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15 Abstract

16 The abnormal expression of pyrophosphatase (PPase) is closely related to many 

17 diseases and malignant tumors, so the detection for PPase is of great significance in 

18 clinical diagnosis, disease monitoring and other biomedical aspects. In this study, a 

19 sensitive and specific electrochemiluminescence (ECL) biosensor combined highly 

20 specific Cu+ catalyzed azide-alkyne cycloaddition (CuAAC) with high efficiency of 

21 hybridization chain reaction (HCR) for the purpose of detecting pyrophosphatase has 

22 been designed. Highly efficient hybridization chain reaction amplification processed 

23 in homogeneous solution and the amplification products were connected to the 

24 electrode surface in one step, which solved the problem of low DNA amplification 

25 efficiency on the electrode surface because of the steric hindrance. Ru(phen)3
2+ was 

26 embedded into the dsDNA and act as ECL probes, the enhanced ECL intensity of the 

27 system had a linear relationship with the logarithm of PPase concentration in the 

28 range of 0.025 - 50 mU with a detection limit of  8 U. The method was proved to 

29 be of good specificity, repeatability and stability that could be used for screening and 

30 quantitatively determinating pyrophosphatase inhibitor sodium fluoride. The 

31 practicability of this method in clinical application has been proved through the 

32 detection of serum from the clinical arthritis patients. Moreover, the method can be 

33 used to monitor PPase activity of arthritis patients before and after administration, so 

34 as to provide reference for the effect of drug treatment.

35 KEYWORDS: electrochemiluminescence, pyrophosphatase, click chemistry, 

36 hybridization chain reaction, pyrophosphatase inhibitors
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37 1. Introduction

38 Inorganic pyrophosphatase (PPase, EC 3.6.1.1), a widespread hydrolase, can 

39 specifically and irreversibly hydrolyze one molecule of inorganic pyrophosphate (PPi) 

40 into two molecules of orthophosphate (Pi). The hydrolysis reaction is a high-energy 

41 discharge reaction that provides thermodynamic power for biosynthetic reactions.1-2 

42 Early studies showed that PPase involved in various physiological processes such as 

43 calcium absorption, carbohydrate metabolism, lipid metabolism, and bone 

44 formation.3-5 The abnormal expression of PPase has been confirmed to be associated 

45 with many clinical diseases such as colorectal cancer, lung cancer, hyperthyroidism, 

46 etc.6-8 Therefore, the detection of PPase is of great importance in clinical diagnosis, 

47 disease monitoring and other biomedical aspects. To date, many analytical techniques 

48 like fluorescence, colorimetric, enzyme analysis, high-performance liquid 

49 chromatography and electrochemical, have been applied to develop sensitive methods 

50 for PPase detection.9-12 However, all the current ways are either complicated or lack 

51 of sensitivity. Hence, much effort still needs to be paid on the development of simple, 

52 fast and sensitive methods for PPase detection.

53 Click chemistry was first proposed by Shapless et al. in 2001.13 It was a series of 

54 chemical reactions that can efficiently and quickly join small units together with 

55 heteroatom links (C-X-C) to generate stable new substances. Cu+ catalyzed 

56 azide-alkyne cycloaddition was one of the most famous click chemistry reactions.14 

57 Due to the advantages of fast reaction, high selectivity, mild reaction conditions and 

58 high synthesis efficiency, the reaction had attracted much attention in wide range of 
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59 fields, especially in the modification and functionalization of biomacromolecules. 

60 This reaction had been combined with different detection techniques and applied to 

61 develop many sensitive biosensors for different targets.15-19 For example, Ge et al. 

62 established a colorimetric Cu2+ biosensor through click chemistry and 

63 hemin/G-quadruplex HRP-mimicking DNAzyme.20 Li and his colleagues constructed 

64 a dual amplification biosensor for CFP-10 detection using the DNA click ligation 

65 induced target cycling and gold nanoparticles loaded with G-quadruplex DNA 

66 motifs.21 Our group also committed to the application of click chemistry in biological 

67 detection, and has developed a variety of biosensors. For example, by introducing 

68 DNA-modified CuS particle to a DNA sandwich assay, a highly sensitive and 

69 selective fluorescence sensor for DNA detection had been proposed.22 And by 

70 combining personal glucose meters (PGM) with click chemistry, a portable chemical 

71 sensor for sensitive and selective determination of histidine had been developed.23 In 

72 addition, PPi can form complexes with Cu2+, and can also be hydrolyzed by PPase. 

73 This principle had been applied to develop many biosensors for PPi or PPase.12, 24-26 

74 In early studies, this principle had been coupled with the click chemistry to develop 

75 sensitive fluorescence biosensors for PPase detection.17,27

76 Electrochemiluminescence (ECL) is the process that luminophores are oxidized 

77 or reduced on the electrode surface undergo high-energy electron-transfer reactions to 

78 form excited states that emit light.28-29 As a powerful analytical technique, ECL has 

79 been widely used in immunoassay, food safety, environmental monitoring and other 

80 fields.30 Integrating electrochemical controllability and high sensitivity of 
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81 chemiluminescence, ECL is particularly suitable for developing detection strategies 

82 for low abundance biomarkers.31-33 However, in most reported ECL biosensors, the 

83 nucleic acid signal amplification is restricted to only occur on the electrode surface, 

84 and the steric hindrance on the electrode surface limits the efficiency of DNA 

85 hybridization, which affects the effect of signal amplification. Meanwhile, the DNA 

86 hybridization reaction in homogeneous solution is convenient and efficient. 

