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Abstract

:

A novel ratiometric fluorescent immunoassay was developed based on silver nanoparticles (AgNPs) for the sensitive determination of dibutyl phthalate (DBP). In the detection system, AgNPs were labeled on the secondary antibody (AgNPs@Ab2) for signal amplification, which aimed to regulate the H2O2 concentrations. When AgNPs-Ab2 and antigen–primary antibody (Ab1) were linked by specific recognition, the blue fluorescence of Scopoletin (SC) could be effectively quenched by the H2O2 added while the red fluorescence of Amplex Red (AR) was generated. Under the optimized conditions, the calculated detection of limit (LOD, 90% inhibition) reached 0.86 ng/mL with a wide linear range of 2.31–66.84 ng/mL, which was approximately eleven times lower than that by HRP-based traditional ELISA with the same antibody. Meanwhile, it could improve the inherent built-in rectification to the environment by the combination of the dual-output ratiometric fluorescence assays with ELISA, which also enhanced the accuracy and precision (recoveries, 87.20–106.62%; CV, 2.57–6.54%), indicating it can be applied to investigate the concentration of DBP in water samples.
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1. Introduction


Dibutyl phthalate (DBP), a type of phthalate ester (PAE), is widely applied in the industry, medicine, agriculture, and domestication [1,2,3]. As it does not react chemically with the molecular bonds of polymer matrix, DBP can be easily released into the environment and has become a ubiquitous environmental contaminant. Previous studies have indicated that DBP can interfere with the normal hormone secretion of the human body, and has reproductive, embryological, and genetic toxicity even at trace level [4,5]. Considering its biological accumulation and slow biodegradation in the organization [1], developing efficient methods to detect DBP for environmental risk assessment is urgently needed.



Nowadays, instrumental methods are commonly used to detect DBP [6,7,8]. These methods suffer from high cost, low throughput, and tedious sample pretreatment not to mention requiring advanced instruments and professional operation. Hence, these approaches are unsuitable for field studies and on-line monitoring of DBP [6]. By contrast, the enzyme-linked immunosorbent assay (ELISA) has become the most widely used analysis techniques in many fields, such as diseases diagnosis [9,10], food safety [11,12], and environmental monitoring [13,14]. It shows obvious advantages owing to its low cost, good specificity, automation, and high-throughput [11]. However, the traditional colorimetric ELISA which mainly relies on natural enzymes biocatalyzing a chromogenic substrate to colored molecules as signal output often suffers from low signal outputs, formidable background, and thus relatively low sensitivity and selectivity [15]. Considering that, a more sensitive and accurate immunosensor is urgently needed to fulfill the requirement for DBP monitoring.



Currently, many strategies, such as chemiluminescent ELISA [16], plasmonic ELISA [17], electrochemical ELISA [18] and fluorescence ELISA [19], have been developed to overcome the main drawbacks of the traditional colorimetric ELISA. Among this research, ratiometric fluorescence ELISA is a promising strategy for monitoring DBP in complex environmental matrices due to its superior properties such as high sensitivity and satisfactory accuracy, which are based on the ratio of the intensities of two different emission peaks as a signal [20,21] that not only reduces external interference but also improves detection sensitivity through self-calibration [22]. To improve the sensitivity and selectivity of the ratiometric fluorescence sensor, many attempts have been made using nanoparticles as an alternative to the nature enzyme or fluorescent labels. Zhu et al. [23] designed a novel ratiometric fluorescence ELISA based on a catalytic oxidation of OPD using as-prepared MnO2NF-mediated signal tagging with the help of exogenous CDs for C-reactive protein (CRP) detection. Lin et al. [24] developed a ratiometric fluorescence enzyme-linked immunosorbent assay for sensitive detection of ethyl carbamate (EC) by introducing fluorescent silicon nanoparticles (SiNPs) into the chromogenic substrate system (o-phenylenediamine (OPD)/H2O2). Although these excellent works showed that ratiometric fluorescence sensors have a huge potential for trace detection, the advantage of enzyme-mediated signal amplification, which is important for high-throughput analysis, was not applied [25,26,27].



