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Abstract

:

“Cu-DNAzyme” and “G4-DNAzyme” were used to develop a “turn-off” dual-DNAzyme colorimetric biosensor, which could be used to detect Cu2+ by employing exonuclease III-mediated cyclical assembly (EMCA). EMCA was based on the cleavage activity of Cu2+ to transfer the linkage sequences of the substrate strand and enzyme strand into the transition sequence. The horseradish peroxidase (HRP)-mimicking activity of the G4-DNAzyme was lost after binding with the complementary transition sequence and was hydrolyzed by Exo III. These results demonstrate that the proposed colorimetric biosensor was an effective method for ultradetection of trace metals in a high original signal background. Due to the high sensitivity of the biosensor, the limit of detection (LOD) of Cu2+ is 0.16 nM. This design offers a general purpose platform that could be applied for the detection of any metal ion target through adjustment of metal-dependent DNA-cleaving DNAzymes, which is of great significance for the rapid determination of food safety.
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1. Introduction


Copper (Cu) is one of the most abundant trace elements in living organisms and is a common metal worldwide, and is widely utilized in agricultural and industrial fields [1]. Although copper is an important element, excessive intake could contribute to Parkinson’s, Wilson’s, and Alzheimer’s diseases and anemia [2]. The World Health Organization (WHO) and the European Union (EU) have recommended the highest copper concentration as 2 mg/L in human drinking water, while the U.S. Environmental Protection Agency (EPA) and the Ministry of Health in China have recommended the highest copper concentration as 1 mg/L in human drinking water.



The accurate measurement of Cu2+ with high selectivity and sensitivity is an important problem and has attracted increasing attention in recent years. Traditional analytical techniques for sensing Cu2+ depend upon expensive analytical equipment [3,4], but the on-site rapid detection of these methods is limited due to their complex sample pretreatments and high operating cost. Recently, biosensor methods that have shown good sensitivity and selectivity have been widely used in the rapid detection of Cu2+, such as fluorescent biosensors [5,6], plasmonic biosensors [7,8], colorimetric biosensors [9,10], and electrochemical biosensors [11,12,13]. By comparing the aforementioned biosensors, Cu2+-cleaving DNAzyme (Cu-DNAzyme) is the signal recognition and transition of choice, nucleic acid amplification is the best method to increase sensitivity, and colorimetric analysis is the most convenient option.



Single-stranded DNA can bind to specific target molecules and exhibit catalytic activities, performing similarly to nucleic acid enzymes and protein enzymes under sequence-dependent tertiary structures [14]. Nucleic acid enzymes, including ribozymes (catalytic RNA) and deoxyribozymes (catalytic DNA or DNAzymes), can effectively catalyze RNA or DNA cleavage and have been frequently applied in sensing applications, such as Cu2+ [6,12,15], Pb2+ [16,17,18], Zn2+ [19,20], Mg2+ [21], UO22+ [22], and Cr3+ [23]. These methods render DNAzymes a terrific intermediary for sensing metal ions, and they have shown improved status compared with the normal direct detection method. The Cu-DNAzyme is formed from two DNA strands, which include substrate and enzyme. In the presence of Cu2+, the substrate strand can be cleaved into two fragments, which can then be used in nucleic acid amplification. By combining cleavage and amplification, a high sensitivity method can be designed for the detection of Cu2+.



Currently, nucleic acid amplification has been developed for the detection of metal ions in view of the transformation from metal ions to nucleic acids. Metal ion-mediated DNAzymes with cleavage activity are more suited for ssDNA amplification, such as strand displacement amplification (SDA) [18,19,24], rolling circle amplification (RCA) [25,26], and hybridization chain reaction (HCR) [20,23]. All of these methods are DNA replication isothermal technologies that have traditionally used specific primer sequences to generate multiple copies of a sequence library by DNA polymerase. However, there are some disadvantages with respect to template processing, primer design, reaction optimization, enzyme dependence, and sensitivity improvement. Considering the special structure of the Cu-DNAzyme, two DNA strands can be merged into one strand without disrupting its cleavage activity. Then, the combination of new Cu-DNAzyme and exonuclease (Exo) III strategies [27] can resolve the above problems. This paper proposes the concept of cyclic “hybridization–hydrolyzation” in order to achieve the detection of Cu2+. Particularly for trace detection, which still faces challenges, our concept is able to meet this demand.



