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Abstract

:

Excessive mercury ions (Hg2+) cause great pollution to soil/water and pose a major threat to human health. The high sensitivity and high selectivity in the Hg2+ detection demonstrated herein are significant for the research areas of analytical chemistry, chemical biology, physical chemistry, drug discovery, and clinical diagnosis. In this study, a series of simple, low-cost, and highly sensitive biochips based on a graphene oxide (GO)/DNA hybrid was developed. Hg2+ is detected with high sensitivity and selectivity by GO/DNA hybrid biochips immobilized on glass slides. The performance of the biosensors can be improved by introducing more phosphorothioate sites and complementary bases. The best limit of detection of the biochips is 0.38 nM with selectivity of over 10:1. This sensor was also used for Hg2+ detection in Dendrobium. The results show this biochip is promising for Hg2+ detection.
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1. Introduction


Graphene oxide (GO) is derived from a new substance formed by the oxidation of graphene. It is mainly made by combining graphite with strong acids, such as KClO3, HNO3, KMnO4, and H2SO4 [1,2,3]. It contains hydrophilic oxygen-based groups, such as carboxyl groups and hydroxyl groups, giving it excellent hydrophilic activity and ensuring its ease of participation in various chemical reactions in aqueous solutions [4]. GO has a very high fluorophore quenching efficiency [5], which is suitable for use as a quenching material in sensors. Other chemical groups and DNA sequences [6,7,8] can also be reacted with and fixed on the GO surface to modify GO. The interaction between GO and DNA generally includes physical adsorption and chemical bonding. The physical adsorption process is quite simple, but the fixation rate is low [9]. DNA that is not physically adsorbed will cause background interference in the sensing system, resulting in excessive false positive signals. In contrast, the chemical ligation process is complicated, and the cost is high. However, the fixation rate of chemical bonding is satisfactory, and the unconnected DNA can be removed by other methods, such as centrifugation, which has strong anti-interference. The result of the biosensors based on the chemical bonding fixation of DNA sequence forms a stable sensing system, which can achieve fast, highly sensitive, and effective detection with high accuracy. In recent years, the application of GO in biosensing platforms has been a hot topic, and GO has become an indispensable experimental element in biosensor systems, among which the most common one is the application of GO in fluorescence sensors. Researchers often use nanomaterials containing GO and aptamers to perform highly sensitive detection of the target object, because the GO preparation process is quite simple with low cost and toxicity [10]. The detection limit of GO-based biosensors is considerably excellent due to the less experimental materials and equipment required in fluorescent-based sensors.



Due to its high toxicity and long-lasting bioaccumulation, excess heavy metal mercury ions can cause huge pollution to soil/water and are a major threat to human health, which has become a serious problem worldwide [11]. The American Environmental Protection Association (EPA) and the World Health Organization (WHO) limit the content of Hg2+ in drinking water to 1 μg/L [12], which means that it is important to develop biosensors with higher Hg2+ detecting sensitivity and selectivity. Once the heavy metal mercury ion enters the biological system, such as by eating contaminated food and drinking water, it will inhibit important processes inside the living body depending on the concentration. It may accumulate in many body organs, such as the liver, heart, kidney, and brain, and interfere with normal biological functions in various ways. In severe cases, it can cause heart, kidney, and brain diseases [13,14,15]. In addition, mercury ion is also found in crops irrigated with contaminated water; thereby, a method for Hg2+ detection in the environment urgently needs to be developed.