In this study, a ratiometric fluorescence ELISA to detect DBP was developed. The principle of the sensing method is shown in Scheme 1. Firstly, silver nanoparticles (AgNPs) were prepared by a one-step method and applied in the ratiometric fluorescence ELISA system, which displayed excellent peroxidase-like activity toward the substrate Scopoletin (SC) and Amplex Red (AR). In addition, AgNPs were labeled on the secondary antibody (AgNPs@Ab2) to adjust the concentrations of H2O2, which was related to the magnitude of the signal response. After being optimized and evaluated, the proposed high-throughput method was applied to investigate the occurrence of DBP in a typical area.




2. Experiments and Materials


2.1. Synthesis of Ag Nanoparticles (AgNPs)


All the glass instruments used in the following procedure were repeatedly washed with ultra-pure water and dried in an oven at 37 °C. AgNPs were prepared by the published method with slight modifications [28]. Briefly, AgNO3 (0.1 g) was dissolved in 200 mL of deionized water and the solution transferred to a round-bottomed flask. When the solution was heated to a boil, 1% of sodium citrate (10 mL) was added slowly and heating was continued. AgNPs were synthesized successfully until the solution turned pale yellow. The obtained solution was stirred at 13,000 rpm for 15 min and the supernatant was also dialyzed for 3 days. Finally, the prepared solution was stored at 4 °C before use.




2.2. Synthesis of AgNPs@Ab2


The preparation of antibody marker AgNPs@Ab2 was based on the synthesis method of Zhang et al. [29], and the specific process was as follows: 1 mL of AgNP solution was put into a vial, to which 10 μL of sheep anti-rabbit solution (2 mg/mL) was added. The mixture was stirred at 37 °C for 12 h, then 500 μL 1.0 wt% BSA solution was added and stirring continued at a constant temperature. The resulting products were centrifuged, shaken, washed, redissolved in PBS solution, and stored at 4 °C for future use.




2.3. Catalytic Oxidation Assay


The catalytic activities of synthesized AgNPs were evaluated by fluorescence changes of SC and AR in the presence of H2O2. The specific experiment was carried out as follows: 200 μL of H2O2 solution (125 mM) was mixed with 10 μL of SC or AR in the absence or presence of AgNPs in a 500 μL centrifuge tube at 37 °C for 30 min. To ensure that SC and AR did not interfere with each other in the homogeneous system, we conducted the following experiments to verify: 200 μL of H2O2 solution (125 mM) was added into 20 μL of SC and AR with AgNPs or not in a 500 μL centrifuge tube at 37 °C for 30 min.




2.4. The Development of Ratiometric Fluorescence ELISA for DBP


First, DBP antigen (100 μL/well) was coated on the 96-well microplate at 4 °C using coating buffer overnight. After washing four times with PBS, each well was blocked with blocking buffer at 37 °C for 45 min. Then, 50 μL DBP antibody and 50 μL DBP were added to each well separately and kept at 37 °C for 30 min. Washing again, 100 μL of AgNPs-labeled secondary antibody was added into each well. After the steps of incubation and washing, 200 μL H2O2 and 20 μL SC and AR were added into each well at 37 °C for 30 min. Finally, the fluorescence intensity was measured by a microplate reader under the excitation wavelengths of 380 nm and 560 nm.




2.5. LC–MS/MS Analysis


To verify the reliability of this established method, samples of DBP in real water were determined by the LC–MS/MS method. The experiment details are described in the Supplementary Materials.





