excitation wavelength of 325 nm. With the increase of ClO− concentration, the fluorescence at 477 nm gradually weakened, a new fluorescence emission peak appeared at 392 nm, and the fluorescence intensity gradually increased with the increase of ClO− concentration. The emission peak at 392 nm increased 40-fold after the addition of 56 μM ClO−. As can be seen in Figure 2B, the fluorescence intensity has a good linear relationship with the concentration of ClO− in the range of 8–56 μM. The detection limit of MBI-OMe for ClO− is 1.2 μM. The results showed that the probe could interact with ClO− with good sensitivity.
[image: Figure 2]FIGURE 2 | (A) Fluorescence spectra of MBI-OMe (2.0 µM) in PBS buffer (pH = 7.4) containing different concentrations of ClO− (0–56 μM). (B) Linear relationship between MBI-OMe fluorescence intensity and ClO− concentration.
To evaluate the selectivity of MBI-OMe for ClO−, the fluorescence responses to various analytes, including biologically reactive oxygen species, amino acids, and cationic and anionic species, were investigated in PBS buffer (pH = 7.4). As shown in Supplementary Figure S4, there were no significant changes in other bioactive species, except for the ClO−-induced spectra change. Meanwhile, in order to prove that MBI-OMe can have good photostability in vivo, the fluorescence intensity of the PBS solution containing MBI-OMe after illumination at different times was recorded. Supplementary Figure S5 shows that the fluorescence intensity decreases slightly with the increase of time, but the intensity remains above 80% after 5 h, which indicates that MBI-OMe has good photostability. The results showed that MBI-OMe has a good fluorescence response to ClO−, which is very suitable for biological applications.
SENSING MECHANISM
Based on the aforementioned spectroscopic evidence, a possible mechanism for the detection of ClO− and Fe3+ by MBI-OMe was proposed (Scheme 2). The sensing mechanism was detected by adding ClO− and Fe3+ to the MBI-OMe probe solution. The reaction solution was detected by high-resolution mass spectrometry (HRMS). When Fe3+ (30 μM) was added into MBI-OMe (2.0 μM), the mass spectrum showed a peak at 267.1126 M/z [M + H+]. This indicated that the probe only complexed with Fe3+ without changing the molecular structure. When ClO− (20 μM) was added into it, there were two peaks showed by the mass spectrum at 267.1121 M/z [M + H+] and 249.0663 M/z [M-H+]. This indicated that with the addition of ClO−, the phenolic hydroxyl and methoxy groups in the probe were oxidized to benzoquinone. In addition, mass spectrometry analysis showed 251.0790 M/z [M + H+] after adding amounts of ClO− to the probe-containing solution (Supplementary Figure S6). It was further proved that p-methoxyphenol was oxidized to benzoquinone in the probe, and a proportional fluorescence signal was generated.
[image: Scheme 2]SCHEME 2 | Molecular structure of MBI-OMe and the proposed sensing mechanism.
Chemical Stability and Biological Toxicity
To verify whether MBI-OMe can be used for bioimaging detection, the chemical stability of MBI-OMe in the physiological pH range was first investigated. As shown in Figure 3A, it can be seen that the fluorescence intensity of MBI-OMe remains almost unchanged with the change of pH 6.0–9.0. This indicates that MBI-OMe has good chemical stability and can be used for testing in a physiological environment. To further illustrate the feasibility of the probe for the imaging detection in living cells, the cytotoxicity was measured by MTT assay in HL-7702 cells and HepG 2 cells. Figure 3B showed that the cell viability was maintained above 95% under incubation by different concentrations of MBI-OMe, showing good cell viability. MBI-OMe proved to be a potential tool for detecting and imaging in living cells.
[image: Figure 3]FIGURE 3 | (A) Fluorescence signal changes of MBI-OMe (2.0 µM) at different pH (6.0–9.0). (B) Cytotoxicity of MBI-OMe at different concentrations (5, 10, and 20 µM).
Ratiometric Fluorescence Detection and Imaging of ClO−
We first explored whether this probe could be used for imaging (Supplementary Figure S7A) in living cells. When HepG 2 cells were incubated with MBI-OMe, there appeared a distinct fluorescence and presented good regional characteristics. The colocalization experiments demonstrated that MBI-OMe was able to localize in the mitochondria (Supplementary Figure S7). In addition, two-photon imaging in cells showed that the probe had a good two-photon effect (Supplementary Figure S8). These results suggested that MBI-OMe can be used to image intracellular mitochondria. By adding ClO− to cells, it was demonstrated that the probe could detect and image ClO− in cells (Supplementary Figure S9). Subsequently, the endogenous ClO− production was induced in cells by adding lipopolysaccharide and phorbol, as shown in Figures 4A,B. The fluorescence of MBI-OMe in both the red channel (460–560 nm) and green channel (415–450 nm) was weakened. This may be due to the fact that the excitation wavelength is not optimal (Ex = 405 nm, the best excitation wavelength is 325 nm), which leads to the decreased fluorescence intensity of the probe in the green channel. In order to verify whether endogenous ClO− responded to the probe, NAC and ABH were added to cells, as shown in Figures 4C,D. When ClO− was removed from cells, the probe was added for incubation, and the fluorescence intensity was basically the same as that of the probe alone. The aforementioned experiments indicate that MBI-OMe may be an effective tool for detecting and imaging ClO− in mitochondria of ferroptosis cells.
[image: Figure 4]FIGURE 4 | (A) Imaging of MBI-OMe in HepG 2 cells. (B) Cell imaging of MBI-OMe performed after LPS (1.0 μg/ml, 12 h) and PMA (10 mg/ml, 90 min) were added to the cells. (C) Cell imaging of MBI-OMe after incubation with NAC (2.0 mM, 1 h) under the condition of (B). (D) Cell imaging of MBI-OMe after incubation with ABH (200 μM, 1 h) under the condition of (B). Green: 415–450 nm; Red: 460–560 nm; MBI-OMe: 30 µM.
Changes of ClO− During Cell Ferroptosis
Ferroptosis is a novel mode of cell death distinct from apoptosis, necrosis, and autophagy (Dixon et al., 2012; Li, 2020). The most characteristic feature of ferroptosis is the need for iron, and some iron chelators can inhibit this process. Studies have shown that the production of ROS is observed during ferroptosis (Li et al., 2019; Chen et al., 2020; Zhang et al., 2020a). Here, the ability of MBI-OMe to image ClO− during ferroptosis in HepG 2 cells was further investigated by constructing a cellular ferroptosis model. As shown in Figure 5, the fluorescence intensity of the green and red channels was significantly attenuated after treatment of cells with erastin, a classic iron ion inducer (Dixon et al., 2012), for 6 h, compared with untreated HepG 2 cells. Deferoxamine (DFO, an inhibitor of ferroptosis) significantly inhibits the onset of ferroptosis (Dixon et al., 2012). When DFO was added to the treated cells and incubated, the fluorescence intensity of the probe was basically the same as that of the probe only, which was the same as that of the in vitro spectroscopic experiment and intracellular ClO− imaging experiment. The aforementioned results suggest that the probe MBI-OMe can be used as an imaging sensor for ClO− changes during ferroptosis in cancer cells.
[image: Figure 5]FIGURE 5 | (A) Imaging of MBI-OMe in HepG 2 cells. (B) Cell imaging of MBI-OMe performed after erastin (10 μM, 6 h) was added to the cells. (C) Cell imaging of MBI-OMe after incubation with DFO (100 μM, 6 h) under the condition of (B). Green: 415–450 nm; Red: 460–560 nm; MBI-OMe: 30 µM.
