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9 Abstract

10 The cervical cancer is the fourth most common cancer among women worldwide. 

11 Human papillomavirus type 16 (HPV16) is one of the common biomarkers which cause 

12 the cervical cancer. In this work, an electrochemical sensor based on a triblock 

13 polyadenine-based probe (TPP) and copper nanoclusters (CuNCs) was constructed for 

14 the rapid, sensitive and selective detection of HPV16. The TPP contained the central 

15 polyadenine (PolyA) segment and two flanking DNA probes. The middle PolyA 

16 segment had a high affinity to the gold electrode surface, leading to the adjustable 

17 density of the TPP by the length of PolyA. When the DNA template that mediated the 

18 formation of CuNCs was introduced, the DNA template partly hybridized with the two 

19 flanking DNA probes of the TPP. A large number of CuNCs were synthesized on the 

20 DNA template, producing a big electrochemical impedance signal. When the target 

21 DNA (HPV16) was present, it bound to the two flanking DNA probes of the TPP, which 

22 resulted in the release of the DNA template from the electrode and produced a small 

23 electrochemical impedance signal. The limit of detection (LOD) for the detection of 

24 HPV16 was 3.34 pM and the linear range was 10 pM - 10 μM. The designed sensor 

25 demonstrated good sensitivity, good selectivity, and satisfied recovery, providing the 

26 valuable insights in the cervical cancer prevention and the development of the 

27 electrochemical biosensors.

28
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29 1. Introduction

30 Human papillomavirus (HPV) is a group of non-enveloped, double-stranded DNA 

31 (dsDNA) viruses. It can be categorized into high-risk and low-risk types. High-risk 

32 HPV genotypes are the possible reason for the cervical cancer. So far, about 14 types 

33 of high-risk HPV genotypes have been reported, and HPV16 and HPV18 are the major 

34 high-risk HPV genotypes.1,2 According to the surveys, the global prevalence of HPV 

35 infection varies considerably geographically. The highest prevalence of the HPV 

36 infection in women was found in Africa and Asia among the five continents, and 

37 particularly in the developing countries with limited medical facilities.3 Therefore, the 

38 development of a simple, rapid, sensitive and cost-effective DNA sensor for detecting 

39 the HPV16 gene is crucial for the early diagnosis and prevention of the HPV-related 

40 disease.

41 Currently, the common methods for HPV detection are divided into two kinds. 

42 The first is the HPV-specific expressed protein detection method, such as enzyme-

43 linked immunosorbent assay (ELISA) based on the antigen-antibody specific binding. 

44 ELISA has low sensitivity and requires a cumbersome cleaning step.4 The second is the 

45 nucleic acid-based assay method, including colorimetry,5,6 electrochemistry,7,8 and 

46 surface-enhanced Raman sectroscopy.9,10 Among these methods, the electrochemistry 

47 method has a lot of advantages such as simple operation, high sensitivity and low cost.11 

48 Until now, a large number of nanomaterials have been used to construct the label-free 

49 electrochemistry sensors for the sensitive detection of the HPV genetypes.7,12

50 Metal nanoclusters (MNCs) consist of a few to tens of metal atoms, which can be 
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51 readily synthesized by DNA template with the special sequence, such as silver 

52 nanoclusters (AgNCs) using cytosine (C)-rich DNA template,13,14 copper nanoclusters 

53 (CuNCs) using poly-thymidine [poly(T)] DNA template or poly-(adenine-thymine-

54 thymine-adenine) [poly(AT-TA)] ds-DNA DNA template.15–18 Among these MNCs, 

55 DNA-templated CuNCs are favorable for the various applications due to their mild 

56 synthesis conditions, good biocompatibility and inexpensive precursors.19–21 Moreover, 

57 the number and the size of the CuNCs can be regulated by adjusting the DNA 

58 sequence.22 The formation of the CuNCs originates from the clustering of Cu0, which 

59 begins with the chemical reduction of CuII to CuI on the DNA backbones, followed by 