87 Therefore, connecting the amplification product to the electrode surface probe in one 

88 step can shorten the time required for DNA growth on the electrode surface and 

89 reduce the effect of steric hindrance on the amplification effect.

90 Ru(phen)3
2+, an efficient and stable ECL molecular beacon, has been widely used 

91 to construct various highly sensitive ECL nucleic acid sensors because it can be 

92 embedded in the groove of double strand DNA (dsDNA).34-37 As an enzyme-free 

93 isothermal nucleic acid amplification technology, hybridization chain reaction (HCR) 

94 is simple and rapid and does not require repeated temperature changing steps, which 

95 can form dsDNA in homogeneous solution easily.38-39 In an early report, HCR had 

96 been coupled with click chemistry to develop sensitive biosensor for tumor 

97 exosomes.19 But the HCR occurred on the interface of the solid electrode surface and 

98 the solution, the efficiency is relative low. In this study, by combining the high 

99 selectivity of click chemistry, the high amplification efficiency of HCR in 

100 homogeneous solution and the high sensitivity of ECL, an ECL biosensor for PPase 

101 detection was developed. The principle of the proposed system was shown in Scheme 

102 1. Cu2+ was first complexed with PPi to form a coordination complex (PPi/Cu2+). The  

Page 5 of 29

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

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



103 present PPase can hydrolyzed PPi to release Cu2+ from the PPi/Cu2+, and the free Cu2+ 

104 was then reduced to Cu+ by sodium ascorbate (SA), thereby catalyzing the click 

105 chemistry of the two single strand DNA (ssDNA) modified with alkynyl groups and 

106 azide groups at the end to form new long ssDNA (T-ssDNA), which can be used as a 

107 trigger to initiate HCR amplification for the formation of long dsDNAs amplification 

108 products with 5'-protruding ends (L-dsDNA). The capture probe modified on the gold 

109 electrode surface with Au-S bonds could hybridize with the 5'-protruding end of 

110 L-dsDNA and then capture the amplification product onto the electrode surface. At 

111 the same time, the ECL molecular beacon Ru(phen)3
2+ would embed in the dsDNA. 

112 The intensity of the signal was dependent on the amount of Ru(phen)3
2+ embedded in 

113 the dsDNA as the HCR product hybridizes to the capture probe. Therefore, the more 

114 Ru(phen)3
2+ accumulates on the electrode surface, the stronger the ECL signal can be 

115 detected in this biosensor. Conversely, if PPase was absent and HCR amplification 

116 did not occur in the system, the capture probe can only capture free DNA2 in the 

117 solution, and only a small amount of Ru(phen)3
2+ accumulates on the electrode 

118 surface, hence just weak ECL signals could be detected. The designed biosensor 

119 showed good selectivity and high sensitivity to PPase, and could be used for screening 

120 and quantitatively determinating PPase inhibitor sodium fluoride (NaF). Furthermore, 

121 the analysis results of the serum samples were also satisfactory.
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122

123 Scheme 1. Schematic illustration of the ECL biosensor for PPase based on click 

124 chemistry-induced hybridization chain reaction.

125 2. EXPERIMENTAL SECTION

126 2.1. Reagents and instrumentation. Baker’s yeast inorganic PPase (EC3.6.1.1), 

127 6-mercapto-1-hexanol (MCH), dichlorotris (1, 10-phenanthroline) ruthenium (II) 

128 hydrate (Ru(phen)3
2+), tripropylamine (TPA) and 1,4-dithiothreitol (DTT) were 

129 purchased from Sigma-Aldrich (Shanghai, China). Sodium pyrophosphate was 

130 provided by Beilian Fine Chemicals Co. Ltd. (Tianjin, China). Sodium ascorbate (SA) 

131 and copper sulfate pentahydrate (CuSO4·5H2O) were purchased from Alfa Aesar 

132 China Co. Ltd. (Tianjin, China). Tris-borate-EDTA (5× TBE) and all oligonucleotides 

133 used in this work were purchased from Sangon Inc. (Shanghai, China). The 

134 oligonucleotides sequences were listed in Table S1. Clinical serum samples were 

135 obtained from the volunteers of Fujian Medical University Union Hospital (Fujian, 
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136 China).

137 The ECL signals were measured with a CHI660D electrochemical workstation 

138 (Chenhua Instruments, Shanghai, China) and a BPCL ultraweak luminescence 

139 analyzer (Institute of Biophysics, Chinese Academy of Science, Beijing, China). Gold 

140 electrode (3 mm in diameter), platinum electrode, and Ag/AgCl electrode were used 

141 as working, counter and reference electrodes, respectively.

142 2.2. Preparation of HCR amplification solution. 20 M Cu2+ and 50 M PPi were 

143 mixed in 1 NEBuffer 2 containing DNA1 and DNA2, and reacted at 37 ℃ for 20 

144 min to form a stable PPi/Cu2+ complex (Cu(P2O7)2
6-). PPi was hydrolyzed to Pi by 

145 adding PPase of a certain concentration for 1 h to release Cu2+ from the PPi/Cu2+ 

146 complex. Subsequently, 7.5 M SA was added to the solution and reacted in the dark 

147 for 30 min at room temperature. This process reduced the free Cu2+ to Cu+, while the 

148 DNA1 and DNA2 in the solution underwent a click chemistry reaction under Cu+ 

149 catalysis. The terminal alkynyl group of DNA1 and the terminal azide group of DNA2 

150 were linked by click chemistry to form T-DNA. Then the mixture of HP1 and HP2 of 

151 10 M was added and the resulted product was incubated at 37 ℃ for 1.5 h. T-DNA 

152 can open the material hairpin probe HP1 of HCR and thereby triggering HCR 

153 amplification, which produced a great number of L-dsDNA until the HCR material 

154 hairpin HP1 or HP2 was depleted.

