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12 Abstract:

13 A novel strategy for AFB1 detection in grains was proposed based on DNA 

14 tetrahedron-structured probe (DTP) and horseradish peroxidase (HRP) triggered 

15 polyaniline (PANI) deposition. Briefly, the DNA tetrahedron nanostructures were 

16 assembled on the gold electrode, with carboxylic group designed on top vertex of them. 

17 The carboxylic group was conjugated with the AFB1 monoclonal antibody (mAb) to 

18 form DTP. The test sample and a known fixed concentration of HRP-labeled AFB1 

19 were mixed and they compete for binding to DTP. The HRP assembled on the gold 

20 electrode catalyzed the polymerization of aniline on DTP. AFB1 in grains could be 

21 determined by using PANI as electrochemical signal molecules. Interestingly, DNA 

22 tetrahedron-structure, which has mechanical rigidity and structural stability, can 

23 improve antigen-antibody specific recognition and binding efficiency through the use 

24 of mAb ordered assembly. Meanwhile, nucleic acid backbone with a large amount of 

25 negative charge is good template for aniline polymerization under mild conditions.

26 Keywords: Electrochemical biosensor; DNA tetrahedral nanostructure; AFB1; PANI; 

27 HRP
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29 1. Introduction

30 Aflatoxin B1 (AFB1) is one of the most chemically toxic known aflatoxins, and 

31 agricultural products are deeply affected by it, mainly due to mildew during harvesting 

32 and processing (Zhao et al., 2018; Sobolev et al., 2017). The toxicity of AFB1 is mainly 

33 manifested in carcinogenesis, mutagenicity, acute toxicity, thermal stability, etc (Chen 

34 et al., 2017; Wang, Li, & Zhao, 2019; Qiu et al., 2018; Goud et al., 2018). Therefore, 

35 the detection of AFB1 has become particularly important (Myndrul et al., 2017). The 

36 current detection methods are UPLC-MS (Romera et al., 2018), fluorescence (Jia et al., 

37 2019; Wang et al., 2016), colorimetric assay (Wu, Zeng, Li, Liu, & Chen, 2019; Lai, 

38 Wei, Xu, Zhuang, & Tang, 2017), ELISA, (Xiong et al., 2018; Xiong, Pei, Wu, & Xiong, 

39 2017), and biosensor method (Li et al., 2015) etc. These methods can only be 

40 qualitatively judged by fluorescence and colorimetric, while UPLC-MS can be 

41 quantified, but the operation is complicated and time-consuming, it is not suitable for 

42 quick inspection applications. However, electrochemical biosensors can not only be 

43 qualitatively judged, but also can be quantitatively and conveniently operated. 

44 Therefore, this study selects electrochemical sensors to detect AFB1 in grains.

45 How to effectively enhance electrochemical signals by integrating various 

46 strategies has been a hot topic. In previous reports, Wang et al. developed a simple 

47 signal-on electrochemical sensor, the complementary DNA competed with the 

48 modified MB-labeled aptamer on the gold electrode for binding to AFB1 for detection 

49 (Wang, Li, & Zhao, 2019). Yu et al. proposed an electrochemical immunosensor that 

50 could easily and quickly detect AFB1, and improved the binding efficiency of antigen-

51 antibody by introducing ionic liquid, thereby obtaining higher sensitivity (Yu et al., 

52 2015). Zheng et al. utilized the telomerase amplification to elongate the ssDNA probes 

53 on the surface of gold nanoparticles, by which the signal could be correspondingly 

54 enlarged (Zheng et al., 2016). In order to improve the sensitivity and stability of 

55 electrochemical sensors, some amplification means have been applied in the research. 