60 the conversion of CuI to CuII and Cu0 due to the disproportionation reaction.23 The in-

61 situ preparation of CuNCs on DNA backbones is time-saving compared with the ex-

62 situ synthesis preparation process, which lays a substantial basis for its wide 

63 applications in the relevant biochemical analyses. For example, the CuNCs were 

64 successfully applied to the highly sensitive detection of the targets such as miRNA-122, 

65 pyrophosphate and alkaline phosphatase activity and glutathione.24-26 Therefore, it is 

66 meaningful to construct an electrochemical DNA biosensor based on CuNCs for 

67 HPV16 detection.

68 The electrochemical DNA sensors usually utilize the gold-sulfur (Au-S) bond to 

69 self-assemble the sulfhydrylated oligonucleotides on the electrode surface. However, 

70 the precise control of the orientation and the conformation of the oligonucleotides on 

71 the electrode surface and the fine-tuning of the hybridization ability remain 

72 challenging.27,28 In recent years, poly-adenine (PolyA)-based DNA covalent 
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73 immobilization strategy has provided the new idea for assembling DNA. Unlike the 

74 Au-S bond-dependent immobilization strategy, the binding of PolyA to gold 

75 presumably occurs through the coordination mechanism involving the direct interaction 

76 of adenine base ring’s nitrogen with gold, with the partial contribution from the 

77 exocyclic amino group.29 For example, Li et al.30 reported a novel electrochemical 

78 DNA sensor based on a triblock PolyA-based probe (TPP), which achieved the ultra-

79 sensitive and rapid detection of lead ions (Pb2+) by integrating a three-dimensional 

80 DNAzyme walker and a strand displacement reaction (SDR). Li et al.31 reported a TPP-

81 based label-free electrochemical DNA sensor for the highly sensitive detection of DNA. 

82 Although the breakthrough has been made for the binding of PolyA to the gold surface, 

83 there was no electrochemical biosensor that employed TPP for the sensitive detection 

84 of HPV16.

85 In this work, a label-free electrochemical sensor based on TPP and DNA templated 

86 CuNCs was constructed for the sensitive detection of HPV16. As shown in Fig. 1, the 

87 TPP consisted of a central PolyA fragment and two flanking DNA probes. Unlike the 

88 conventional SH-DNA probe, the TPP enabled the probe anchoring through the high 

89 affinity of the PolyA segment toward gold, thereby forming a tight biosensing interface 

90 on the electrode surface. Such assembling strategy allowed two flanking probes to be 

91 immobilized onto the electrode surface at an adjustable distance and in the equal 

92 amounts. When the DNA template capable of mediating the formation of CuNCs was 

93 introduced into the system, the DNA template partly hybridized with the two flanking 

94 probes of the TPP and was thus immobilized on the electrode surface. Subsequently, 
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95 numerous CuNCs could be synthesized in situ on the immobilized DNA template, 

96 generating a significant impedance signal. However, when HPV16 was present, it 

97 displaced the DNA template to preferentially hybridize with the two flanking probes, 

98 forming two duplex. This resulted in the release of the DNA template from the electrode 

99 surface and the decreased generation of CuNCs, leading to a small impedance signal 

100 that was quantitatively related to the amount of HPV16.

101

102 Fig. 1 The construction of the electrochemical sensor based on TPP and CuNCs for 

103 HPV16 detection.

104 2. Experimental

105 2.1 Reagents and materials
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106 H2SO4, HAuCl4, CuSO4·5H2O, ethylenediaminetetraacetic acid (EDTA), NaCl, 

107 sodium ascorbate, 6-mercapto-1-hexanol (MCH) were purchased from Shanghai 

108 Aladdin Biochemical Technology Co., Ltd. (China). Superior grade fetal bovine serum 

109 was purchased from Jiangsu Kaiji Biotechnology Co., Ltd. (China). EDTA buffer 

110 solution (pH 7.4) contained 10 mM EDTA and 1 M NaCl. [Fe(CN)6]3-/4- solution 

111 contained 5 mM K4[Fe(CN)6], 5 mM K3[Fe(CN)6] and 0.1 M KCl. All the solutions 

112 were prepared and diluted with the ultrapure water from a Milli-Q (Bedford, USA) 

113 ultrapure water system.