Recently, researchers are devoted to the development of fast, sensitive, and cost-effective portable biosensors for Hg2+, in which the methods generally include electrochemistry [16,17], field-effect transistors [18], surface plasmon resonance [19,20], Raman spectroscopy [21], colorimetric detection [22,23], and fluorescence [24]. Compared with traditional sensors, biochips can not only achieve high-throughput detection but also meet portability and efficiency [25], which have been developed to detect DNA [26], proteins/peptides [27], and heavy metal ions [28]. Specific to Hg2+ detection, Shi et al. [29] developed colorimetric biochips in microarrays. Through specially designed DNA hairpin strands as molecular recognition probes, combined with staining methods, detection and quantification of Hg2+ in various real samples can be simultaneously achieved. After the molecular probe is combined with Hg2+, the secondary structure of the hairpin is “forced” open, allowing the nanogold–streptavidin conjugate (or streptavidin–horseradish peroxidase conjugate) to attach to the biotin group and produce a visual signal when stained. Since the probe can be fixed at a specific position, the biochip can simultaneously recognize and quantify Hg2+. Jiang et al. [28] proposed an ultra-sensitive fluorescent probe (TR-Hg) for Hg2+ detection based on the mechanism of aggregation-induced emission (AIE) and dark through-bond energy transfer (DTBET), using tetrabenzene ethylene as a dark donor and rhodamine B thiolactone as an acceptor to form probes. By utilizing the advantages of DTBET to eliminate the emission leakage of dark donors and provide energy transfer efficiencies close to 100%, TR-Hg exhibits a fluorescence enhancement of more than 30,000 times after reacting with Hg2+. However, these methods have complicated procedures, many laboratory supplies and consumables, and high costs, which have limitations in practical applications. Herein, we propose a series of simple, low-cost, and highly sensitive biochips based on the GO/DNA hybrid. The biochip was prepared by NHS (N-Hydroxysuccinimide)\EDC (1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride)-activated GO and DNA modified with phosphorothioate (PS) cleavage sites and Cy5 fluorophore, and the GO/DNA hybrid was further immobilized to glass slides to achieve highly sensitive and high-throughput detection of Hg2+. The best limit of detection (LOD) of the biochips achieves 0.38 nM with selectivity larger than 10:1.




2. Experimental Parts


2.1. Chemicals


The DNA sequences used in this study were all synthesized by Sangon Biotech (Shanghai, China) Co., Ltd. and purified by high-performance liquid chromatography (HPLC). After synthesis, the DNA sequences were confirmed by gas chromatography and mass spectrometry (GC-MS). The sail brand microscope slides (width 25.4 mm, length 76.2 mm, thickness 0.8 mm) were purchased from Nanjing Kangai Experimental Equipment Business Department. APTES (3-aminopropyltriethoxysilane) was purchased from Sigma-Aldrich (Shanghai, China) Co., Ltd. Analytically pure Hg(NO3)2 was purchased from Shandong Xiya Chemical Industry Co., Ltd. Analytically pure KCl, NaNO3, AgNO3, ZnCl2, MgCl2·6H2O, CaCl2·2H2O, CdCl2, Pb(CH3COO)2·3H2O, FeSO4·7H2O, CuSO4·5H2O, MnCl2·4H2O, PBS buffer, H2SO4, H2O2, absolute ethyl alcohol, and other reagents were obtained from Sinopharm Chemical Reagent (Shanghai, China) Co., Ltd.




2.2. Instruments


Fluorescence spectra were measured by CapitalBio Corporation’s LuxScan 10K microarray scanner. The scanner power, the photomultiplier tube (PMT), and the resolution were set to 100, 650, and 10 μm, respectively. Ultrapure water (18.2 MΩ·cm) was prepared by an UPH ultrapure water machine from Sichuan ULUPURE (Chengdu, China) Co., Ltd.