56 DNA tetrahedron nanostructures have great potential in sensors (Huang, He, & Li, 

57 2018). The rigid structure of DNA tetrahedron nanostructure is relatively stable. It 

58 could enhance antigen-binding efficiency through the use of spatially separating 

59 pendant probes but also reduces the local overcrowding effect with the overall enhanced 

60 packing of targets (Yuan, Giovanni, Xie, Fan, & Leong, 2014; Lu et al., 2019; Wang et 

61 al., 2017). Kong et al. established a sensor to improve sensitivity by adjusting the DNA 

62 tetrahedron to link HRP to simulate the side length of DNAzyme and GOx at adjacent 
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63 vertices (Kong, Wang, Chai, Yuan, & Yuan, 2019). Xie et al. proposed a new 

64 application of tetrahedral DNA nanostructures as drug delivery candidate with broad 

65 prospects (Xie et al., 2018). Peng et al. demonstrated developed an AFB1 

66 electrochemical aptamer sensor based on tetrahedral DNA nanostructures, which 

67 combined tetrahedral DNA nanostructures with AFB1 aptamers and 3DOM MoS2-

68 AuNPs membranes to construct a sensing interface (Peng et al., 2018).

69 Meanwhile, DNA tetrahedron nanostructure that have numerous negative charges 

70 are good templates for polyaniline (PANI) deposition under mild environment (Zhang, 

71 Wang, Zhang, & He, 2018). The PANI formed by the polymerization of aniline is an 

72 important conductive polymer possessing reversible redox characteristics, and good 

73 stability can be formed by polymerization of aniline under the action of horseradish 

74 peroxidase (HRP) or HRP mimic enzyme to amplify the signal (Li, Chang, Hou, & Li,  

75 2016; Wei, & Zhang, 2018). Yukird et al. developed a novel label-free electrochemical 

76 immunosensor for the detection of neutrophil gelatinase-associated lipocalcin, which 

77 used electropolymerization of aniline to increase the number of amino group used for 

78 antibody immobilization (Yukird et al., 2017). Rao et al. proposed a novel molecularly 

79 imprinted electrochemical sensor for the detection of melamine. The glassy carbon 

80 electrode was modified by gold and polyaniline composite deposited on the surface of 

81 glassy carbon electrode to improve electrode sensitivity and amplify sensor signals 

82 (Rao et al., 2017). Salahandish et al. proposed a highly sensitive, unlabeled nanometer 

83 gene sensor that amplified the signal obtained by polyaniline to detect the known breast 

84 cancer biomarker mirna-21 (Salahandish et al., 2018).

85 In this paper, a rapid and ultrasensitive method for AFB1 detection was designed 

86 based on DNA tetrahedron-structured probe (DTP) and HRP triggered PANI deposition. 

87 The DNA tetrahedron-structure not only improves antigen-antibody specific 

88 recognition and binding efficiency through the use of AFB1 monoclonal antibody 

89 (mAb) ordered assembly but also is good template for aniline deposition under mild 

90 conditions. Compared with traditional single-stranded DNA probe (ssP), the detection 

91 sensitivity was enhanced ~ 100 times by using DTP.

92 2. Experimental

93 2.1. Materials and apparatus

94 All oligonucleotides synthesized and modified used in this experiment by 

95 Shanghai Sangon Biological Engineering Technology & Services Co. Ltd (Shanghai, 

96 China). The oligonucleotides were showed in Table S1. mAb, HRP-labeled AFB1 
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97 (HRP-AFB1), AFB1, Deoxynivalenol (DON), patulin, ochratoxin (OTA), zearalenone 

98 (ZEN), AFM1, and AFG1 were purchased from Shanghai Youlong Biotech Co. Ltd 

99 (shanghai, China). Aniline, hydrogen peroxide (H2O2), N-hydroxysuccinimide (NHS), 

100 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), tris (2-

101 carboxyethyl) phosphine hydrochloride (TCEP), 11-mercaptoundecanoic acid (MUA), 

102 and 6-Mercapto-1-hexanol (MCH) were purchased from Sigma Aldrich (St Louis, MO, 

103 USA). Sample (rice, wheat, corn, sorghum, barley, buckwheat) purchased from a local 

104 market in Nanjing, China.