114 All the oligonucleotides used in this study were synthesized by Shanghai Sangon 

115 Biological Engineering Technological Co. Ltd. (China) and their sequences are 

116 enumerated below:

117 DNA1: 5’-GCAAAGGCAGCAATGACACACACACAAAAAAAAAACACA

118 CACACAGCAGCAATGTTAGCA-3’

119 DNA2: 5’-GCAAAGGCAGCAATGACACACACACAAAAAAAAAAAAAA

120 AAAAAACACACACACAGCAGCAATGTTAGCA-3’

121 DNA3 (i.e., TPP): 5’-GCAAAGGCAGCAATGACACACACACAAAAAAA

122 AAAAAAAAAAAAAAAAAAAAAAACACACACACAGCAGCAATGTTAGCA-

123 3’

124 DNA4: 5’-GCAAAGGCAGCAATGACACACACACAAAAAAAAAAAAAA

125 AAAAAAAAAAAAAAAAAAAAAAAAAACACACACACAGCAGCAATGTTA

126 GCA-3’

127 DNA template: 5’-CTGCCTTTGCTTTTTTTTTTTGCTAACATT-3’
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128 HPV16: 5’-TGCTAACATTGCTGCCTTTGC-3’

129 HPV18: 5’-GGAATGCTCGAAGGTCGTCT-3’

130 HPV31: 5’-GGTGAACCGAAAACGGTTGG-3’

131 HPV51: 5’-TCTGCTGTACAACGCGAAGG-3’

132 HPV58: 5’-ACAGCTAGGGCACACAATGG-3’

133 2.2 Instrumentation

134 The surface morphology of the electrode was obtained by the field emission 

135 scanning electron microscopy (FM-SEM, Apreo S, Netherlands). The transmission 

136 electron microscopy (TEM) images were obtained using a JEM-2100 transmission 

137 electron microscope (Nippon Electron Co., Ltd., Japan). All the electrochemical 

138 measurements were performed at a CS310H electrochemical workstation (Wuhan 

139 Kesite Instruments Co., Ltd., China). A conventional three-electrode cell was used with 

140 a glassy carbon (GC) electrode (diameter = 3 mm) as the working electrode, a platinum 

141 wire as the counter electrode and a saturated calomel electrode (SCE) as the reference 

142 electrode.

143 2.3 The preparation of the electrochemical biosensor

144 The GC electrode was polished using 0.05 μm alumina slurries to obtain a mirror-

145 like surface, followed by the ultrasonication steps in ultrapure water, ethanol, and 

146 ultrapure water, respectively. Then the GC elecetrode was immersed in 1 mM H2SO4 

147 solution by the potential cycling in the potential between -0.6 and 1.6 V until the cyclic 

148 voltammetry characteristic for a clean GC electrode was obtained. After rinsing with 

149 ultrapure water, the pretreated GC electrode was immersed in 5 mM HAuCl4 solution 
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150 using the constant potential polarization method for the electrodeposition of gold 

151 nanoparticles (AuNPs) on the GC electrode surface. After that, the GC/Au electrode 

152 was washed with ultrapure water. 15 μL of TPP (1 μM) was placed onto the GC/Au 

153 electrode surface and incubated in the dark overnight at room temperature, and the TPP 

154 was anchored to the electrode surface to form a triblocked conformation through 

155 covalent binding of adenine bases to the AuNPs layer. The obtained GC/Au/TPP 

156 electrode was rinsed with ultrapure water and then immersed in 1 mM MCH solution 

157 for 30 min to block the uncovered electrode surface. Then, 15 μL of DNA template (1 

