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Abstract

:

G-quadruplexes can bind with hemin to form peroxidase-like DNAzymes that are widely used in the design of biosensors. However, the catalytic activity of G-quadruplex/hemin DNAzyme is relatively low compared with natural peroxidase, which hampers its sensitivity and, thus, its application in the detection of nucleic acids. In this study, we developed a high-sensitivity biosensor targeting norovirus nucleic acids through rationally introducing a dimeric G-quadruplex structure into the DNAzyme. In this strategy, two separate molecular beacons each having a G-quadruplex-forming sequence embedded in the stem structure are brought together through hybridization with a target DNA strand, and thus forms a three-way junction architecture and allows a dimeric G-quadruplex to form, which, upon binding with hemin, has a synergistic enhancement of catalytic activities. This provides a high-sensitivity colorimetric readout by the catalyzing H2O2-mediated oxidation of 2,2′-azino-bis(3-ethylbenzothiazoline -6-sulfonic acid) diammonium salt (ABTS). Up to 10 nM of target DNA can be detected through colorimetric observation with the naked eye using our strategy. Hence, our approach provides a non-amplifying, non-labeling, simple-operating, cost-effective colorimetric biosensing method for target nucleic acids, such as norovirus-conserved sequence detection, and highlights the further implication of higher-order multimerized G-quadruplex structures in the design of high-sensitivity biosensors.
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1. Introduction


G-quadruplex is a higher-order DNA or RNA structure formed by guanine-rich nucleic acids [1]. Besides its variable biological relevance [2,3], G-quadruplexes are found to be able to bind with hemin to form a kind of peroxidase-like enzyme called G-quadruplex/hemin DNAzyme, which can catalyze the oxidation of substrates such as ABTS, TMB (tetramethylbenzidine) and luminol by H2O2, and hence, generates a visible color change. Because of its stable chemical properties, easy modification and programming accessibility, G-quadruplex/hemin DNAzymes are widely used in the design of biosensors for detecting target nucleic acids [4,5]. However, the sensitivity of the G-quadruplex/hemin DNAzyme biosensor it relatively low, which hampers its further application [5].



The sensitivity of the G-quadruplex/hemin DNAzyme biosensor relies on the catalytic activity of the DNAzyme. Previous studies have shown that the structure of the G-quadruplex has a crucial impact on the catalytic efficiency. For example, the DNAzyme formed by parallel G-quadruplex has a much higher catalytic efficiency than that formed by antiparallel G-quadruplex [6], and that formed by G-quadruplex with adenosine at the 3′-end shows an enhanced catalytic activity [7], while that formed with adenosines at both the 3′- and 5′-ends can efficiently catalyze the oxidation even at 95 °C [8]. Besides, two or more individual G-quadruplexes stacked on top of each other to form a multimeric G-quadruplex have a synergistic enhancement effect on the catalytic activity of the DNAzyme [9,10,11]. Several groups have found that the DNAzyme bearing multimeric G-quadruplex is more active than the sum of activities of an equal number of DNAzymes bearing monomeric G-quadruplex, probably because the multimeric G-quadruplex provides high-activity sites for both hemin and the oxidant H2O2 [9,10,11]. Therefore, introducing a multimeric G-quadruplex structure into the DNAzyme-based biosensor could be a promising strategy to improve its sensitivity. However, so far, in the design of biosensors based on G-quadruplex/hemin DNAzyme, multiple protein enzymes are usually applied to amplify the target nucleic acids, and hence, enrich the G-quadruplex units so as to improve their sensitivity [12,13,14,15,16], while the synergistic enhancement of catalytic activities caused by the multimerization of G-quadruplex units is neglected.



Norovirus is a contagious virus that is the most common cause of acute gastroenteritis [17]. Although noroviruses affect people of all ages globally, infection incidence rates are highest among young children under five years old, especially in developing countries [18]. It is reported that the direct health system costs of norovirus are around $4.2 billion per year globally [19]. In China, norovirus infection outbreaks show a constantly increasing trend and have brought a considerable burden to public healthcare [20]. It is known that noroviruses are 7.5–7.7 kb positive-stranded RNA viruses and currently can be classified into seven (GI to GVII) genogroups with GI and GII being the most common cause of human diseases [21]. Right now, molecular tests such as reverse-transcriptase polymerase chain reaction (RT-PCR) and quantitative, real time RT-PCR (RT-qPCR) are the gold standards for norovirus detection, but these methods require expensive facilities and trained expertise to conduct the assay and, thus, may not be applicable in underdeveloped areas [21]. Other detection methods such as the enzyme immunoassay [22], immunochromatographic lateral flow assays [23] and drop microfluidic assays [24] are also limited by relatively high costs. Based on the DNAzyme biosensor strategy, Kim’s group [25] developed a colorimetric detection method for norovirus in which the G-quadruplex reporter is blocked and the signal is switched “off” through PCR amplification of the target. While this method is able to detect up to a single copy of norovirus, it is PCR-dependent and requires protein enzymes, which increase the labor and cost involved.