105 The buffer solutions employed in this study were as follows: 1×PBS (pH 7.2 ~ 7.4, 

106 136.89 mM NaCl, 2.67 mM KCl, 8.24 mM Na2HPO4, 1.76 mM NaH2PO4); TE buffer 

107 (10 mM Tris, pH 8.0, 1 mM EDTA); TM buffer (20 mM Tris, pH 8.0, 50 mM MgCl2); 

108 PANI deposition buffer (100 mM acetic acid-sodium acetate (HAc-NaAc), pH 4.3, 200 

109 mM aniline, 20 mM H2O2, prepared daily); Electrolyte (100 mM HAc-NaAc buffer, 

110 pH 4.3); Electrochemical impedance spectroscopy (EIS) buffer (1×PBS, 5 mM 

111 K3[Fe(CN)6]/K4[Fe(CN)6] (1:1), 100 mM KCl); Ultrapure water (18.2 MΩ cm-1 at 

112 25 °C) from a Pure Water system (GWA-UN1-F40, Persee, China) was used in all 

113 experiments.

114 A Model CHI750E Electrochemistry Workstation (Shanghai Chenhua Instruments 

115 Co. Ltd., China) was employed for all electrochemical experiments. A conventional 

116 three-electrode system was used. A saturated calomel electrode (SCE) and a platinum 

117 wire electrode were used as the reference electrode and the auxiliary electrode, 

118 respectively. A gold electrode (2 mm in diameter) was used as a working electrode. The 

119 morphology of PANI was analyzed using scanning electron microscopy (SEM) system 

120 (JEM-2100, JEOL, Japan).

121 2.2. Synthesis of DNA tetrahedron-structure

122 The DNA tetrahedron-structure was self-assembled by using methods described 

123 in previous reports (Chen et al., 2019; Liu et al., 2016). The four stands (tetra-A-COOH, 

124 tetra-B-SH, tetra-C-SH, tetra-D-SH) were used to form DNA tetrahedron-structure. 1 

125 μL of each strand was mixed with 1 μL of TCEP (500 mM) and 45 μL of TM buffer. 

126 The resulting mixture was heated to 95 °C for 10 min, and then cooled to 4 °C for 30 

127 min to form DNA tetrahedron-structure.

128 2.3. Fabrication and Immobilization of DTP on the gold electrode surface

129 Firstly, the gold electrodes were polished according to the protocol used in a 

130 previous work (Zhang, Song, Wang, Pan, & Fan, 2007). Sencondly, 20 μL, 1 μM DNA 
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131 tetrahedron-structure was added to gold electrode and incubated overnight at room 

132 temperature. Consecutively, a volume of 3 μL of freshly prepared 200 mM EDC and 

133 100 mM EDC were pipetted onto the gold surface and left to react for 15 min. In this 

134 way, the carboxylic group on the top of DNA tetrahedron-structure was activated. 

135 Finally, after washing with 1×PBS, the activated COOH-terminated electrode was 

136 followed by treatment with 20 μL, 100 ng mL-1 of the mAb for 2 h at room temperature 

137 to obtain DTP sensor.

138 As a comparison, the single-stranded DNA probe (ssP, SH-T10-COOH) and MUA 

139 was immobilized on gold electrode by the same operation. Then, the modified electrode 

140 was incubated in 1 mM MCH for 1 h to eliminate nonspecific binding.

141 2.4. Determination of AFB1 by electrochemical measurements

142 20 μL of different concentrations of the test sample and 100 ng mL-1 HRP-AFB1 

143 were mixed. Then, the mixture solution was dropped on the DTP for 1 h incubation. 

144 Part of HRP-AFB1 was assembled on the gold electrode by the antigen-antibody 

145 reaction. After washing with 1×PBS, the prepared gold electrode was immersed in 500 

146 μL PANI deposition buffer at the room temperature for 2 h to form PANI. The 

147 electrochemical signal was measured with cyclic voltammetry (CV) and differential 

148 pulse voltammetry (DPV) by scanning from -0.2 V to 0.2 V in electrolyte. 

149 Electrochemical impedance spectroscopy (EIS) was recorded with a frequency range 

150 of 0.01 to 105 Hz in EIS buffer.

151 2.5. Real sample treatment

152 In order to evaluate analytical reliability and application capability of the designed 

153 electrochemical biosensor in real samples, rice, wheat, corn, sorghum, barley, 

154 buckwheat were selected as model samples to be tested. All samples were purchased 

155 from the local market in Nanjing, China. The steps for sample pretreatment were 

156 according to the China Food Safety Standard (GB 2761-2017). Firstly, at least 100 g of 

157 the sample was weighed and pulverized by a grinder, and the pulverized sample was 

158 passed through a 1 mm to 2 mm aperture test sieve. Take 5 g sample in 50 mL centrifuge 

159 tube separately, add 25 mL to methanol and water (1:1), shake for 15 min, filter, discard 

160 1/4 initial filtrate and collect sample filtrate, this solution was regard as sample extract. 