158 μM) was dropped on the GC/Au/TPP/MCH electrode surface and incubated at room 

159 temperature in the dark for 1 h, and the obtained modified electrode was labeled as 

160 GC/Au/TPP/MCH/DNA template.

161 2.4 The electrochemical measurement

162 The electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) 

163 measurements were both recorded in the [Fe(CN)6]3−/4− solution. EIS was recorded by 

164 applying a frequency range of 105 Hz - 10-2 Hz and a 10 mV AC amplitude. CV was 

165 performed at a scan rate of 100 mV/s over a potential range of -0.2 V ~ 0.6 V.

166 3. Results and discussion

167 3.1 The characterization of the developed electrochemical sensor

168 The morphology of the modified electrode surface after the electrodeposition of 

169 AuNPs was characterized by FM-SEM. As shown in Fig. 2A, AuNPs were uniformly 

170 dispersed on the sensing interface with an average size of 160 nm. The DNA-templated 

171 CuNCs were characterized using TEM. The freshly prepared CuNCs solution was 
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172 dropped on an ultrathin carbon film and dried at room temperature. Then the 

173 morphology was obtained using TEM. As shown in Fig. 2B, the newly prepared CuNCs 

174 were uniformly spherical with a diameter of about 5 nm, indicating the successful 

175 synthesis of DNA templated CuNCs.

176

177 Fig. 2 (A) The SEM image of the GC/Au electrode surface; (B) The TEM image of 

178 CuNCs.

179 Each step in the modification of the electrode was further characterized by EIS 

180 and CV. The EIS data were presented in the form of the Nyquist plots and fitted by a 

181 equivalent circuit model. The equivalent circuit model includes solution resistance (Rs), 

182 electron transfer resistance (Ret), capacitance (CPE), and Warburg impedance (Zw). The 

183 Ret value is associated with the semicircle at high frequencies in the Nyquist plots, 

184 which is the most directive and sensitive parameter in response to the changes at the 

185 electrode/solution interface.32 As shown in Fig. 3A, the Nyquist plot of the GC/Au 

186 electrode demonstrated a quick electron transfer with a low Ret of 71 Ω, which was 

187 almost a straight line (curve a). When the TPP was immobilized on the GC/Au 

188 electrode, the Ret increased significantly to 722 Ω (curve b). This was due to the mutual 

189 repulsion between the negatively charged phosphate skeletons of DNA and the 
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190 [Fe(CN)6]3-/4- probe, which hindered the electron transfer. Subsequently, the 

191 GC/Au/TPP electrode was further modified with MCH, which made the electron 

192 transfer resistance increasing to 1044 Ω (curve c). The reason was that MCH closed the 

193 non-specific sites of the electrode. Then the DNA template was introduced and 

194 hybridized with the two flanking probes of TPP to form a double-strand DNA, further 

195 increasing the Ret to 1175 Ω (curve d). After that, the prepared GC/Au/TPP/MCH/DNA 

196 template modified electrode was immersed in a centrifuge tube containing copper 

197 sulfate solution, followed by the addition of sodium ascorbate (AA) solution. Under the 

198 reducing effect of AA, CuNCs were generated in situ on the flanking probes/DNA 

199 template duplex. The CuNCs significantly hindered the electron transfer at the electrode 

200 interface, resulting in a significant increase in Ret to 2350 Ω (curve e). In the presence 

201 of HPV16, HPV16 displaced the DNA template and hybridized with the two flanking 

202 probes of TPP to form the new duplexes. The release of DNA template from the 

203 electrode surface changed the conformation of TPP and the Ret was 1250 Ω (curve f). 

204 Compared to the curve d (obtained in the absence of HPV16), the resistance value 

205 increased a little bit. Finally, the prepared GC/Au/TPP/MCH/DNA template/HPV16 

206 modified electrode underwent the same procedure to generate the CuNCs on the 

207 electrode surface. With a comparison to the GC/Au/TPP/MCH/DNA template/CuNCs 

208 electrode (curve e), the GC/Au/TPP/MCH/DNA template/HPV16/CuNCs electrode 

209 obtained the decreased number of CuNCs, resulting a small Ret of 1546 Ω (curve g) that 

210 was notably lower than the 2350 Ω for curve e.

