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Abstract 29 

A novel electrochemical biosensor was constructed for specific and ultrasensitive 30 

detection of PIK3CAH1047R gene mutation based on NsbI restriction enzyme-mediated 31 

strand displacement amplification (NsbI-SDA) and four-way DNA junction for the 32 

first time. In this biosensor, the NsbI restriction enzyme combined with strand 33 

displacement amplification (SDA) was able to specifically distinguish PIK3CAH1047R 34 

gene mutation and increase the number of DNA copies to improve electrochemical 35 

response. In the presence of target mutation gene, DNA fragments produced by the 36 

cleavage event of NsbI restriction enzyme could trigger the SDA reaction to generate 37 

massive linker chains. When the linker chains were captured on the electrode, the 38 

four-way DNA junction was then attached at the end of linker chain. By integrating 39 

electroactive molecules of methylene blue (MB) into four-way DNA junction, this 40 

sandwich-like electrochemical biosensor was able to determine the specific distinction 41 

of target mutation gene with a low detection limit of 0.001%. Finally, this strategy 42 

could be used to analyze mutation gene spiked into human serum samples, indicating 43 

the potential application in genetic analysis and clinical disease diagnosis. 44 

Keywords: PIK3CA gene mutation; NsbI-SDA; Four-way DNA junction; Methylene 45 

blue; Electrochemical biosensor. 46 

  47 
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1. Introduction 48 

PIK3CA (phosphoinositide-3-kinase, catalytic alpha polypeptide) gene mutation 49 

is one of the most frequently mutated genes in human cancers, and has been identified 50 

in breast cancer, colorectal cancer, cervical cancer, endometrial cancer, ovarian cancer 51 

and so on (Board et al., 2010; Janku et al., 2011; Janku et al., 2012). Furthermore, 52 

PIK3CA mutations are related with poor survival in cancer patients. Among PIK3CA 53 

mutations, PIK3CAH1047R gene mutation is associated with early diagnosis, 54 

individualized therapy and prognosis of cancers (Kalinsky et al., 2009; Isakoff et al., 55 

2005).    Thus, it is of great importance to detect PIK3CAH1047R gene mutation with high 56 

specificity and sensitivity in cancer screening.  57 

Generally, conventional methods for detecting PIK3CA gene mutations include 58 

DNA sequencing and PCR-based methods (Bachman et al., 2004; Karakas et al., 2006; 59 

Kwon et al., 2011). However, available DNA sequencing in clinic can only detect 60 

0.1%~1% mutated DNA in the background of wild-type DNA, which challenges its 61 

widespread uptake in clinical laboratories. To improve the sensitivity of mutation 62 

assay, for example, Song’s group proposed peptide nucleic acid (PNA)-mediated PCR 63 

to specifically discriminate PIK3CA gene mutation with a sensitivity of 0.2% (Zeng et 64 

al., 2017). Subsequently, Ding’s group adopted an isothermal amplification strategy to 65 

analyze the same mutation with equal-level sensitivity (Shen et al., 2018). However, 66 

these methods were still practically difficult to detect small amounts of mutated 67 

alleles in a homogeneous sample. In this situation, it necessitates a higher specific and 68 

sensitive strategy for mutation analysis in clinical diagnosis.           69 

Recently, a variety of classic strategies, such as surface ligation reaction, 70 

mismatch binding protein-mediated strategies, molecular beacon-based methods and 71 

so on, were proposed for high fidelity recognition of mutation sites (Chang et al., 72 

2015). Indeed, these strategies can specifically detect mutation regions to avoid 73 

complicated DNA sequencing and have widely extended the mutation assay in the 74 

genetic diagnosis due to their excellent mutation discrimination capabilities. But, 75 

these methods suffer some intrinsic shortcomings such as poor specificity and low 76 

sensitivity. As an alternative biomolecule to recognize gene mutation, NsbI restriction 77 
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enzyme as a site-specific restriction enzyme can recognize specific sites 78 