CONCLUSION
In summary, MBI-OMe based on benzimidazole was developed for selective detection of ClO− in mitochondria during ferroptosis. The p-methoxyphenol group is used as the specific reaction site of ClO−, and methylbenzimidazole is used for the mitochondrial targeting. MBI-OMe appears as a fluorescence at 477 nm. MBI-OMe can form a complex with Fe3+, and its fluorescence also was quenched (Φ = 0.015). More importantly, MBI-OMe can not only complex with Fe3+ for fluorescence quenching but also show a good ratiometric fluorescence signal to ClO− that was caused by ferroptosis stimulation. The fluorescence intensity ratio (I392 nm/I477 nm) was linearly related to the concentration of ClO− with a detection limit of 1.2 μM. This can mainly be attributed to the formation of benzoquinone through the redox reaction between ClO− and p-methoxyphenol. MBI-OMe has good two-photon properties, which is beneficial to the detection and imaging of ClO− in ferroptosis. This work provides an effective tool for the detection of ferroptosis and its ClO−-related diseases. In this work, the probe was able to achieve a proportional fluorescence signal in vitro to detect ClO−. However, the excitation light wavelength is in the range of 275–400 nm in one-photon mode. Although the probe has two-photon properties, in order to broaden the application of this type of probe in biological detection and imaging, it is still necessary to improve the wavelength of the probe under single-photon excitation. Therefore, more long-wavelength fluorescent probes need to be designed for the diagnosis of biological diseases.
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Antigen CD133 is a glycoprotein present on the surface of cancer stem cells (CSCs), which is a key molecule to regulate the fate of stem cells and a functional marker of stem cells. Herein, a novel fluorescence “turn-on” nano-aptamer sensor for quantifying CD133 was designed using hybridization between CD133-targeted aptamers and partially complementary paired RNA (ssRNA), which were modified on the surface of quantum dots (QDs) and gold nanoparticles (AuNPs), respectively. Owing to the hybridization of aptamers and ssRNA, the distance between QDs and AuNPs was shortened, which caused fluorescence resonance energy transfer (FRET) between them, and the florescence of QDs was quenched by AuNPs. When CD133 competitively replaced ssRNA and was bound to aptamers, AuNPs-ssRNA could be released, which led to a recovery of fluorescent signals of QDs. The increase in the relative value of fluorescence intensity was investigated to linearly correlate with the CD133 concentration in the range of 0–1.539 μM, and the detection limit was 6.99 nM. In confocal images of A549 cells, the CD133 aptamer sensor was further proved applicable in lung cancer cell samples with specificity, precision, and accuracy. Compared with complicated methods, this study provided a fresh approach to develop a highly sensitive and selective detection sensor for CSC markers.
Keywords: cancer stem cell, CD133, aptamer sensor, CdSe/ZnS QDs, AuNPs
INTRODUCTION
Cancer stem cells (CSC) refer to cancer cells with stem cell properties, which have the ability of self-renewal and multi-cell differentiation (Dick, 2008; Batlle and Clevers, 2017). CSCs are considered to have the potential to form tumors that develop into cancer, with it specifically being the source of formation of other cancer lesions during cancer metastases (Fidler, 2003; Kreso and Dick, 2014). In functional experiments, CSCs are defined as self-renewal cells and a source of formation of tumors when transplanted to immunodeficient mice (Lapidot et al., 1994). If CSCs are not completely eliminated in the treatment of cancer, cancer is easy to relapse and metastasize (Vlashi and Pajonk, 2015). Therefore, CSCs must be accurately detected and eradicated in the process of cancer treatment (Baum et al., 1992). Currently, multiple specific CSC-related markers have been identified and used to distinguish CSCs from the bulk of tumor cells (Hilbe et al., 2004; Phillips et al., 2006). The first marker was antigen CD133 (also known as promini-1), which was a CSC surface transmembrane glycoprotein that contained five transmembrane segments, two large extracellular loops, and two small intracellular loops (Singh et al., 2004; Miki et al., 2007). The protein is now widely adopted for the detection and isolation of CSCs in several cancers, such as breast cancer (Al-Hajj et al., 2003), brain cancer (Jin et al., 2010), lung cancer (Wu and Wu, 2009), and liver cancer (Suetsugu et al., 2006). In the past, the detection of the CD133pos (CD133 overexpression) CSC had mostly relied on using immunehistochemical methods and flow cytometry, which required the participation of antibodies for accurate identification of CD133 (Kemper et al., 2010; Hermansen et al., 2011). Nevertheless, protein structure analysis showed that multiple N-glycan structures in CD133 could influence antibody binding due to their high sensitivity to glycosylation modification (Bidlingmaier et al., 2008). For overcoming the limitations of antibodies in the identification of CD133, researchers screened CD133-targeted aptamers by systematic evolution of ligands by exponential enrichment (SELEX) to substitute antibodies (Shigdar et al., 2013; Alibolandi et al., 2018). Aptamers are small single-stranded RNA or DNA oligonucleotides (∼20–60 nucleotides) that are easier to bind to targets and have the advantages of non-immunogenicity, low cost, high specificity, and strong affinity (Lakhin et al., 2013). In order to obtain a sensitive detection signal, aptamers were usually combined with fluorescence materials to form aptasensors or aptamer probes, which could provide powerful tools for the detection of targets.
The design mechanism of many fluorescence aptasensors utilized the FRET (Förster resonance energy transfer) principle, which is a photophysical process of non-radiative energy transfer between an excited donor and an acceptor by long-range dipole–dipole interactions (Xu et al., 2014). The efficiency of FRET is primarily dependent on the spectral overlap between the donor emission and acceptor absorption spectra. The effective distance between the donor and the acceptor in FRET is of order of 1–10 nm (Liu et al., 2011). In the past, organic dyes as the energy donor or the acceptor were the major components of FRET sensors. However, these sensors suffered some drawbacks, such as low resistance to photo-bleaching and chemicals, spectral cross-talk, and small Stokes shifts, which might cause wrong transmission signals and a high detection limit. With development of research, it has been shown that nanostructured particles could be particularly suited for FRET systems due to the high efficiency of energy transfer (Jennings et al., 2006; Rakshit et al., 2017). Quantum dots (QDs), also known as nanocrystals, are a kind of nanoparticles composed of II–VI or III–V elements, which have abundant energy electrons and holes limited by quantum (Oh et al., 2005). The continuous energy band structure becomes a discrete energy level structure with molecular characteristics, which can emit excellent fluorescence after excitation (Huang and Ren, 2012). Based on well-known advantages, QDs had been extensively exploited as energy donors for FRET systems (Chang et al., 2017; Wang et al., 2017). As an energy receptor frequently paired with QDs in FRET, gold nanoparticles (AuNPs) have unique physical and chemical properties, mainly including the broad absorption spectra in the visible region, good biocompatibility, easy surface modification, etc. (Ling and Huang, 2010; Quintiliani et al., 2014). In addition, AuNPs are ready for labeling by RNA via the sulfhydryl group (Nie and Emory, 1997). The FRET sensor system constructed by QDs and AuNPs could be divided into two types according to the quenching or recovery of fluorescence: the “turn-off” mode and the “turn-on” mode. In the past, most of the fluorescence nanosensors were designed with the “turn-off” mode, where many factors could influence the detection effect and detection limit (Xia et al., 2012). By comparison, the fluorescence “turn-on” nanosensors employed in FRET-based systems could reduce the probability of false positives (Wang et al., 2012). Therefore, in this article, a nano-aptamer sensor composed of classical CdSe/ZnS QDs and AuNPs with a size of 25 nm was designed to detect CD133 in the fluorescent “turn-on” mode.
In this study, a novel “turn-on” FRET nano-aptamer sensor with CdSe/ZnS QDs and AuNPs as the energy donor–acceptor pairs was developed for detecting CD133, a CSC-related marker. Initially, the CD133-targeted aptamer and partially complementary paired RNA (ssRNA) were screened based on the sequence specific for CD133 and conjugated to QDs and AuNPs, respectively. As shown in Scheme 1, FRET occurred when the CD133 aptamer was hybridized with ssRNA, allowing one to bring QDs and AuNPs into close proximity; then the fluorescence of QDs was quenched by AuNPs. In principle, the fluorescence recovery of QDs was related to the ability of CD133 to competitively replace ssRNA and bind it to the CD133-targeted aptamer. Based on the standard curve obtained by fluorescence recovery of QDs, the detection limit (LOD) of the nano-aptamer sensor was calculated to be around 6.99 nM for CD133 detection. Meanwhile, the specificity, precision, and accuracy of the nano-aptamer sensor were examined, and its applicability in lung cancer cell samples was also validated. It was believed that this simple “turn-on” FRET nano-aptamer sensor would offer a promising approach for CSC marker detection with a low LOD and good selectivity.