155 2.3. Pretreatment of gold electrode and ECL detection. The gold electrode with a 

156 diameter of 3 mm was first polished with alumina powder of 0.3 m and 0.05 m, 

157 and then ultrasonically cleaned with ethanol and ultrapure water in that order. 
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158 Afterwards, the electrode treated as described above was immersed in a 0.5 M H2SO4 

159 solution and subjected to cyclic voltammetry scanning in the range of 0 to 1 V until a 

160 stable cyclic voltammogram of three oxidation peaks and one reduction peak was 

161 obtained, indicating that the electrode has been activated. Followingly, 0.5 M 

162 thiol-modified capture probe (Probe-SH) was dropped onto the activated gold 

163 electrode and placed at 37 ℃ for 2 h to allow Probe-SH to bind to the gold electrode 

164 by the Au-S bond. The unmodified sites of the modified gold electrode surface were 

165 blocked with 1 mM MCH. In the next step, the treated gold electrode was then 

166 immersed in the HCR amplification solution while 0.1 μM Ru(phen)3
2+ was added 

167 and incubated at 37 ℃  for 90 min. In this process, L-dsDNA was captured by the 

168 Probe-SH onto the electrode while a sufficient amount of Ru(phen)3
2+ embedded into 

169 the groove of the dsDNA. The gold electrode was washed with ultrapure water after 

170 each step above to remove non-specific adsorption on the electrode surface.

171 At last, the gold electrode after the above reaction was immersed in 2 mL PBS 

172 buffer (containing 20 mM TPA) for ECL analysis. The photomultiplier tube voltage 

173 was set to -500 V, and the measurement was performed at a scan rate of 100 mV/s in 

174 the voltage range of 0.4 V to 1.6 V.

175 2.4. Polyacrylamide gel electrophoresis analysis. Electrophoresis was performed 

176 using a 12% polyacrylamide gel to verify the occurrence of click chemistry and 

177 explore the feasibility of click chemistry-induced HCR amplification. The working 

178 voltage was 80 V, the running buffer was 0.5× TBE, and electrophoresis was carried 

179 out for 120 min at room temperature.
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180 2.5. Electrochemical impedance spectroscopy. Electrochemical impedance 

181 spectroscopy characterization of the proposed strategy was performed using the CHI 

182 660D software. The detection buffer was 5 mM [Fe(CN)6]3-/4- solution (containing 

183 100 mM KCl), the operating voltage was 0.235 V, and the impedance frequency range 

184 was 10-1 ~ 104 Hz.

185 3. RESULTS AND DISCUSSION

186 3.1. Feasibility study. The feasibility of the proposed strategy was characterized by 

187 polyacrylamide gel electrophoresis, electrochemical impedance spectroscopy and 

188 ECL, respectively. The result of polyacrylamide gel electrophoresis (Figure 1A) 

189 confirmed that click chemistry reaction had occurred in the system, and the HCR 

190 amplification triggered by the click chemistry was successfully achieved. In the 

191 absence of PPase, Cu2+ was confined in Cu2+/ppi complex, and DNA1 (lane a) and 

192 DNA2 (lane b) cannot be linked (lane c). When PPase was added, click chemistry 

193 occurred in the system, and T-DNA (lane d) was formed by connecting DNA1 and 

194 DNA2 (lane g) showed that T-DNA could open up HP1 (lane e), one of the material 

195 hairpin of HCR, and triggered HCR amplification (lane j). In the absence of PPase, no 

196 HCR amplification occurred in the system (lane i), and the band position of lane i was 

197 comparable to that of the mixture of HCR material hairpin (lane h). 

198 The electrochemical impedance spectroscopy was applied to characterize 

199 different electrode states. Figure 1B showed that the capture probe was successfully 

200 modified to the electrode surface (the impedance of curve b was larger than that of 

201 curve a). Moreover, the impedance of the system (curve e) was significantly larger 
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202 when the target was present than that when the target was absent (curve d), which also 

203 verified that the addition of the target triggered the occurrence of click chemistry and 

204 further induced HCR amplification. The product of HCR was captured by the capture 

205 probe onto the electrode surface, and the surface resistance of the electrode was 

206 greatly enhanced. The ECL analysis also confirmed the feasibility of the proposed 

207 strategy (Figure 1C). Without the target, the capture probe modified on the electrode 

208 surface could only hybridize with the free DNA2 in the solution, and just a small 

209 amount of Ru(phen)3
2+ would be captured to the electrode surface and therefore only 

210 weak ECL signal could be detected (curve a), while with the addition of the target, 

211 HCR amplification occurred in the system. The HCR product containing large 

212 quantities of dsDNA could hybridized with the probe modified on the electrode 

213 surface to capture plenty of dsDNA onto the electrode surface. In the meantime, lots 

214 of Ru(phen)3
2+ embedded in the groove of the dsDNA and a strong ECL signal was 

215 detected (curve b).

