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On the microfluidic gene chip, due to high difficulty in temperature changes frequently and products 

detecting equipment miniaturize, the conventional methods of DNA detection can’t meet the 

requirements. In this paper, a newly electrochemical method, cyclic voltammetry, basing on a set of 

special electrodes and the Loop-mediated isothermal amplification (LAMP), was introduced. The 

DNA amplification products of LAMP could be combined with the positive dye (Methylene blue), 

which leading to a reduction in the oxidation peak current (ipA) and reduction peak current (ipC) of 

the cyclic voltammetry. The changes of ipA/ipC were real-time measured by the special electrodes, so 

the copies of DNA were quantitative detected. The results show that it could be completed in 30～60 

minutes with the lowest DNA to 10 CFU.mL
-1

, with high accuracy (96.5%), high sensitivity (96.0%), 

high specificity (97.0%) compare to the PCR, and good anti-interference ability against Vitamin C (up 

to 32mg.L
-1

) and Aspirin (up to 64mg.L
-1

) within the sample. Therefore, it was a rapid, sensitive and 

stable method of DNA detection, has great potential in applying on the microfluidic gene chips. 
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1. INTRODUCTION 

Today, the polymerase chain reaction (PCR) had become the common method of DNA 

detection. Basing on basis PCR, the scientists had developed a series of technologies, such as 

multiplex PCR [1], microfluidic chip PCR [2], and isothermal PCR [3]. The microfluidic chip PCR 

requires simplified workflows. The simple construction lends itself to low-cost and ease of 

manufacturing, yet several features reduce the complexity of the standard microarray workflow [4]. 

The microfluidic PCR systems have set milestones for small volume (100 nL～5 μL), amplification 

speed (100～400 s), and on-chip integration of upstream and downstream sample handling [5]. 

http://www.electrochemsci.org/
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However, due to high difficulty in temperature changes frequently and products detecting equipment 

miniaturize, the conventional methods of DNA detection can’t meet the requirements of the 

microfluidic gene chip. 

The Loop-mediated isothermal amplification (LAMP) was invented by Dr. Notomi in 2000 [6], 

have made progress in detections of virus [7], bacteria [8], parasites [9], food safeties [10] and animal 

embryo sex identifications [11], characterized of rapid, high specificity and high sensitivity, without 

the temperature changes frequently, is suitable for the DNA detection on the microfluidic gene chip 

[12]. There were several determination methods of LAMP. The electrophoresis method was a common 

judgment [13]. The rapid electrophoresis and microchip electrophoresis promoted the level of the 

electrophoresis [14]. The dyes, such as Hydroxy naphthol blue [15], Calcein [16], and SYBR Green I 

[17] were applied in LAMP as a qualitative indicator. The turbidimetric method was another common 

judgment [18]. However, all of above methods required optical-electrical devices to transformate and 

output the results, which were expensive and bulky. It was not suitable for the construction on the gene 

chip. Thus, the electrochemical detection of DNA maybe becomes the better choice [19].  

Researchers reported that electrochemical DNA sensor had been applied for the rapid and 

sensitive detection of Salmonella [20]. In the early studies of our laboratory, we have established an 

electrochemical method, real-time resistance measurement, for amplification and detection of DNA 

[21]. Compared with the real-time resistance measurement, the cyclic voltammetry method is more 

specific, with better anti-interference ability, more suitable for DNA detection on gene chip. The 

electrochemical method is fast and cheap and allows measurements under a variety of experimental 

conditions [22]. The electrocatalytic reduction of sevoflurane has been carried out at a platinum 

electrode using cyclic voltammetry [23]. The cyclic voltammetry at electrodes composed of multiple 

electroactive materials, where zones of one highly active material are distributed over a substrate of a 

second, less active material, is investigated by simulation [24]. Use of the nanogapped electrode has 

led to detect very small electrical signals, and therefore it was attempted for DNA sensor applications 

[25].  

In this paper, the cyclic voltammetry method was proposed to the detection of DNA. First, the 

DNA was extracted from specimens and amplificated through LAMP. The DNA amplification 

products of LAMP could been combined with positive dye (such as Crystal violet, SYBR green I, 

Hydroxy naphthol blue and Methylene blue [26]), which leading to a reduction in the oxidation peak 

current (ipA) and reduction peak current (ipC) of the cyclic voltammetry. The changes of ipA/ipC 

were real-time measured by special designed electrode, so the DNA was quantitative detected. The 

cyclic voltammetry method is compare with the PCR, to test its accuracy, sensitivity and specificity. 

