
Subscriber access provided by UNIV OF DURHAM

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the
course of their duties.

Article

Temperature-robust DNAzyme biosensors
confirming ultralow background detection

Ruijie Deng, Hao Yang, Yi Dong, Zhifeng Zhao, Xuhan Xia, Yue Li, and Jinghong Li
ACS Sens., Just Accepted Manuscript • DOI: 10.1021/acssensors.8b01122 • Publication Date (Web): 20 Nov 2018

Downloaded from http://pubs.acs.org on November 21, 2018

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.



1 
 

Temperature-robust DNAzyme biosensors confirming ultralow background 1 

detection 2 

Ruijie Deng†,‡, Hao Yang†, Yi Dong†, Zhifeng Zhao*,†, Xuhan Xia†, Yue Li‡, Jinghong Li*,‡ 3 

† College of Light Industry, Textile and Food Engineering, Healthy Food Evaluation Research Center 4 

and Key Laboratory of Food Science and Technology of Ministry of Education of Sichuan Province, 5 

Sichuan University, Chengdu 610065, China 6 

‡ Department of Chemistry, Key Laboratory of Bioorganic Phosphorus Chemistry & Chemical Biology, 7 

Tsinghua University, Beijing 100084, China 8 

*e-mail: jhli@mail.tsinghua.edu.cn; zhaozhifeng@scu.edu.cn9 

Page 1 of 22

ACS Paragon Plus Environment

ACS Sensors

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



2 
 

ABSTRACT: Catalytic DNA/RNA, such as DNAzyme, has been widely adopted to construct 10 

biosensors, especially for metal ion analysis. However, traditional DNAzyme biosensors still suffer from 11 

fluctuating and relatively high background. Herein, we proposed a temperature-robust DNAzyme, 12 

conferring ultralow background in various temperatures, thus leading to highly sensitive and robust 13 

detection of metal ions. Instead of labelling substrate to directly output fluorescence signal, our proposed 14 

DNAzyme biosensor utilized a sequential detection process with a couple of proximity fluorescent 15 

probes, confirming very low background regardless of the conditions of cleavage reaction. This 16 

sequential DNAzyme biosensor conferred a signal to background ratio over 20 when the temperature of 17 

catalytic reaction ranged from 20 to 41 ℃. Benefited from its ultralow-background, it could confer a 18 

detection limit of 0.22 nM, which ranked one of the highest sensitivity levels among DNAzyme-based 19 

fluorescent biosensors. This DNAzyme biosensor was over 6000 times more selective for Pb2+ against 20 

the most active interfering metal ions, Zn2+. Further, it has been successfully applied for analyzing lead 21 

pollution in tap water and eggs, with total recoveries ranging from 87% to 114%. This facile, simple and 22 

effective design strategy would significantly improve the detection performance of DNAzyme 23 

biosensors, thus facilitating its practical applications for both food safety analysis and environment 24 

monitoring. 25 

KEYWORDS: DNAzyme; DNA nanotechnology; metal ions; fluorescent biosensor; functional nucleic 26 

acids27 
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 Functional nucleic acids,1 such as DNAzyme2-4 and aptamer,5-9 have been widely explored as 28 

molecular tools for constructing biosensors. Considering its excellent specificity in molecular 29 

recognition and catalytic capacity,2-4 DNAzyme is especially expected to act as both versatile 30 

recognition elements and outstanding signal amplifiers for biosensing. It can be created to 31 

recognize a wide range of analytes including amount of metal ions through in vitro selection.10-32 

12 Benefited from the nucleic acid nature which could be utilized to construct programmable and 33 

structure-switching DNA probes,13-16 DNAzyme-based biosensors have been developed to detect 34 

a wide range of targets, including metal ions Cu2+, UO2
2+, Na+ and Ca2+ with high selectivity and 35 

sensitivity.4,17-20 Among them, fluorescent DNAzyme biosensors occupy a central niche because 36 

of their appealing attributes such as high sensitivity and fast kinetics, and recently even being 37 

applied for in situ detection and imaging of metal ions.21,22 38 

 In fact, it has long been paid myriad effects to develop robust fluorescent DNAzyme with 39 

suppressed background and background fluctuations. The basic rule for developing fluorescent 40 