3. Result and Discussion


3.1. The Characterization of AgNPs and AgNPs@Ab2


Figure 1C shows that the ultraviolet absorption spectrum of bar AgNPs has a strong peak defined maximum close to 400 nm, consistent with the literature [30]. As shown in Figure 1A,B, we can see that AgNPs have a structure with a roughly spherical shape and a size of about 30 nm, which increased to 50 nm upon conjugation with Ab2. This increase was due to the agglomeration of particles that is often caused by the bonding between Ab2 and AgNPs [31]. As seen from Figure 1C, the ultraviolet absorption peak of AgNPs@Ab2 was obviously blue-shifted, indicating the successfully conjugations of AgNPs and Ab2 [29]. To further evaluate the synthesized AgNPs@Ab2, the Zeta potential values of AgNPs and AgNPs@Ab2 were measured to be −15.77 mV and −4.74 mV, respectively (Figure 1D). AgNPs@Ab2 was significantly lower than AgNPs, which was due to secondary antibody and silver nanoparticles being bound to each other by electrostatic adsorption, disrupting the homeostasis of the original colloid [32]. The result of the Zeta potential also proved the successful synthesis of AgNPs laterally.




3.2. The Peroxidase-like Activity of the Nanoparticles


As an important noble metal nanoparticle, AgNP has attracted extensive attention due to its low cost and high extinction coefficient [33]. Exploring the peroxidase-like properties of AgNPs can expand the application field of simulating the activity of nanoparticles [34,35]. To demonstrate the peroxidase activity of AgNPs, we tested the catalytic oxidation of SC and AR in the presence of H2O2, two fluorescent substrates that possess inverse responses. The emission peak of SC was at 465 nm, and produced almost non-fluorescent products (FI465, SC-OX) by oxidation. In contrast, AR was non-fluorescent, but could produce a significantly enhanced signal at 585 nm (FI585, AR-OX) after H2O2’s oxidation under the catalysis of peroxidase [36]. As shown in Figure 2A, SC presented a high fluorescent signal in the absence of H2O2 (curve a), but its fluorescence plummeted after the addition of AgNPs (curve b); AR had almost no fluorescence (curve c), while fluorescence was obviously enhanced at 585 nm (curve d). To ensure that Ag+ and H2O2 had no effect on substrate fluorescence, we verified this by measuring fluorescence at different concentrations of Ag+ and H2O2. Figure 3A,B indicates that Ag+ and H2O2 had no effect on the fluorescence signal. This was further illustrated that the change of fluorescence was caused by AgNPs. We also investigated whether the two substrates interfere with each other in a homogeneous system. As seen from Figure 2B, the 3D fluorescence columns of the two substrates in the absence or presence of AgNPs performed exactly the same as in their respective uses. These results proved that AgNPs have good oxidase-like properties.




3.3. Optimization of Experimental Conditions


In order to obtain better sensing performance, several of the parameters of immunoassay were optimized, including the concentrations of H2O2, AR, and SC, the reaction time of AgNPs@Ab2 and H2O2, and the pH. The fluorescence intensity ratio (F585/F465) was an important indicator for evaluating the performance of fluorescent immunoassay. Figure S1C indicates that with increasing H2O2, the fluorescence intensity ratio increased significantly until the concentration reached 125 mM. This was because 125 mM H2O2 can completely etch AgNPs, and beyond this level more H2O2 would not participate in the reaction. Therefore, 125 mM was selected as the optimal reaction concentration of H2O2 to achieve the best analytical performance. Additionally, Figure S1B also demonstrates that the most suitable reaction time between H2O2 and AgNPs was 30 min. Figure S1A reveals that with increasing of the pH value, F585/F465 initially increased and then decreased at pH 7, which was selected as an optimal value in the assay. At the same time, Figure S1D,E show that the optimal concentrations of AR and SC were 20 μM and 4 μM, respectively.