In this study, based on the high catalytic efficiency of the multimeric G-quadruplex, we developed a high-sensitivity dimeric G-quadruplex/hemin DNAzyme (diG4/hemin DNAzyme) biosensor targeting Norovirus nucleic acids. As illustrated in Scheme 1, two molecular beacons (Probe 1 and Probe 2, abbreviated as P1 and P2) targeting adjacent DNA strands (Target 1 and Target 2, abbreviated as T1 and T2) were rationally designed with G-quadruplex-forming sequences, each embedded in the stem structure. As P1 and P2 hybridized with the adjacent T1 and T2, a three-way junction architecture formed, which could bring two released G-quadruplexes to dimerize, and thus, upon binding with hemin, could synergistically enhance the capacity to catalyze the H2O2-mediated oxidation of slightly green colored ABTS to visible green radical ABTS+. In our optimized reaction system, the colorimetric readout of target Norovirus conserved sequence was as low as 10 nM. Hence, our approach set up a non-amplifying, non-labeling, simple-operating, cost-effective colorimetric biosensing method for the detection of target nucleic acids, and also proposed further implications of multimerization of G-quadruplex in terms of the improvement of DNAzyme-based biosensor sensitivity.




2. Experimental Section


2.1. Materials and Reagents


The oligodeoxynucleotides (ODNs) corresponding to the norovirus conserved sequence target and the designed probes are listed in Table 1. All the ODNs were synthesized and ultrapage-purified by Sangon Biotech (Shanghai, China) without further desalting, dissolved in Milli-Q water and quantified using a Thermo Scientific Nanodrop 2000 spectrophotometer (Waltham, MA, US) to generate a stock solution at 100 μM. ABTS and hemin were purchased from Yuanye Bio-Tech (Shanghai, China). H2O2 (30%) was purchased from Damao Chemical Reagents (Tianjin, China). The stock solution of ABTS (40 mM) or H2O2 (40 mM) was prepared in Milli-Q water and that of hemin (100 μM) was prepared in DMSO and stored in dark at 4 °C. All the other reagents were of analytical grade and purchased from Sangon Biotech (Shanghai, China).




2.2. Colorimetric Detection of Target ODNs


The designed probes and corresponding target ODNs were mixed in a buffer containing 20 mM MgCl2, 100 mM Tris-HCl (pH 7.4) with 0–100 mM KCl or NH4Cl at described concentrations. The mixtures were heated at 95 °C for 5 min to dissociate any secondary structures and gradually cooled down to 25 °C for at least 2 h using a gradual cooling (0.1 °C/30 s) procedure. Afterwards, 2 μM hemin was added to the annealed mixture, which was subsequently incubated at 37 °C for 1 h to form the G-quadruplex/hemin DNAzyme. Finally, 4 mM ABTS and 4 mM H2O2 were added to the generated DNAzyme solution and mixed thoroughly. The color change produced by the ABTS-H2O2 reaction was observed and captured using a cell phone camera afterwards.




2.3. Circular Dichroism (CD) Spectroscopy


CD experiments were performed with a JASCO J-815 CD spectrometer (Tokyo, Japan) to evaluate the conformation of the designed probes in the presence or absence of corresponding targets. Measurements were conducted in a 0.1 cm path-length cuvette with a scanning wavelength range from 400 to 200 nm at 1 nm intervals. Three scans were averaged for each spectrum.




2.4. Gel Electrophoresis


Polyacrylamide gel electrophoresis (PAGE) experiments were performed for the separation of the probes with or without their corresponding targets. Nondenaturing PAGE was performed on a 15% polyacrylamide (Acrylamide/Bis 19:1) gel in 1×TBE buffer containing 90 mM Tris-Borate and 2 mM EDTA (pH = 8.0). ODN samples (8 μL) were loaded with 2 μL 5× sucrose gel loading buffer and 4S Redplus nucleic acid dye was used for staining in the dark for 40 min. The electrophoresis was run at 90V for 2 h and imaged using a BioRad Gel Doc XR+ system (Hercules, CA, USA).




2.5. Ultraviolet (UV) Spectroscopy


The designed probes, in the presence or absence of corresponding targets, were treated using the described colorimetric detection method and 8 min after the addition of ABTS and H2O2, the UV absorbance was collected using a JASCO V-750 UV-Visible Spectrophotometer (Tokyo, Japan). Samples were tested in a 0.1 cm path-length cuvette and data were collected from 500 to 400 nm at 1 nm intervals with a scanning speed of 100 nm/min. Each spectrum represents an average of two scans.