216
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217

218 Figure 1. Feasibility of the ECL biosensor. (A) Polyacrylamide gel electrophoresis 

219 analysis of different conditions; (B) Electrochemical impedance spectroscopy of 

220 various probes modified at electrode (a: bare Au electrode; b: electrode ‘a’ + 

221 Probe-SH; c: electrode ‘b’ + MCH; d: electrode ‘c’ + (Cu(PPi) + SA + DNA1 + 

222 DNA2 + HP1 + HP2); e: electrode ‘d’ with 10 mU PPase) in 5.0 mM [Fe(CN)6]3-/4- 

223 including 100 mM KCl; (C) ECL intensity of the proposed sensing system in the (a) 

224 absence and (b) presence of 0.25 mU PPase.

225 3.2. Optimization of the experimental conditions. The immobilization of the 

226 amplified product on the gold electrode surface is performed through the 

227 hybridization of the DNA2 in the amplified product and the capture probe on the 

228 electrode surface. In order to fully capture the amplified products, gold electrodes 

229 modified with 0.5 M Probe-SH were used to capture DNA2 at different 
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230 concentrations in the experiment, so as to optimize the concentration of DNA2. As 

231 shown in Figure S1, when the concentration of DNA2 was 0.4 M, the measured 

232 ECL signal tended to be stable, indicating that the DNA2-Probe-SH complex formed 

233 on the electrode surface reached saturation at this time. Therefore, 0.4 M DNA2 was 

234 selected for subsequent experiments. It is worth noting that in the experiment, the 

235 binding ratio of DNA1 and DNA2 was 1: 1, so the concentration of DNA1 was also 

236 determined to be 0.4 M. In addition, the high sensitivity of this method mainly 

237 depends on the efficiency of HCR amplification, so the amount of amplification 

238 materials HP1 and HP2 is also optimized. Figure S2 shows that when the 

239 concentration of HP1 (also the concentration of HP2) was 10 M, the measured ECL 

240 signal reached the platform. Even if the amplification material continued to increase 

241 afterwards, there was no significant improvement in HCR efficiency, indicating that 

242 within 90 min of amplification time, 10 M HP1 and HP2 (25 times the concentration 

243 of 0.4 M DNA2) was sufficient to obtain the highest amplification efficiency.

244 In order to obtain the best sensing performance, several experimental parameters 

245 were optimized in this experiment. Coordination of Cu2+ with PPi was a prerequisite 

246 for this strategy. Incomplete complexation of Cu2+ by PPi caused free Cu2+ in the 

247 solution and resulted in a high background signal, while excessive PPi directly 

248 affected the sensitivity of the sensor. Therefore, the ratio of PPi and Cu2+ and their 

249 reaction time were first optimized. As shown in Figure 2A and Figure 2B, with the 

250 increase of the ratio of PPi and Cu2+ and their reaction time, the free Cu2+ in the 

251 system decreased, hence, the finally detected ECL response signal also dropped. 
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252 Besides, Cu2+ were fully complexed by PPi and the ECL signal was minimized and 

253 reached the platform when the ratio of PPi and Cu2+ was 2.5 : 1 and the reaction time 

254 was 20 min, which was consequently chosen as the complexation condition for Cu2+ 

255 and PPi in subsequent experiments.

256 The reaction time of PPase also had an influence on the efficiency of the 

257 experiment. As depicted in Figure 2C, the measured ΔECL intensity (ΔECL = ECL – 

258 ECL0, ECL was the measured ECL intensity, and ECL0 was the ECL intensity when 

259 no target was present) increased with the extension of the PPase reaction time in 0-60 

260 min, and reached the plateau when reacted 60 min. Therefore, 60 min was chosen as 

261 the optimal hydrolysis time for PPase.

262 Finally, the effect of the time of Ru(phen)3
2+ embedded in dsDNA (also the 

263 hybridization time between the capture probe and the HCR reaction product) for the 

264 experiment was investigated. As shown in Figure 2D, ΔECL intensity increased with 

265 the increasing of hybridization time and stabilized over 90 min, indicating that 90 min 

266 was sufficient for the hybridization of the capture probe and the HCR reaction 

267 product, and that Ru(phen)3
2+ was fully embedded into dsDNA.
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268

269 Figure 2. Optimization of the detection conditions: (A) Ratio of PPi and Cu2+; (B) 

270 Reaction time between PPi and Cu2+; (C) Reaction time of PPase; (D) Reaction time 

271 of Ru(phen)3
2+. The PPase concentration was 50 mU in the above experiments. The 

272 illustrated error bars represented the standard deviation of three repeated 

273 measurements.

274 3.3. Performance of the developed biosensor. Under the optimal experimental 

275 conditions, the relationship between the ECL response signal and the concentration of 

276 PPase was explored. As depicted in Figure 3A, the ECL intensity grew as the PPase 

277 concentration increased in the range of 0 - 50 mU. In addition, ΔECL intensity and the 

278 logarithm of PPase concentration had a good linear relationship in the range of 0.025 - 

279 50mU (illustration in Figure 3B). The linear fitting equation was as follows:
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280 ΔECL=1351.6 Lg CPPase + 2608.6      R2=0.9908

281 where CPPase was the concentration of PPase (mU) and R was the correlation linear 

282 coefficient. The limit of detection (LOD) was 8 U (S / N = 3). Compared with some 

283 methods for detecting PPase in recent years, the strategy proposed in this study 

284 possessed a lower limit for the detection of PPase (see Table 1), higher sensitivity and 

285 wider dynamic range of the biosensor, and the latter two were attributed to: (1) the 

286 conversion from the detection of the target PPase into a response of Cu+ catalyzed 

287 click chemistry reaction, which effectively increased the sensitivity of the target 

288 response; (2) the signal amplification of ECL further achieved by the integration of 

289 HCR and the signal conversion of Ru(phen)3
2+, which was beneficial to the detection 

290 of low abundance targets.