(5′-TGAGCA) and cleave double-stranded DNA. As far as we know, the application 79 

of NsbI restriction enzyme in electrochemical biosensing for PIK3CA gene mutation 80 

detection has not been reported. Additionally, strand displacement amplification (SDA) 81 

reaction is well-known as an effective method in target recycling amplification, by 82 

which can efficiently obtain the DNA copies and amplify biological signals (Zhao et 83 

al., 2015; Li et al., 2015; Zhang et al., 2013). 84 

On the other hand, various biosensing-based approaches such as fluorometric, 85 

colorimetric and electrochemical methods, have been utilized towards the detection of 86 

gene mutation (Guo et al., 2009; Tang et al., 2017; Oh et al., 2011; Valentini et al., 87 

2013; Raoof et al., 2011; Esteban-Fernandez et al., 2015). Among these methods, 88 

electrochemical strategies have received increasing attention in the field of genetic 89 

diagnosis owing to its advantages of high sensitivity, low cost and rapid response (Liu 90 

et al., 2012; Hocek et al., 2011; Zhu et al., 2014). Emerging nanodevices have been 91 

introduced into electrochemical platform to further improve sensitivity including 92 

metal nanoparticles, metal-organic frameworks (MOFs), and unique DNA 93 

nanostructures (Zhu et al., 2016; Sepunaru et al., 2016; Chang et al., 2019; Chen et al., 94 

2012; Chu et al., 2019). So far, many unique DNA nanostructures have been applied 95 

to the design of biosensors due to their ability to amplify electrochemical signal. For 96 

example, Chen and his colleagues developed an ultrasensitive electrochemical DNA 97 

biosensor using long-range self-assembled DNA nanostructures as carriers for signal 98 

amplification (Chen et al., 2012). Additionally, Zhu’s group detected human 99 

telomerase RNA by a hairpin assembly-based biosensor to boost the sensitivity as low 100 

as 17.0 fM (Chu et al., 2019). As a class of novel DNA nanostructures, four-way DNA 101 

junction by simple fabrication process was chosen as candidate for developing 102 

electrochemical biosensors, by which much more electroactive molecules can be 103 

captured to produce a significant increase in electrochemical signal and boost 104 

biosensor’s sensitivity (Labib et al., 2013).  105 

Biosensing techniques have been developed to gene mutation for insistent 106 

demands of good reproducibility, short time consumption, and high sensitivity 107 
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(Ranjan et al., 2017). Inspired by the above, by integrating NsbI-SDA reaction with 108 

hairpin-based four-way DNA junction, we developed an electrochemical biosensor to 109 

ultrasensitive detect PIK3CAH1047R gene mutation for the first time. By this strategy, 110 

the NsbI-SDA could not only specifically discriminate PIK3CAH1047R gene mutation 111 

but also dramatically increase the number of DNA copies, while the novel four-way 112 

DNA junction could capture a large amount of electroactive methylene blue (MB) to 113 

enhance electrochemical response. More importantly, this kind of electrochemical 114 

biosensor could detect low abundance gene mutations in biological samples, 115 

suggesting potential application in both basic research and clinical diagnosis.     116 

    117 

2. Experiment section 118 

2.1. Materials and reagents 119 

NsbI restriction enzyme, Klenow Fragment (KF) (3´→5´exo-), Nb.BbvCI, 10 × 120 

Klenow buffer (500 mM Tris-HCl, 50 mM MgCl2 and 10 mM DTT, pH 7.9) and 10 × 121 

CutSmartTM buffer (20 mM Tris-acetate, 500 mM potassium acetate, 10 mM 122 

magnesium acetate and 100 µg/mL BSA, pH 7.9) were obtained from New England 123 

Biolabs (Beijing, China). GoldViewⅠ, DNA marker and dNTP were purchased from 124 

SBS Genetech Co., Ltd (Beijing, China), TaKaRa (Dalian, China) and Thermo Fisher 125 

Scientific Inc. (Waltham Mass, USA), respectively. Tris (2-car-boxyethyl)-phosphine 126 

hydrochloride (TCEP), mercapto hexanol (MCH) and methylene blue (MB) were 127 

provided by Sangon Biotech Inc. (Shanghai, China). All oligonucleotides (HPLC 128 

grade) used in this experiment were synthesized by Sangon Biotech Inc. (Shanghai, 129 