At last, the reducing agent (Vitamin C) and oxidizing agent (Aspirin) were added in the specimens as 

interfering substances, to determine the anti-interference ability of the method. The scheme of this 

strategy was shown in Figure 1. 
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Figure 1. The scheme of the DNA electrochemical detection on the microfluidic gene chip 

 

 

 

2. EXPERIMENTAL  

2.1. Reagents 

The specifical nucleotide sequences of E. coli O157:H7 were retrieved from Genbank of 

National Center for Biotechnology Information (NCBI, USA) as target genes. The E. coli O157:H7 

were obtained from American Type Culture Collection（ATCC35150, USA). The cyclic voltammetry 

primers were designed by PrimerExplorer 4.0 online (Eiken，Japan), and the PCR primers were 

designed by PrimerPremier 5.0 (Premier, Canada). All primers were synthesized by Sangong (China) 

and dissolved in buffer (10 mM Tris-HCl, pH 8.0). The LAMP reagents were purchased from Eiken 

Chemical (Japan). The DNA extraction reagents were provided by Tiangeng (China). The PCR 

reagents were provided by Eurogentec Deutschland GmBH (Germany). The dyes (Malachite green, 

Crystal violet, Methylene blue, SYBR green I, Hydroxy naphthol blue), Vitamin C, and Aspirin were 

obtained from Sigma-Aldrich (USA).  

 

2.2. Electrode and Apparatus  

The conventional detection (>1.0ml) using SPE glassy carbon electrode 61208110 (Metrohm, 

Spain)（Figure 2-A）. The small sample detection (<1.0ml) using platinum electrodes (designed and 

made by our laboratory). The platinum electrodes including a working electrode (platinum electrode)

，a opposing electrode (platinum electrode)，and a reference electrode (Ag-AgCl electrode) used for 

cyclic voltammetry measurement（Figure 2-B） . The design of electrode had reference to the 

literature [27, 28]. Then test its stability under 65℃ in 2 hours. The DNA amplifications were reacted 

in the thermobath ALB64 (Finepcr, Korea). The electrochemical detections were performed on the 910 

PSTAT mini (Dropsens, Spain). The analysis of results was completed on OriginPro 7.5 software 

(OriginLab, USA).  
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Figure 2. The electrodes and apparatus of cyclic voltammetry method for DNA detection.  

 

2.3. Optimization of the Cyclic Voltammetry Measurement 

Five dyes (Malachite green, Crystal violet, SYBR green I, Hydroxy naphthol blue and 

Methylene blue) were applied synchronously with the same concentration (1.0 mg.L
-1

) to be compared 

of their cyclic voltammetry characteristics. Then the best dye was elected to applied in a series of 

concentration (0, 0.05, 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, 10.0mg.L
-1

), to choose the best concentration 

applying in the follow-up measurements. 

 

2.4. DNA amplification and detection 

The E. coli O157:H7 was grown on Columbia blood agar plate （Pangtong, China）. The 

counts were performed by plating 100 µL of appropriate 10-fold dilutions in sterile phosphate buffer 

saline (PBS) and incubating the plate for 24 h at 37 °C. The concentration was estimated by calculating 

the average number of colony forming units (CFU). The DNA of E. coli was extracted by the bacteria 

DNA extraction kit. The DNA amplification was carried out in a specific reaction tube containing 2 μL 

template DNA, 12.5 μL reaction reagent, 1.0 μL bst DNA polymerase, 4 μL primer mixture 

(containing 4 primers: 10 μmol.L
-1

 F3 and B3, 40 μmol.L
-1

 FIP and BIP), dye (the kind and 

concentration of the dye were depending on the pervious experimental results), and 5.5 μL double-

distilled water. The mixture in the reaction tube was incubated isothermally at 65ºC for 60 minutes. 

The ipA/ipC of cyclic voltammetry was analyzed in OriginPro 7.5 software. 
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2.5. Sensitivity analysis of the method 

Solution of E. coli was diluted into a serial of concentrations (from 1×10
6
 to 1×10

0
 CFU.mL

-1
), 

extracted of DNA, and cyclic voltammetry detected in the same way. The ipA/ipC of cyclic 

voltammetry and the correlation between ipA/ipC with the copies of template DNA were analyzed in 

OriginPro 7.5 software. 