DNAzyme biosensors is based on the differential stability between completely hybridized 41 

DNAzyme-substrate strand and the cleaved products.23 The pioneer work for constructing 42 

DNAzyme biosensors has been done by Lu group.24 A singly-labelled substrate strand with a 43 

fluorophore and a DNAzyme strand with a quencher were designed to construct this initial 44 

DNAzyme biosensors. The cleavage event led to the unstabilized binding of cleaved substrate 45 

to DNAzyme strands, resulting in an increase in the fluorescent intensity. Yet, the performance 46 

of the biosensor decreased considerably when the reaction temperature was raised to room 47 

temperature, conferring a high background and only 60% increase of fluorescence intensity in 48 

the presence of target metal ions.25 This was caused by the partial dissociation of the substrate 49 
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strand-DNAzyme hybridization in the elevated temperature. Therefore, a dually labelled 50 

substrates with the introduction of a second quencher on its other end was designed, leading to 51 

both inter- and intra- molecular quenching effects.25,26 And the DNAzyme biosensors using a 52 

dually-labelled substrates could be performed at room temperature with a suppressed 53 

background, conferring a signal to background (S/B) of 660%. Furthermore, the substrate has 54 

been designed to be a molecule beacon structure with improved quenching efficiency,27 to further 55 

low down the background, conferring a S/B of 1300%. However, since DNA dehybridization 56 

and hybridization play a critical role in fluorescent DNAzyme biosensor design, to this end, 57 

almost all DNAzyme-based fluorescent biosensors are temperature dependent.23,28 Thus, all 58 

these methods still suffer from the temperature-dependent fluctuations in background, which 59 

may seriously hamper the reliable detection, in turn, preventing their wide range applications for 60 

on-site and real-time detection. 61 

 To circumvent the long-term bothered issue, instead of using labelled substrate to directly 62 

output signals, we designed a DNAzyme biosensors based on a sequential detection process 63 

using a couple of proximity fluorescent probes, confirming ultra-low background regardless of 64 

the conditions of cleavage reaction. The sequential design strategy would circumvent the 65 

temperature-dependent background of DNAzymes. Benefited from the highly proximity 66 

designed fluorescent probes, this sequential DNAzyme biosensors could confer ultra-low 67 

background. Thus, it presented much higher sensitivity for metal ion detection. Besides, the 68 

temperature-robust feature would benefit the precise and reliable detection. This facile, simple 69 

and effective design strategy would significantly improve the detection performance of 70 

Page 4 of 22

ACS Paragon Plus Environment

ACS Sensors

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



5 
 

DNAzyme biosensors, thus facilitating its practical applications for both food safety analysis 71 

and environment monitoring. 72 

EXPERIMENTAL SECTION 73 

Materials and reagents. Oligonucleotide sequences of DNAzyme biosensors for detecting lead 74 

ions are listed in Table S1. Oligonucleotide sequences with the incorporation of RNA bases were 75 

purchased from Takara Bio-technology Co. Ltd. (Dalian, China), and were HPLC purified. Other 76 

sequences were bought from Sangon Biotechnology Co. Ltd. (Shanghai, China), and HPLC 77 

purified. Pb(CH3COO)2, NaCl, MgCl2, 2-[4-(2-hydroxyethyl) piperazin-1-yl] ethane sulfonic 78 

acid (HEPES) were purchased from Alfa Aesar (Shanghai, China). NiCl2, Cd(NO3)2, Co(NO3)2, 79 

CaCl2, MnCl2, ZnCl2 (analytical reagent grade) were purchased from Sichuan Kelun 80 

Pharmaceutical Co., Ltd. Agarose, 6×Loading buffer, 50×TAE and Gelred dye were bought from 81 