Cu-biosensors can also be classified, according to the characteristics of the signals, into turn-on [28] and turn-off [29] biosensors. For the turn-on biosensor, the signal intensity increases with increasing amounts of the target. Due to its strong specificity but low sensitivity, it is not appropriate for trace detection. For the turn-off biosensor, the signal intensity decreases with increasing amounts of the target. It can still maintain stable detection for low concentration targets, becoming the preferred strategy for trace detection. Colorimetric biosensors have the advantages of being convenient, inexpensive, and visible and have been widely used in turn-off biosensors. One of the typical representatives of colorimetric elements is G-quadruplex DNAzymes (G4-DNAzymes) [30]. The G4-DNAzymes exhibit superior peroxidase-like activity in the presence of hemin and are able to catalyze H2O2-mediated oxidation of 2,2′-azino-bis-(3-ethylbenzthiazoline-6-sulphonate) (ABTS), producing a green product (free-radical cation ABTS•+) with a maximal absorption signal at a wavelength of ~419 nm. The integration of Cu-DNAzyme and G4-DNAzyme will further simplify the detection of Cu2+. It also combines the advantages of specificity for signal recognition and sensitivity for signal visibility analysis.



In this paper, a highly sensitive “turn-off” dual DNAzyme colorimetric biosensor based on exonuclease III-mediated cyclical assembly (EMCA) for selecting and quantifying Cu2+ was developed. The principle of the proposed biosensor is depicted in Figure 1. As shown in Figure 1A, CUzyme comprises three parts: substrate strand (blue), linker sequence (red), and enzyme strand (green). The orange site in the substrate strand was the cleavage site. In the presence of Cu2+, CUzyme was activated to irreversibly cleave the substrate strand at the cleavage site, producing two kinds of products. Due to its less stable intermolecular duplex structure, the cleaved substrate strands (blue, called the waste product) were released. For the remainder of CUzyme (called the first product), the spatial structure caused changes, forming a structured enzyme/linker complex with a single strand tail, which would continue to participate in the subsequent reaction. The red tail is a complementary sequence of part of the G4-DNAzyme.



The details of the EMCA are shown in Figure 1B. The red tail could effectively hybridize with the G4-DNAzyme, forming a double strand complex with a blunt end. Then, the 3′-termini of G4-DNAzymes in the complex are hydrolyzed by Exo III, and this stimulates the release of the first product, the residual G4-DNAzyme (called the second product), and free bases (called the third product). The first product can further hybridize repeatedly with a new G4-DNAzyme, generating a cycle of hybridization–hydrolyzation. Due to the repeat “AGGG” in the G4-DNAzyme, the second product could further hybridize with the first product. Then, the introduction of the recessed 3′-termini could still trigger a hydrolyzation reaction by Exo III and the subsequent production of the abundant third product. The color reaction of the “turn-off” dual DNAzyme colorimetric biosensor is shown in Figure 1C. The G4-DNAzyme folds into many G-quadruplex structures that could combine with hemin to form an HRP-like DNAzyme, resulting in an increase in the absorbance signal due to an increased amount of green-colored ABTS•+. However, when Cu2+ ions are added to the complex, the G4-DNAzyme is hydrolyzed to a free base by Exo III. As a result, the biosensor has no absorbance signal and is colorless.



In summary, this report describes the construction of a “turn-off” dual DNAzyme colorimetric biosensor that combines the amplification features of EMCA with fluorescence detection by employing the G4-DNAzyme. This design offers a general purpose platform that could be applied for the detection of any other metal ion target through the adjustment of the metal ion-mediated DNAzyme, which is of great significance for the development of rapid detection technology in food safety.