China). The DNA sequences were illustrated in Table S1. Ultrapure water (≥ 18 MΩ, 130 

Milli-Q, Millipore) was used in all experiments. 131 

 132 

2.2. Apparatus 133 

Accurate oligonucleotide concentrations were evaluated by a NanoDrop 1000 134 

spectrophotometer (Thermo Scientific Inc., Wilmington, DE, USA). The 135 
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electrophoretic gels were imaged by a ChemiDoc XRS system (Bio-Rad, Hercules, 136 

CA, UAS). DPV measurements were performed on a CHI660D Electrochemical 137 

Workstation (Shanghai Chenhua Instrument Co., Ltd., China) with a three-electrode 138 

electrochemical system (SCE as reference electrode, platinum electrode as counter 139 

electrode and gold electrode (3 mm in diameter) as working electrode). The 140 

morphology of four-way DNA junctions prepared on the mica substrate were 141 

evaluated with a SPM-9700HT atomic force microscope (AFM) (Shimadzu, Kyoto, 142 

Japan) using NSG10 single crystal silicon cantilevers (NT-MDT, Russia) with a 143 

resonant frequency of 300 kHz, force constant of 30 N/m.  144 

 145 

2.3. Production and amplification of linker sequences by NsbI-SDA 146 

First of all, various concentrations of mutation target (MT) DNAs, 10 nM 147 

wild-type (WT) DNAs, 20 nM complementary sequence (CS) to MT and 1 µL 10 × 148 

NEB buffer 2 were mixed together in a final volume of 10 µL to form double-stranded 149 

DNAs (dsDNAs). Then, 2 U NsbI restriction enzyme was added into the reaction 150 

system and incubated for 1 h at 37°C. The MT DNAs were completely cleaved by 151 

NsbI restriction enzyme. The reaction solution was used for the next SDA reaction. 152 

Afterwards, the SDA was reacted at 37°C for 90 min in a 10 µL reaction solution, 153 

including 1 µL cleavage products mixture, 1 nM Template, 2 U KF, 2 U Nb.BbvCI, 1 154 

µL 10 × CutSmart™ buffer, 1 µL 10 × NEB buffer 2 and 1 µL of 250 µM dNTP (KF 155 

was used to extend DNA strands, while Nb.BbvCI was used to identify and cut 156 

specific sites on template sequence). Finally, the reaction solution was hydrated at 157 

85 °C for 10 minutes to terminate SDA reaction. Finally, the solution was stored at 158 

4 °C for electrochemical detection. 159 

 160 

2.4. Construction of the proposed electrochemical biosensor 161 

The four-way DNA junction consisted of four DNA strands, including Hairpin 1 162 

(H1), Hairpin 2 (H2), Hairpin 3 (H3), and Quarter Sequence (QS). The secondary 163 



 7

structure of three hairpins was predicted by OligoAnalyzer 3.1 on line as shown in 164 

Figure S1, from which it speculated that these DNA strands could form hairpin 165 

structures very well. To form hairpin structures, H1, H2 and H3 were pretreated at 166 

95°C for 5 min and then gradually cooled down to room temperature. All gold 167 

electrodes used in our experiments were polished with alumina powder (0.05 mm in 168 

diameter) and then sonicated in ultrapure water for ~10 min to remove impurity. 169 

Subsequently, the polished electrodes were soaked in piranha solution for 10 min to 170 

further remove the residue on the electrode surface. Then, the pretreated electrodes 171 

were modified with a 0.5 µM capture probe (CP) solution at 4 °C for ~8 h. After 172 

washing with 1 × PBS solution (pH 7.4), the CP-modified electrodes were incubated 173 

in 1 mM MCH solution at room temperature for 0.5 h to block active sites. Then, 10 174 

µL product by NsbI-SDA was added to electrode surface and incubated at 37 °C for 175 