291 Table 1. Comparison of the present method with other reported strategies.

Detection Method Dynamic Range (mU) Limit of Detection (mU) References

Label-free colorimetric analysis 6.0 to 80 5.4 10

Fluorescent method 4.2 to 70 1.4 9

Electrochemical assay 2.0 to 100 1.2 11

Photocurrent analysis 0.8 to 5000 0.41 12

ECL method 0.025 to 50 0.008 This work

292 3.4. Selectivity, stability and reproducibility of the system. Limited by the 

293 complementary base pairs in the stem of the hairpin structure, the amplified material 

294 DNA cannot stretch freely, while the amplification reaction can only be triggered by 

295 the initiator generated by the CuAAC reaction, which lays the foundation for the 
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296 biosensor to specifically respond to the target. To evaluate the selectivity of the 

297 prepared biosensor for PPase, five typical interfering proteins (Thrombin, HSA, 

298 Urease, CEA, and MUC 1) were tested for ECL under the same experimental 

299 conditions. As shown in Figure 3C, in the absence of the specific target, the Cu2+/PPi 

300 complex cannot hydrolyze and release Cu2+ to initiate the subsequent reaction, so the 

301 ECL signal generated is weak. The ECL responses of the selected five interfering 

302 proteins were almost identical to the experimental background, and only PPase could 

303 cause a significant increase in the signal, indicating that the biosensor had good 

304 selectivity for PPase detection.

305 The stability of the ECL biosensor was assessed by 5 cycles of consecutive 

306 potential scans between 0.4 V and 1.6 V. Figure S3 shows that the ECL response is 

307 stable and the relative standard deviation (RSD) was calculated to be 1.45%, 

308 indicating that the ECL biosensor exhibited good stability.

309 As shown in Figure 3D, with no target added as a control, the reproducibility of 

310 the ECL biosensor was studied by repeatedly performing PPase (0.06 mU, 0.2 mU, 2 

311 mU and 6 mU) detection for three times. The P value calculated using ANOVE is 

312 much less than 0.01, indicating that the inter-group difference is significant, the 

313 concentration of PPase has a very significant effect on the measurement results. And 

314 the RSD of each group at the same concentration was calculated to be 2.69% - 5.18%, 

315 the deviation within each group is small. In addition, the reproducibility was also 

316 investigated with six electrodes toward 10 mU PPase, RSD of intra-assay was 3.41%. 

317 All these results demonstrated that the ECL biosensor had a high reproducibility.
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318

319 Figure 3. (A) ECL responses for different PPase concentrations (a to h: 0, 25 U, 100 

320 U, 250 U, 1 mU, 5 mU, 20 mU, and 50 mU). (B) The linear relationship between 

321 ECL intensity and the logarithm of the PPase concentration. (C) ECL response in the 

322 presence of 5 mU PPase and other analytes (50 μg/mL thrombin, 50 μg/mL HSA, 50 

323 μg/mL urease, 50 μg/mL CEA and 50 μg/mL MUC 1). (D) The reproducibility of the 

324 ECL biosensor. The illustrated error bars represented the standard deviation of three 

325 repeated measurements.

326 3.5. Real sample analysis. In the treatment of arthritis patients, the regulation of 

327 calcium deposition by PPase plays a vital role in the metabolic activity of cartilage 

328 and the formation of new bone. So PPase can act as a potential evaluation index 

329 during the treatment of arthritic and the proposed biosensor has been applied to 

330 measure the activity of PPase in the serum from four clinical arthritic patients. Take 
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331 10 L of serum samples diluted 50-fold for recovery experiment by a standard 

332 addition method. The results in Table 2 indicate that this method can be used for the 

333 detection of PPase in clinical samples, and the activity levels of PPase in the serum of 

334 different arthritis patients show large differences. 

335 Table 2. Detection results of PPase in diluted arthritic patient serum.

Sample No. PPase added (mU) Total found (mU) Recovery (%) RSD (%, n=3)

- 0.0413 - 3.78

0.100 0.144 103 4.73#1

1.00 1.03 98.9 4.26

- 0.358 - 5.09

0.100 0.454 96.0 4.35#2

1.00 1.37 101 3.77

- 0.194 - 3.34

0.100 0.298 104 2.72#3

1.00 1.17 97.6 5.13

- 0.0771 - 4.62

0.100  0.182 105 3.97#4

1.00 1.09 101 4.98

336
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337 3.6. Inhibitor assay. Sodium fluoride (NaF) is commonly known as PPase inhibitor 

338 that can form an intermediate product [F--PPase] with PPase harbor the function of 

339 reducing the activity of PPase. In this study, NaF with different concentrations were 

340 added to the system to assess the ability of the system to screen for inhibitors. As 

341 shown in Figure 4A, the ECL signal decreased significantly with the addition of NaF, 

342 indicating that NaF can be used as a model inhibitor to explore the inhibitory effect on 

343 PPase activity. Moreover, the reduced ECL signal intensity showed a linear 

344 correlation with the logarithm of NaF concentration in the range of 0.1 M to 10 M 

345 (Figure 4B). The above results proved that the sensing system can be used for 

346 quantitative analysis of the PPase inhibitor NaF.