[image: Scheme 1]SCHEME 1 | Fluorescence detection of CD133 based on the “turn-on” FRET nano-aptamer sensor.
RESULTS AND DISCUSSION
Synthesis and Characterization of AuNPs-ssRNA
The synthetic approach of the fluorescence “turn-on” nano-aptamer sensor is summarized in Scheme 1. First, AuNPs with a size of 25 nm were synthesized according to the method reported by Wang et al. (2019). The dynamic light scattering (DLS) results showed that AuNPs were well-dispersed with an average hydrodynamic size of 30 nm (Figure 1A). At the same time, the TEM image of AuNPs is exhibited in Figure 1B, where AuNPs are of a round shape and well-dispersed. Subsequently, the ssRNA with the endpoint modified sulfhydryl group was directly bound to the surface of AuNPs through coordination bonds. After the modification of ssRNA, the zeta potential of AuNPs dramatically increased from −58 mV to −36 mV (Figure 1D), indicating the successful modification of ssRNA on AuNPs. In Figure 1D, the UV–Vis spectra of AuNPs and AuNPs-ssRNA showed that the adsorption peak of AuNPs was at 523 nm while that of AuNPs-ssRNA was at 525 nm. The red-shift in the adsorption spectra further demonstrated that ssRNA was successfully conjugated onto the AuNPs’ surface. Since RNA hybridization required annealing, agglomeration would occur in subsequent experiments if the concentration ratio of AuNPs to ssRNA was greater than or less than 1:200 (molar concentration ratio). Thus, the optimum concentration ratio of AuNPs to ssRNA was chosen to be 1:200.
[image: Figure 1]FIGURE 1 | (A) The hydrodynamic size distribution of AuNPs by DLS measurement. (B) TEM image of AuNPs. (C) The zeta potentials of AuNPs and AuNPs-ssRNA. (D) The UV–Vis spectra of the AuNPs and AuNPs-ssRNA.
Synthesis and Characterization of QD-Aptamers
The fluorescence spectra in Figure 2 showed that the emission peak was 525 nm for CdSe/ZnS QDs; there was an overlap between the emission spectrum of QDs and the absorption spectrum of AuNPs around 525 nm, indicating that the QDs and AuNPs could work as a FRET donor–acceptor pair. Then, the CD133-targeted aptamer was conjugated onto CdSe/ZnS QDs by an ammonia carboxylation reaction, and the ratio between aptamer and QDs was optimized. Due to the large surface area of QDs, there were multiple binding sites on the surface of QDs to couple with aptamers. After the overdose aptamer reacted with QDs, the unbound aptamer was removed using an ultrafiltration tube. For proving the aptamer conjugation, QDs and QD-aptamers were monitored by agarose gel electrophoresis (Figure 3), which implied that the conjugation efficiency reached a plateau when the aptamer concentration exceeded 7 times the molar concentration of QDs. Herein, 7:1 was chosen as the optimal concentration ratio of aptamer-bound QDs.
[image: Figure 2]FIGURE 2 | After normalization, the QDs’ fluorescence peak overlapped with the AuNPs’ absorption peak.
[image: Figure 3]FIGURE 3 | The agarose gel electrophoresis of QDs and QD-aptamers showed that QDs without a conjugated aptamer ran faster in agarose gel.
Synthesis and Characterization of Fluorescence “Turn-On” Nano-Aptamer Sensors
To evaluate whether FRET occurred in our design, these fluorescence spectra were measured, including QD-aptamers, the mixture of QD-aptamer and AuNPs, and the hybridization of QD-aptamers and AuNPs-ssRNA (aptamer sensor) (Figure 4). The fluorescence spectrum for free QDs showed a maximum peak at 525 nm, which was close to the maximum of absorption measured for AuNPs. It suggested that CdSe/ZnS QDs and AuNPs could serve as a suitable donor–acceptor pair. It could also be seen that the fluorescence band (the full width at half-maximum fluorescence intensity, FWHM) was relative narrow and symmetric, which suggested that both QDs and the aptamer sensor were homogenous and monodisperse. According to the past studies, FRET could operate when an energy donor to an acceptor was in close proximity (≤10 nm). The chain length of the CD133-targeted aptamer indicated that the distance between the donor and the acceptor was definitely achieved in the studied system. As could be seen in Figure 4C, when the hybridization between QD-aptamers and AuNPs-ssRNA is driven by the specific pairing of aptamers and partial complementary ssRNA, the fluorescence signal of QDs was quenched dramatically by AuNPs due to the occurrence of FRET. However, when there was no ssRNA conjugated to AuNPs (Figure 4B), the hybridization was not in operation, and the fluorescence intensity of QDs was only partially reduced. The spectra results indicated that the efficiency of FRET was significantly improved by linking QDs and AuNPs through aptamer–ssRNA hybridization. To ensure adequate hybridization between the aptamer and ssRNA, the hybridization time was fixed at 90 min (annealing time). As shown in Figure 5A, the fluorescence signal intensity of QDs decreased with the increase in AuNPs and reached quench equilibrium when the molar concentration ratio of QDs to AuNPs was 10:1 (Figure 5B). Finally, the synthesis conditions of the aptamer sensor were determined where the hybridization reaction time was 90 min and the concentration ratio was 10:1.
[image: Figure 4]FIGURE 4 | The fluorescence spectra of a) QD-aptamers, b) the mixture of QD-aptamers and AuNPs, and c) the hybridization of QD-aptamers and AuNPs-ssRNA (aptamer sensor).
[image: Figure 5]FIGURE 5 | (A) The fluorescence spectra of QD-aptamers hybridized with different concentrations of AuNPs-ssRNA; (B) When the hybridization concentration ratio of QD-aptamers to AuNPs-ssRNA was 10:1, the fluorescence intensity of QDs reached the plateau stage. The aptamer sensor for the detection of targeted CSC markers.
To explore the fluorescence “turn-on” efficiency of this FRET aptamer sensor, a series of concentrations of CD133 were tested from 0 to 1.539 μM. Herein, a fixed number of QD-aptamers (5 nM) was used. As a result of competitive replacement of ssRNA by CD133, the distance between QDs and AuNPs increased significantly, and fluorescence recovery was realized. The recovery efficiency was expressed by ΔF = FC − F0, where Fc is the fluorescence intensity of QDs after recovery and F0 is the original fluorescence intensity of the aptamer sensor. As shown in Figure 6A, the recovery efficiency gradually increased with the increase in CD133 and reached a maximum of 68% with 1.539 μM CD133, and then the recovery efficiency was almost unchanged when the concentration of CD133 further increased. Figure 6B indicated the fluorescence signal recovery (FC − F0) versus a series of CD133 concentrations. Then the detection limit (LOD) was determined by the standard curve, which was around 6.99 nM.
[image: Figure 6]FIGURE 6 | (A) The fluorescence spectra of the aptamer sensor treated with different concentrations of CD133. (B) The plot of ΔF as a function of CD133 concentration.
The Specificity of the Aptamer Sensor
To evaluate the specificity, the aptamer sensor was treated with multiple common cancer-associated proteins and compared with CD133. All the experiments used the same concentration (2 μM) of proteins for comparison. As shown in Figure 7, these interfering proteins hardly recovered the fluorescence of QDs. For example, the recovery efficiency of CD133 was around 68%, while that of SCC was merely around 5%. The results indicated that this FRET “turn-on” nano-aptamer sensor exhibited high selectivity.
[image: Figure 7]FIGURE 7 | ΔF comparison between CD133 and other common cancer-associated proteins.