2.3. Preparation of DNA/GO Hybrid Biosensors


The slides were soaked in a mixed liquid of concentrated H2SO4 and H2O2 with a volume ratio of 7:3. After at least 2 h, the slides were washed with ultrapure water several times and dried. Then, slides were further rinsed with mixed 95% ethanol and 2~3% APTES in a total volume of 100 mL. After 30 min, the slides were then washed again with ultrapure water several times and dried to obtain amino group-treated slides. Then, 2.5 mL of a mixture containing 50 mM NHS and 200 mM EDC was added with 5 mL of 2 mg/mL GO and 2.5 mL of ultrapure water to react overnight at room temperature. It was centrifuged at 10,000 rpm for 30 min to remove the supernatant, and 5 mL of ultrapure water was then added to obtain activated GO with a concentration of 2 mg/mL. A total of 100 μL of the activated GO was added to the amino group-treated slide to react at room temperature for 16 h followed by aspirating the reaction liquid with a pipette and washing it with ultrapure water several times (remove the unreacted activated GO). After drying, 50 nM DNA with the modified PS cleavage site was added to the slides and left at 16 °C for 16 h in the dark; then, the reaction solution was aspirated with a pipette. The slides were washed several times with PBS buffer (remove unreacted DNA) and dried. Finally, different concentrations of Hg2+ were added to react with the slides at 37 °C for 30 min. After the reaction solution was aspirated with a pipette, the slides were washed several times with PBS buffer and then dried. The fluorescence intensity was obtained by scanning the slide through the CapitalBio Corporation’s LuxScanTM 10K microarray chip scanner.





3. Results and Discussion


Detection of Hg2+ Based on GO Microarray


The DNA sequences used in this study are presented in Figure 1a–c. As shown in Scheme 1, the hydroxyl group (-OH) was assembled on the slides with concentrated H2SO4 and H2O2, and the amino group (-NH2) was finally terminated after adding APTES to be combined with the exposed -OH on the slides. The reaction between -NH2 on the slides and the carboxyl group (-COOH) carried by GO is convenient for immobilizing the activated GO on the surface of the slides (NHS/EDC activates the carboxyl group of GO, Figure 1d,e). The -NH2-modified DNA was added to react with the activated GO, and the DNA was also immobilized on the surface of the slides. Finally, Hg2+ was added to perform PS cleavage on the DNA, and the Cy5 fluorescent group on the DNA was released into the reaction solution. After the reaction liquid was sucked away by the pipette gun, the fluorescence intensity of the slides decreased, according to the principle of fluorescence resonance energy transfer (FRET) [30,31]. With the increase in the concentration of Hg2+, the cutting rate will increase, and the fluorescence intensity of the corresponding slides will become lower. Thus, the quantitative detection of the analyte can be performed according to the change in the fluorescence intensity before and after adding the Hg2+.



DNA sequence I was first used to perform complementary hybridization with one PS site and two PS sites. After hybridization at 95 °C for 5 min, it was left at room temperature for 1~2 h. After adding different volumes of 2 mg/mL of activated GO to the treated slides with the final concentrations of 0, 5, 10, 20, 30, 40, 50, and 60 μg/mL, 50 nM of hybridized DNA at 4 °C was added. The reaction was protected from illumination for 16 h, and, finally, the concentration of activated GO was optimized by fixing the DNA concentration onto a slide. The fluorescence scanning results are shown in Figure 2a and Figure S1a. In both the two GO/DNA hybrid systems, the fluorescence intensity corresponding to 30 μg/mL of activated GO is the highest (Figure 2b and Figure S1b), indicating that the effect of immobilizing DNA is the best. Thus, 30 μg/mL of activated GO is selected as the optimal concentration for the following experiments.



To obtain the concentration analysis working curve of Hg2+ detection, different concentrations of Hg2+ (0, 20, 50, 100, 200, 500, 1000, and 2000 nM) were added to the GO/DNA hybrid biochip. The slides were washed and dried after being left at 37 °C in the dark for 30 min. The fluorescence intensity caused by Hg2+ with different concentrations was measured (Figure 3a and Figure S2a). As the concentration of Hg2+ increases, the cleavage rate of PS DNA increases, and the fluorescence intensity of the remaining hybridized DNA immobilized on the slides becomes weaker. Compared with Figure 3b and Figure S2b, it can be observed that the number of PS cleavage sites can provide assistance to the cleavage rate, and the fluorescence intensity with more PS cleavage sites changes significantly. When the concentration of Hg2+ is 0~50 nM, the fluorescence intensity of the GO/DNA sequence I biochips with one PS site and two PS sites both decrease linearly with the increase in the concentration of Hg2+ (Figure 3c and Figure S2c). The linear equation corresponding to the GO/DNA sequence I biochip with one PS site is y = −67.14274x + 7974.83113 (R2 = 0.99236), with a LOD of 1.75 nM. Similarly, the linear equation corresponding to the GO/DNA sequence I biochip with two PS sites is y = −48.92359x + 8642.76321(R2 = 0.968) with a LOD of 1.49 nM.