161 The sample to be tested is diluted with PBS in a sample extract (1:1) to obtain a sample 

162 solution.

163 3. Results and discussion

164 3.1. Strategy of the AFB1 analysis
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165 In this work, we designed a novel sensor for AFB1 detection in grains based on 

166 DTP and HRP triggered PANI deposition. A carboxylic group was designed on top of 

167 a DNA tetrahedron-nanostructure, and the mAb for recognition and bind AFB1 

168 specifically could be conjugated on the DNA tetrahedron-nanostructure (Scheme 1) via 

169 EDC-NHS method. In this way, a well-controlled antibody monolayer was obtained on 

170 the gold electrode surface. A direct competitive enzyme-linked immunoassay was 

171 employed in our investigation. After the capture of the mixture of unknown 

172 concentration AFB1 and 100 ng mL-1 HRP-AFB1, part of HRP was assembled on the 

173 gold electrode and employed to catalyze the polymerization of aniline to form PANI, 

174 which could be readily detected by using the electrochemical method (Ding et al., 2018; 

175 Zhang, Wang, Zhang, & He, 2018; Li, Chang, Hou, & Li, 2016). Interestingly, DNA 

176 tetrahedron-structure, which has mechanical rigidity and structural stability, can 

177 improve antigen-antibody specific recognition and binding efficiency through the use 

178 of mAb ordered assembly. Meanwhile, nucleic acid backbone with a large amount of 

179 negative charge is good template for aniline polymerization under mild conditions.

180 3.2. Characterization of the assembling process

181 The formation of DNA tetrahedron-nanostructure/gold electrode, DTP/gold 

182 electrode, HRP/DTP/gold electrode, and PANI/gold electrode were illustrated by CV 

183 and EIS. As the show in Fig. 1A, no CV peak was observed without the deposition of 

184 PANI (a, b, c, d in Fig. 1A), while a pair of new redox peaks at -0.089 and -0.019 V 

185 appeared due to the redox of PANI (Fig. 1A, e). The appearance of redox peaks 

186 demonstrates the successful polymerization of aniline on the electrode surface. 

187 Electrontransfer resistance (Ret) values also increased stepwise because the negative 

188 charges of DNA, antigen and antibody prevent repelling electrons from approaching 

189 the electrode surface (a, b, c, d in Fig. 1B). A large decrease in Ret was observed (Fig. 

190 1B, e) after the polymerization of PANI because a large amount of conducting PANI 

191 enhanced the interfacial electron transfer (Liu et al., 2018; Li, Chang, Hou, & Li, 2016). 

192 The surface morphology of formative PANI on the gold electrode surface was 

193 characterized by using SEM. As shown in Fig. 1C, the bare gold electrode was smooth 

194 and clean. The PANI/gold electrode was granular and rough after polymerization (Fig. 

195 1D). Further study was performed to investigate the scan rate dependence on the 

196 response of PANI/gold electrode in electrolyte buffer (Fig. S1). With the rising scan 

197 rate, oxidation peak and reduction peak were increased slowly. And the peak responses 

198 of the anodic and cathodic about PANI/gold electrode were proportional to the square 
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199 root of the scan rate in the range from 20 mV s-1 to 500 mV s-1, indicating the DTP 

200 sensor was a diffusion controlled process. These results confirmed the formation of 

201 PANI on the surface of gold electrode.

202 3.3. Comparison of different sensing strategies

203 To verify our hypothesis and to improve the sensitivity, three sensors with 

204 different probe were investigated for the analysis of AFB1, including typical small 

205 chemical molecule (MUA), single-stranded DNA probe (ssP, SH-T10-COOH), and 

206 DTP (this work). The mixture of 10 ng mL-1 AFB1 and 100 ng mL-1 HRP-AFB1 was 

207 used as sample and 100 ng mL-1 HRP-AFB1 was analysis as the blank by all three 