Under the above optimized parameters, the fluorescence intensity of SC at 465 nm gradually decreased with the increasing of DBP concentration, while that of AR at 585 nm gradually increased (Figure 4A,B), which indicated that the fluorescence intensity ratio (F585/F465) was negatively correlated with the DBP concentration. As shown in Figure 4C, the standard curve was drawn with Origin 9.0 based on several different concentrations of DBP standard solutions and the fluorescence intensity ratio (F585/F465). In addition, the linear regression equation of (F585/F465)/(F585/F465)0 = 0.01388 + 0.98997/{1 + (x/12.42809)0.82405} was obtained. Based on the curve, the limit of detection (LOD, 90% inhibition) was calculated as 0.86 ng/mL, which was almost 11 times lower than that of the conventional ELISA using the same antibody (seen in Figure 4D).




3.4. Assay Validation and Real Sample Analysis


The established method was estimated for its accuracy and precision through a spike-recovery analysis of water samples from various sources (pure water, pond water, tap water, and river water) fortified with a variety of DBP concentrations. As shown in Table 1, the satisfactory recoveries of DBP (87.2–106.62%) were obtained with the intra-assay coefficient of variation (CV) ranging from 2.57% to 6.54% by measuring three replicates, indicating that the developed method had good accuracy and could be applied for the detection of DBP from environmental samples.



The proposed method was applied to detect potential DBP in real water samples from the Zhenjiang region, together with traditional ELISA and instrument methods to further verify its reliability. As shown in Table 2 and Table S1, both results had a relatively high degree of agreement with the developed method. Meanwhile, our ratiometric fluorescence immunoassay showed better sensitivity than conventional ELISA.





4. Conclusions


In summary, a ratiometric fluorescence immunoassay was established for high-throughput determination of DBP based on H2O2 etching of AgNPs. Reactive oxygen species (·OH) could be produced during etching, which played a key role in fluorescence quenching of SC and fluorescence generation of AR. Under the optimized conditions, the developed method showed good accuracy and reproducibility (recoveries, 87.20–106.62%; CV, 2.57–6.54%) with higher sensitivity (LOD, 0.86 ng/mL) than traditional ELISA. Further, we believe that this work could serve as a general platform for the detection of other substances with different antibodies.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/bios12020125/s1, Materials and Instruments. LC-MS/MS analysis. Figure S1. The optimization of the concentration of H2O2 (A), SC (B), and AR (C); the optimization of different pH (D); and the optimization of different reaction times (E). Table S1. Comparison of the results of LC–MS/MS and our method using randomly spiked samples.





Author Contributions


Data curation, N.Y.; formal analysis, N.Y.; funding acquisition, Z.Z.; methodology, N.Y.; supervision, H.M. and Z.Z.; validation, K.Z. and N.Z.; visualization, Y.W.; writing—original draft, N.Y.; writing—review and editing, H.M., B.Z. and Z.Z. All authors have read and agreed to the published version of the manuscript.




Funding


The present work was supported by the National Natural Science Foundation of China (Grants 21876067, 21577051, and 31800386), the Chinese Postdoctoral Science Fund (No. 2019M651721) and the Jiangsu Collaborative Innovation Center of Technology and Material of Water Treatment.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data are contained within the article.




Acknowledgments


The author would like to thank Zhenjiang Zhuanbo Testing Technology Co., Ltd. (Zhenjiang, China) for providing the JEM-2100 equipment.




Conflicts of Interest


The authors declare no conflict of interest. They have no commercial interest or any kind of association that might pose a conflict of interest with any entity or form.




References


	



Gao, Y.; An, T.; Ji, Y.; Li, G.; Zhao, C. Eco-toxicity and human estrogenic exposure risks from OH-initiated photochemical transformation of four phthalates in water: A computational study. Environ. Pollut. 2015, 206, 510–517. [Google Scholar] [CrossRef]

	



Montevecchi, G.; Masino, F.; Zanasi, L.; Antonelli, A. Determination of phthalate esters in distillates by ultrasound-vortex-assisted dispersive liquid-liquid micro-extraction (USVADLLME) coupled with gas chromatography/mass spectrometry. Food Chem. 2017, 221, 1354–1360. [Google Scholar] [CrossRef]

	