3. Results and Discussion


3.1. Design and Optimization of Colorimetric Buffer and Probes


Taking the conserved sequence linking orf1 and orf2 of norovirus GI [26] (Norwalk virus 8FIIa strain, GenBank ID: m87661: 5303-5362) as a target, we designed two molecular beacon probes—P1 and P2. In each of the probes, a widely used parallel G-quadruplex-forming sequence PW17 (GGGTAGGGCGGGTTGGG) [27] was chosen as the reporter sequence, and a short complementary sequence with 5, 6 or 7 nucleotides (see Table 1, P1-5/6/7 or P2-5/6/7) was designed to form a short stem with the G-rich sequence so as to block the G-quadruplex structure in the absence of the target. In order to promote the duplex formation either by the stem of the probe itself or the hybridization of the probe with the target, magnesium chloride was used in the colorimetric buffer [28]. As shown in Figure 1 (the very left panel), in the absence of the target, the probe P1-5 showed no catalytic activity for oxidation of ABTS, indicating that it folded into a hairpin structure which blocked the reporter sequence from forming G-quadruplex; however, in the presence of the target T1, although no additional monovalent cations were added to the colorimetric buffer, light yet visible green-colored radical ABTS+ was formed, which indicated the release of the G-rich sequence from the probe through hybridization with the target and partial formation of the G-quadruplex structure, since magnesium ions are reported to be able to bind and stabilize G-quadruplexes to some extent [29]. To further induce and stabilize the released G-quadruplex structure in the presence of the target, monovalent ions were introduced into the colorimetric buffer. At first, potassium chloride was used, but it can cause a high background in the probe itself (Figure S1), which may be due to the fact that the G-quadruplex structure in the presence of potassium ions is thermodynamically more favored than the designed hairpin structure. Thus, we tested ammonium chloride, which was previously reported to be able to enhance the colorimetric performance in the H2O2-ABTS reaction catalyzed by G-quadruplex/hemin DNAzyme [30]. Our results showed that the ammonium ions could significantly enhance the signal as the NH4+ concentration increased, and produced a slightly visible green background for the probe itself when the concentration was no more than 100 mM (Figure 1). Hence, the colorimetric buffer containing 100 mM NH4+ was used in the following probes and dimeric G-quadruplex/hemin DNAzyme system optimization.



To obtain an optimized signal-to-noise level, probes with varied stem lengths (5 bp, 6 bp and 7 bp) were evaluated. We first investigated the structure of the designed probes in the absence or presence of the corresponding targets using CD spectroscopy. As shown in Figure 2, the designed probes P1 (Figure 2a) and P2 (Figure 2b), with different stem lengths (5, 6 and 7 bp), had positive absorption around 260 nm and 280 nm in CD spectra (the dashed lines), indicating that all the probes could form DNA hairpin structures [31,32], which was consistent with the DNA secondary structure prediction result (Figure S2); while when the corresponding target T1 or T2 were added to the designed probes, the CD spectra showed much stronger and broader absorption around 260 nm to 280 nm, which was characteristic of duplex DNA and also overlapped with the absorption of parallel G-quadruplex DNA. We also evaluated the thermal stability of the probes with or without their corresponding targets. The results (Figure S3) show that the CD melting temperature (Tm) of the probe in the presence of the target was 3 °C higher than that without the target, which was likely caused by the hybridization of the probe with its corresponding target and release of the G-quadruplex reporter sequence. Furthermore, we evaluated the structure of the designed probes in the absence or presence of the corresponding targets in the condition with hemin and the results show that the structures remained unchanged after the addition of hemin since the CD absorption remained more or less the same as before (Figure S4).



We next evaluated the performance of the individual probes through UV spectroscopy and naked-eye observation. As illustrated in Figure 3a, the target T1 itself barely caused UV absorbance in the H2O2-ABTS reaction (the dot line), and the probes P1-5, P1-6 and P1-7 all showed low background (the dashed lines) and were nearly colorless by naked-eye observation (the inner tubes P1-5, P1-6 and P1-7). In the presence of the target T1, the probe P1-5 showed high catalytic efficiency for the oxidation of ABTS by H2O2 and, thus, generated a strong UV absorbance at 417 nm (the red solid line) and an obvious visible green color (the inner tube P1-5 + T1), while the probes P1-6 and P1-7 exhibited relatively lower catalytic activities as the UV absorbance at 417 nm was much lower (the blue and green solid lines) and the visible green color was much weaker (the inner tube P1-6 + T1 and P1-7 + T1) compared with that of P1-5. This may have been due to the fact that after hybridization with T1, the probe P1, bearing a 6- or 7-nt stem, released a longer flexible 3′ toehold, which may have impaired the stability of the architecture and thus led to lowered signal. For probe 2, as shown in Figure 3b, the corresponding target T2 barely generated UV absorbance (the dot line) and was nearly colorless (the inner tube T2). Although all the probes, with different stem lengths (P2-5, P2-6 and P2-7), showed high detection signal in the presence of T2, which can be seen from the high UV absorbance (the red, blue and green solid lines) and strong visible green color (the inner tubes P2-5 + T2, P2-6 + T2 and P2-7 + T2), the backgrounds of P2-6 and P2-7 themselves were too high to be distinguished from the signal (the blue and green dashed lines, and the inner tubes P2-6 and P2-7), while that of P2-5 was much lower (the red dashed line and the inner tube P2-5). Although longer stems are supposed to block the probe more tightly [33], P2 with a 5-nt stem (P2-5) holds a 3′ toehold consisting of three entire GGG tracts, which was able to form G-triplex structure that may have hindered the opening of the stem and hampered it from refolding into a parallel G-quadruplex [34], thus generating a lower background than that obtained with a 6- or 7-nt stem. Above all, the individual probes P1 and P2 were both optimized to have a stem length of 5 bp (P1-5 and P2-5) in order to obtain relatively high signal-to-background levels in the biosensor design.