Beijing DingGuo Biotechnology Co., Ltd. (Beijing, China). Molecular biology grade water was 82 

purchased from Corning Incorporated (New York, USA). All the reagents were dissolved in 83 

molecular biology grade water. 84 

The procedure for metal ions detection. The detection of metal ions using DNAzyme 85 

biosensors was carried out in a volume of 20 μL containing 2 μL 10 × buffer (50 mM HEPES, 86 

50 mM NaCl, 5 mM MgCl2, pH = 7.26), 3 μL Sub 1 (2 μM), 6 μL DNAzyme (0.5 μM), and 7 87 

μL H2O. Then, the mixture was heated to 80 ℃ for 3 min and incubated at room for 40 min to 88 

allow the hybridization of DNAzyme-substrate. 2 μL different concentrations of Pb2+ solution 89 

were introduced into the above solution and incubated at 25 ℃. Next, 2 μL Sub F (2 μM) and 4 90 

μL Sub Q (2 μM) were added to stop the reaction. The fluorescence detection of the mixture 91 
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was carried on fluorescence microplate reader Synergy H1 (BioTek, USA). The excitation 92 

wavelength was set at 480 nm, and the emission was ranged from 510 to 650 nm.  93 

Gel electrophoresis analysis. The mixtures of DNAzyme biosensor sequences or other 94 

sequences were mixed in 6 μl 1  gel loading buffer, and used for gel electrophoresis. 3% agarose 95 

was prepared with 1 × TAE and 1  Gelred dye. Gel electrophoresis was performed on the 96 

prepared gel in TAE at 150 V for 30 min. After electrophoresis, the gel was visualized via Gel 97 

Doc XR+ system (Bio-Rad, USA). 98 

Real-time fluorescence analysis. A 20 ul volume of DNAzyme biosensor sequences or 99 

other sequences were used for real-time fluorescence analysis, and the concentrations of 100 

these sequences were the same as those used for metal ions detection procedures. The 101 

real-time fluorescence monitoring was performed using fluorescence microplate reader 102 

Synergy H1 (BioTek, USA). The excitation wavelength was 485 nm, and the emission 103 

wavelength was 522 nm. 104 

Detecting Pb2+ in tap water and egg extract samples. The tap water samples were collected 105 

from the campus of Sichuan University. Fresh eggs were purchased from a local supermarket. 106 

For water sample, different amounts (0 nM, 0.4 nM, 0.8 nM, 4 nM and 8 nM) of Pb2+ were 107 

spiked in water samples, and the spiked samples were ready for further analysis. For the egg 108 

sample, firstly, the fresh egg samples (including white and yolk) were homogenized, then 1 g of 109 

the sample was mixed with 10 mL concentrated nitric acid solution in a fume hood for 2 h at 110 

room temperature. And different amounts (0 nM, 0.4 nM, 0.8 nM, 4 nM and 8 nM) of Pb2+ were 111 

spiked in (volume as 10 mL). After that initial nitrification, 0.5 ml HClO4 was added and the 112 

mixture was heated for digestion until the solution became colorless, and finally heated to dry. 113 
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The remaining material was dissolved in water, and adjusted the pH to 7.26 with NaOH with a 114 

final volume of 10 mL, to be used for later analysis. 115 

RESULTS AND DISCUSSION 116 

Principles of sequential DNAzyme biosensor. The principle for sequential DNAzyme 117 

biosensor lies on the separation of catalytic reactions from the signaling process: cleavage step 118 

for recognizing Pb2+, following hybridization step for outputting signals (Figure 1). Sequential 119 

DNAzyme biosensor is constituted with four strands. Besides the DNAzyme strand, there are 120 

two sets of substrates: unlabeled substrate 1 (Sub 1) and proximate singly-labelled substrates 121 

Sub F and Sub Q (labelled with a fluorophore and a quencher, respectively). The addition of 122 

target metal ions would specifically trigger the catalytic cleavage of Sub 1. And the extent of 123 

cleavage of Sub 1 would then be monitored by the following addition of Sub F and Sub Q. 124 