2. Results


2.1. Feasibility of the Colorimetric Biosensor Based EMCA


This report describes the construction of a “turn-off” dual DNAzyme colorimetric biosensor that combines Cu-DNAzyme, EMCA, and G4-DNAzyme. The Cu-DNAzyme was employed as the recognition element of biosensor to achieve high specificity. EMCA amplification was developed to achieve signal reduction in biosensors. The G4-DNAzyme, as the detection element, is more applicable to the visual analysis of biosensor. As a result, the success of our colorimetric biosensor was based on three dimensions: effective cleavage by Cu2+, effective hydrolysis by Exo III, and color reaction of G4-DNAzyme.



EMCA is driven by a free single strand tail. However, the tail could not be released unless Cu-DNAzyme was cleaved by Cu2+. Thus, the ability and efficiency of cleavage is one of the most important factors of the biosensor. In order to certify cutting efficiency, the experiments were carried out at different times. The length of the carboxyfluorescein (FAM)-labeled substrate (FAM-Cu-S) was 23 nt. In the presence of Cu2+, FAM-Cu-S was cleaved to 17 nt. As shown in Figure 2A, with increasing treatment time, the 23 nt and 17 nt bands gradually became shallow and dark, respectively. These results indicated that cutting efficiency increased with time and reached a peak after 10 min. Based on the brightness of Lane 1, the cleavage rate was quantified by Image Lab 4.1 software. As shown in Figure 2B, the cleavage rate was above 50% after cutting for 2 min and above 80% after cutting for 10 min. Considering the timeliness of the overall reaction, 5 min was selected as the final cutting time.



EMCA was designed to breakdown the G4-DNAzyme. Moreover, the sustainability of EMCA was dependent on Exo III. Exo III displayed the ability to catalyze the stepwise digestion of mononucleotides from the recessed 3′ terminus or the blunt part of the double-stranded DNA in order to recycle the target. Since signal reduction relied on Exo III, it was important to verify the hydrolysis. Due to the special G-quadruplex structure of the G4-DNAzyme, the complementary strand was used to verify the hydrolyzation reaction. Based on EMCA, G4-C and G4-M were designed to simulate the hybridization of the first product and the G4-DNAzyme. When FAM-labeled G4-C and G4-M meet, they bind to each other and form double-stranded DNA. Under the hydrolyzation reaction, Exo III could catalyze the removal of nucleotides from FAM-labeled G4-C in the 3′ to 5′ direction. As shown in Figure S1, a significant band in Lane 1 could be observed in the presence of FAM-labeled G4-C, and ladder bands were observed in Lane 2, indicating that FAM-labeled G4-C was degraded and generated different lengths of ssDNA. This phenomenon displayed a straightforward conclusion that G4-DNAzyme could also be degraded during EMCA, which inhibited color reactions.



Green signal of biosensor came from ABTS•+, which was produced by the oxidation of ABTS with G4-DNAzyme. G4-DNAzyme is a G-rich sequence that has four continuous “GGG”, forming a stable G-quadruplex structure. Moreover, G4-DNAzyme was hydrolyzed by Exo III to different lengths of fragment. False-positive results might be caused if the fragment remained the HRP-mimicking activity. In order to avoid false-positives of the second product, the color reaction was tested by different lengths of G4-DNAzymes. G4-1 and G4-2 were designed by removing one and two “GGG”, respectively. G4-T-1 and G4-T-2 were designed to block one and two “GGG” in G4-DNAzyme, respectively. As shown in Figure S2, absorbance experiments under several conditions were carried out to demonstrate the feasibility of the biosensor. An intact G4-DNAzyme had a strong absorbance intensity and green color in the reaction. The absorbance intensity decreased in G4-1, which means that the deletion of “GGG” might not have a devastating impact on the G-quadruplex structure. However, G4-2 had no absorbance intensity, which means that G4-2 had no HRP-mimicking activity. When the G4-DNAzyme hybridizes with G4-T-1 or G4-T-2, the absorbance intensity can always be observed. This phenomenon explained why the HRP-mimicking activity of G4-DNAzyme would not be totally blocked by the complementary strand. These two results comprehensively demonstrated that Exo III was essential in EMCA.