0.5 h. After that, to form the four-way DNA junctions on the electrode surface, the 176 

electrodes were placed in mixture solution (containing 0.3 µM H1, 0.3 µM H2, 0.3 177 

µM H3 and 0.3 µM QS) at 37 °C for 0.5 h, then rinsed by 1 × PBS solution. 178 

Subsequently, the electrodes were incubated in 0.5 mM MB solution (10 µL) at room 179 

temperature for 30 min in the dark. Eventually, the electrodes were washed with 1 × 180 

PBS solution to remove unbound MB for further use. 181 

 182 

2.5. Electrochemical measurements 183 

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) 184 

measurements were conducted in 0.5 M KNO3 solution containing 0.5 mM 185 

[Fe(CN)6]
3-/4-. CV curves were recorded at scan rate of 10 mV s−1 and EIS spectra 186 

were collected with the frequency range from 0.1 MHz to 0.01 Hz. Meanwhile, the 187 

differential pulse voltammetry (DPV) measurements were performed in the working 188 

solution (0.1 M PBS, pH 7.4) with a pulse period of 0.5 s, a pulse width of 0.2 s, a 189 

pulse amplitude of 50 mV, and potential scan from - 0.5 V to 0.0 V. 190 

 191 
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2.6. Gel electrophoresis 192 

The feasibility of NsbI-SDA reaction and formation of four-way DNA junction 193 

were confirmed by 3% agarose gel electrophoresis. In a typical analysis, each sample 194 

contained 8 µL of reaction solution. The electrophoresis was performed in 1 × TBE 195 

running buffer (pH 8.3, 2 mM EDTA, 89 mM Tris, 89 mM boric acid) at 110 V 196 

constant voltages for 40 min. Then, electrophoresis images were acquired by a 197 

ChemiDoc XRS system. 198 

 199 

3. Results and discussion 200 

3.1. Principle of the electrochemical biosensor 201 

As shown in Scheme 1, a sensitive electrochemical biosensor was constructed by 202 

combining NsbI-SDA and four-way DNA junction. Firstly, in part A, the CS sequence 203 

(black) perfectly hybridized to the mutation target (MT) sequence (blue) to form 204 

MT/CS dsDNA, which has a specific site (5′-TGCGCA). Then the site would be 205 

specifically recognized and cleaved by NsbI restriction enzyme to produce DNA 206 

fragments (F1 and F2 were fragments of the DNA fragments, they came from the MT 207 

sequence after enzymolysis). Then, F1, one of the two DNA fragments of MT 208 

sequence, hybridized to the 3′ end of template to initiate SDA reaction with the help 209 

of Klenow Fragment and Nb.BbvCI. In the presence of dNTP, it could restart many 210 

cycles, yielding massive linker chains. However, the CS sequence hybridized with the 211 

wild type (WT) sequence (green) to form mismatched WT/CS dsDNA, in which the 212 

site (5′-TGCACA, unmutated) would not be recognized and cleaved by NsbI 213 

restriction enzyme. Thus, this NsbI-SDA reaction could not only specifically 214 

discriminate PIK3CAH1047R gene mutation but also dramatically increase the number 215 

of DNA copies. Subsequently, the linker chain could be captured by CP anchored on 216 

the electrode. The mixture of H1, H2, H3 and QS was dropped onto the surface of 217 

electrode to form four-way DNA junction at end of linker chain. Finally, large number 218 

of MB molecules, as electroactive indicators, could be fixed by the unique four-way 219 

DNA junction to generate electrochemical response due to its intrinsic 220 
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double-stranded stem and the G-rich ring (Chen et al., 2008; Rafiee-Pour et al., 2016). 221 

Through the NsbI-SDA method and amplification of electrochemical signal, it 222 

realized ultrasensitive detection towards PIK3CAH1047R gene mutation. 223 

 224 

Scheme 1. Schematic illustration of electrochemical biosensor for PIK3CAH1047R mutation 225 

detection based on NsbI-SDA (part A) and four-way DNA junction (part B). 226 

 227 

3.2. Characterization of the NsbI-SDA and electrochemical biosensor 228 

To characterize the feasibility of the designed NsbI-SDA reaction, gel 229 

electrophoresis was firstly used to analyze its products in this experiment. As shown 230 

in Fig. 1A, lane 1, 2 and 3, in which each had a single band, represented WT DNAs, 231 