In Vitro Imaging of Cell Response to the Aptamer Sensor
In order to study the biocompatibility of the nano-aptamer sensor, CCK-8 assays were used to evaluate the cytotoxicity of the aptamer sensor. The results indicated that A549 cells still maintained high viability after incubating for 24 h with the aptamer sensor up to 20 nM (Figure 8A). Even if the incubation time was prolonged to 48 h, it would not affect the cell viability (Figure 8B). In other words, if the concentration of the aptamer sensor was not more than 20 nM, then the aptamer sensor had low toxicity to cells and could be used for cellular imaging. Furthermore, to demonstrate the capacity of the fluorescence “turn-on” FRET aptamer sensor in selectively detecting CD133pos cells, the lung cancer cell A549 (CD133pos cell) was treated with the aptamer sensor. After incubation with QD-aptamers or the aptamer sensor for 8 h, strong fluorescence signals were detected from A549 cells by confocal microscopy imaging (Figures 9B,C), while the control experiment using QDs without the aptamer at the same concentration showed weak fluorescence (Figure 9A). For verifying that this “turn-on” phenomenon was ascribed to the competitive release of AuNPs-ssRNA, the binding site of A549 cells was saturated with the CD133-targeted aptamer for 24 h before incubation with the aptamer sensor. It turned out that the fluorescence signal from A549 cells was negligible, as shown in Figure 9D. A negative control experiment performed with CD133-negative HuH-7 human hepatoma cells showed that the fluorescence recovery of the aptamer sensor was not observed (Figure 9E), further indicating that the release of AuNPs-ssRNA was from the specific binding between the aptamer and CD133.
[image: Figure 8]FIGURE 8 | (A) Cell viability of A549 cells incubated with different concentrations of the aptamer sensor for 24 h. (B) Cell viability of A549 cells incubated with a 20 nM aptamer sensor for 24 or 48 h.
[image: Figure 9]FIGURE 9 | Confocal microscopy images of A549 cells or HuH-7 cells following treatment of (A) QDs, (B) QD-aptamers, (C) aptamer sensors, and (D) pretreated cells with CD133-targeted aptamers for 24 h and then incubated with the aptamer sensor. (E) HuH-7 cells were treated with the aptamer sensor.
EXPERIMENTAL SECTION
Materials and Equipment
Chloroauric acid (HAuCl4) and sodium citrate were purchased from Shanghai Aladdin Biochemical Technology Co. Ltd. Carboxyl-modified quantum dots (-COOH QDs) were obtained from Suzhou Xingshuo Nanotechnology Co. Ltd. 1-ethyl-(3-dimethylaminopropyl) carboimide (EDC) and N-hydroxysuccinimide (NHS) were purchased from Shanghai Macklin Biochemical Co. Ltd. The amino-modified CD133 aptamer (5′-NH2-CCCUCCUACAUAGGG-3′) and CD133 aptamer partial complementary pairing part (ssRNA, 5′-SH-CCCUAUG-3′) were synthesized by Shanghai Generay Biotech Co. Ltd. All buffers were prepared with ultrapure water, which was purified to a resistivity of 18.2 MΩ*cm by a milli-Q system (Merck Millipore, United States). A dynamic light scattering particle size analyzer (SZ-100, Horiba, Japan) was used for measuring the zeta potential and particle size. The morphology of nanoparticles was characterized by transmission electron microscopy (JEOL JEM-2100 F, JEOL Ltd., Japan). The UV–Vis absorption spectra were recorded on a microspectrophotometer (NanoDrop ND-1000, Thermo Scientific, United States). Fluorescence spectra were obtained using a fluorescence spectrophotometer (F-7000, Hitachi, Japan). Fluorescence images were recorded using a confocal laser scanning microscope (TCS SP8 Leica, United States).
The Synthesis of Gold Nanoparticles
All reaction instruments needed to be soaked in aqua regia or concentrated alkali and washed with ultrapure water 3 to 4 times. Then 250 μl of 0.4 M chloroauric acid (HAuCl4) and 50 ml of ultrapure water were added to a round bottom flask, continuously stirred, and heated to boiling. After boiling, 10 ml of 38 mM sodium citrate solution was quickly injected, and then the solution was heated to boiling again. The color of the solution gradually changed from light yellow to wine red; the solution was boiled for another 15 min until the reaction was complete. After cooling, it was filtered by an ultrafiltration membrane and stored at 4°C.
AuNP-Coupled Nucleotide Single Strand (AuNPs-ssRNA)
The prepared AuNPs were incubated with a sulfhydryl nucleotide single chain (ssRNA) in a ratio of 1:200 for 24 h, and then 1 M sodium phosphate buffer (PBS, 1 M NaCl, 100 mM Na2HPO4 and NaH2PO4, pH = 7.4) was added step by step. At least for 30 min between each step, the final concentration of PBS reached 0.1 M. The solution was incubated at room temperature for 40 h. Finally, the excess ssRNA was removed by centrifugation (13,800 rpm, 20 min) and redispersed in 0.1 M PBS.
The Characterization of AuNPs-ssRNA
Since coupling nucleotides with AuNPs would reduce the anions on their surface, the salt solution was added to resist the cations on the surface of AuNPs in order to prevent agglomeration and maintain stability, while uncoupled or incompletely coupled AuNPs would agglomerate and change color. Therefore, salt solution of the same concentration and volume could be added to the reaction mixture of AuNPs and ssRNA to observe whether it changes color and agglomerates, and the reaction degree between AuNPs and ssRNA is judged.
QD-Coupled Aptamers (QD-Aptamers)
Carboxyl CdSe/ZnS QDs (40 μl, 0.6 nM) were activated with 60 μl (50 mM) EDC and 30 μl (25 mM) NHS under mild stirring for 15 min. The activated QDs were incubated with an amino aptamer at different mass ratios for 24 h, and then the unreacted aptamer was separated using an ultrafiltration centrifuge tube. The obtained QD-aptamers were redispersed in PBS.
The Detection of Fluorescence Change After Hybridization Between QD-Aptamers and AuNPs-ssRNA
The obtained QD-aptamers were divided into two groups. One group was added with the stock solution of AuNPs, and the other was added with AuNPs-ssRNA. The nucleotide chains were complementary paired by annealing (adding the annealing buffer at 95°C for 5 min and gradually reducing to room temperature), and then the fluorescence value of the mixture was measured at the same time to verify that the strong fluorescence quenching effect was due to the complementary pairing of the nucleotide chains, shortening the distance between the energy donor and the acceptor. Based on the fluorescence change in QDs, the reaction time and the molar ratio of AuNPs to QDs were determined. The final fluorescence “turn-on” nano-aptamer sensor was obtained.
Highly Selective Detection of CD133 by Aptamer Sensors
After the aptamer sensor reacted with CD133 and other interfering proteins (actin, EGFR, CD44, TGF-β1, PIN 5, SCC, and IL-1α), the fluorescence value of the reaction solution was measured to verify that CD133 could specifically bind to the CD133-targeted aptamer on the surface of QDs by replacing AuNPs-ssRNA. The aptamer did not respond to other interfering proteins, which proved its specificity.
Fluorescence Imaging of CD133pos CSCs Using the Aptamer Sensor
After passage, lung cancer cells A549 were inoculated into confocal dishes and divided into four groups for different experimental operations. The first group was incubated with single QDs for 8 h. The second group was incubated with QD-aptamers for 8 h. The third group was incubated with aptamer sensors for 8 h. The last group was incubated with a single aptamer for 24 h and then with the aptamer sensor for 8 h. The concentration of QDs in the four groups was the same. After incubation, the solution in the dishes was washed with PBS twice, and the fluorescence imaging of the cells was observed under a confocal laser scanning microscope. As control, HuH-7 cells were incubated with an aptamer sensor for 8 h to detect the fluorescence of QDs.
CONCLUSION
In summary, a novel aptamer sensor was designed to detect CD133 that consisted of QDs modified with a CD133-targeted aptamer and AuNPs conjugated with partially complementary paired RNA (ssRNA). The hybridization between the aptamer and ssRNA brought QDs and AuNPs into close proximity to trigger FRET, where the change in fluorescence intensity of QDs was recorded using a fluorescence spectrophotometer. CD133, a CSC marker, competitively replaced ssRNA, resulting in the decrease in the FRET effect between QDs and AuNPs and the recovery of QD fluorescence. The experiments demonstrated the feasibility of this “turn-on” FRET nano-aptamer sensor for CD133 detection with an LOD of 6.99 nM. Moreover, the aptamer sensor was able to detect CD133 on the surface of A549 cells by displaying the fluorescence of QDs through confocal images. These results suggested that the aptamer sensor is a sensitive and reliable sensor for the detection of CD133 and offers a simple yet promising testing tool for CSC marker detection.