Wang, M.; Yang, F.; Liu, L.; Cheng, C.; Yang, Y. Ionic Liquid-Based Surfactant Extraction Coupled with Magnetic Dispersive μ-Solid Phase Extraction for the Determination of Phthalate Esters in Packaging Milk Samples by HPLC. Food Anal. Methods 2016, 10, 1745–1754. [Google Scholar] [CrossRef]

	



Zhang, J.; Jin, S.; Zhao, J.; Li, H. Effect of dibutyl phthalate on expression of connexin 43 and testosterone production of leydig cells in adult rats. Environ. Toxicol. Pharmacol. 2016, 47, 131–135. [Google Scholar] [CrossRef]

	



Janjua, N.R.; Mortensen, G.K.; Andersson, A.M.; Kongshoj, B.; Wulf, H.C. Systemic Uptake of Diethyl Phthalate, Dibutyl Phthalate, and Butyl Paraben Following Whole-Body Topical Application and Reproductive and Thyroid Hormone Levels in Humans. Environ. Sci. Technol. 2007, 41, 5564–5570. [Google Scholar] [CrossRef]

	



Zhang, Z.; Zeng, K.; Liu, J. Immunochemical detection of emerging organic contaminants in environmental waters. TrAC Trends Anal. Chem. 2017, 87, 49–57. [Google Scholar] [CrossRef]

	



Han, X.; Liu, D. Detection of the toxic substance dibutyl phthalate in Antarctic krill. Antarct. Sci. 2017, 29, 511–516. [Google Scholar] [CrossRef]

	



Ibrahim, N.; Osman, R.; Abdullah, A.; Saim, N. Determination of Phthalate Plasticisers in Palm Oil Using Online Solid Phase Extraction-Liquid Chromatography (SPE-LC). J. Chem. 2014, 2014, 682975. [Google Scholar] [CrossRef]

	



Iha, K.; Inada, M.; Kawada, N.; Nakaishi, K.; Watabe, S.; Tan, Y.H.; Shen, C.; Ke, L.Y.; Yoshimura, T.; Ito, E. Ultrasensitive ELISA Developed for Diagnosis. Diagnostics 2019, 9, 78. [Google Scholar] [CrossRef]

	



Hsu, Y.-P.; Yang, H.-W.; Li, N.-S.; Chen, Y.T.; Pang, H.-H.; Pang, S.T. Instrument-Free Detection of FXYD3 Using Vial-Based Immunosensor for Earlier and Faster Urothelial Carcinoma Diagnosis. ACS Sens. 2020, 5, 928–935. [Google Scholar] [CrossRef]

	



Xiong, Y.; Leng, Y.; Li, X.; Huang, X.; Xiong, Y. Emerging strategies to enhance the sensitivity of competitive ELISA for detection of chemical contaminants in food samples. TrAC Trends Anal. Chem. 2020, 126, 115861. [Google Scholar] [CrossRef]

	



Bao, K.; Liu, X.; Xu, Q.; Su, B.; Liu, Z.; Cao, H.; Chen, Q. Nanobody multimerization strategy to enhance the sensitivity of competitive ELISA for detection of ochratoxin A in coffee samples. Food Control 2021, 127, 108167. [Google Scholar] [CrossRef]

	



Liu, Z.; Zhang, B.; Sun, J.; Yi, Y.; Li, M.; Du, D.; Zhu, F.; Luan, J. Highly efficient detection of salbutamol in environmental water samples by an enzyme immunoassay. Sci. Total Environ. 2018, 613, 861–865. [Google Scholar] [CrossRef]

	



Pan, Y.; Wei, X.; Guo, X.; Wang, H.; Song, H.; Pan, C.; Xu, N. Immunoassay based on Au-Ag bimetallic nanoclusters for colorimetric/fluorescent double biosensing of dicofol. Biosens. Bioelectron. 2021, 194, 113611. [Google Scholar] [CrossRef]

	