347

348 Figure 4. Inhibition efficiency of PPase by NaF. (A) ECL response with different 

349 concentrations of NaF. (B) The relationship between the reduced value of ECL signal 

350 and the logarithm of NaF concentrations. The PPase concentration was 50 mU. The 

351 illustrated error bars represented the standard deviation of three repeated 

352 measurements.

353 4. CONCLUSIONS
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354 By combining highly specific click chemistry with HCR signal 

355 amplification technology, an rapid ECL biosensor with mild condition was 

356 successfully constructed for sensitive and specific detection of PPase. DNA 

357 hybridization reaction in homogeneous solution was convenient and efficient, 

358 which could shorten the time required for DNA growth on the electrode surface 

359 and reduce the influence of steric hindrance from the solid electrode on the 

360 amplification effect. Due to the highly efficient HCR amplification processed in 

361 homogeneous solution and the highly sensitive characteristic of ECL, the 

362 sensing strategy owned high sensitivity with a detection limit of 8 U. The 

363 proposed method had been applied to detect PPase in the serum from clinical 

364 arthritic patients and quantitatively determine PPase inhibitor with satisfactory  

365 results. Since PPase can act as a potential evaluation index during the treatment 

366 of arthritic, the proposed method can be applied to evaluate the effectiveness of 

367 treatment and screen potential PPase inhibitor.

368

369 ASSOCIATED CONTENT

370 Supporting Information

371 The Supporting Information is available free of charge on the ACS Publications 

372 website.

373 Figures for nucleic acid probe concentration optimization (Figure S1 and 

374 Figure S2) and biosensor stability (Figure S3), and table for oligonucleotides 

375 sequences used in this study (Table S1).

Page 21 of 29

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

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



376

377 AUTHOR INFORMATION

378 Corresponding Author

379 * Email: zylin@fzu.edu.cn (Zhenyu Lin)

380 * Email: (chenhuixing@163.com) (Huixing Chen)

381 Author Contributions 

382 The manuscript was written through contributions of all authors. 

383 X.H., H.C. and Z.L. conceived the projects, and X.H., J.J., Y.L. and Z.L. designed and 

384 performed the experiments and collected the data. X.H., J.J., Y.L., B.Q., Z.L. and 

385 H.C. analyzed and discussed the data. All authors discussed the results and 

386 contributed to the writing of this manuscript. All authors have given approval to the 

387 final version of the manuscript

388 Notes

389 The authors declare no competing financial interest.

390

391 ACKNOWLEDGMENTS

392 This project was financially supported by National Sciences Foundation of China 

393 (21775026，21974020), the cooperative project of production and study in University 

394 of Fujian Province (2018Y4007), the Sciences Foundation of Fujian Province 

395 (2018J01685, 2018J01682), STS Key Project of Fujian Province (2017T3007).

396

Page 22 of 29

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

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

mailto:zylin@fzu.edu.cn%20(Zhenyu


397 REFERENCES

398 (1) Biswas, T.; Resto-Roldan, E.; Sawyer, S. K.; Artsimovitch, I.; Tsodikov, O. V. A 

399 Novel Non-Radioactive Primase-Pyrophosphatase Activity Assay and Its Application 

400 to the Discovery of Inhibitors of Mycobacterium Tuberculosis Primase DnaG. Nucleic 

401 Acids Res. 2013, 41, e56.

402 (2) Oksanen, E.; Ahonen, A.-K.; Tuominen, H.; Tuominen, V.; Lahti, R.; Goldman, 

403 A.; Heikinheimo, P. A Complete Structural Description of the Catalytic Cycle of 

404 Yeast Pyrophosphatase. Biochemistry 2007, 46, 1228-1239.

405 (3) Carman, G. M.; Han, G.-S. Roles of Phosphatidate Phosphatase Enzymes in Lipid 

406 Metabolism. Trends Biochem. Sci. 2006, 31, 694-699.

407 (4) Poole, K. E. S.; Reeve, J. Parathyroid Hormone - a Bone Anabolic and Catabolic 

408 Agent. Curr. Opin. Pharmacol. 2005, 5, 612-617.

409 (5) Polewski, M. D.; Johnson, K. A.; Foster, M.; Millan, J. L.; Terkeltaub, R. 

410 Inorganic Pyrophosphatase Induces Type I Collagen in Osteoblasts. Bone 2010, 46, 

411 81-90.

412 (6) Koike, E.; Toda, S.; Yokoi, F.; Izuhara, K.; Koike, N.; Itoh, K.; Miyazaki, K.; 

413 Sugihara, H. Expression of New Human Inorganic Pyrophosphatase in Thyroid 

414 Diseases: Its Intimate Association with Hyperthyroidism. Biochem. Biophy. Res. 

415 Commun. 2006, 341, 691-696.

416 (7) Lu, Z. H.; Hu, L. P.; Evers, S.; Chen, J.; Shen, Y. Differential Expression Profiling 

417 of Human Pancreatic Adenocarcinoma and Healthy Pancreatic Tissue. Proteomics 

418 2004, 4, 3975-3988.