Uncleaved Sub 1 would result in the closely proximity of Sub F and Sub Q (this is no gap of 125 

nucleotides between bound Sub F and Sub Q), thus leading to an ultralow background. While 126 

DNAzyme catalysis would lead to the split of Sub F and Sub Q, resulted in the enhancement of 127 

fluorescence signals. The second set of substrates would contribute to one-substrate-one 128 

fluorophore light-up process to precisely output the signals for cleavage reaction. The sequential 129 

design strategy would lead to the separation of cleavage reaction and fluorescence detection 130 

process. Thus, sequential DNAzyme biosensors would obviate the disturbance of reaction 131 

conditions on background signal output, leading to temperature-robust and ultra-low background, 132 

which would benefit DNAzyme biosensors for the precise and reliable detection. 133 
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 134 

Figure 1. Working principles of sequential DNAzyme biosensor. Sequential DNAzyme biosensor is 135 

constituted with four strands: DNAzyme strand, unlabeled Sub 1 and proximate singly-labelled substrate 136 

Sub F and Sub Q. The extent of cleavage of Sub 1 would be monitored by the following addition of Sub 137 

F and Sub Q. Uncleaved Sub 1 would result in proximity quenching of Sub F, thus leading to an ultralow 138 

background. The sequential design strategy would lead to the separation of cleavage reaction and 139 

fluorescence detection process, thus obviate the disturbance of reaction conditions on background signal 140 

output. 141 

 As a proof of principle, GR-5 DNAzyme which has been demonstrated to be highly active 142 

and specific for Pb2+ ion was chosen for testing sequential DNAzyme biosensors. The sequential 143 

detection process of sequential DNAzyme biosensors was firstly confirmed by electrophoresis 144 

analysis (Figure 2A). The GR-5 DNAzyme presented high catalysis activity in the presence of 145 

Pb2+ ions, leading to the total cleavage of Sub 1 (line 7 and 8). The presence of Sub 1 would 146 

lead to the proximate hybridization of Sub F and Sub Q, while spliced Sub 1 subunits cleaved 147 

by GR-5 DNAzyme would separately be hybridized with Sub F and Sub Q (line 11 and line 12). 148 

These results manifest the success of the sequential detection processes. 149 

 These processes were also demonstrated by fluorescence analysis (Figure 2B). The binding 150 

of Sub F and Sub Q to Sub 1 would lead to very low fluorescence signals, indicating the 151 
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proximity of these two probes and the high quenching efficiency of substrate sets. The addition 152 

of Pb2+ ion would lead to a sharp increase of fluorescence intensity, reaching to that of unbinding 153 

Sub F and Sub Q. While in the absence of Pb2+ ion, the fluorescence intensity of these substrates 154 

remained close to that of proximate Sub F and Sub Q, resulted a signal to background ratio of 155 

20.19. The high signal to background ratio may potentially contribute high detection sensitivity 156 

of sequential DNAzyme biosensors. 157 

 158 

Figure 2. Validation of sequential DNAzyme biosensors for metal ion detection. (A) Electrophoresis 159 

analysis of the detection process of sequential DNAzyme biosensors; (B) Fluorescence analysis for the 160 

detection process of sequential DNAzyme biosensors. The concentrations of Pb2+ ion, DNAzyme, Sub 161 

1, Sub F, and Sub Q were 2 μM, 0.15 μM, 0.3 μM, 0.2 μM and 0.4 μM, respectively. The excitation 162 

wavelength was set at 480 nm, and the emission was ranged from 510 to 650 nm. 163 
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 The ultra-low background of sequential DNAzyme biosensor would contribute to its detection 164 

sensitivity, we then set to test its robustness which may benefit precise and accurate detection. 165 

As a comparison, dehybridization-based DNAzyme biosensors using singly-labelled substrate 166 

(singly-labelled DNAzyme) and dually-labelled substrate (dually-labelled DNAzyme) were also 167 

tested. The temperature for catalysis reaction was set to be ranging from 20 to 41 ℃ (with an 168 

interval of 3 ℃), which would cover most occasions using DNAzyme biosensors (Figure 3). 169 