208 sensors. However, even under the optimal condition, the signal gain of MUA sensor 

209 and ssP sensor was almost undetectable, which was probably attributed to the 

210 unavoidable cross-masking of binding moieties, they were difficult to maintain stable, 

211 unhindered access to the target molecules (Yuan, Giovanni, Xie, Fan, & Leong, 2014; 

212 Lu et al., 2019; Wang et al., 2017). Benefiting from the DNA tetrahedron-structure, the 

213 DTP sensor achieved lower background and higher signal gain than the other sensors. 

214 DNA tetrahedron nanostructure, which has mechanical rigidity and structural stability, 

215 can improve antigen-antibody specific recognition and binding efficiency through the 

216 use of mAb ordered assembly. Meanwhile, nucleic acid backbone with a large amount 

217 of negative charge is good template for aniline polymerization under mild conditions, 

218 which also contributed to the high sensitivity. Overall, the results of the DTP sensor 

219 investigation were exactly consistent with our prediction.

220 3.4. Electrochemical analysis of AFB1

221 Under optimized conditions (Fig. S2), the DTP sensor was used to detect AFB1 

222 and a desirable calibration curve was achieved. Fig. 3A displays the DPV signal 

223 corresponding to different concentration of AFB1 in the presence of DTP. The DPV 

224 intensity increased monotonically with the logarithm concentration of AFB1 (Fig. 3B, 

225 DTP). The dynamic range was from 0.05 to 20 ng mL-1.The detection limit was 

226 calculated by 3σb/slope (σb, standard deviation of the blank samples) to be 0.033 ng 

227 mL-1. In contrast, the ssP sensor exhibited a detection limit of 4 ng mL-1 AFB1 with the 

228 dynamic detection range was from 10 to 60 ng mL-1 (Fig. 3B, ssP). Compared with ssP 

229 sensor, the sensitivity of DTP sensor was improved ∼100 times. Moreover, a 

230 comparison of linear ranges and detection limits of other methods as well as the 

231 previously reported methods for AFB1 detection is shown in Table S2. This result is 

232 better or comparable to most previous reports, and may satisfy the on-site analysis of 
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233 AFB1.

234 3.5. Specificity of the electrochemical biosensor

235 The specificity of the electrochemical biosensor was further evaluated by 

236 analyzing other kinds of mycotoxin including DON, patulin, OTA, ZEN, AFM1, and 

237 AFG1. As shown in Fig. 4, an obvious decrease of current intensity was clearly 

238 observed in the presence of 10 ng mL-1 AFB1 whereas there is no obvious current 

239 change with homologous toxins (10 ng mL-1 AFM1 and 10 ng mL-1 AFG1) and other 

240 types of analytes (DON, patulin, OTA, and ZEN) even at 10 times higher concentration 

241 than that of AFB1. These results demonstrated that the developed biosensor has 

242 sufficient specificity to AFB1 detection.

243 3.6. Real sample detection

244 To investigate the feasibility and applicability of the proposed method, the 

245 biosensor was used to measure the levels of AFB1 in several real samples. Rice, wheat, 

246 corn, sorghum, barley, and buckwheat were selected as model grains to be tested. The 

247 experimental results are shown in Table 1. The detection limit of this biosensor (0.05 

248 ng mL-1) is less than the limited values of each model grains in Limit of Fungal Toxins 

249 in Food, the National Food Safety Standard of China (GB 2761-2017) (10 ng mL-1 for 

250 rice, 5 ng mL-1 for wheat, 20 ng mL-1 for corn, 5 ng mL-1 for sorghum, 5 ng mL-1 for 

251 barley, and 5 ng mL-1 for buckwheat). It can be seen from obtained results compared 

252 with a commercially available ELISA method that the relative deviation varied from -

253 9.3% to 9.5%, which indicated that there was no obvious difference in between.