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The exploitation of selective and sensitive dopamine (DA) sensors is essential to more deeply understand its biological function and diagnosis of related diseases. In this study, gold nanocluster-encapsulated hyperbranched polyethyleneimine (hPEI-Au NCs) has been explored as the specific and ratiometric DA nanoprobe through hPEI-assisted DA self-polymerization reactions. The Au NCs encapsulation not only provides a fluorescent internal reference but also enhances the DA self-polymerization by weakening the proton sponge effect of the hPEI layer. Rapid and sensitive DA detection is realized through the proposed hPEI-Au NC nanoprobe with a limit of detection of 10 nM. The favorable selectivity over other possible interferents including amino acids, sugars, and salts is due to the specific self-polymerization reaction. The DA analysis in urine samples with small relative standard deviations has been accomplished with an hPEI-Au NC nanoprobe.
Keywords: hyperbranched polyethyleneimine, gold nanoclusters, dopamine analysis, self-polymerization, ratiometric fluorescence
INTRODUCTION
Catecholamines with specific structures can act as neurotransmitters, which are associated with neuron communication and affect brain functions (Fuxe et al., 2012). Among these catecholamines, dopamine (DA) regulates numerous biological processes and plays vital roles in the nervous, cardiovascular, and renal systems (Bucolo et al., 2019). Thus, its abnormality usually reflects the physiologic condition and is related to many diseases. For example, aprosexia related to lack of muscle control and Parkinson’s diseases are reported to be associated with DA deficiency (Kim et al., 2002). Meanwhile, energy metabolism disorder-induced Huntington’s disease is caused by the overexpression of DA (Cepeda et al., 2014). In this case, the development of sensitive and accurate analytical methods for DA quantification is significant for a deeper understanding of its biological function and early diagnosis of relevant diseases.
So far, a number of DA detection methods based on UV–vis spectroscopy, fluorimetry, Raman, electrochemical technique, and nuclear magnetic resonance imaging have been reported (Li et al., 2013; Mao et al., 2018; Ling et al., 2020; Senel et al., 2020; Ren et al., 2021). In particular, fluorescence-based DA detection approaches attract growing attention because of their low background, high sensitivity, and strong interference rejection (Qu et al., 2019; Yu et al., 2021). The commonly used mechanisms for fluorescent DA sensing can be divided into four categories: aptamer–DA binding-mediated conformation change, o-diquinone-induced fluorescence quenching, resorcinol–DA coupling-mediated formation of azamonardine, and polydopamine-regulated energy transfer (Zhang et al., 2016; He et al., 2018; Zeng et al., 2020; Ma et al., 2021). Oxidation of DA-induced production of o-diquinone is primarily applied to DA sensing with inorganic fluorophores as the references (Zhang et al., 2015; Diaz-Diestra et al., 2017). This strategy, however, is difficult to distinguish DA from other catechols. Therefore, it is appealing to explore a simple and direct strategy for selective DA perception. It is reported that hyperbranched polyethyleneimine (hPEI) can induce the spontaneous formation of polymeric DA nanoparticles with strong green fluorescence through DA self-polymerization reaction (Liu et al., 2015). This reaction is also capable to discriminate DA analogs by integrating the linear discrimination analysis technique (Sun et al., 2019). However, such a discrimination approach can only differentiate DA analogs at the µM level. Notice that ratiometric sensing systems with built-in correction characters usually display high sensitivity (Li et al., 2017; Huang et al., 2018; Yang et al., 2020a); this specific reaction, in combination with a fluorescent internal reference, may be able to construct a sensitive and selective DA sensor, which is theoretically feasible.
Gold nanoclusters (Au NCs) consist of several gold atoms and show unique chemical/physical properties and usually bright fluorescence (Liang et al., 2022; Liu et al., 2022). The ultrasmall size and bright emission make them potential reporters in chemo/biosensing and imaging (Chen et al., 2015; Xiao et al., 2021). Notably, the surface protecting layers largely decide the stability and application of Au NCs (Tseng et al., 2014; Lu et al., 2020). As indicated in our previous reports, hPEI with branched molecular structure and abundant amine groups can act as a good template for yielding fluorescent gold nanoclusters (Au NCs), and the emission of Au NCs is tunable by regulating hPEI/thiolate molar ratio (Yuan et al., 2017; Lu et al., 2019; Yang et al., 2020b). It is thus conjectured that Au NCs-encapsulated hPEI (hPEI-Au NCs) might endow selective and sensitive DA sensing by integrating specific reaction and ratiometric response. In this study, we tried our attempt to explore the selective and sensitive DA detection system by utilizing red-emissive hPEI-Au NCs as the reporters. The addition of DA caused an increase in green fluorescence and a decrease in red emission by DA self-polymerization–mediated formation of polymeric DA nanoparticles and alteration of the hPEI-Au NCs charge transfer pathway, which achieved selective and ratiometric DA. The schematic illustration of the DA detection mechanism using hPEI-Au NCs is shown in Figure 1. The proposed DA nanoprobes exhibited a rapid response toward DA with a limit of detection (LOD) of 10 nM (S/N = 3). The selectivity toward DA over other amino acids, small molecules, and ions was also inspected. In addition, the practical application of the proposed hPEI-Au NC nanoprobe was verified by reproducible and accurate DA analysis in urine samples.
[image: Figure 1]FIGURE 1 | Schematic illustration of ratiometric DA detection with the hPEI-Au NC nanoprobe.
METHODS
Materials, Reagents, and Instruments
Chloroauric acid tetrahydrate (HAuCl4·4H2O) was purchased from damas-beta (Shanghai, China). Polyethyleneimine (25,000, branched) was purchased from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). 11-Mercaptoundecanoic acid (MUA) was purchased from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China). Dopamine (DA) and anthocyanidins (Anthos) were purchased from Aladdin Industrial Corporation (Shanghai, China). Uric acid (UA) was purchased from TCI (Shanghai, China). Urea and potassium nitrate (KNO3) were purchased from Xilong Scientific (Guangdong, China). Potassium chloride (KCl), sodium chloride (NaCl), and sodium sulfate (Na2SO4) were purchased from Fuchen (Tianjin, China). L-Alanine (Ala), L-lysine (Lys), and L-threonine (Thr) were purchased from Solarbio (Beijing, China). L-serine (Ser), L-arginine (Arg), and saccharose (Sac) were purchased from J&K Chemical Ltd (Beijing, China). L-ascorbic acid (AA) and catechin (Cat) were obtained from Hunan Intellijoy Biotechnology Co., Ltd. (Changsha, China). Quercetin (Que) was purchased from TCI (Shanghai, China). Anhydrous calcium chloride (CaCl2), glucose (Glu), hydrochloric acid (HCl), sodium hydroxide (NaOH), ethanol, disodium hydrogen phosphate (Na2HPO4), potassium dihydrogen phosphate (KH2PO4), sodium carbonate (Na2CO3), and sodium bicarbonate (NaHCO3) were purchased from Beijing Chemical Reagent Company (Beijing, China). All chemicals used were of the analytical-reagent grade and used without further purification. All solutions were freshly prepared with deionized water (18.2 MΩ cm, Milli-Q, Millipore, Barnstead, CA, United States).
The UV–vis absorption spectra were collected using a UV−3900H spectrophotometer (Shimadzu, Japan). Fluorescence spectra were obtained using an F-7000 fluorescence spectrophotometer (Hitachi, Japan) at a slit of 5.0 nm with a scanning rate of 2,400 nm/min. Zeta potential and hydrodynamic diameter were determined using a Malvern Zetasizer 3000HS nano-granularity analyzer (Malvern, United Kingdom). The transmission electron microscopy (TEM) images were collected using an HT7700 transmission electron microscope (HITACHI, Japan). The time-resolved fluorescence decay curve was performed on an FLS 980 (Edinburgh, United Kingdom). The pH values were measured using a benchtop pH meter (Orion plus, Thermo Fisher, United States).