MT DNAs and CS, respectively. Meanwhile, the mismatched dsDNA of WT and CS 232 

also gave only one bright band even in the presence of NsbI restriction enzyme (lane 233 

4), illustrating that this dsDNA was inactive to NsbI restriction enzyme. However, we 234 

could clearly observe multiple downstream bands in lane 5 in comparison to lane 4. In 235 

this situation, it was speculated that the matched dsDNAs of MT and CS were 236 

effectively cleaved by NsbI restriction enzyme. Additionally, some non-specific bands 237 

could be observed in lane 6 when small amounts of mismatched dsDNAs, KF, NsbI 238 

restriction enzyme, Nb.BbvCI, dNTP and template were mixed together and incubated 239 

at 37 °C for 1 h, from which it demonstrated that unwished background amplification 240 
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occurred and the mismatched dsDNAs did not take part in the SDA amplification 241 

reaction. When compared with lane 5, a downstream band could be clearly observed 242 

in lane 7, signifying massive linker chains were generated during SDA process. These 243 

results demonstrated that the NsbI-SDA reaction could effectively discriminate 244 

PIK3CAH1047R gene mutation and enhance its biological signal. Besides, to investigate 245 

the feasibility of four-way DNA junction’s formation, we characterized the hairpin H1, 246 

H2, H3, QS, and four-way DNA junctions by gel electrophoresis analysis. As shown 247 

in Fig. 2B, lane 1, 2, 3 and 4 presented the H1, H2, H3 and QS, respectively. When 248 

they were mixed together and incubated at 37 °C for 1 h, the upstream band in lane 5 249 

indicated successful assembly of the four-way DNA junction. And then, the 250 

morphology of four-way DNA junctions prepared on the mica substrate evaluated by 251 

AFM. Based on analysis, the structure of four-way DNA junction was similar to that 252 

of DNA tetrahedron (Li et al., 2017). 253 

Cyclic voltammetric (CV) and electrochemical impedance spectroscopy (EIS) 254 

were employed to characterize the modified electrodes. As illustrated in Fig. 2A, it 255 

gave the CV curves of various electrodes in 0.5 mM [Fe(CN)6]
3-/4-. It was obvious that 256 

a pair of redox peak could be observed at ~ 0.14 V and ~ 0.24 V vs SCE on the bare 257 

Au electrode (black curve). While, the successful modification of the CP probes on 258 

the bare Au electrode leaded to a decrease of electric current (red curve). When MCH, 259 

NsbI-SDA reaction product and four-way DNA junctions were added to the 260 

CP-modified electrode by turn, the electric current continued to decrease (curve c, d 261 

and e). It might be explained that biomolecular modification could block the 262 

electron-transfer between the electrolyte and electrode (Li et al., 2009; Liu et al., 263 

2010). Meanwhile, to verify the influence of biomolecules anchored on the electrodes, 264 

EIS was carried out in 0.5 mM [Fe(CN)6]
3-/4- as shown in Fig. 2B. The 265 

electron-transfer resistance was exhibited by the diameter of semicircle. It was found 266 

that the biomolecules on electrode restricted the charge transfer when they were 267 

anchored on the electrode surface.  268 
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 269 

Fig. 1. Feasibility of the designed NsbI-SDA Characterized by gel electrophoresis: (A) lane M, 270 

20-bp DNA marker; lane 1, WT; lane 2, MT; lane 3, CS; lane 4, WT/CS/NsbI 271 

restriction enzyme; lane 5, MT/CS/NsbI restriction enzyme; lane 6, WT/CS/NsbI 272 

restriction enzyme/SDA; lane 7, MT/CS/NsbI restriction enzyme/SDA; (B) lane M, 50-bp 273 