3.2. diG4/Hemin DNAzyme Optimization


The distance between the two adjacent molecular beacons affected the stacked dimeric G-quadruplex structure in the presence of the target. As each of the reporter G-quadruplex has three G-tetrad layers, the maximum distance raised by the stacking of the two reporter G-quadruplex should have been no more than 6-nt, and thus, the initially selected target (T-DL6) consisted of two adjacent hybridization sites (T1 and T2) for each of the two probes that were 6-nt apart. We first evaluated the detection of the target T-DL6 by the dual probes P1-5 and P2-5 through UV absorbance. As shown in Figure S5, the UV absorbance of the target with the dual probes (red line) was around 30% higher than the sum of that of the individual probes (green line), which indicated that there was a synergetic effect between the two probes. In order to form a more efficient stacked dimeric G-quadruplex structure that had enhanced catalytic activity, the distance between the two probes was further optimized. We simply truncated the distance between the two selected targets to 5, 4, 3, 2 and 1-nt, and thus generated five truncated targets (T-DL5, T-DL4, T-DL3, T-DL2 and T-DL1) and evaluated their corresponding colorimetric detection using the previously optimized P1-5 and P2-5. As shown in Figure 4a, the target T-DL5, which corresponded to the distance of 5 nt between the two adjacent probes, exhibited the most intense visible green color, indicating that the G-rich sequences released from the hybridization of the two probes with the corresponding targets effectively formed stacked dimeric G-quadruplexes when the two probes were 5-nt apart. It is notable that when the distance was condensed to 4 nt, the catalytic activity of the diG4/hemin DNAzyme decreased significantly and, thus, a much weaker green color was detected for T-DL4 compared to T-DL5 and T-DL6. This may have been due to the fact that the two G-quadruplex motifs released from the adjacent probes were excluded from stacking with each other since the 5′ ends of P1 and 3′ end of P2 were too close. We further performed CD experiments and electrophoresis assays to evaluate the formation of the stacked dimeric G-quadruplexes through hybridization of P1-5 and P2-5 with T-DL5. As shown in Figure 4b, in the absence of the target, the mixture of the two probes (P1-5 + P2-5 + hemin) had two positive absorption bands near 260 nm and 280 nm, which was consistent with the CD absorption of each hairpin-structured probe. However, in the presence of the target T-DL5 (P1-5 + P2-5 + T-DL5 + hemin), the CD spectrum shows a much strong positive absorption at 267nm, indicating the formation of the long duplex structure by the hybridization of the probes P1-5 and P2-5 with the target T-DL5. This was supported by the electrophoresis results. As shown in Figure 4c, the individual probes P1-5 and P2-5 hybridized with their corresponding targets T1 and T2 (line 3 and line 6), and thus, migrated much more slowly than the separated probes (line 1 and line 4) or targets (line 2 and line 5). When the optimized probes P1-5 and P2-5 (line 7) were mixed with the target T-DL5 (line 8), a bright band corresponding to the long duplex formed by hybridization of the two probes with T-DL5 appeared (line 9). Furthermore, the thermal stability of the complexes formed by the hybridization of the individual probes P1-5 or P2-5 with their corresponding targets T1 or T2 were relatively close, with the CD melting temperature (Tm) of 62 °C and 64 °C, respectively (Figure 4d, black line and red line), while the complex of P1-5 and P2-5 with T-DL5 was much more stable, with the Tm increasing significantly to 70 °C (Figure 4d, blue line), indicating the formation of the end-stacked dimeric G-quadruplexes that were released and brought together through the hybridization of the two adjacent probes P1-5 and P2-5 with the target T-DL5.




3.3. Detection Limitation of the diG4/Hemin DNAzyme Biosensor


To further evaluate the sensitivity of the optimized diG4/hemin DNAzyme biosensor, we investigated the colorimetric limitation of the target T-DL5 by the probes P1-5 and P2-5 through naked-eye observation. As shown in Figure 5a, the visible green color faded as the concentration of the T-DL5 decreased, and the target was distinguishable from the background with a concentration as low as 0.02 μM. We further measured the UV absorbance of the samples with different concentrations of T-DL5; as shown in Figure 5b, the UV absorbance gradiently increased as the T-DL5 concentration increased, and the inner panel illustrates that the UV absorbance at 417nm was in linear correlation with the T-DL5 concentration when it was no more than 0.2 μM.



Based on the probe and adjacent target distance optimization result, we finally designed two molecular beacons, P1 and P2, which targeted two adjacent sequences that were 5-nt apart within the norovirus GI-conserved sequence (GenBank ID: m87661: 5303–5362). As shown in Figure 6, we evaluated the colorimetric detection limitation of the designed biosensor and the results showed that the target sequence could be distinguished by naked-eye observation at 0.01 μM.