Synthesis of Red-Emissive hPEI-Au NCs
Red-emissive hPEI-Au NCs were prepared according to our previous report with slight modifications (Yuan et al., 2017). Typically, 1.1 ml hPEI (10 mM) dissolved in ultrapure water was first mixed with 50 μl HAuCl4 (0.1 M) to make a final solution volume of 4 ml. After 10 min stirring, 50 μl AA (0.1 M) was added. Fifteen minutes later, 100 μl MUA ethanol solution (0.1 M) was introduced into the colorless solution. The solution was stirred at room temperature for another 6 h. Finally, the resulted light yellow solution with red emission was obtained and stored at room temperature before further characterization and application.
Sensitivity and Selectivity Measurement
First, DA stock solution (500 μM) was prepared and then diluted with ultrapure water to obtain a series of DA with a concentration gradient. To detect DA, 50 μl of DA solution with various concentrations were mixed with 50 μl of hPEI-Au NCs and 900 μl of ultrapure water to make the final volume 1 ml. After 25 min of reaction at UV light (365 nm) and 30°C, the fluorescence emission spectra were collected by an F-7000 fluorescence spectrophotometer at the excitation wavelength of 320 nm. In order to evaluate the specificity of the probe, the specificity of the metal ions, amino acids, and small molecules, including Ca2+, K+, Na+, Cl−, NO3-, SO42-, urea, UA, Glu, Sac, Lys, Ala, Ser, Thr, Arg, AA, Cat, Anthos, and Que were considered. To investigate the inference, interferents were added to hPEI-Au NCs working solutions in the absence or presence of 10 μM DA. The concentrations for metal ions, small molecules, and amino acids were also 10 μM. After 25 min of reaction at UV light (365 nm) and 30°C, the fluorescence emission spectra were collected by an F-7000 fluorescence spectrophotometer at the excitation wavelength of 320 nm.
Urine Sample Analysis
Human urine samples were obtained from a healthy volunteer who had not taken any drug/DA in the past 3 months. Urine samples were first filtered by a filter membrane with a pore size of 0.22 μm and were then ultrafiltered twice with an ultrafiltration tube with a molecular weight of 3,000 at 5,000 rpm for 8 minutes. For DA detection, 50 μl urine samples were added into a 1.5 ml centrifuge tube containing 50 μl of hPEI-Au NCs probe, and then 900 μl of ultrapure water was added to make the final volume 1 ml. After 25 min of reaction at UV light (365 nm) and 30°C, the fluorescence emission spectra were collected by an F-7000 fluorescence spectrophotometer at the excitation wavelength of 320 nm. For conducting standard addition experiments, 50 μl DA with different concentrations were firstly mixed with 50 μl of urine sample, then 50 μl hPEI-Au NCs was added immediately, and, finally, 850 μl water was added to make the final volume 1 ml. The final concentrations of added DA were 2 μM, 3 μM, and 4 μM respectively. After 25 min of reaction at UV light (365 nm) and 30°C, the fluorescence emission spectra were collected by an F-7000 fluorescence spectrophotometer at the excitation wavelength of 320 nm.
RESULTS AND DISCUSSION
DA-Mediated Fluorescence Response of hPEI-Au NCs
At the starting point, the red-emissive hPEI-Au NCs were synthesized based on the previous report. As indicated in Figure 2A, the fluorescence excitation and emission maxima were centered at 280 and 595 nm, respectively. In addition, the fluorescence excitation and emission spectra were consistent with the reported work (Supplementary Figure S1) (Yang et al., 2020a). These results indicate that red-emissive hPEI-Au NCs were successfully produced. To investigate the interaction between hPEI-Au NCs and DA, the 3D fluorescence emission spectra of hPEI-Au NCs solution with the addition of DA were obtained. As displayed in Figures 2A,B, new emissive species with excitation/emission maxima located at 380/520 nm appeared, while the corresponding emission intensity of hPEI-Au NCs decreased, indicating DA can interact with hPEI-Au NCs and regulate the fluorescence behavior. The newly generated fluorescent species as well as the weakened emission of hPEI-Au NCs make hPEI-Au NCs possible for ratiometric DA sensing in aqueous media and urine.
[image: Figure 2]FIGURE 2 | 3D fluorescence emission spectra of hPEI-Au NCs in the absence (A) and presence of (B) DA.
Mechanism of DA-Induced Ratiometric Fluorescence Variation
It is well-known that hPEI could induce the self-polymerization of DA, which forms fluorescent indole intermediate and finally polymeric DA nanoparticles (Liu et al., 2015). To understand the generation of new fluorescent species, 3D fluorescence emission spectra of hPEI solution after adding DA were acquired. As shown in Figure 3A, fluorescent components with maximum excitation and emission wavelengths of 380 and 520 nm appeared, respectively, which is comparable to the product of DA/hPEI-Au NCs mixture, suggesting that the newly produced species are polymeric DA nanoparticles (Sun et al., 2019). After adding DA, a new absorption peak around 380 nm appeared, which is similar to the absorption spectra of polymeric DA nanoparticles (Figure 3B). The similar absorption profiles also demonstrated the generation of polymeric DA nanoparticles. It was seen that the hydrodynamic diameter of hPEI-Au NCs solution showed a dramatic increase after the addition of DA (Figure 3C), from 2.4 to 39.0 nm, indicating the formation of large nanoparticles. According to the TEM image of hPEI-Au NCs/DA mixture, nanoparticles with a size around 90 nm were observed (Figure 3D), further proving the formation of polymeric DA nanoparticles (Sun et al., 2019). According to the TEM, hPEI-Au NCs were not observed nearby polymeric DA nanoparticles. In addition, hPEI is involved in the DA self-polymerization process. Thus, a possible reason is that hPEI-Au NCs were embedded into polymeric DA nanoparticles during the self-polymerization process, as indicated in Figure 1. Moreover, it can be seen from Supplementary Figure S2 that the polymeric DA nanoparticles coated with Au NCs are much larger than the polymeric DA nanoparticles induced by hPEI alone, which also proves our conjecture. As mentioned earlier, the introduction of DA also led to the decrease in red emission of hPEI-Au NCs. To gain insights into the DA-induced fluorescence inhibition mechanism, the time-resolved fluorescence spectra of hPEI-Au NCs without and with the addition of DA were collected. It was seen that the fluorescence lifetime curve of hPEI-Au NCs showed an obvious decrease after reaction with DA (Figure 3E), indicating the alternation of the emission pathway of Au NCs (Lu et al., 2020). Through three components simulation (Supplementary Table S1), the fluorescence lifetime of hPEI-Au NCs decreased from 5.71 to 3.19 µs. As reported in Chang’s work, the fluorescence of thiolate-capped Au NCs originates from ligand-to-metal–metal charge transfer (S→Au … Au, LMMCT), and the rotation of thiolate ligands easily affect the LMMCT pathway and decreases the lifetime (Shiang et al., 2011). Such a phenomenon has also been observed by Zheng and Xie et al. (Sun et al., 2016; Wu et al., 2020). In this case, the formation of polymeric DA nanoparticles leads to the conformation change. However, the emission of Au NCs is largely decided by the MUA ligand and subsequent LMMCT, which is related to the steric structure. The self-polymerization induced conformation change not only alters the steric structure but also regulates the LMMT efficiency. On the basis of our previous work (Zhou et al., 2022), hPEI also contributed to the fluorescence. The conformation change of hPEI may also weaken the interaction and diminish the red fluorescence. As a consequence, the red fluorescence from Au NCs decreased as the DA concentration increased.
[image: Figure 3]FIGURE 3 | (A) 3D fluorescence emission spectra of hPEI solution after adding DA. (B) UV–vis absorption spectra of hPEI-Au NCs (black line), hPEI-Au NCs-DA mixture (red line), and hPEI-DA mixture (blue line). (C) Hydrodynamic diameter of hPEI-Au NCs without (gray histogram) and with (purple histogram) the addition of DA. (D) TEM image of hPEI-Au NCs-DA mixture. (E) Time-resolved fluorescence emission spectra of hPEI-Au NCs in the absence (black line) and presence (red line) of DA. (F) Time-dependent fluorescence variation of I520 of hPEI-Au NCs-DA mixture (black line) and hPEI-DA mixture (red line). (G) pH variation of hPEI (black line) and hPEI-Au NCs (red line) upon adding HCl. (H) Surface charge variation of hPEI (black line) and hPEI-Au NCs (red line) upon adding HCl.