DNA marker; lane 1, H1; lane 2, H2; lane 3, H3; lane 4, QS; lane 5, H1/H2/H3/QS; (C) AFM 274 

image for four-way DNA junctions. 275 

 276 

Fig. 2. The CV and EIS measurements of the modified electrodes: a) bare gold electrode. b) 277 

capture probe modified-gold electrode; c) capture probe/MCH-modified electrode: d) capture 278 

probe/MCH/NsbI-SDA reaction products-modified electrode; e) capture 279 

probe/MCH/NsbI-SDA reaction products/four-way junction DNA-modified electrode. 280 

 281 

3.3. Electrochemical response towards detection of PIK3CAH1047R gene mutation 282 

The ultimate biomolecules-modified electrode was decorated by MB molecules, 283 

which were anchored on the four-way DNA junctions, to attain the electrochemical 284 

response. To confirm the specificity of the constructed biosensor, we evaluated it by 285 
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differential pulse voltammetry (DPV) method in 100 pM WT and MT-based solutions. 286 

First of all, we characterized the biosensor in the blank solution (The blank solution 287 

indicated that there was no mutation target (MT) DNAs or wild-type (WT) DNAs in 288 

this NsbI-SDA reaction system). Low electrochemical response was observed, which 289 

was ascribed to the electrochemical oxidations of resident MB molecules during the 290 

process of electrode preparation (Xiao et al., 2005), as shown by black curve in Fig. 3. 291 

Meanwhile, an electrochemical response on the same level was present in 100 pM 292 

WT-based solution (blue curve). When DPV measurement was performed in the 100 293 

pM MT-based solution, a significant electrochemical response came from massive 294 

MB molecules captured by four-way DNA junctions. These results suggested that 295 

large amount of MB molecules could be fixed and had an intense electrochemical 296 

response only if mutation target (MT) was present (see Scheme 1). Obviously, the 297 

constructed biosensor has outstanding ability to specifically distinguish PIK3CAH1047R 298 

gene mutation.  299 

 300 

Fig. 3. The DPV responses of biosensor in: (a) blank solution; (b) 100 pM WT (wild 301 

PIK3CAH1047R)-based solution; (c) 100 pM MT (mutation PIK3CAH1047R)-based solution after 302 

NsbI-cleavage mediated strand-displacement amplification.  303 

 304 

3.4. Optimization of experimental conditions 305 

To obtain the best performance of the electrochemical biosensor, we optimized 306 

three important experimental parameters: NsbI cleavage time, SDA reaction time, and 307 

assemble time of four-way DNA junction. The cleavage reaction time of NsbI 308 
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restriction enzyme was firstly evaluated. As illustrated in Fig. 4A, the current 309 

responses in the DPV measurements linearly increased with cleavage time until 60 310 

min. After 60 min, the current responses began to saturated and eventually reached to 311 

a plateau. Subsequently, we tested the influence of the SDA reaction time in the 312 

overall system. As shown in Fig. 4B, it was found that the current responses increased 313 

with the incubation time until the current responses saturated in 90 min. Then, the 314 

assemble time of four-way DNA junction was optimized. Undoubtedly, the current 315 

responses gradually increased from 15 min to 60 min, and did not change after more 316 

than 60 min, indicating that the four-way DNA junction could completely formed in 317 

60 min. On the basis of above analysis, the results suggested that when the time of 318 

NsbI cleavage, SDA reaction, and assemble of four-way DNA junction were longer 319 

than 90 min, the electrochemical biosensor would exhibit excellent performance 320 

towards detection of PIK3CAH1047R gene mutation. 321 

 322 

Fig. 4. Optimizations of experimental conditions: (A) NsbI cleavage time, (B) SDA reaction 323 

time and (C) assemble time of four-way DNA junction. 324 

 325 

3.5. Biosensor’s performance towards detection of PIK3CAH1047R gene mutations  326 

The electrochemical biosensor’s overall performance was demonstrated in the 327 

presence of different ratios of MT to WT ranging from 10-5 to 0.5 (i.e. 0.001% ~ 50%). 328 