4. Conclusions


In this study, we developed a diG4/hemin DNAzyme biosensor utilizing norovirus as a model target. Nowadays, as the threat of various organisms and viruses against humans is becoming a prominent problem for public health [35], developing new DNA-based detection systems that utilize oligonucleotide itself as a reporter to generate visible signals is of great importance for the diagnosis of multiple virus infections. Here, we reported an easy methodology based on the high catalytic efficiency of stacked dimeric G-quadruplex/hemin DNAzyme through the rational design of two adjacent molecular beacon probes and applied it in the colorimetric detection of norovirus GI. Our biosensor has the advantages of non-labeling, non-protein enzyme involving, low cost and easy construction of probes for the detection assay, and it can currently detect target ODNs up to 10 nM through naked-eye observation. By easily substituting the hybridization segment of the probe to the sequence complementary of the target, this platform can be adapted for various nucleic acid detection assays of other viruses. Although our approach is more sensitive than the previously reported PCR-free, simple operational split G-quadruplex/hemin DNAzyme detection assays for dengue virus [36], its ability to detect actual virus mRNA might still be limited and further validation of the assay in various norovirus-infected samples is also required. In further studies, the diG4/hemin DNAzyme might be combined with non-enzymatic DNA amplification techniques such as catalyzed hairpin assembly (CHA) so as to further improve the sensitivity of measurement, and thus, to provide a simple, cost-effective and high-sensitivity biosensing system to promote the early screening of communicable diseases such as acute gastroenteritis caused by norovirus in underdeveloped areas.








Supplementary Materials


The following are available online. Additional figures are noted in the text. Figure S1: Photograph of colorimetric detection of target T1 by probe P1-5 at different concentrations of potassium ions. Conditions: two micrometers of each of the probes or targets, 20 mM MgCl2, 100 mM Tris-HCl (pH 7.4), 0–50 mM KCl, as illustrated; Figure S2: The predicted secondary structure of the designed probes using the online software RNAstructure (http://rna.urmc.rochester.edu/RNAstructureWeb/ accessed on 18 January 2021). Figure S3: (a) the CD melting curve and (b) melting temperature of the probe P1-5 or P2-5 in the presence and absence of their corresponding targets T1 or T2. Conditions: two micrometers for each of the probes or targets, 20 mM MgCl2, 100 mM NH4Cl, 100 mM Tris-HCl (pH 7.4); Figure S4: CD spectra of the designed probes (a) P1 and (b) P2 in the absence and presence of their corresponding targets T1 and T2 in the condition with hemin. Conditions: two micrometers for each of the probes or targets, 20 mM MgCl2, 100 mM NH4Cl, 100 mM Tris-HCl (pH 7.4), 2 μM hemin. It is notable that the hemin was dissolved in DMSO, which usually causes a high background around 200 to 230 nm in the CD spectrum, so the scanning wavelength ranged from 235 to 400 nm. For a clear comparison, the corresponding CD spectra without hemin are also presented here as (c) and (d); Figure S5: (a) UV absorbance of the dual probes or the individual probes in the absence or presence of the target T-DL6. The green line shows the calculated sum UV absorbance of the individual probes with the target. (b) Comparison of the UV absorbance at 417 nm of the dual probes or the individual probes in the presence of the target.





Author Contributions


X.C. supervised the whole project, carried out the experiments, analyzed the data and wrote the manuscript. Y.Z. performed the structural analysis experiments and helped in the writing of the manuscript. X.M. and J.Z. verified the analytical methods. F.L. and W.W. helped in the analyzing of the data. All authors discussed the results and contributed to the final manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work was financially supported by the Beijing Natural Science Foundation (Grant No.2204091).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Chambers, V.S.; Marsico, G.; Boutell, J.M.; Di Antonio, M.; Smith, G.P.; Balasubramanian, S. High-throughput sequencing of DNA G-quadruplex structures in the human genome. Nat. Biotechnol. 2015, 33, 877–881. [Google Scholar] [CrossRef]

	



Hänsel-Hertsch, R.; Beraldi, D.; Lensing, S.V.; Marsico, G.; Zyner, K.; Parry, A.; Di Antonio, M.; Pike, J.; Kimura, H.; Narita, M.; et al. G-quadruplex structures mark human regulatory chromatin. Nat. Genet. 2016, 48, 1267–1272. [Google Scholar] [CrossRef]

	



Piazza, A.; Cui, X.J.; Adrian, M.; Samazan, F.; Heddi, B.; Phan, A.T.; Nicolas, A.G. Non-Canonical G-quadruplexes cause the hCEB1 minisatellite instability in Saccharomyces cerevisiae. Elife 2017, 6, e26884. [Google Scholar] [CrossRef]

	



Ida, J.; Chan, S.K.; Glökler, J.; Lim, Y.Y.; Choong, Y.S.; Lim, T.S. G-quadruplexes as an alternative recognition element in disease-related target sensing. Molecules 2019, 24, 1079. [Google Scholar] [CrossRef] [PubMed]

	