It is usually accepted that the reactivity of organic molecules on the nanostructure surface usually exhibits a slight decrease due to the steric effect. To understand whether the hPEI-mediated DA self-polymerization reaction is restricted by Au NCs, the time-dependent fluorescence emission of hPEI and hPEI-Au NCs solutions upon adding DA were investigated. To rule out the concentration-related fluorescence differences, the concentrations of hPEI in both solutions were set to the same. As illustrated in Supplementary Figure S3, the green emission of polymeric DA nanoparticles around 520 nm in both systems gradually increased with the increasing reaction time, and the fluorescence intensity did not show a large difference, indicating the Au NCs encapsulation has no suppression toward DA self-polymerization. It should be noticed that the relative green fluorescence intensity (I520) in hPEI-Au NCs solution grew faster than that of hPEI solution (Figure 3F). DA self-polymerization reaction easily occurs under alkaline conditions, and the electron density/nucleophilicity of hPEI plays an important role to enhance the polymerization reaction. In view of these factors, we hypothesized that the accelerated reaction rate may be attributed to the enhanced electron density of the hPEI layer. It is well-known that hPEI can act as a strong proton sponge, which adsorbs abundant protons to primary and secondary amine groups (Wojnilowicz et al., 2019). The strong proton sponge effect makes hPEI a promising candidate for gene/drug delivery. To ensure stable Au NCs encapsulation, strong binding affinity between the amine group in hPEI and the carboxylic group of MUA may exist. This interaction may hinder the adsorption of protons and enhance the electron density of hPEI; as a result, the DA polymerization reaction is boosted. To reveal this assumption, the proton sponge effects of hPEI and hPEI-Au NCs were tested by adding HCl. As shown in Figure 3G, the pH decrease rate of hPEI-Au NCs upon adding HCl was faster than that of hPEI, indicating the decrement of the proton sponge effect after Au NCs encapsulation (Richard et al., 2013). In addition, the surface potential increase rate of hPEI-Au NCs upon adding HCl was also higher than that of hPEI (Figure 3H), further demonstrating the Au NCs encapsulation-induced decrease of the proton sponge effect. Moreover, the slightly increased surface potential may also facilitate the approaching of DA. Thus, Au NCs encapsulation would assist the DA self-polymerization reaction by reducing the proton sponge effect. Taken together, hPEI-assisted DA polymerization not only generates polymeric DA nanoparticles with green emission but also suppresses the red emission of Au NCs by changing the LMMCT pathway, which endows ratiometric and sensitive fluorescence response toward DA.
DA Sensing in Aqueous Media
Since the introduction of DA into hPEI-Au NCs solution caused dramatic fluorescence variation, such a response might be able to be utilized for fluorimetric DA detection by using hPEI-Au NCs as the optical reporters. As mentioned in our previous report, the self-polymerization reaction of DA in hPEI solution could be affected by several parameters, including pH, solution temperature, and reaction time. To achieve sensitive DA detection, the sensing condition of these factors was optimized. As shown in Supplementary Figure S4A, the formation of polymeric DA nanoparticles was related to solution pH and preferred at pH 10–11. Interestingly, the fluorescence intensity ratio (I520/I595) of hPEI-Au NCs solution after adding DA was also proportional to pH values (Supplementary Figure S4B). It should be noticed that the pH of hPEI-Au NCs solution was close to 11, thus the following experiments were conducted without further pH adjustment. With Au NCs encapsulation, the temperature-dependent intensity ratio (I520/I595) showed sine function-like curve (Supplementary Figure S5), which is different from previous studies. It was seen that the red emission from Au NCs displayed a visible decrease under high temperature; the enhanced intensity ratio (I520/I595) at high temperature should be assigned to the change of Au NCs but not the generation of polymeric DA nanoparticles. As a result, 30°C was chosen as the optimal reaction temperature. In addition, we optimized the reaction time at this temperature. According to the previous works (Du et al., 2014; Li et al., 2021), UV light irradiation can induce the release of reactive oxygen species and thus promote the oxidative polymerization of DA. Therefore, the reaction kinetics was conducted in the absence and presence of UV light radiation (365 nm). As manifested in Supplementary Figure S6, conventional self-polymerization was completed after 50 min reaction, while it became 20 min after UV light radiation, and thus, 20 min reaction window with 365 nm UV light irradiation.
For conducting ratiometric DA sensing, the sensitivity evaluation was first investigated. After the addition of DA with various concentrations, the fluorescence emission spectra of hPEI-Au NCs solution were obtained. As shown in Figure 4A, the red fluorescence intensity (595 nm) of Au NCs gradually decreased with the increasing DA concentration while without obvious change in the spectral shape. The maintained emission profile indicates the destruction of Au NCs rather than the formation of a new Au NC component. In contrast, green fluorescence steadily increased, yielding an increased fluorescence intensity ratio (I520/I595). As manifested in Figure 4B, the plots of the intensity ratio (I520/I595) showed a linear response vs. DA concentration range from 0 to 25 µM. The fluorescence intensity ratio (I520/I595) can be expressed with a linear equation: y = 0.07 + K [Q] (R2 = 0.997), where y is the I520/I595 value, K is the corresponding fluorescence response constant, and [Q] is the concentration of DA. Through the linear regression of the plots, K was calculated to be 1.5 × 104 M−1. To further understand the stability of DA analysis, fifteen repeated measurements of hPEI-Au NCs upon adding certain DA were conducted. As illustrated in Supplementary Figure S7, the fluorescence intensity ratio (I520/I595) showed only slight variation and a low relative standard deviation (RSD, 1.2%) value, indicating the good reproducibility of the hPEI-Au NC nanoprobe. In addition, four hPEI-Au NC nanoprobes from different batches also displayed small RSD values (2.6%, Supplementary Figure S8), further suggesting the high reproducibility. As a result, the hPEI-Au NC nanoprobe is reproducible for ratiometric DA sensing. Moreover, the LOD toward DA by spectroscopic analysis was determined to be 10 nM (S/N = 3). This LOD is comparable to many reported methods (Supplementary Table S2) (Yu et al., 2014; Guo et al., 2018; Ling et al., 2018; Wang et al., 2018; Naik et al., 2019; Ding et al., 2020; Huang et al., 2020; Liu et al., 2020; Teng et al., 2020; Yao et al., 2020; Baluchova et al., 2021; Chen et al., 2021; Sun et al., 2021; Amara et al., 2022).
[image: Figure 4]FIGURE 4 | (A) Fluorescence emission spectra of hPEI-Au NCs solution upon adding DA with various concentrations. (B) Plots of fluorescence intensity ratio (I520/I595) of hPEI-Au NCs solution vs. DA concentrations.
The selectivity of nanoprobe is also an important character that evaluates its performance. In order to inspect whether the ratiometric fluorescence variation induced by DA is specific, the fluorescence emission spectra of the hPEI-Au NCs nanoprobe after adding possible interferents were recorded. In this work, ions, small molecules, and amino acids, including Cl−, NO3‒, SO42‒, Na+, K+, Ca2+, urea, Sac, Glu, UA, AA, Ala, Arg, Lys, Ser, Thr, Cat, Anthos, and Que were chosen for specificity evaluation. The concentrations of DA and other interferents were 10 µM. As displayed in Figure 5A, none of these interferents, even Cat and Anthos, could generate a conspicuous increment of the intensity ratio (I520/I595) as DA did, indicating the DA-induced ratiometric change is specific. Although Que showed a slight response, the increased ratio was assigned to its self-florescence around 500 nm. In addition, the change of fluorescence caused by DA is not affected by the addition of various interferents (Figure 5B), which indicates that the proposed nanoprobe has strong interference inhibition. The favorable selectivity is probably attributed to the unique self-polymerization reaction of DA in the presence of hPEI. The hPEI-induced fluorescence response toward these interferents was also recorded. As shown in Supplementary Figure S9, the selectivity and anti-interference were generally the same as the proposed nanoprobe, revealing the unchanged specificity of DA analysis with our system. As a result, for ratiometric DA detection, the hPEI-Au NC nanoprobe is simple, reproducible, and with comparable or better sensing performance in comparison with other reported nanomaterials or fluorophores.