In order to ensure the sensitivity and selectivity of the biochips, different metal ions, including Hg2+, were investigated and compared. After 1 μM of various metal ions (Cu2+, Mn2+, Pb2+, Fe2+, Zn2+, Ca2+, Mg2+, Ag+, K+, Na+, Cd2+, and Hg2+) were incubated to the DNA/GO hybrid biochips at 37 °C for 30 min, the slides were washed again and dried. The change in fluorescence intensity was further checked by the fluorescence scanner (Figure S3a,b). The fluorescence intensity corresponding to Hg2+ in both DNA/GO hybrid biochips is relatively weak, indicating that the biochips have good selectivity for Hg2+ detection, especially for the GO/DNA sequence I biochip with two PS sites. The decrease in fluorescence intensity (ΔF) after adding Hg2+ to the GO/DNA sequence I biochip with two PS sites is greater than that of the GO/DNA sequence I biochip with two PS sites, which demonstrates that increasing the PS cleavage site could enhance the selectivity.



Replacing DNA sequence I with DNA sequence II and hybridizing with two PS sites, DNA may further increase the sensitivity and selectivity of the biochip, because DNA sequence II has a higher complementary binding rate. Similar to the experiments conducted in DNA sequence I, the different concentrations of activated GO (0, 5, 10, 20, 30, 40, 50, and 60 μg/mL) in the GO/DNA sequence II biochip with two PS sites were investigated (Figure S4a). The fluorescence intensity corresponding to GO activated of 40 μg/mL is the highest (Figure S4b), indicating that the effect of DNA immobilization at this concentration is the best. GO is the optimal concentration for subsequent experiments. Thus, 40 μg/mL of activated GO is selected as the optimal concentration for the following experiments with DNA sequence II. Then, different concentrations of Hg2+ (0, 2, 5, 10, 20, 50, 100, 200, 500, and 1000 nM) were added to the GO/DNA hybrid biochip, and the changes in fluorescence intensity were measured by a fluorescence scanner (Figure S5a). As the Hg2+ concentration increases, the fluorescence intensity detected by the biochip becomes lower (Figure S5b). When the Hg2+ concentration is 0~10 nM, the fluorescence intensity of the GO/DNA sequence II biochip with two PS sites decreases linearly with the Hg2+ concentration increase (Figure S5c). The linear equation is y = 137.91347x + 5273.51532 (R2 = 0.97), and the LOD is 0.38 nM. Compared with that of DNA sequence I, the hybridization effect of DNA sequence II is more stable, and the LOD of the biochip based on DNA sequence II is better. As shown in Table 1 below, the detection limits of Hg2+ observed in this study are compared with the detection limits obtained by other assays. The sensor has a low detection limit.



Similar to the selectivity exploration conducted in DNA sequence I, 1μM of various metal ions (Cu2+, Mn2+, Pb2+, Fe2+, Zn2+, Ca2+, Mg2+, Ag+, K+, Na+, Cd2+, and Hg2+) was incubated to the DNA/GO hybrid biochips with DNA sequence II. The change in fluorescence intensity was checked by the fluorescence scanner (Figure S4a). The fluorescence intensity corresponding to Hg2+ in the DNA/GO hybrid biochip is the weakest (over 10 times weaker than that of the other metal ions), which demonstrates that the selectivity of the biochip of the GO/DNA sequence II biochip with two PS sites has better selectivity for Hg2+ than that of DNA sequence I (Figure 4b and Figure S3d).