Liu, Y.; Pan, M.; Wang, W.; Jiang, Q.; Wang, F.; Pang, D.-W.; Liu, X. Plasmonic and Photothermal Immunoassay via Enzyme-Triggered Crystal Growth on Gold Nanostars. Anal. Chem. 2019, 91, 2086–2092. [Google Scholar] [CrossRef]

	



Vdovenko, M.M.; Stepanova, A.S.; Eremin, S.A.; Van Cuong, N.; Uskova, N.A.; Yu Sakharov, I. Quantification of 2,4-dichlorophenoxyacetic acid in oranges and mandarins by chemiluminescent ELISA. Food Chem. 2013, 141, 865–868. [Google Scholar] [CrossRef]

	



Xuan, Z.; Li, M.; Rong, P.; Wang, W.; Li, Y.; Liu, D. Plasmonic ELISA based on the controlled growth of silver nanoparticles. Nanoscale 2016, 8, 17271–17277. [Google Scholar] [CrossRef]

	



Pang, Y.-H.; Guo, L.-L.; Shen, X.-F.; Yang, N.-C.; Yang, C. Rolling circle amplified DNAzyme followed with covalent organic frameworks: Cascade signal amplification of electrochemical ELISA for alfatoxin M1 sensing. Electrochim. Acta 2020, 341, 136055. [Google Scholar] [CrossRef]

	



Wu, Y.; Guo, W.; Peng, W.; Zhao, Q.; Piao, J.; Zhang, B.; Wu, X.; Wang, H.; Gong, X.; Chang, J. Enhanced Fluorescence ELISA Based on HAT Triggering Fluorescence “Turn-on” with Enzyme–Antibody Dual Labeled AuNP Probes for Ultrasensitive Detection of AFP and HBsAg. ACS Appl. Mater. Interfaces 2017, 9, 9369–9377. [Google Scholar] [CrossRef]

	



Mao, G.; Cai, Q.; Wang, F.; Luo, C.; Ji, X.; He, Z. One-Step Synthesis of Rox-DNA Functionalized CdZnTeS Quantum Dots for the Visual Detection of Hydrogen Peroxide and Blood Glucose. Anal. Chem. 2017, 89, 11628–11635. [Google Scholar] [CrossRef]

	



Wang, J.; Jiang, C.; Jin, J.; Huang, L.; Yu, W.; Su, B.; Hu, J. Ratiometric Fluorescent Lateral Flow Immunoassay for Point-of-Care Testing of Acute Myocardial Infarction. Angew. Chem. Int. Ed. Engl. 2021, 60, 13042–13049. [Google Scholar] [CrossRef]

	



Zhu, N.; Li, X.; Liu, Y.; Liu, J.; Wang, Y.; Wu, X.; Zhang, Z. Dual amplified ratiometric fluorescence ELISA based on G-quadruplex/hemin DNAzyme using tetrahedral DNA nanostructure as scaffold for ultrasensitive detection of dibutyl phthalate in aquatic system. Sci. Total Environ. 2021, 784, 147212. [Google Scholar] [CrossRef]

	



Jiao, L.; Zhang, L.; Du, W.; Li, H.; Yang, D.; Zhu, C. Hierarchical manganese dioxide nanoflowers enable accurate ratiometric fluorescence enzyme-linked immunosorbent assay. Nanoscale 2018, 10, 21893–21897. [Google Scholar] [CrossRef]

	



Luo, L.; Song, Y.; Zhu, C.; Fu, S.; Shi, Q.; Sun, Y.-M.; Jia, B.; Du, D.; Xu, Z.-L.; Lin, Y. Fluorescent silicon nanoparticles-based ratiometric fluorescence immunoassay for sensitive detection of ethyl carbamate in red wine. Sens. Actuators B Chem. 2018, 255, 2742–2749. [Google Scholar] [CrossRef]

	