Page 23 of 29

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

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



419 (8) Friedman, D. B.; Hill, S.; Keller, J. W.; Merchant, N. B.; Levy, S. E.; Coffey, R. 

420 J.; Caprioli, R. M. Proteome Analysis of Human Colon Cancer by Two-Dimensional 

421 Difference Gel Electrophoresis and Mass Spectrometry. Proteomics 2004, 4, 793-811.

422 (9) Tang, C.; Feng, H.; Huang, Y.; Qian, Z. Reversible Luminescent Nanoswitches 

423 Based on Aggregation-Induced Emission Enhancement of Silver Nanoclusters for 

424 Luminescence Turn-On Assay of Inorganic Pyrophosphatase Activity. Anal. Chem. 

425 2017, 89, 4994-5002.

426 (10) Zhang, L.; Li, M.; Qin, Y.; Chu, Z.; Zhao, S. A Convenient Label Free 

427 Colorimetric Assay for Pyrophosphatase Activity Based on a Pyrophosphate-Inhibited 

428 Cu2+-ABTS-H2O2 Reaction. Analyst 2014, 139, 6298-6303.

429 (11) Wang, Y.; Wu, Y.; Liu, W.; Chu, L.; Liao, Z.; Guo, W.; Liu, G.-Q.; He, X.; 

430 Wang, K. Electrochemical Strategy for Pyrophosphatase Detection Based on the 

431 Peroxidase-Like Activity of G-Quadruplex-Cu2+ DNAzyme. Talanta 2018, 178, 

432 491-497.

433 (12) Lee, C.-Y.; Liao, C.-H.; Tso, J.-T.; Hsieh, Y.-Z. A Pyrophosphatase Biosensor 

434 with Photocurrent Analysis. Sens. Actuators, B 2019, 284, 159-163.

435 (13) Kolb, H. C.; Finn, M. G.; Sharpless, K. B. Click Chemistry: Diverse Chemical 

436 Function from a Few Good Reactions. Angew. Chem., Int. Ed. 2001, 40, 2004-2021.

437 (14) Huisgen, R. Kinetics and Reaction-Mechanisms - Selected Examples from the 

438 Experience of 40 Years. Pure Appl. Chem. 1989, 61, 613-628.

439 (15) Zhang, Y.; Li, B.; Xu, C. Visual Detection of Ascorbic Acid via Alkyne-Azide 

440 Click Reaction Using Gold Nanoparticles as a Colorimetric Probe. Analyst 2010, 135, 

Page 24 of 29

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

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



441 1579-1584.

442 (16) Shen, Q.; Zhou, L.; Yuan, Y.; Huang, Y.; Xiang, B.; Chen, C.; Nie, Z.; Yao, S. 

443 Intra-Molecular G-Quadruplex Structure Generated by DNA-Templated Click 

444 Chemistry: "Turn-On" Fluorescent Probe for Copper Ions. Biosens. Bioelectron. 

445 2014, 55, 187-194.

446 (17) Xu, K.; Chen, Z.; Zhou, L.; Zheng, O.; Wu, X.; Guo, L.; Qiu, B.; Lin, Z.; Chen, 

447 G. Fluorometric Method for Inorganic Pyrophosphatase Activity Detection and 

448 Inhibitor Screening Based on Click Chemistry. Anal. Chem. 2015, 87, 816-820.

449 (18) Zhou, L.; Wang, T.; Bai, Y.; Li, Y.; Qiu, J.; Yu, W.; Zhang, S. Dual-Amplified 

450 Strategy for Ultrasensitive Electrochemical Biosensor Based on Click 

451 Chemistry-Mediated Enzyme-Assisted Target Recycling and Functionalized Fullerene 

452 Nanoparticles in the Detection of MicroRNA-141. Biosens. Bioelectron. 2020, 150, 

453 111964.

454 (19) An, Y.; Jin, T.; Zhu, Y.; Zhang, F.; He, P. An Ultrasensitive Electrochemical 

455 Aptasensor for the Determination of Tumor Exosomes Based on Click Chemistry. 

456 Biosens. Bioelectron. 2019, 142, 111503.

457 (20) Ge, C.; Luo, Q.; Wang, D.; Zhao, S.; Liang, X.; Yu, L.; Xing, X.; Zeng, L. 

458 Colorimetric Detection of Copper(II) Ion Using Click Chemistry and 

459 Hemin/G-Quadruplex Horseradish Peroxidase-Mimicking DNAzyme. Anal. Chem. 

460 2014, 86, 6387-6392.

461 (21) Li, J.; Hu, K.; Zhang, Z.; Teng, X.; Zhang, X. Click DNA Cycling in 

462 Combination with Gold Nanoparticles Loaded with Quadruplex DNA Motifs Enable 

Page 25 of 29

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

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



463 Sensitive Electrochemical Quantitation of the Tuberculosis-Associated Biomarker 

464 CFP-10 in Sputum. Microchim. Acta 2019, 186, 662.

465 (22) Yue, G. Y.; Ye, H. Z.; Huang, X. J.; Ye, W. M.; Qiu, S. Y.; Qiu, B.; Lin, Z. Y.; 

466 Chen, G. N. Quantification of DNA through a Fluorescence Biosensor Based on Click 

467 Chemistry. Analyst 2014, 139, 5669-5673.

468 (23) Zhou, J.; Xu, K.; Zhou, P.; Zheng, O.; Lin, Z.; Guo, L.; Qiu, B.; Chen, G. A 