In addition, to further demonstrate the Hg2+ detection ability in real applications, some liquid samples collected from Dendrobium candidum and Dendrobium huoshanense grown in a natural environment were measured by the above-mentioned GO chip, and the results were negative (no obvious Hg2+ was observed). The GO chip can also be used to detect other targets, such as toxins, in Dendrobium. Therefore, it is an important tool for food safety, medical diagnosis, environmental monitoring, and other fields.





4. Conclusions


In conclusion, three DNA/GO hybrid biochips were developed with high sensitivity and selectivity for Hg2+ detection. The chips were prepared based on the fixation of activated GO with an amino slide and contain two different DNA sequences with one or two PS sites. The LODs are 1.75 nM, 1.49 nM, and 0.38 nM. The sensitivity and selectivity can be improved by introducing more PS sites and complementary bases into the sequence. This biochip was used for Hg2+ detection in real applications, some liquid samples collected from Dendrobium. Though the real-time detection of the biochips needs to be further investigated in the future, the biochips demonstrated in this study have high sensitivity and selectivity with high throughput and portability, which have great potential application prospects in the detection of the heavy metal ion Hg2+. The results show this biochip is promising.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/bios11090300/s1, Figure S1: Optimization of activated GO concentration based on sensors containing DNA sequences I hybrid with two PS cutting sites. Figure S2: Sensitivity analysis for Hg2+ detection based on sensors containing DNA sequences I hybrid with two PS cutting sites. Figure S3: Selectivity analysis for Hg2+ detection based on sensors containing DNA sequences I. Figure S4 Optimization of activated GO concentration based on sensors containing DNA sequences II hybrid with two PS cutting sites. Figure S5 Sensitivity analysis for Hg2+ detection based on sensors containing DNA sequences II hybrid with two PS cutting sites.





Author Contributions


Conceptualization, L.G.; methodology, Q.L.; formal analysis, N.X.; investigation, F.L.; data curation, Y.L.; writing—original draft preparation, L.G.; writing—review and editing, B.H.; supervision, B.H.; project administration, L.G.; funding acquisition, B.H. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


This work is supported by Jiangsu University Graduate Project (Y18A135), Postgraduate Research Innovation Program of Jiangsu Province (KYCX20_3070), the Natural Science Foundation of Jiangsu Province (BK20181444) of China and the China Agriculture Research System of MOF and MARA (CARS-21).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Dreyer, D.R.; Park, S.; Bielawski, C.W.; Ruoff, R.S. The chemistry of graphene oxide. Chem. Soc. Rev. 2010, 39, 228–240. [Google Scholar] [CrossRef]

	



Zhu, Y.; Murali, S.; Cai, W.; Li, X.; Suk, J.W.; Potts, J.R.; Ruoff, R.S. Graphene and graphene oxide: Synthesis, properties, and applications. Adv. Mater. 2010, 22, 3906–3924. [Google Scholar] [CrossRef] [PubMed]

	



Hummer, W.S.; Offeman, R.E. Preparation of Graphitic Oxide. J. Am. Chem. Soc. 1958, 80, 1339. [Google Scholar] [CrossRef]

	



Liu, L.; Zhang, R.; Liu, Y.; Tan, W.; Zhu, G. Insight into hydrogen bonds and characterization of interlayer spacing of hydrated graphene oxide. J. Mol. Model. 2018, 24, 137. [Google Scholar] [CrossRef]

	



Zheng, P.; Wu, N. Fluorescence and sensing applications of graphene oxide and graphene quantum dots: A review. Chem. Asian J. 2017, 12, 2343–2353. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.; Cao, Z.; Lu, Y. ChemInform abstract: Functional nucleic acid sensors. Chem. Rev. 2009, 109, 1948–1998. [Google Scholar] [CrossRef]

	



Kong, R.M.; Zhang, X.B.; Chen, Z.; Tan, W. Aptamer-assembled nanomaterials for biosensing and biomedical applications. Small 2011, 7, 2428–2436. [Google Scholar] [CrossRef]