Zhao, J.; Wang, S.; Lu, S.; Liu, G.; Sun, J.; Yang, X. Fluorometric and Colorimetric Dual-Readout Immunoassay Based on an Alkaline Phosphatase-Triggered Reaction. Anal. Chem. 2019, 91, 7828–7834. [Google Scholar] [CrossRef]

	



Fan, Y.; Lv, M.; Xue, Y.; Li, J.; Wang, E. In Situ Fluorogenic Reaction Generated via Ascorbic Acid for the Construction of Universal Sensing Platform. Anal. Chem. 2021, 93, 6873–6880. [Google Scholar] [CrossRef]

	



Zhao, D.; Li, J.; Peng, C.; Zhu, S.; Sun, J.; Yang, X. Fluorescence Immunoassay Based on the Alkaline Phosphatase Triggered in Situ Fluorogenic Reaction of o-Phenylenediamine and Ascorbic Acid. Anal. Chem. 2019, 91, 2978–2984. [Google Scholar] [CrossRef]

	



Zhao, L.J.; Yu, R.J.; Ma, W.; Han, H.X.; Tian, H.; Qian, R.C.; Long, Y.T. Sensitive detection of protein biomarkers using silver nanoparticles enhanced immunofluorescence assay. Theranostics 2017, 7, 876–883. [Google Scholar] [CrossRef]

	



Zhang, Z.; Zhu, N.; Zou, Y.; Wu, X.; Qu, G.; Shi, J. A novel, enzyme-linked immunosorbent assay based on the catalysis of AuNCs@BSA-induced signal amplification for the detection of dibutyl phthalate. Talanta 2018, 179, 64–69. [Google Scholar] [CrossRef]

	



Schiesaro, I.; Battocchio, C.; Venditti, I.; Prosposito, P.; Burratti, L.; Centomo, P.; Meneghini, C. Structural characterization of 3d metal adsorbed AgNPs. Phys. E Low-Dimens. Syst. Nanostruct. 2020, 123, 114162. [Google Scholar] [CrossRef]

	



Tran, L.; Park, S. Highly sensitive detection of dengue biomarker using streptavidin-conjugated quantum dots. Sci. Rep. 2021, 11, 15196. [Google Scholar] [CrossRef]

	



Alvandi, H.; Dorosti, N.; Afshar, F. Synthesis of AgNPs and Ag@MoS2 nanocomposites by dracocephalum kotschyi aqueous extract and their antiacetylcholinesterase activities. Mater. Technol. 2021, 1–12. [Google Scholar] [CrossRef]

	



Du, P.; Niu, Q.; Chen, J.; Chen, Y.; Zhao, J.; Lu, X. “Switch-On” Fluorescence Detection of Glucose with High Specificity and Sensitivity Based on Silver Nanoparticles Supported on Porphyrin Metal–Organic Frameworks. Anal. Chem. 2020, 92, 7980–7986. [Google Scholar] [CrossRef]

	



Jiang, Z.J.; Liu, C.Y.; Sun, L.W. Catalytic Properties of Silver Nanoparticles Supported on Silica Spheres. J. Phys. Chem. B 2005, 109, 1730–1735. [Google Scholar] [CrossRef]

	



Jiang, C.; Bai, Z.; Yuan, F.; Ruan, Z.; Wang, W. A colorimetric sensor based on Glutathione-AgNPs as peroxidase mimetics for the sensitive detection of Thiamine (Vitamin B1). Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2022, 265, 120348. [Google Scholar] [CrossRef]

	



Fan, D.; Shang, C.; Gu, W.; Wang, E.; Dong, S. Introducing Ratiometric Fluorescence to MnO2 Nanosheet-Based Biosensing: A Simple, Label-Free Ratiometric Fluorescent Sensor Programmed by Cascade Logic Circuit for Ultrasensitive GSH Detection. ACS Appl. Mater. Interfaces 2017, 9, 25870–25877. [Google Scholar] [CrossRef]








[image: Biosensors 12 00125 sch001 550] 