Yang, H.L.; Zhou, Y.; Liu, J.W. G-quadruplex DNA for construction of biosensors. TRAC-Trend. Anal. Chem. 2020, 132, 116060. [Google Scholar] [CrossRef]

	



Kong, D.M.; Yang, W.; Wu, J.; Li, C.X.; Shen, H.X. Structure–function study of peroxidase-like G-quadruplex-hemin complexes. Analyst 2010, 135, 321–326. [Google Scholar] [CrossRef] [PubMed]

	



Li, W.; Li, Y.; Liu, Z.L.; Lin, B.; Yi, H.B.; Xu, F.; Nie, Z.; Yao, S.Z. Insight into G-quadruplex-hemin DNAzyme/RNAzyme: Adjacent adenine as the intramolecular species for remarkable enhancement of enzymatic activity. Nucleic Acids Res. 2016, 44, 7373–7384. [Google Scholar] [CrossRef] [PubMed]

	



Guo, Y.H.; Chen, J.L.; Cheng, M.P.; Monchaud, D.; Zhou, J.; Ju, H.X. A Thermophilic Tetramolecular G-Quadruplex/Hemin DNAzyme. Angewandte Chem. 2017, 129, 16863–16867. [Google Scholar] [CrossRef]

	



Adeoye, R.I.; Osalaye, D.S.; Ralebitso-Senior, T.K.; Boddis, A.; Reid, A.J.; Fatokun, A.A.; Powell, A.K.; Malomo, S.O.; Olorunniji, F.J. Catalytic activities of multimeric G-quadruplex dnazymes. Catalysts 2019, 9, 613. [Google Scholar] [CrossRef]

	



Cheng, Y.; Cheng, M.P.; Hao, J.Y.; Jia, G.Q.; Monchaud, D.; Li, C. The noncovalent dimerization of a G-quadruplex/hemin DNAzyme improves its biocatalytic properties. Chem. Sci. 2020, 11, 8846–8853. [Google Scholar] [CrossRef] [PubMed]

	



Stefan, L.; Denat, F.; Monchaud, D. Deciphering the DNAzyme activity of multimeric quadruplexes: Insights into their actual role in the telomerase activity evaluation assay. J. Am. Chem. Soc. 2011, 133, 20405–20415. [Google Scholar] [CrossRef]

	



Li, H.B.; Liu, M.B.; Zhao, W.H.; Pu, J.M.; Xu, J.G.; Wang, S.Q.; Yu, R.Q. Multi-channel collection of G-quadruplex transducers for amplified signaling of Pax-5 based on target-triggered split-to-intact remodeling of dual-G-rich duplex probe. Sensor. Actuat. B-Chem. 2020, 311, 127913. [Google Scholar] [CrossRef]

	



Liu, Z.M.; Yao, C.H.; Wang, Y.M.; Yang, C.Y. A G-quadruplex DNAzyme-based LAMP biosensing platform for a novel colorimetric detection of Listeria monocytogenes. Anal. Methods 2018, 10, 848–854. [Google Scholar] [CrossRef]

	



Li, H.B.; Wu, Z.S.; Qiu, L.P.; Liu, J.W.; Wang, C.; Shen, G.L.; Yu, R.Q. Ultrasensitive label-free amplified colorimetric detection of p53 based on G-quadruplex MBzymes. Biosens. Bioelectron. 2013, 50, 180–185. [Google Scholar] [CrossRef] [PubMed]

	



Li, H.B.; Wang, S.Q.; Wu, Z.S.; Xu, J.G.; Shen, G.L.; Yu, R.Q. New function of exonuclease and highly sensitive label-free colorimetric DNA detection. Biosens. Bioelectron. 2016, 77, 879–885. [Google Scholar] [CrossRef] [PubMed]

	



Xiao, M.; Zhao, W.H.; Li, H.B.; Pu, J.M.; Liu, M.B.; Wang, S.Q.; Xu, J.G.; Yu, R.Q. Facile strategy to enhance the specificity and sensitivity of hairpin molecular devices for detecting pax-5a gene by an integration probe and the specific function of exonuclease Ⅲ. Sens. Actuat. B-Chem. 2020, 322, 128495. [Google Scholar] [CrossRef]

	



Bányai, K.; Estes, M.K.; Martella, V.; Parashar, U.D. Viral gastroenteritis. Lancet 2018, 392, 175–186. [Google Scholar] [CrossRef]

	



Shah, M.P.; Hall, A.J. Norovirus Illnesses in Children and Adolescents. Infect. Dis. Clin. N. Am. 2018, 32, 103–118. [Google Scholar] [CrossRef] [PubMed]

	



Bartsch, S.M.; Lopman, B.A.; Ozawa, S.; Hall, A.J.; Lee, B.Y. Global Economic Burden of Norovirus Gastroenteritis. PLoS ONE 2016, 11, e0151219. [Google Scholar] [CrossRef] [PubMed]

	



Chen, C.; Guan, Z.; Huang, C.; Jiang, D.; Liu, X.; Zhou, Y.; Yan, D.; Zhang, X.; Zhou, Y.; Ding, C.; et al. Epidemiological Trends and Hotspots of Other Infectious Diarrhea (OID) in Mainland China: A Population-Based Surveillance Study From 2004 to 2017. Front. Public Health 2021, 9, 679853. [Google Scholar] [CrossRef]