[image: Figure 5]FIGURE 5 | Fluorescence intensity ratio (I520/I595) of hPEI-Au NCs upon adding DA in the absence (A) and presence (B) of various interferents.
DA Analysis in Urine Samples
The satisfying selectivity and sensitivity of the hPEI-Au NC nanoprobe suggest a high feasibility of DA detection in real samples. Thus, to further demonstrate the practical application of the proposed nanoprobe, we tried to detect DA in urine samples. In consideration of containing protein and other components, urine samples were centrifuged and filtered to reduce unexpected interference. However, DA in urine samples was not detected, indicating a very low concentration of DA, which is consistent with previous reports. In addition, the detection accuracy was validated by the standard addition method. As summarized in Table 1, the recovery rate was around 100% (91.7–113.5%), proving the practical capability of DA analysis in urine samples. Moreover, the small RSD values (≦ 1.9%, n = 3) revealed high reliability for the proposed hPEI-Au NC nanoprobe. In a word, the proposed hPEI-Au NC-based ratiometric platform is capable of DA sensing in complicated biological media.
TABLE 1 | DA detection in urine samples with the proposed hPEI-Au NCs nanoprobe.
[image: Table 1]CONCLUSION
In conclusion, we have explored a ratiometric DA sensing platform using the hPEI-Au NC nanoprobe, which integrates DA self-polymerization and Au NC internal reference. With a self-calibration character, the proposed platform shows high accuracy and sensitivity. In addition, other interferents including ions, small molecules, and amino acids have no visible influence due to the hPEI-mediated specific self-polymerization reaction of DA. By using the hPEI-Au NC nanoprobe, rapid DA detection with an LOD of 10 nM is achieved under the optimized condition. In addition, the practical application is verified by the accurate DA analysis in urine samples. Our study not only develops a ratiometric neurotransmitter sensing system but also demonstrates the exploration of selective nanosensor by involving specific ligand-target reactions. Thus, new protocols for the design of versatile nanosensors for the rapid and selective detection of bioanalytes and other targets by integrating functional nanomaterials and unique chemical reactions are now possible in life science or environment-related fields.
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Sensor Type Design Method Detection Limit Dynamic Range Ref.

Fluorescence DNAzyme-FAM-Quencher 45 pM 1-400 1M Liu et al. (2007)
Fluorescence DNAzyme-Cy3-BHQ 45 pM 45 pM-20 pM Wu et . 2013)
Fluorescence DNAzyme-AUNPs-fluorophore 25 pM 0.1-60 1M Xiong et al. (2020)
Fluorescence DNAzyme-DNA-SG 0.06 ng/mi 0.2-200 ng/ml Zhu et &l. (2019)
Fluorescence DNAzyme-FAM-AUNPS 13 pM 30 pM-5 1M Yun et al. (2019)
Fluorescence DNAzyme-HCA-AUNPs-fluorophore 01 pM 0.2-1,000 pM Yun et al. (2018)
Fluorescence DNAzyme-2-aminopurine 9.6nM 5-400 nM Wang et al. (2019)
Fluorescence DNAzyme-C8 Spacer 0.19nM 2-1,000 M Feng et al. (2019)
Fluorescence DNAzyme-FAM-MoS, 214nM 5-100 nM Zhang et al. (2015)
Fluorescence DNAzyme-GO-NMM 86 pM 0.29-30 nM Liet al. (2015)
Fluorescence FAM-DNAzyme-DABCYL 0.6nM 1-60 nM Zhou et al. (2016)
Fluorescence DNAzyme-SG-NMM 11.47 M 101,000 M Yang et al. (2021)
Colorimetry DNAzyme-SG-TMB-H,0, 0.08 pg/l 05-500 gL Huang et al. (2018)
Colorimetry MBs-DNAzyme-HCR-TMB-H,0,-HRP 033nM 0.14-4.10M Zhang et al. (2017)
Colorimetry MBs-DNAzyme-RCA-TMB-H,0, 37 pM 74 pM-37 nM Cheng et al. (2017)
Colorimetry MBs-DNAzyme-AuNPs-TMB-H,0, 7pM 74 pM-56 nM Zhang et al. (2016)
Colorimetry Hydrogel-DNAzyme-AuNPS 14nM 50-800 nM Huang et al. (2016)
Colorimetry DNAzyme-AUNPs 409 UM 13.6-150 M Zhou et al. (2019)
Colorimetry DNAzyme-itmus 15 pg/lL 1.5-15ug/L Manochetry et al. (2018)
SERS Rhodarmine-DNAzyme-AUNPs 1.6nM 2.5-100 M Jiang et al. (2013)
SERS Cy5- DNAZyme-Au nanowire 1pM 1 pM=100 nM Gwak et al. (2016)
SERS RNB -DNAZyme-ZnO-Ag 3711M 0.1 pM-0.1 pM He et al. (2019)
SERS RhB -DNAzyme-Zn0-Ag 072 pM 1 pM-0.1 M He et al. (20200)
SERS DNAzyme -DNA Hydrogel- RhB 0838 pM 1 pM-0.1 M He et al. (2020a)
Electrochemistry DNAzyme-Ferrocene 1nM 2-14M Tang et al. (2013)
Electrochemistry DNAzyme-AUNPs-Hexaammineruthenium () 5pM 13 pM-0.15 1M Ma et al. (2014)
Electrochemistry DNAzyme-AUNPs-MB 81 pM 10-100 pM Cao et al. (2020)
Electrochemistry DNAzyme-HCR-MB 20 pM 0.05-4 1M Yun et al. (2016b)
Electrochemistry DNAzyme -CHA-MB 2pM 10 pM-1 1M Yun et al. (2016a)

BHQ: carboxyic acid; AuNPs: gold nanoparticles; SG: SYBR, green I: FAM: 6-carboxyliuorescein; HCA: hairpin catalytic assembly; MoS: molybdenum disulfide; GO: graphene oxice;
NMM: N-methyl-mesoporphyrin IX; MB: methylene blue; CHA: catalyzed haiin assembly; HCR: hybridization chain reaction; TMB: 3,3',5,5'-Tetramethylbenzidine; RCA: roling circle
amplification: SERS: Surface-enhariced Raman scattering, BhB: Bhodamine B.
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Oligonucleotide Sequence (from 5’ to 3')

HP HS-C6- TTT TTT GAT CGG GTG TGG GTG GCG TAA AGG GAG CAT CGG ATC AAT CCG TCG AGC AGA GTT CCATGT
GTA GAT AGC TTA

HP1 HS-C6- CCA TGT GTA GAT CAG ACT ATT CGA TTA AGC TAT CTA CAC ATG G

HP2 AGG GCG GGT GGG TGT TTA AGT TGG AGA ATT GTA CTT AAA CAC CTT CTT CTT GGG T

HP3 TGG GTC AAT TCT CCA ACT TAA ACT AGA AGA AGG TGT TTA AGT TGG GTA GGG CGG G

AP AAC TCT GCT CGA CGG ATT AGA AGA AGG TGT TTA AGT

RNA U CCG AUG CUC CCU UUA CGC CAC CCA CAC CCG AUC

Note: The red font in HP is the OTA aptamer. Letters of the same color (blue, green, and brown) are respectively complementary to each other. The stem part in HP, HP1, HP2, and HP3
was marked with underines.
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Signal amplification mode
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Exo ll-assisted cycing

Exo | + siiver metalized aptamer
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Restriction endonuclease
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Liner
range (fg mi™")

5 x 10°-10°
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Detection
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0.25
700
4,280
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33
0.247

Ref

Hao et al. (2020)
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