211 The CV results were shown in Fig. 3B. The [Fe(CN)6]3-/4- probe exhibited the 
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212 quasi-reversible redox peaks with varying peak currents on the different modified 

213 electrodes. On the GC/Au electrode surface, the [Fe(CN)6]3-/4- probe showed the highest 

214 oxidation and reduction peak currents (curve a), with a peak current difference of about 

215 87 μA. After assembling the TPP on the GC/Au electrode, both the peak currents 

216 decreased slightly (curve b), and the peak current difference dropped to about 73 μA. 

217 Further modification with MCH to block the nonspecific adsorption sites led to a further 

218 decrease in the peak currents (curve c), with the peak current difference decreasing to 

219 approximately 61 μA. The introduction of the DNA template, which hybridized with 

220 the TPP to form a negatively charged duplex, enhanced the electrostatic repulsion 

221 toward the [Fe(CN)6]3-/4- probe, resulting in the peak current difference decreasing to 

222 59 μA (curve d). Subsequently, CuNCs were synthesized in situ on this electrode. Their 

223 spatial site-blocking effect impeded the electron transfer, yielding a lower peak current 

224 difference of 40 μA (curve e). When the target DNA was present, it replaced the DNA 

225 template to hybridize with the TPP, further reducing the peak current difference to 54 

226 μA (curve f) compared to the DNA template-only electrode (curve d). Finally, CuNCs 

227 were synthesized on the target DNA-incorporated electrode, and the hindering effect of 

228 CuNCs further decreased the peak currents (curve g) to a difference of about 48 μA. 

229 The CV results were in good consistence with the results of EIS, confirming the 

230 successful construction of the electrochemical sensor for HPV16 detection.
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231

232 Fig. 3 Nyquist plots (A) and cyclic voltammograms (B) of the different modified 

233 electrodes. (a) GC/Au, (b) GC/Au/TPP, (c) GC/Au/TPP/MCH, (d) 

234 GC/Au/TPP/MCH/DNA template, (e) GC/Au/TPP/MCH/DNA template/CuNCs, (f) 

235 GC/Au/TPP/MCH/DNA template/HPV16, (g) GC/Au/TPP/MCH/DNA 

236 template/HPV16/CuNCs.

237 3.2 The optimization of the length of PolyA segment in TPP

238 The HPV16 standard solution (1 μM) was employed to optimize the length of 

239 PolyA segment (10, 20, 30, and 40 nt) in the TPP, with the corresponding DNA denoted 

240 as DNA1, DNA2, DNA3, and DNA4, respectively. As shown in Fig. 4A, as the length 

241 of the PolyA segment increased from 10 nt to 30 nt, the impedance signal in the 

242 presence of HPV16 gradually decreased while the blank signal gradually increased. The 

243 highest signal/noise (S/N) ratio was 13.2 when the length of PolyA segment was 30 nt. 

244 (S/N ratio was calculated as follows: blankblanktarget average-averageratioS/N SD , 

245 where averagetarget and averageblank were the average impedance of the target DNA 

246 sample and the blank, respectively. SDblank was the standard deviation of the blank)33 

247 As can be seen from Fig. 4B, the PolyA with the length of 30 nt matched the length of 

248 the DNA template, where the conformational stability was highest at the 
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249 electrochemical interface. However, when the length of PolyA increased to 40 nt, the 

250 S/N ratio decreased. The results are possibly because that the PolyA sequence was too 

251 long, resulting in a low assemble density of the TPP on the electrode surface. Therefore, 

252 DNA3 was chosen as the TPP in the subsequent experiments.

253

254 Fig. 4 The effect of the length of PolyA segment in the TPP on the analytical 

255 performance (A) and DNA conformation (B).