Scheme 1. Schematic illustration of a simple ratiometric fluorescence ELISA for TBBPA determination based on AgNPs and H2O2. 
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Figure 1. Characterization of AgNPs and Ab2@AgNPs. (A) Structure and TEM image of AgNPs, (B) structure and TEM image of Ab2@AgNPs, (C) The UV absorption spectra of AgNPs and AgNPs@Ab2, and (D) The Zeta potential analysis of AgNPs and AgNPs@Ab2. 
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Figure 2. (A) Fluorescence spectra of separately used SC in (a) the absence of AgNPs, (b) the presence of AgNPs, and (c,d) separately used AR. (B) 3D fluorescent columns of simultaneously used SC (blue columns) and AR (red columns) without and with AgNPs. 






Figure 2. (A) Fluorescence spectra of separately used SC in (a) the absence of AgNPs, (b) the presence of AgNPs, and (c,d) separately used AR. (B) 3D fluorescent columns of simultaneously used SC (blue columns) and AR (red columns) without and with AgNPs.



[image: Biosensors 12 00125 g002]







[image: Biosensors 12 00125 g003 550] 





Figure 3. Fluorescence spectra of SC and AR under the different concentrations of Ag+ (A) and H2O2 (B). 
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Figure 4. Fluorescence spectra of AR (A) and Sc (B) in the presence of increasing DBP concentrations. (C) Calibration curve of ratiometric fluorescence values (F465/F585) versus different concentrations of DBP (The error bars are obtained via three replicates) and (D) the standard curve of traditional indirect competitive ELISA for DBP under optimized conditions. 
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Table 1. Analysis of DBP-spiked samples using this method (n = 3).
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Samples

	
Background (ng/mL)

	
Added

(ng/mL)

	
Found

(ng/mL)

	
Recovery

(%)

	
CV a

(%)






	
Pure water

	
ND b

	
5

	
4.36

	
87.20

	
3.73




	
15

	
15.31

	
102.07

	
2.57




	
60

	
58.95

	
98.25

	
4.85




	
River water

	
10.46

	
5

	
16.14

	
104.40

	
4.97




	
15

	
23.78

	
93.40

	
2.71




	
60

	
71.42

	
101.36

	
3.68




	
Tap water

	
ND b

	
5

	
4.83

	
96.60

	
6.54




	
15

	
13.67

	
91.13

	
5.23




	
60

	
59.25

	
98.75

	
3.93




	
Pond water

	
21.71

	
5

	
25.97

	
97.23

	
2.91




	
15

	
39.14

	
106.62

	
4.75




	
60

	
75.37

	
92.24

	
3.46








CV a: The intra-assay coefficient of variation obtained from three determinations; ND b: not detected.
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Table 2. Comparison of DBP detection using our established method and the conventional ELISA (n = 3).






Table 2. Comparison of DBP detection using our established method and the conventional ELISA (n = 3).





	Samples
	Background (ng/mL)
	ELISA (ng/mL)
	Our Method (ng/mL)
	CV a (%)





	S1
	ND b
	ND
	1.12
	3.57



	S2
	ND
	ND
	ND
	ND



	S3
	ND
	ND
	3.97
	2.35



	S4
	ND
	ND
	ND
	ND



	S5
	ND
	23.81
	24.15
	7.31



	S6
	ND
	16.57
	19.62
	4.68



	S7
	ND
	ND
	ND
	ND



	S8
	ND
	ND
	ND
	ND



	S9
	ND
	11.21
	10.53
	2.14



	S10
	ND
	ND
	ND
	ND



	S11
	ND
	9.62
	8.36
	3.95



	S12
	ND
	19.87
	20.65
	2.93



	S13
	ND
	ND
	ND
	ND



	S14
	ND
	ND
	ND
	ND



	S15
	ND
	ND
	ND
	ND







CV a: Intra-assay coefficient of variation obtained from 3 determinations performed in same polystyrene microtiter plate; ND b: not detected.
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