	



Vinjé, J. Advances in laboratory methods for detection and typing of norovirus. J. Clin. Microbiol. 2015, 53, 373–381. [Google Scholar] [CrossRef] [PubMed]

	



De Bruin, E.; Duizer, E.; Vennema, H.; Koopmans, M.P. Diagnosis of Norovirus outbreaks by commercial ELISA or RT-PCR. J. Virol. Methods 2006, 137, 259–264. [Google Scholar] [CrossRef] [PubMed]

	



Doerflinger, S.Y.; Tabatabai, J.; Schnitzler, P.; Farah, C.; Rameil, S.; Sander, P.; Koromyslova, A.; Hansman, G.S. Development of a Nanobody-Based Lateral Flow Immunoassay for Detection of Human Norovirus. mSphere 2016, 1, e00219-16. [Google Scholar] [CrossRef] [PubMed]

	



Fischer, A.E.; Wu, S.K.; Proescher, J.B.; Rotem, A.; Chang, C.B.; Zhang, H.; Tao, Y.; Mehoke, T.S.; Thielen, P.M.; Kolawole, A.O. A high-throughput drop microfluidic system for virus culture and analysis. J. Virol. Methods 2015, 213, 111–117. [Google Scholar] [CrossRef]

	



Batule, B.S.; Kim, S.U.; Mun, H.; Choi, C.; Shim, W.B.; Kim, M.G. Colorimetric Detection of Norovirus in Oyster Samples through DNAzyme as a Signaling Probe. J. Agric. Food Chem. 2018, 66, 3003–3008. [Google Scholar] [CrossRef] [PubMed]

	



Hardy, M.E.; Estes, M.K. Completion of the Norwalk virus genome sequence. Virus Genes 1996, 12, 287–290. [Google Scholar] [CrossRef] [PubMed]

	



Li, T.; Wang, E.; Dong, S. Potassium-lead-switched G-quadruplexes: A new class of DNA logic gates. J. Am. Chem. Soc. 2009, 131, 15082–15083. [Google Scholar] [CrossRef]

	



Owczarzy, R.; Moreira, B.G.; You, Y.; Behlke, M.A.; Walder, J.A. Predicting stability of DNA duplexes in solutions containing magnesium and monovalent cations. Biochemistry 2008, 47, 5336–5353. [Google Scholar] [CrossRef] [PubMed]

	



Seo, J.; Hong, E.S.; Yoon, H.-J.; Shin, S.K. Specific and nonspecific bindings of alkaline-earth metal ions to guanine-quadruplex thrombin-binding aptamer DNA. Int. J. Mass Spectrom. 2012, 330–332, 262–270. [Google Scholar] [CrossRef]

	



Chen, Z.; Luo, F.L.; Li, L.; Li, C.Y.; Zhu, Y.Y.; Sun, X.M. Use of Tris-NH4Cl in modified G4/hemin DNAzyme assay with duplexed probes extends life of colorized radical product. Sens. Actuat. B-Chem. 2020, 321, 128559. [Google Scholar] [CrossRef]

	



Kypr, J.; Kejnovská, I.; Renciuk, D.; Vorlícková, M. Circular dichroism and conformational polymorphism of DNA. Nucleic Acids Res. 2009, 37, 1713–1725. [Google Scholar] [CrossRef]

	



Vorlíčková, M.; Kejnovská, I.; Sagi, J.; Renčiuk, D.; Bednářová, K.; Motlová, J.; Kypr, J. Circular dichroism and guanine quadruplexes. Methods 2012, 57, 64–75. [Google Scholar] [CrossRef] [PubMed]

	



Xiao, Y.; Wu, Z.; Wong, K.Y.; Liu, Z. Hairpin DNA probes based on target-induced in situ generation of luminescent silver nanoclusters. Chem. Commun. 2014, 50, 4849–4852. [Google Scholar] [CrossRef] [PubMed]

	



Limongelli, V.; De Tito, S.; Cerofolini, L.; Fragai, M.; Pagano, B.; Trotta, R.; Cosconati, S.; Marinelli, L.; Novellino, E.; Bertini, I.; et al. The G-triplex DNA. Angew. Chem. Int. Ed. Engl. 2013, 52, 2269–2273. [Google Scholar] [CrossRef] [PubMed]

	



Charnley, G.; Kelman, I.; Gaythorpe, K.; Murray, K.A. Traits and risk factors of post-disaster infectious disease outbreaks: A systematic review. Sci. Rep. 2021, 11, 5616. [Google Scholar] [CrossRef] [PubMed]

	



Ida, J.; Kuzuya, A.; Choong, Y.S.; Lim, T.S. An intermolecular-split G-quadruplex DNAzyme sensor for dengue virus detection. RSC Adv. 2020, 10, 33040–33051. [Google Scholar] [CrossRef]








[image: Molecules 26 07352 sch001 550] 