254 4. Conclusions

255 In summary, a new ultrasensitivity method for the detection of AFB1 in grains was 

256 proposed based on DTP and HRP triggered PANI deposition. The DNA tetrahedron 

257 nanostructure was conjugated with mAb to form DTP and assembled on the gold 

258 electrode. Aniline, catalyzed by HRP and polymerized on the DNA tetrahedron 

259 nanostructure, was used to generate excellent electrochemical signals. Particularly, the 

260 DNA tetrahedron nanostructure structure endowed the substrate surface with less 

261 overcrowding coverage and directly increased the analyte accessibility. The higher 

262 rigidity of DTP and its ability can produce uniform and orientational surface assemblies, 

263 and improve antigen-antibody specific recognition and binding efficiency. In addition, 

264 nucleic acid backbone with a large amount of negative charge is good template for 

265 aniline deposition under mild conditions. The proposed electrochemical biosensor 

266 exhibited excellent performances in low detection limits and wide linear ranges. 
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267 Considering the good biocompatibility and flexible chemical modification of the DTP, 

268 this proof-of-concept study of AFB1 detection indicates that this strategy offers a 

269 sensitive and promising method for future mycotoxin diagnosis.
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428 Figure captions

429 Scheme 1 Schematic illustration of AFB1 detection in grains based on DTP and HRP 

430 triggered PANI deposition.

431

432 Fig. 1 (A) CV and (B) EIS of bare gold electrode (a), DNA tetrahedron-

433 nanostructure/gold electrode (b), DTP/gold electrode (c), HRP/ DTP/gold electrode (d), 

434 and PANI/gold electrode (e). SEM images of bare gold electrode (C) and PANI 

435 modified gold electrode (D). 10 ng mL-1 AFB1 was used.

436

437 Fig. 2 AFB1 analysis results from three different sensors: DTP, ssP and MUA. The 

438 mixture of 10 ng mL-1 AFB1 and 100 ng mL-1 HRP-AFB1 was used as sample. 100 ng 

439 mL-1 HRP-AFB1 was analysis as the blank.

440

441 Fig. 3 (A) DPV corresponding to the different AFB1 concentrations using DTP sensor.

442 From a to k: 0.05, 0.1, 0.5, 1, 5, 10, 20, 50, 70, 100, and 150 ng·mL−1. (B) The linear 

443 plot of DPV current versus the logarithm of AFB1 concentrations ranging from 0.05 

444 ng·mL−1 to 20 ng·mL−1 using DTP sensor and 10 ng·mL−1 to 60 ng·mL−1 using ssP 

445 sensor. Error bars showed the standard deviation of three experiments.

446

447 Fig. 4 Demonstrated selectivity of the electrochemical sensor in the presence of 

448 different mycotoxins. Error bars showed the standard deviation of three experiments.

449

450 Table 1. Recoveries of AFB1 in grain samples for applicability of biosensor and the 

451 ELISA kit. College of chemistry and pharmaceutical sciences
452
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Table 1
Recoveries of AFB1 in grain samples for applicability of biosensor and the ELISA kit.

Foundb (ng mL-1)

Sample
Original

(ng mL-1)

Addeda 

(ng mL-1) ELISA
Biosenso

r

Relative deviation 

(%)

Rice 0

1.0

10

20

0.89

9.8

21

0.94

9.6

19

-5.6

2.0

9.5

Wheat 0

0.50

5.0

10

0.53

4.8

9.2

0.52

4.6

9.8

1.9

4.2

-6.5

2.0 1.9 1.8 5.3

20 19 20 -5.3Corn 0

50 46 47 -2.2

0.50 0.43 0.47 -9.3

5.0 4.6 4.5 2.2Sorghum 0

10 9.6 9.7 -1.0

0.50 0.47 0.51 -8.5

5.0 4.5 4.9 -8.9Barley 0

10 9.6 9.3 3.1

0.50 0.52 0.48 7.7

5.0 4.7 4.5 4.3
Buckwhea

t
0

10 9.0 9.7 -7.8
aThe bold italic data are the limited values of each grain samples in Limit of Fungal Toxins 
in Food, the National Food Safety Standard of China (GB 2761-2017).
bEach data point present an average of five independent measurements.
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482

483
484
485
486

487

488 A strategy for detection of AFB1 based on DTP sensor

489 The DTP can improve antigen-antibody specific recognition and binding efficiency

490 The DTP is good template for aniline polymerization under mild conditions

491