	



Wang, Z.; Lu, Y. Functional DNA directed assembly of nanomaterials for biosensing. J. Mater. Chem. 2009, 19, 1788–1798. [Google Scholar] [CrossRef]

	



Wu, M.; Kempaiah, R.; Huang, P.-J.J.; Maheshwari, V.; Liu, J. Adsorption and desorption of DNA on graphene oxide studied by fluorescently labeled oligonucleotides. Langmuir 2011, 27, 2731–2738. [Google Scholar] [CrossRef] [PubMed]

	



Mukherjee, S.P.; Gliga, A.R.; Lazzaretto, B.; Brandner, B.; Fielden, M.; Vogt, C.; Newman, L.; Rodrigues, A.F.; Shao, W.; Fournier, P.M.; et al. Graphene oxide is degraded by neutrophils and the degradation products are non-genotoxic. Nanoscale 2018, 10, 1180–1188. [Google Scholar] [CrossRef]

	



Zhu, G.; Zhang, C.-Y. Functional nucleic acid-based sensors for heavy metal ion assays. Analyst 2014, 139, 6326–6342. [Google Scholar] [CrossRef]

	



Frisbie, S.H.; Mitchell, E.J.; Sarkar, B. Urgent need to reevaluate the latest World Health Organization guidelines for toxic inorganic substances in drinking water. Environ. Health Glob. Access Sci. Source 2015, 14, 63. [Google Scholar] [CrossRef] [PubMed]

	



Meleleo, D.; Notarachille, G.; Mangini, V.; Arnesano, F. Concentration-dependent effects of mercury and lead on Aβ42: Possible implications for Alzheimer’s disease. Eur. Biophys J. 2019, 48, 173–187. [Google Scholar] [CrossRef] [PubMed]

	



Larsen, T.J.; Jørgensen, M.E.; Larsen, C.V.L.; Dahl-Petersen, I.K.; Rønn, P.F.; Bjerregaard, P.; Byberg, S. Whole blood mercury and the risk of cardiovascular disease among the Greenlandic population. Environ. Res. 2018, 164, 310–315. [Google Scholar] [CrossRef] [PubMed]

	



Xu, L.; Zhang, W.; Liu, X.; Zhang, C.; Wang, P.; Zhao, X. Circulatory levels of toxic metals (Aluminum, Cadmium, Mercury, Lead) in patients with alzheimer’s disease: A quantitative meta-analysis and systematic review. J. Alzheimer’s Dis. JAD 2018, 62, 361–372. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Zhao, H.; Wu, Z.; Xue, Y.; Zhang, X.; He, Y.; Li, X.; Yuan, Z. A novel graphene-DNA biosensor for selective detection of mercury ions. Biosens. Bioelectron. 2013, 48, 180–187. [Google Scholar] [CrossRef] [PubMed]

	



Fang, S.; Dong, X.; Zhang, Y.; Kang, M.; Liu, S.; Yan, F.; He, L.; Feng, X.; Wang, P.; Zhang, Z. One-step synthesis of porous cuprous oxide microspheres on reduced graphene oxide for selective detection of mercury ions. NJCh 2014, 38, 5935–5942. [Google Scholar] [CrossRef]

	



Knopfmacher, O.; Hammock, M.L.; Appleton, A.L.; Schwartz, G.; Mei, J.; Lei, T.; Pei, J.; Bao, Z. Highly stable organic polymer field-effect transistor sensor for selective detection in the marine environment. Nat. Commun. 2014, 5, 2954. [Google Scholar] [CrossRef]

	



Wang, L.; Li, T.; Du, Y.; Chen, C.; Li, B.; Zhou, M.; Dong, S. Au NPs-enhanced surface plasmon resonance for sensitive detection of mercury(II) ions. Biosens. Bioelectron. 2010, 25, 2622–2626. [Google Scholar] [CrossRef]

	