Scheme 1. diG4/hemin DNAzyme biosensor. The hybridization of two probes with the adjacent targets allows the formation of a dimerized G-quadruplex and, thus, provides high-activity sites for hemin so as to enhance the catalytic activity of the DNAzyme. 
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Figure 1. Photograph of colorimetric detection of target T1 by probe P1-5 at different concentrations of ammonium ions. Conditions: 2 μM of each of the probe or target, 20 mM MgCl2, 100 mM Tris-HCl (pH 7.4), and 0–200 mM NH4Cl, as illustrated. 
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Figure 2. CD spectra of the designed probes (a) P1 and (b) P2 with different stem lengths (5, 6 and 7 bp) in the absence and presence of the corresponding targets T1 and T2, respectively. Conditions: 2 μM for each of the probes or targets, 20 mM MgCl2, 100 mM NH4Cl, and 100 mM Tris-HCl (pH 7.4). 
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Figure 3. The UV spectra and colorimetric photograph (inner panel) of the individual probes (a) P1 and (b) P2 with different stem lengths (5, 6 and 7 bp) in the absence or presence of the corresponding targets. Conditions: 2 μM for each of the probes or targets, 20 mM MgCl2, 100 mM NH4Cl, 100 mM Tris-HCl (pH 7.4), 2 μM hemin, 4 mM H2O2, and 4 mM ABTS. 
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Figure 4. (a) Colorimetric photograph (upper) and normalized absorbance (bottom) of 1 μM of the molecular beacons P1-5 and P2-5 in the absence or presence of 0.05 μM of each of the targets with two adjacent hybridization sites separated by 6 to 1 nt. (b) CD spectra of 1 μM of the molecular beacons P1-5 and P2-5 in the absence or presence of 1 μM T-DL5 followed by the addition of 2 μM hemin in the colorimetric buffer. (c) The electrophoresis band of the molecular beacons (line 1: P1-5; line 2: P2-5), the separated targets (line 2: T1; line 5: T2), the optimized target consisting of two adjacent hybridization sites separated by 5 nt (line 8: T-DL5) and the mixture of the molecular beacons with their corresponding targets (line 3: P1-5 + T1; line 6: P2-5 + T2; line 9: P1-5 + P2-5 + T-DL5). All the samples were prepared in colorimetric buffer and the concentration of each of the ODN was 1 μM. (d) The CD melting curve of 1 μM of P1-5 and P2-5 with 1 μM of their corresponding separated targets or the optimized target T-DL5 followed by the addition of 2 μM hemin in the colorimetric buffer. 
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Figure 5. (a) Colorimetric observation and (b) UV absorbance of 0–1 μM T-DL5 in the presence of 1 μM P1-5 and 1 μM P2-5 in colorimetric buffer. The inner panel in (b) illustrates the linear fitting of UV absorbance at 417 nm with 0–0.2 μM T-DL5. 
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Figure 6. Sequences of the targeted norovirus GI conserved sequence (Target) and the two molecular beacons (P1 and P2), and the colorimetric observation of the target at different concentrations by 1 μM P1 and 1 μM P2 in colorimetric buffer. 






Figure 6. Sequences of the targeted norovirus GI conserved sequence (Target) and the two molecular beacons (P1 and P2), and the colorimetric observation of the target at different concentrations by 1 μM P1 and 1 μM P2 in colorimetric buffer.



[image: Molecules 26 07352 g006]







[image: Table] 





Table 1. The sequences of the ODNs used in this study.
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	Name
	Sequences (5′-3′)





	Target (T-DL6)
	tcatcatttacgaattcgggcagaagatcgcgatctcctgtccacaatccgaggtcatgg



	T1
	tcatcatttacgaattcgggcagaagatcgcga



	T2
	tcgcgatctcctgtccacaatccgaggtcatgg



	P1-5
	GGGTAGGGCGGGTTGGGtcttctgcccgaattcgtaaatgCCCAA



	P2-5
	TACCCgacctcggattgtggacaggagaGGGTAGGGCGGGTTGGG



	P1-6
	GGGTAGGGCGGGTTGGGtcttctgcccgaattcgtaaatgCCCAAC



	P2-6
	CTACCCgacctcggattgtggacaggagaGGGTAGGGCGGGTTGGG



	P1-7
	GGGTAGGGCGGGTTGGGtcttctgcccgaattcgtaaatgCCCAACC



	P2-7
	CCTACCCgacctcggattgtggacaggagaGGGTAGGGCGGGTTGGG



	T-DL5
	tcatcatttacgaattcgggcagaagatcgcgtctcctgtccacaatccgaggtcatgg



	T-DL4
	tcatcatttacgaattcgggcagaagatcgctctcctgtccacaatccgaggtcatgg



	T-DL3
	tcatcatttacgaattcgggcagaagatcgtctcctgtccacaatccgaggtcatgg



	T-DL2
	tcatcatttacgaattcgggcagaagatctctcctgtccacaatccgaggtcatgg



	T-DL1
	tcatcatttacgaattcgggcagaagattctcctgtccacaatccgaggtcatgg
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