256 3.3 The optimization of the reaction parameters

257 In order to obtain the best performance of the electrochemical sensor for HPV16 

258 detection, several important experimental parameters were optimized. These 

259 parameters included the concentration of TPP, the incubation time of MCH, Cu2+ 

260 concentration and the synthesis time of CuNCs. At first, the concentration of the TPP 

261 was first optimized. As shown in Fig. 5A, the highest S/N ratio was 14.1 when the 

262 concentration of TPP was 1 μM. Higher concentrations led to the bigger steric 

263 hindrance, impairing the immobilization and hybridization of the TPP.34 Therefore, the 

264 optimal concentration of the TPP was 1 μM. MCH blocks the nonspecific adsorption 

265 sites on the electrode surface, and the incubation time of MCH is a critical step for 

266 constructing the sensor and should be optimized. As shown in Fig. 5B, the S/N ratio 
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267 gradually increased with the incubation time of MCH from 10 to 30 min. However, the 

268 prolonged incubation beyond 30 min caused a decrease in the S/N ratio. Therefore, the 

269 optimal incubation time for MCH was 30 min. CuNCs was responsible for the 

270 electrochemical readout, so the concentration of Cu2+ was optimized. As shown in Fig. 

271 5C, the S/N ratio gradually increased as the Cu2+ concentration increased from 1 mM 

272 to 10 mM. However, when the concentration of Cu2+ exceeded 10 mM, the S/N ratio 

273 gradually decreased. The highest S/N ratio was obtained at 10 mM of Cu2+. Therefore, 

274 the optimal concentration of Cu2+ was 10 mM. The synthesis time of CuNCs was 

275 another important parameter. As shown in Fig. 5D, the S/N ratio gradually increased 

276 with increasing the synthesis time for CuNCs, reached a maximum at 20 min, and then 

277 gradually decreased with further increasing the reaction time. Therefore, the optimal 

278 synthesis time for CuNCs was 20 min.
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279

280 Fig. 5 The effects of cTPP (A), the incubation time for MCH (B), cCu2+ (C) and the 

281 synthesis time of CuNCs (D) on the electrochemical signal.

282 3.4 The analytical performance of the electrochemical sensor for HPV16 

283 determination

284 Under the optimized conditions, the different concentrations of HPV16 gene were 

285 detected using the developed electrochemical sensor, and the results were shown in Fig. 

286 6A. The impedance value gradually decreased when the HPV16 concentration 

287 increased from 10 pM to 10 μM. Fig. 6B showed that the linear range for HPV16 gene 

288 detection was 10 pM - 10 μM, and the linear equation was Ret = -219.02 lgc + 1849.97, 

289 R2 = 0.99. The limit of detection (LOD) of the constructed sensing platform was 

290 calculated to be 3.34 pM based on the equation: LOD = 3σ/S (where the standard 

291 deviation of the blank sample set is denoted as σ and the slope of the fitted line in Fig. 
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292 6B is denoted as S).7 As shown in Table 1, the analytical performance of the 

293 electrochemical sensor developed in this work was compared with other reported 

294 sensors for HPV16 detection. The linear range of the developed sensor in this work was 

295 much wider and the LOD was lower or comparable towards other sensors. Although 

296 this work has achieved good analytical performance in the detection of HPV16 DNA, 

297 there are still some improvements needed including the long-term stability, the 

298 reversibility of the sensor, the scalability and the real-world deployment, which are 

299 something those we hope to explore in further work.

300

301 Fig. 6 (A) The Nyquist plots of the electrochemical sensor in the presence of the 

302 different concentrations of HPV16 gene; (B) The calibration curve of the resistance 

303 versus the logarithmic of HPV16 concentration.