Li, Q.-M.; Jiang, H.; Zha, X.-Q.; Wu, D.-L.; Pan, L.-H.; Duan, J.; Liu, J.; Luo, J.-P. Anti-inflammatory bibenzyls from the stems of Dendrobium huoshanense via bioassay guided isolation. Nat. Prod. Res. 2020, 34, 563–566. [Google Scholar] [CrossRef]

	



Ding, X.; Kong, L.; Wang, J.; Fang, F.; Li, D.; Liu, J. Highly sensitive SERS detection of Hg2+ ions in aqueous media using gold nanoparticles/graphene heterojunctions. ACS Appl. Mater. Interfaces 2013, 5, 7072–7078. [Google Scholar] [CrossRef]

	



Knecht, M.R.; Sethi, M. Bio-inspired colorimetric detection of Hg2+ and Pb2+ heavy metal ions using Au nanoparticles. Anal. Bioanal. Chem. 2009, 394, 33–46. [Google Scholar] [CrossRef]

	



Wang, C.; Tang, G.; Tan, H. Colorimetric determination of mercury(II) via the inhibition by ssDNA of the oxidase-like activity of a mixed valence state cerium-based metal-organic framework. Microchim. Acta 2018, 185, 475. [Google Scholar] [CrossRef] [PubMed]

	



Huang, P.-J.J.; Wang, F.; Liu, J. Cleavable molecular beacon for Hg2+ detection based on phosphorothioate RNA modifications. Anal. Chem. 2015, 87, 6890–6895. [Google Scholar] [CrossRef] [PubMed]

	



Shi, X.; Wen, J.; Li, Y.; Zheng, Y.; Zhou, J.; Li, X.; Yu, H.-Z. DNA molecular beacon-based plastic biochip: A versatile and sensitive scanometric detection platform. ACS Appl. Mater. Interfaces 2014, 6, 21788–21797. [Google Scholar] [CrossRef] [PubMed]

	



Mei, Z.; Tang, L. Surface-Plasmon-coupled fluorescence enhancement based on ordered gold nanorod array biochip for ultrasensitive DNA analysis. Anal. Chem. 2017, 89, 633–639. [Google Scholar] [CrossRef] [PubMed]

	



Chen, R.; Shi, H.; Meng, X.; Su, Y.; Wang, H.; He, Y. Dual-amplification strategy-based SERS chip for sensitive and reproducible detection of DNA methyltransferase activity in human serum. Anal. Chem. 2019, 91, 3597–3603. [Google Scholar] [CrossRef]

	



Jiang, Y.; Duan, Q.; Zheng, G.; Yang, L.; Zhang, J.; Wang, Y.; Zhang, H.; He, J.; Sun, H.; Ho, D. An ultra-sensitive and ratiometric fluorescent probe based on the DTBET process for Hg(2+) detection and imaging applications. Analyst 2019, 144, 1353–1360. [Google Scholar] [CrossRef] [PubMed]

	



Shi, X.; Gao, X.; Zhang, L.; Li, Y.; Fan, L.; Yu, H.Z. Binary DNA hairpin-based colorimetric biochip for simultaneous detection of Pb(2+) and Hg(2+) in real-world samples. Analyst 2015, 140, 2608–2612. [Google Scholar] [CrossRef]

	



Stryer, L.; Haugland, R.P. Energy transfer: A spectroscopic ruler. Proc. Natl. Acad. Sci. USA 1967, 58, 719–726. [Google Scholar] [CrossRef]

	



Zhou, D.; Piper, J.D.; Abell, C.; Klenerman, D.; Kang, D.J.; Ying, L. Fluorescence resonance energy transfer between a quantum dot donor and a dye acceptor attached to DNA. Chem. Commun. 2005, 4807–4809. [Google Scholar] [CrossRef] [PubMed]

	



Chen, G.H.; Chen, W.Y.; Yen, Y.C.; Wang, C.W.; Chang, H.T.; Chen, C.F. Detection of mercury(II) ions using colorimetric gold nanoparticles on paper-based analytical devices. Anal. Chem. 2014, 86, 6843–6849. [Google Scholar] [CrossRef] [PubMed]