2.2. Develop and Optimize the Condition of the Biosensor


By exploration, a “turn-off” dual DNAzyme colorimetric biosensor was developed for the detection of Cu2+ ions. Moreover, the typical biosensor was verified with and without Cu2+ ions. The negative control was the mixture of GUzyme, G4-DNAzyme, hemin system, and ABTS system. As shown in Figure 3A, very strong absorbance intensity and green color were obtained in the negative control. In the experimental group, the absorbance intensity was significantly decreased by the presence of Cu2+. The result indicated that G4-DNAzyme was successfully degraded. In order to achieve optimal sensing performance, the best detection parameters of the biosensor were determined. The absorbance change Ab0/Ab1 was used to evaluate the biosensor, where Ab0 and Ab1 were the absorbance intensities in the absence and presence of Cu2+, respectively. First, the concentration ratio of CUzyme to G4-DNAzyme was optimized. Figure 3B shows the effect of the concentration ratio on the Ab0/Ab1 value. With a fixed concentration of CUzyme, Ab0/Ab1 increased with increasing G4-DNAzyme. This indicated that G4-DNAzyme was successfully degraded in EMCA, and the degree of extinction was increased. However, when the ratio was over 1:2, the degree of extinction gradually decreased. This was caused by the strong background and limited hydrolysis of large amounts of G4-DNAzyme. As a result, the optimal concentration ratio of the CUzyme to the G4-DNAzyme was 1:2. Then, the concentration of Exo III was optimized. As shown in Figure 3C, Ab0/Ab1 increased gradually with increasing Exo III and then reached a maximum value at 4 U. This indicated that hydrolysis by Exo III reached the saturation point. As a result, the optimal concentration of Exo III was 4 U. Finally, the reaction time was also investigated. As shown in Figure 3D, Ab0/Ab1 increased with increasing reaction time. When the reaction time was over 30 min, Ab0/Ab1 increased slowly. We suspected that the 3′-terminus of most G4-DNAzymes and some second products might be degraded in 30 min. The second products of varying length would be further degraded later. However, the rate of hydrolysis was slow due to the restriction of hybridization between the first product and the shorter second product. As a result, the optimal reaction time was 30 min.




2.3. Sensitivity for the Biosensor


In order to evaluate the sensitivity of the established biosensor, a serial dilution of Cu2+ ranging from 0 to 300 nM was used as a template for the optimized biosensor assays. Moreover, absorbance was measured at 412 nm. As shown in the Figure 4A, absorbance intensity decreased quickly with an increasing Cu2+ ion concentration from 0 to 300 nM. This phenomenon reveals that the absorbance change was indeed due to the catalyzed cleavage activity of CUzyme. When the concentration was over 200 nM, the absorbance intensity basically had no variation. This result meant that almost all of the CUzyme could be cleaved, and almost all of the G4-DNAzyme could be hydrolyzed under high concentration conditions. The relationship between Ab0-Ab1 and Cu2+ concentrations is shown in Figure 4B. A good linear relationship was obtained from 1 to 200 nM and is represented by Y = 0.003692 × X + 0.03380 (R2 = 0.9916), where Y is Ab0-Ab1, and X is the concentration (nM). The LOD was calculated at 0.16 nM on the basis of the average signal of the blank minus three times the standard deviation of the lowest analytical concentration. The detection limit of this approach was comparable to or even superior to other DNAzyme methods and more sensitive than the other analytical techniques for Cu2+ (Table S2).