304 Table 1 The comparison of the analytical performance of the various methods for 

305 HPV16 DNA detection

Technique Probe Linear range LOD Ref.

fluorescence CdTe quantum dots 0.1 nM - 40 nM 62 pM 35

microfluidic DNA 0.05 nM - 5.1 nM 10.5 pM 36

microfluidic copper oxide nanoparticle 5 nM - 100 nM 1 nM 37
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electrochemistry DNA 0.005 nM - 5 nM 18.5 pM 38

electrochemistry

carbon nanotubes and 

graphene oxide supported 

ionic liquid

8.5 nM - 10.7 μM 1.3 nM 39

electrochemistry HRP-tetramethylbenzidine 0.1 nM - 10 nM 220 pM 40

electrochemistry

porous reduced graphene 

oxide-molybdenum 

disulfide

3.5 pM - 35.3 pM 1.75 pM 41

electrochemistry CuNCs 10 pM - 10 μM 3.34 pM this work

306 3.5 Selectivity

307 Selectivity is one of the most important criteria to judge the performance of the 

308 sensor, which means being able to to distinguish the analyte from other interferent 

309 species in the sample. The specificity of the proposed DNA sensor was performed by 

310 analyzing four HPV genetypes (HPV18, HPV31, HPV51 and HPV58) using the same 

311 experimental procedure. Fig. 7 clearly shows that with a comparison to HPV16, the 

312 other HPV genetypes produced the larger impedance signals even at concentrations 100 

313 times higher than HPV16. The results indicate that the proposed sensor shows the 

314 satisfactory selectivity toward HPV16.
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315

316 Fig. 7 The selectivity of the sensor for HPV16 detection. The concentration of HPV16 

317 was 1 μM while the concentration of other HPV genetypes was 100 μM.

318 3.6 Recovery investigation

319 The suitability of the developed electrochemical sensor was investigated by the 

320 recovery test using the 20-fold diluted bovine serum as the real sample. HPV16 was 

321 added into the 20-fold diluted bovine serum with different concentrations (1, 10, 100, 

322 and 1000 nM), and the results are shown in Table 2. The recoveries of HPV16 ranged 

323 between 93.8% to 99.0%. The relative standard deviation (RSD) of the recoveries 

324 fluctuated between 2.6% to 6.2%. These results indicate that the constructed 

325 electrochemical sensor could be used for the detection of HPV16 in the real sample.

326 Table 2 The recoveries of HPV16 in the 20-fold diluted bovine serum samples (n=3)

Sample no.
added

(nM)

found

(nM)

RSD

(%)

recovery

(%)

1 1 0.99 5.0 99.0

2 10 9.56 2.6 95.6

3 100 97.23 3.8 97.2
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4 1000 938.6 6.2 93.8

327 4. Conclusions

328 In this work, a label-free electrochemical sensor based on TPP and DNA-

329 templated CuNCs was developed for the highly sensitive detection of HPV16. The 

330 PolyA segment in the TPP played a key role in assembling DNA on the electrode with 

331 a high affinity. The length of the PolyA segment could induce the conformation change 

332 of TPP and thus affect the electron transfer on the electrode. When the PolyA length 

333 was 30 nt, the sensor obtained the highest S/N ratio. Moreover, CuNCs were introduced 

334 into the sensor to provide the electrochemical signal for the sensitive detection of 

335 HPV16. The important parameters affecting the analytical performance were 

336 optimized, including the TPP concentration, MCH incubation time, Cu2+ concentration, 

337 and CuNCs synthesis time. Under the optimized conditions, the developed 

338 electrochemical sensor showed a low LOD of 3.34 pM for HPV16 detection and a wide 

339 linear range of 10 pM - 10 μM. In addition, the sensor also performed good selectivity 

340 and satisfied recovery. This work not only provided a new highly sensitive detection 

341 method for the early screening of HPV16, but also expanded the application of TPP in 

342 the electrochemical sensing. Furthermore, the multiplexed detection could be achieved 

343 by changing the sequences of the flanking probes of TPP. The developed sensor could 

344 also be integrated into a portable device by combining the microfluidic technology and 

345 the disposable electrode.
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