	



He, L.; Lu, Y.; Wang, F.; Gao, X.; Chen, Y.; Liu, Y. Bare eye detection of Hg(II) ions based on enzyme inhibition and using mercaptoethanol as a reagent to improve selectivity. Mikrochim. Acta 2018, 185, 174. [Google Scholar] [CrossRef]

	



Dong, J.; Liu, Y.; Hu, J.; Baigude, H.; Zhang, H. A novel ferrocenyl-based multichannel probe for colorimetric detection of Cu(II) and reversible fluorescent “turn-on” recognition of Hg (II) in aqueous environment and living cells. Sens. Actuators B Chem. 2017, 255, 952–962. [Google Scholar] [CrossRef]

	



Wang, W.; Kang, T.S.; Chan, P.W.; Lu, J.J.; Chen, X.P.; Leung, C.H.; Ma, D.L. A label-free G-quadruplex-based mercury detection assay employing the exonuclease III-mediated cleavage of T-Hg(2+)-T mismatched DNA. Sci. Technol. Adv. Mater. 2015, 16, 065004. [Google Scholar] [CrossRef]

	



Chen, J.; Liu, Y.; Ye, T.; Xiang, X.; Ji, X.; He, Z. A novel droplet dosing strategy-based versatile microscale biosensor for detection of DNA, protein and ion. Sens. Actuators B Chem. 2015, 215, 206–214. [Google Scholar] [CrossRef]

	



Ghasemi, F.; Hormozi-Nezhad, M.R.; Mahmoudi, M. A new strategy to design colorful ratiometric probes and its application to fluorescent detection of Hg(II). Sens. Actuators B Chem. 2018, 259, 894–899. [Google Scholar] [CrossRef]








[image: Biosensors 11 00300 g001 550] 





Figure 1. DNA sequence I hybrid with one PS cutting site (a) and two PS cutting sites (b). (c) DNA sequence II hybrid with two PS cutting sites. Digital images with comparison of GO and activated GO: (d) at the beginning and (e) after 24 h. 
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Scheme 1. The mercury ions detection based on graphene oxide microarray. 
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Figure 2. Optimization of activated GO concentration based on sensors containing DNA sequence I hybrid with one PS cutting site. (a) Scanning image of the chip microarray after optimization of activated GO concentration. (b) The fluorescence intensity of the Cy 5-DNA in the presence of different concentrations of activated GO. 
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Figure 3. Sensitivity analysis for Hg2+ detection based on sensors containing DNA sequence I hybrid with one PS cutting site. (a) Scanning image of the chip array after adding different concentrations of Hg2+. (b)The fluorescence intensity of the Cy 5-DNA in the presence of different concentrations of Hg2+. (c) Plotted data extracted from (b). The inset shown in (c) represents the linear working curve with the average of 3 experiments at low mercury ion concentrations. 
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Figure 4. Selectivity analysis for Hg2+ detection based on sensors containing DNA sequence II hybrid with two PS cutting sites. (a) Scanning image of the chip microarray after adding various metal ions. (b) The fluorescence intensity of the Cy 5-DNA in the presence of different metal ions. Each concentration of the metal ion was fixed at 1 μM. 
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Table 1. A comparison of our method with other methods for Hg2+ detection.
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	Method
	Linear Range
	Detection Limit (LOD)
	References





	Colorimetric
	25–750 nM
	50 nM
	[32]



	Colorimetric
	25–40 nM
	5 nM
	[33]



	Colorimetric
	10 μM–1 mM
	0.316 μM
	[34]



	Fluorescence
	20–200 nM
	20 nM
	[35]



	Fluorescence
	20 nM–5 μM
	12 nM
	[36]



	Fluorescence
	10 nM–1.4 μM
	4.6 nM
	[37]



	Fluorescence
	0~10 nM
	0.38 nM
	This study
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