2.4. Selectivity for the Biosensor


For practical samples, copper is often confused with other heavy metal ions, so a high specificity is necessary for a reliable assay. This biosensor was controlled by CUzyme, so it must have a high level of selectivity for Cu2+. In order to certify its high specificity, 10 other relevant metal ions (Fe3+, Fe2+, Zn2+, Mg2+, Pb2+, Hg2+, Ca2+, Mn2+, Ni2+, and K+) were tested were tested in this biosensor. As shown in Figure 5, the absorbance value can reflect the specificity of the biosensor. With the exception of Cu2+, almost all metal ions induced little absorbance change, and selectivity was much higher. In summary, the absorbance signal reduction displayed high selectivity for Cu2+ ions with this biosensor.




2.5. Application of the Biosensor in Tap Water Samples


Six kinds of tap water were analyzed by ICP-MS to ensure that there was no Cu2+ in them. In order to apply the proposed strategy to the highly sensitive detection of Cu2+ in environmental, water, soil, and food samples in the future, recovery experiments of Cu2+ were carried out in tap water. The water sample was processed with different concentrations of Cu2+ ions (10 μM, 20 μM, 40 μM, 60 μM, 80 μM, and 100 μM). The water sample was measured using the proposed strategy and ICP-MS three times. The recovery rates were 94.6–106% and 93.5–104% for the biosensor and ICP-MS, respectively (Table 1). These experimental results demonstrated the feasibility, accuracy, and practicability of the “turn-off” dual DNAzyme colorimetric biosensor for qualitative analysis in practical samples with little interference.





3. Materials and Methods


3.1. Materials and Reagents


All of the DNA oligonucleotides used in our study were synthesized by Invitrogen (Life Technologies, Carlsbad, CA, USA) and are listed in Table S1. Exo III was purchased from New England Biolabs, Inc., Ipswich, MA, USA. ABTS; hemin; dimethylsulfoxide (DMSO); H2O2; tris (hydroxymethyl) aminomethane (Tris); tetramethylethylenediamine (TEMED); ethylenediamine tetraacetic acid disodium salt (EDTA); 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES); and the metal salts, including Cu(NO3)2, Fe(NO3)3, Fe(NO3)2, Zn(NO3)2, Mg(NO3)2, Pb(NO3)2, Hg(NO3)2, Ca(NO3)2, Mn(NO3)2, Ni(NO3)2), and KCl, were purchased from Sigma Chemical Company (St. Louis, MO, USA).




3.2. Cu-DNAzyme Activity Assays


In order to prepare the Cu-DNAzyme complexes, the respective enzyme (1.5 μM) and carboxyfluorescein (FAM)-labeled substrate (1 μM) were mixed in a buffer (50 mM HEPES, 1.5 M NaCl, 50 µM sodium ascorbate, pH 7.0) and annealed at 95 °C for 3 min followed by slowly cooling to room temperature. In a typical experiment, 1 μM annealed Cu-DNAzyme was mixed with 1 μM Cu2+ solution in a buffer in order to initiate a cleavage reaction (total 7 µL). At the designated time point, the reaction was quenched by 7 μL gel loading buffer (8 M urea). The products were analyzed by 15% denaturing polyacrylamide gel electrophoresis (dPAGE) and imaged by a Bio-Rad ChemiDoc MP imaging system. Then, the intensities of the bands were analyzed by Image Lab 4.1 software.




3.3. The Procedure of EMCA and Dual-DNAzyme Colorimetric Biosensor


A Cu2+-dependent DNAzyme (named CUzyme) was designed to explore the feasibility of EMCA. CUzyme was heated to 95 °C for 3 min, followed by gradual cooling to room temperature. The experiments were performed with 0.8 μM CUzyme, 1.6 μM G4-DNAzyme, 4 U Exo III, 1× NEBuffer 1 (10 mM Bis-Tris-Propane-HCl, 10 mM MgCl2, 1 mM DTT, pH 7.0), and 300 nM Cu2+ and incubated for 60 min at 37 °C. The subsequent reaction products were analyzed by a chromogenic reaction. The assays were performed with 10 μL EMCA products, 10 μL hemin (12 μM), and 80 μL enzyme buffer (10 mmol/L NaH2PO4/Na2HPO4, 100 mmol/L KCl, 2 mmol/L MgCl2, 0.003% Triton X-100, pH 7.0); incubation at 37 °C for 20 min; and then the addition of 30 μL colorimetric buffer was included (1 mL citrate buffer (pH 4.0) mixed with 5 μL ABTS (45 mmol/L) and 1 μL 30% H2O2). Then, the solution was incubated at room temperature for 5 min, and the absorbance at 412 nm was measured by using a Thermo Scientific Varioskan Flash (Thermo Scientific, Waltham, MA, USA).