469 Portable Chemical Sensor for Histidine Based on the Strategy of Click Chemistry. 

470 Biosens. Bioelectron. 2014, 51, 386-390.

471 (24) Chen, C.; Zhao, D.; Sun, J.; Yang, X. Colorimetric Logic Gate for Pyrophosphate 

472 and Pyrophosphatase via Regulating the Catalytic Capability of Horseradish 

473 Peroxidase. ACS Appl. Mater. Interfaces 2016, 8, 29529-29535.

474 (25) Sun, J.; Wang, B.; Zhao, X.; Li, Z.-J.; Yang, X. Fluorescent and Colorimetric 

475 Dual-Readout Assay for Inorganic Pyrophosphatase with Cu2+-Triggered Oxidation of 

476 o-Phenylenediamine. Anal. Chem. 2016, 88, 1355-1361

477 (26) Hu, S.; Zhu, L.; Lam, C. W.; Guo, L.; Lin, Z.; Qiu, B.; Wong, K. Y.; Chen, G.; 

478 Liu, Z. Fluorometric Determination of the Activity of Inorganic Pyrophosphatase and 

479 Its Inhibitors by Exploiting the Peroxidase Mimicking Properties of a 

480 Two-Dimensional Metal Organic Framework. Microchim. Acta 2019, 186, 190.

481 (27) Zhang, Y.; Guo, Y.; Zhao, M.; Lin, C.; Lin, Z.; Luo, F.; Chen, G. Fluorescence 

482 Biosensor for Inorganic Pyrophosphatase Activity. Anal. Bioanal. Chem. 2017, 409, 

483 999-1005.

484 (28) Richter, M. M. Electrochemiluminescence (ECL). Chem. Rev. 2004, 104, 

Page 26 of 29

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

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



485 3003-3036.

486 (29) Santhanam, K. S. V.; Bard, A. J. Chemiluminescence of Electrogenerated 

487 9,10-Diphenylanthracene Anion Radical1. J. Am. Chem. Soc. 1965, 87, 139-140.

488 (30) Hu, L.; Xu, G. Applications and Trends in Electrochemiluminescence. Chem. 

489 Soc. Rev. 2010, 39, 3275-3304.

490 (31) Zhang, P.; Wu, X.; Yuan, R.; Chai, Y. An "Off On" Electrochemiluminescent 

491 Biosensor Based on DNAzyme-Assisted Target Recycling and Rolling Circle 

492 Amplifications for Ultrasensitive Detection of MicroRNA. Anal. Chem. 2015, 87, 

493 3202-3207.

494 (32) Chikkaveeraiah, B. V.; Bhirde, A. A.; Morgan, N. Y.; Eden, H. S.; Chen, X. 

495 Electrochemical Immunosensors for Detection of Cancer Protein Biomarkers. Acs 

496 Nano 2012, 6, 6546-6561.

497 (33) Wang, Y.-Z.; Ji, S.-Y.; Xu, H.-Y.; Zhao, W.; Xu, J.-J.; Chen, H.-Y. Bidirectional 

498 Electrochemiluminescence Color Switch: An Application in Detecting Multimarkers 

499 of Prostate Cancer. Anal. Chem. 2018, 90, 3570-3575.

500 (34) Lee, W. Y. Tris (2,2'-bipyridyl)ruthenium(II) Electrogenerated 

501 Chemiluminescence in Analytical Science. Microchim. Acta 1997, 127, 19-39.

502 (35) Yang, L.; Zhang, Y.; Li, R.; Lin, C.; Guo, L.; Qiu, B.; Lin, Z.; Chen, G. 

503 Electrochemiluminescence Biosensor for Ultrasensitive Determination of Ochratoxin 

504 A in Corn Samples Based on Aptamer and Hyperbranched Rolling Circle 

505 Amplification. Biosens. Bioelectron. 2015, 70, 268-274.

506 (36) Lin, Y.; Wang, J.; Luo, F.; Guo, L.; Qiu, B.; Lin, Z. Highly Reproducible 

Page 27 of 29

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

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



507 Ratiometric Aptasensor Based on the Ratio of Amplified Electrochemiluminescence 

508 Signal and Stable Internal Reference Electrochemical Signal. Electrochim. Acta 2018, 

509 283, 798-805.

510 (37) Zhang, Y.; Xu, G.; Lian, G.; Luo, F.; Xie, Q.; Lin, Z.; Chen, G. 

511 Electrochemiluminescence Biosensor for miRNA-21 Based on Toehold-Mediated 

512 Strand Displacement Amplification with Ru(phen)3
2+ Loaded DNA Nanoclews as 

513 Signal Tags. Biosens. Bioelectron. 2020, 147, 111789.

514 (38) Evanko, D. Hybridization Chain Reaction. Nat. Methods 2004, 1, 186-187.

515 (39) Yang, L.; Liu, C.; Ren, W.; Li, Z. Graphene Surface-Anchored Fluorescence 

516 Sensor for Sensitive Detection of MicroRNA Coupled with Enzyme-Free Signal 

517 Amplification of Hybridization Chain Reaction. ACS Appl. Mater. Interfaces 2012, 4, 

518 6450-6453.

519

Page 28 of 29

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

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



520 For Table of Contents Only

521

522

Page 29 of 29

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

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