As illustrated in Fig. 5, the current response in the DPV measurements increased with 329 

MT percentage from 0 to 50.0% (Fig. 5A). The plot of current intensity vs percentage 330 

of MT showed a good linear relationship from 0.001% to 50.0% with the regression 331 

equation of i = 0.98 × lg c + 6.74 (R2 = 0.9976) (Fig. 5B). From Fig. 5B, it was 332 
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obvious that the detection limit of this biosensor was 0.001%. Moreover, benefiting 333 

from the wonderful signal amplification capability of NsbI-SDA and four-way DNA 334 

junction, the detection limit of our biosensor was superior to other reported biosensing 335 

methods (see Table S3). 336 

 337 

Fig. 5. (A) Current responses in the DPV measurements with the ratio of MT to WT ranging 338 

from 0 to 0.5 (i.e. 50%, 10%, 1%, 0.5%, 0.1%, 0.05%, 0.01%, 0.001, 0%, a→i); (B) linear 339 

relationship between current intensity and the ratio of MT to WT. Error bars represented the 340 

standard deviation of three parallel experiments. 341 

 342 

3.6. Standard recovery test of the biosensor in spiked blood sample        343 

To assess the applicability of the electrochemical biosensor towards detection of 344 

PIK3CAH1047R gene mutation in physiological environment, the recovery test was 345 

carried out. In standard addition experiments, the ratio of MT to WT in 20-fold diluted 346 

serum was 0.01%, 1.00% and 45.00%, respectively. As illustrated in Table S2, the 347 

recovery rate of three was in the range of 96.65 ~ 103.02%, while the RSD was in the 348 

range of 4.34 ~ 5.87%. These results indicated that this proposed biosensor had 349 

potential applications for detection of PIK3CAH1047R gene mutation in clinical 350 

diagnosis.  351 

 352 

3. Conclusions 353 

To assay PIK3CAH1047R gene mutation with high specificity and sensitivity, we 354 

proposed an effective electrochemical biosensor based on the NsbI-SDA reaction and 355 

0.0 0.1 0.2 0.3 0.4 0.5
1

3

5

7

C
ur

re
nt

 / 
µµ µµA

Ratio of MT to WT

 

-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1
0

3

6

9

C
ur

re
nt

 / 
µµ µµA

Potential / V

i

a

 

 

10-6 10-5 10-4 10-3 10-2 10-1 100
1

3

5

7

C
ur

re
nt

 / 
µµ µµA

Ratio of MT to WT

I=0.98 lg C+6.74
R2=0.9976

 

(B)(A)



 15

four-way DNA junction for the first time. In this work, we have designed NsbI-SDA 356 

reaction, which could identify PIK3CAH107R gene mutation and amplify biological 357 

signal in homologous systems. Then, a novel four-way DNA junction that can 358 

self-assembly directly on the electrode surface was constructed. This type of structure 359 

can bind a large number of MB molecules to improve electrochemical response to 360 

improve the biosensor’s sensitivity. Compared with reported assays to gene mutation, 361 

this strategy achieved the ultrasensitive detection of PIK3CAH1047R gene mutation and 362 

has been applied to complex matrices. Nevertheless, this strategy for detection of 363 

PIK3CA gene mutation is time-consuming, which affected its application in clinical 364 

diagnosis. In view of this, more efforts are needed to shorten the detection time and 365 

make it more suitable for clinical diagnosis of genetic diseases and basic researches. 366 
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Highlights 

� We combined NsbI restriction enzyme with SDA to design a new homogeneous 

reaction strategy, by which recognized the mutation site of PIK3CAH1047R gene 

and improved biological signals. 

� A novel four-way DNA junction by a simple and direct self-assembly process was 

fabricated to capture a large amount of electroactive methylene blue (MB) to 

enhance electrochemical response. 

� A novel electrochemical sensor, based on NsbI restriction enzyme-mediated 

strand displacement amplification (NsbI-SDA) and hairpin-based four-way DNA 

junction, can determine PIK3CAH1047R mutation as low as 0.001%. 
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