Sequential DNAzyme biosensors outputted backgrounds of fluorescence intensity lower than 170 

2800 and S/Bs over 20 when the temperature of cleavage reaction ranging from 20 to 41 ℃. It 171 

indicated that sequential DNAzyme biosensor would confer a background remained at very low 172 

levels regardless of increased temperature of catalysis reaction. This was because the adoption 173 

of sequential detection process would lead to the separation of cleavage reaction and 174 

fluorescence detection process, thus circumvent the disturbance of conditions of catalytic 175 

reaction on background, and the fluorescence intensity was only proportional to the amount of 176 

cleaved substrates. However, the background of singly-labelled DNAzyme and dually-labelled 177 

DNAzyme raised with the enhanced reaction temperatures. The background fluorescence of 178 

singly-labelled DNAzyme would lead to an increasement of about 50%, and that of dually-179 

labelled DNAzyme was with an increasement of about 39% when the temperature of catalysis 180 

reaction altered from 20 ℃ to 41 ℃. This further implied the unstable binding of DNAzyme-181 

substrate caused by temperature variation may possibly lead to disturbance of background. The 182 

temperature robust ultra-low background may render the sequential DNAzyme biosensors well 183 

fit for sensitive and precise detection of metal ions. 184 
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 185 

Figure 3. Temperature robustness test for DNAzyme biosensors. The background fluorescence intensity 186 

for sequential DNAzyme biosensors, dehybridization DNAzyme biosensors using singly-labelled 187 

substrate (singly-labelled DNAzyme) and dually-labelled substrate (dually-labelled DNAzyme) when the 188 

temperature ranged from 20 to 41 ℃. The concentrations of Pb2+ ion and DNAzyme were 2 μM and 0.15 189 

μM, respectively. The excitation wavelength was 480 nm, and the emission was 518 nm. 190 

Optimization of sequential DNAzyme biosensor. The catalysis activity of DNAzyme is 191 

dependent on the multiple turnover of cleavage reactions, and has been demonstrated highly 192 

affected by the stability of DNAzyme-substrate hybridization 27. Eight GR-5 DNAzymes with 193 

different arms according to Lu group’ work were designed. The melting temperature of 194 

DNAzyme-substrate hybridization fell down from 49.3 ℃ to 12.9 ℃ when arm lengths were 195 

shortened from 15-9 nucleotide (nt) to 7-7 nt. And for DNAzymes with 6-6 nt and 5-5 nt, they 196 

could hardly form DNAzyme-substrate complex (Figure S1). Interestingly, we found that 197 

shortening the arm length to 7-7 nt would lead to higher catalytic activity of DNAzyme (Figure 198 

4A). This indicated that less stable binding of DNAzyme to substrate may increase the turnover 199 

of the cleavage reaction. For less stable DNAzyme-substrate hybridization, cleavage substrate 200 
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would be rapidly released, and new uncleaved substrates could be easily exchanged to bind with 201 

DNAzyme, thus facilitating the reaction kinetics and catalysis activity of DNAzyme. 202 

 203 

Figure 4. Optimization of sequential DNAzyme biosensor. The fluorescence intensity using different 204 

DNAzyme sequence (A), ratio of Sub 1 to DNAzyme (B), ratio of Sub F to Sub Q (C) and ratio of Sub 205 

1 to Sub F (D) with or without the addition of Pb2+ ion. The signal to background ratio indicates the ratio 206 

of fluorescence intensity with the addition of Pb2+ ion to that without the addition of Pb2+ ion. The 207 

concentration of Pb2+ ion was 2 μM. The excitation wavelength was 480 nm, and the emission was 518 208 

nm. 209 

 As the catalysis activity and the background of sequential DNAzyme biosensors were highly 210 

dependent on the constitution of substrates, the ratios between DNAzyme, different substrates 211 

were optimized. Reduced amount of DNAzyme would both result in decreased background and 212 
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catalysis activity (Figure 4B), and the catalysis activity would remain at a high level a ratio of 213 