3.4. Application of the Biosensor in a Real Sample


Tap water was collected from 6 districts in Beijing, China. The water samples were gently mixed with different concentrations of Cu2+. Then, the samples could be tested directly following the procedures described above.





4. Conclusions


In summary, an EMCA-based “turn-off” dual DNAzyme colorimetric biosensor was developed with highly sensitivity and specificity for Cu2+. The proposed strategy combines the advantages of CUzyme, EMCA, and G4-DNAzyme. The CUzyme as a recognition element shows high specificity and cleavage efficiency against other metal ions. The EMCA includes two steps, namely, hybridization and hydrolyzation. First, the remaining CUzyme changes its spatial conformation and drives its assembly with G4-DNAzyme. Second, the assembly products are digested by Exo III to release CUzyme, further driving a new EMCA process. The framework of the signal output in the biosensor is constructed by using G4-DNAzyme, which can catalyze the oxidation of ABTS by H2O2. More sensitive absorbance signal extinction can be achieved through hydrolysis reactions to form a number of free bases. As a result, the signal identification of the CUzyme, the signal extinction of the EMCA, and the signal detection of G4-DNAzyme can provide this biosensor with high levels of selectivity and sensitivity. Moreover, by changing the specific cleavage DNAzymes for other metal ions, this proposed strategy can easily be extended in order conveniently detect many other metal ions and will have wide applications in environmental, water, soil, and food sample analysis.
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Figure 1. Principles of the “turn-off” dual-DNAzyme colorimetric biosensor for Cu2+ ions. (A) Recognition of Cu2+; (B) EMCA; (C) color reaction. 
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Figure 2. Cleavage rate of Cu2+ at different reaction times. (A) The results of dPAGE. Lanes 1–10: 0, 10 s, 30 s, 1 min, 2 min, 5 min, 10 min, 15 min, 30 min, and 60 min. (B) Cleavage rate. 
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Figure 3. (A) Colorimetric biosensor detection with and without Cu2+ ions; optimization of the experimental conditions. (B) Ratio of CUzyme and G4-DNAzyme; (C) concentration of Exo III; (D) reaction time. The concentration of the Cu2+ is 300 nmol/L. 
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Figure 4. Sensitivity of the biosensor in response to various concentrations of Cu2+. (A) Absorbance intensity at 412 nm; (B) the linear relationship between Ab0-Ab1 and the concentration. 
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Figure 5. Specificity of the biosensor for different metal ions. The concentration of all of the metal ions is 300 nM. “ns”: There was no significant difference; “****”: There was significant difference, p value < 0.0001. 
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Table 1. Determination of Cu2+ in water samples using the biosensors and ICP-MS.
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	Sample
	Addition (nM)
	Biosensor (nM)
	Recovery Rate (%)
	ICP-MS (nM)
	Recovery Rate (%)





	1
	10
	10.3 ± 0.3
	103 ± 3
	9.9 ± 0.5
	99 ± 5



	2
	20
	20.2 ± 0.5
	101 ± 2.5
	19.4 ± 0.7
	97 ± 3.5



	3
	40
	39.2 ± 0.7
	98 ± 1.8
	38.8 ± 0.8
	97 ± 2



	4
	60
	58.4 ± 1.6
	97.3 ± 2.7
	60.4 ± 1.9
	100.7 ± 3.2



	5
	80
	78.9 ± 1.4
	98.6 ± 1.8
	80.7 ± 1.6
	100.9 ± 2



	6
	100
	99.0 ± 1.3
	99 ± 1.3
	101.2 ± 2.8
	101.2 ± 2.8
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