Sub 1 to DNAzyme of 2:1. Thus the ratio of Sub 1 to DNAzyme was used for the further 214 

detection of Pb2+ ion. For the adoptions of Sub Q to Sub F with different ratios, excess Sub Q 215 

would low down the background of DNAzyme biosensors, while had relatively low influence 216 

on the signal with additions of Pb2+ ion (Figure 4C). Considering the cost of labelled probe, the 217 

Sub Q for sequential DNAzyme biosensors was used with the amount of two times of F-sub to 218 

obtain a relatively high S/B. Further, the optimized DNAzyme biosensors was achieved using a 219 

ratio of Sub 1 to Sub F of 1.5:1 based on the S/B output (Figure 4D). Under the optimized 220 

conditions, the catalytic cleavage reaction could be finished within 10 min, and the binding of 221 

Sub Q and Sub F to Sub 1 would reach equilibrium in 10 min, and would lead to very low 222 

background fluorescence signal (Figure S2). 223 

Sequential DNAzyme biosensor for metal ion detection. The quantification performance of 224 

DNAzyme biosensors was validated by using a series of Pb2+ solutions with different 225 

concentrations. The fluorescence signals would be linearly related to the concentrations of Pb2+ 226 

ion when the concentration of Pb2+ ion was ranging from 0.1 to 10 nM, while would be reaching 227 

saturation when the concentration of Pb2+ ion was above 40 nM (Figure 5). Benefited from its 228 

low background, sequential DNAzyme biosensors could confer a highly sensitive detection of 229 

Pb2+ ion, with a limit of detection (LOD) of 0.22 nM. LOD was defined as the concentration 230 

corresponding to the fluorescence signal at three times standard deviation of blank without Pb2+ 231 

ion. Sequential DNAzyme biosensor was one of the most sensitive DNAzyme-based fluorescent 232 

biosensors (Table S2). Besides, the low background of sequential DNAzyme would contribute 233 

to a broad range of fluorescence signals for Pb2+ ion detection, benefiting the precise 234 
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quantification. As for DNAzyme biosensors with higher background (singly-labelled and dually-235 

labelled DNAzymes), the signal would present crossed error bars in the low concentration range 236 

of Pb2+ ion (Figure S3), which may exert uncertainty for quantification. 237 

 238 

Figure 5. (A) Typical fluorescence spectra of sequential DNAzyme biosensor upon addition of different 239 

concentrations of Pb2+ ion ranging from 0 to 1600 nM; (B) The relationship between target concentration 240 

and fluorescence response using sequential DNAzyme biosensor; Inset: The linear fitting for 241 

quantification of Pb2+ ions. The concentrations of DNAzyme, Sub 1, Sub F, and Sub Q were 0.15 μM, 242 

0.3 μM, 0.2 μM and 0.4 μM, respectively. The excitation wavelength was set at 480 nm, and the emission 243 

was ranged from 510 to 650 nm. 244 

Page 14 of 22

ACS Paragon Plus Environment

ACS Sensors

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



15 
 

 The GR-5 DNAzyme has been demonstrated to be highly specific for Pb2+ ion 26. The 245 

specificity of sequential DNAzyme biosensors was examined by detecting fluorescence signal 246 

of Pb2+ ion and other metal ions (Ni2+, Cd2+, Co2+, Ca2+, Mn2+ and Zn2+) in different 247 

concentrations. No metal ions would lead to a nonnegligible signal change besides Pb2+ ion 248 

(Figure 6A), and outputted signal the same as that of blank control in all these four concentrations 249 

(10 nM, 50 nM, 100 nM and 200 nM). 250 

 To further confirm its specificity, most active interfering metal ions Zn2+, Mn2+ and Ca2+ with 251 

5 times, 20 times, 100 times and 500 times concentrations of Pb2+ ions were added. Remarkably, 252 

these competing metal ions displayed little increasement of fluorescence of sequential 253 

DNAzymes. And this DNAzyme biosensor was over 6000 times more selective for Pb2+ ions 254 

against Zn2+, Mn2+ and Ca2+. What’ more, the fluorescence response to Pb2+ ions in the presence 255 

of a “metal soup” (Ni2+, Cd2+, Co2+, Ca2+, Mn2+ and Zn2+) containing 500 times concentration of 256 

Pb2+ ion was tested. No obvious fluorescence increasement was observed with the metal soup in 257 

the absence of Pb2+ ions. While the addition of 50 nM Pb2+ ion to the “metal soup” would resulted 258 

in 7-fold fluorescent enhancement. Therefore, sequential DNAzyme biosensors could strictly 259 

identify Pb2+ ion, potentially accommodating it for the application of detecting Pb2+ ion in real 260 

sample which may contain high concentrations of other metal ions, such as waters with high 261 

content of calcium. 262 
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 263 

Figure 6. Specificity test of Pb2+ ion detection. (A) The fluorescence intensity with the addition of Pb2+ 264 

and other metal ions (Zn2+, Mn2+, Ca2+, Co2+, Cd2+ and Ni2+) with concentrations of 10, 50, 100 and 200 265 

nM; (B) The fluorescence intensity with the addition of mostly interfering metal ions Zn2+, Mn2+ and Ca2+ 266 

with 5, 20, 100, 500 times concentration of Pb2+ ion (50 nM, 250 nM, 1 μM, 5 μM and 25 μM). Inset: 267 

fluorescent response of sequential DNAzyme biosensors in the presence of other six metal ions with 500 268 

times concentration. The concentrations of Pb2+ ion, DNAzyme, Sub 1, Sub F, and Sub Q were 2 μM, 269 

0.15 μM, 0.3 μM, 0.2 μM and 0.4 μM, respectively. The excitation wavelength was set at 480 nm, and the 270 

emission was ranged from 510 to 650 nm. 271 
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 Finally, to assess the feasibility of DNAzyme biosensors for metal ion detection in complex 272 

matrixes such as fluid sample or liquid sample, we applied sequential DNAzyme biosensors to 273 

detect spiked Pb2+ ion in tap water and eggs. For targets with a concentration falling in the 274 

detection dynamic range of DNAzyme biosensors, the recovery ratios were fall in 87% to 114% 275 

(Table 1, Figure S4) for detection in both tap water and eggs. Thus, this DNAzyme biosensors 276 

holds great potential for on-site detection of metal ion pollution both benefiting from its low cost, 277 

robustness and highly sensitivity. 278 

Table 1. Determination of Pb2+ spiked in the tap water and egg samples 279 

Samples Added (nM) Found (nM) Recovery (%) RSD (%) n=3 

 

Tap water 

 

 

 

 

Egg 

 

 

0.4 

0.8 

4 

8 

 

0.4 

0.8 

4 

8 

0.436 

0.913 

3.596 

7.542 

 

0.348 

0.703 

3.614 

8.099 

108.93 

114.16 

89.91 

94.28 

 

87.09 

87.83 

90.35 

101.24 

5.31 

2.74 

2.04 

3.37 

 

6.64 

1.02 

9.01 

11.56 

CONCLUSION 280 

 In summary, a temperature-robust DNAzyme biosensor has been developed for achieving 281 

ultralow-background detection, allowing highly sensitive and robust detect metal ions. The key 282 

difference for DNAzyme lies on the sequential detection process using a couple of proximity 283 

fluorescent probes, rather than directly output fluorescence signal using labelled substrate, thus 284 

confirming very low background regardless of the conditions of cleavage reaction. This 285 

DNAzyme biosensor presents novel features: 1) temperature-robust; 2) ultralow background; 3) 286 

super sensitivity. 4) one-tube homogenous detection. Benefited from its general and simple 287 
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design, the DNAzyme biosensors may potentially been used as a universal platform for various 288 

metal detection, such as Cu2+, UO2
2+, Na+, Mg2+ and Ca2+; Thus, this simple, while the well-289 

performed DNAzyme biosensors would greatly facilitate the application of DNAzyme for on-290 

site detection, leading it to be competitive tools for food safety analysis and environment 291 

monitoring. 292 
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