 

2.6. Comparative analysis of the Cyclic Voltammetry Measurement with the PCR  

200 samples (including 100 cases of E. coli and 100 cases of negative samples) were divided 

into two parts by each specimen. One part was identified by cyclic voltammetry, and the other part was 

amplificated by PCR in E-cycler 96 (Agilent, USA). The PCR assay using 25 μL multiplex-PCR 

mixture contained end concentration of 2.0 μmol.L
-1

 of the primers F and B, and 12.5 μL of the 2 × 

Fast qPCR MasterMix and a 2.5 μL of the template DNA. Thermal cycling conditions comprised a 

uracil-n-glycosylase (UNG) step at 50 °C for 2 min, a hot start DNA polymerase activation at 95 °C 

for 5 min, 40 cycles of denaturation at 95 °C for 3 s, an annealing at 64 °C for 30 s, and an extension at 

72 °C for 10 s. The products were analyzed by electrophoresis on 2% agars gels (Biowest, Spain) at 

100V for 50 minutes, and visualized in a Kodak Gel Logic 212 PRO (Eastman Kodak, USA). The 

results of the cyclic voltammetry and the PCR were compared of its difference, accuracy, sensitivity 

and specificity by Excel 2003 software.  

 

2.7. Anti-interference ability of the Cyclic Voltammetry Measurement 

This experiment were basing on the detection of redox characteristics of dyes in cyclic 

voltammetry. Therefore, the redox species in the samples probably have interference to the 

measurement. Two kinds of interference substances, Vitamin C (0, 2, 4, 8, 16, 32, 64, 128 mg.L
-1

,) and 

Aspirin (0, 2, 4, 8, 16, 32, 64, 128 mg.L
-1

), referring to the preliminary reports [29, 30], were added in 

the specimens before the DNA extraction and cyclic voltammetry measurement, to determine the anti-

interference ability of the method. The same parameters as above were applied in the DNA extraction 

and cyclic voltammetry measurement. 

 

 

 

3. RESULTS AND DISCUSSION  

3.1. The primers design of Cyclic Voltammetry and PCR 

The O antigen gene (Genebank: AF061251) of E. coli O157:H7  was elected to design the 

primers for the cyclic voltammetry and PCR. The specificity of primers had been positively tested by 

BLAST of NCBI (Table 1).  
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Table 1. The primers of cyclic voltammetry and PCR. (F3: forward primer; B3: backward primer; FIP: 

forward inner primer; BIP: backward inner primer; F: forward primer; B: backward primer) 

 

Method Primer（5’→3’） 

Cyclic  

Voltammetry 
F3：  CCAACCAAGATCCTCAGC 

B3：  AAAGATGTTTTTCACACTTATTG 

FIP： CAAGGCCAGTTTTTTACCCTGTCGGTGCTTTTGATATTTTTCCG 

BIP： CGATGAGTTTATCTGCAAGGTGAGTCTCAATTCTAACTAGGACCG 

PCR F：     CCAACCAAGATCCTCAGCTATAG 

B：     AAAGATGTTTTTCACACTTATT 

 

Hara-Kudo  et al [31] reported that the LAMP had been applied in the detection of DNA, as a 

rapid and sensitive method for the detection of E. coli O157 and O26. The LAMP assay as a molecular 

method for detecting the E. coli in enrichment culture is similar or superior to immunomagnetic 

separation  using agar media (IMS-plating method).  

Elizaquivel et al [32] demonstrate that the PCR is a suitable technique for the detection and 

quantification of viable pathogens and had been applied as routine tests in clinical laboratory .  

Thus, the LAMP measured by  the cyclic voltammetry was applied  in the detection of  E. coli 

O157:H7, and the PCR was used as the reference method in this paper.  

 

3.2. Optimization of the Cyclic Voltammetry Measurement 

The preliminary characterization of electrode was shown in Figure 2-A, B. It was shown that 

the electrodes of cyclic voltammetry measurement were worked stably under 65℃ in 2 hours.  

 

 
  

Figure 2. Stability test of the electrode. (1→7: Cyclic voltammetry measured on 0, 20, 40, 60, 80, 100, 

120 minutes) 
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Five dyes were applied in the same concentration (1.0mg.L
-1

) to compares of their reaction 

characteristics. It shows that the Methylene blue had more efficiency than others (Figure 3-A). The 

results are more obviously through ipA/ipC (Figure 3-B).  

  
Figure 3. Characterization of the five dyes in the cyclic voltammetry. (1:Methylene blue; 2:Malachite 

green; 3:Crystal violet; 4:SYBR green I; 5:Hydroxy naphthol blue; all in 1.0 mg.L
-1

) 

 

The Methylene blue was elected to applied in a series of concentrations (Figure 4-A). The 

results shown that it worked best in 1024～4096 μg.L
-1

 (Figure 4-B). Therefore, the Methylene blue 

was elected to apply in 2.0 mg.L
-1

 (middle concentration) in the follow tests. 

 

 
Figure 4. The optimum concentration of Methylene blue in the cyclic voltammetry. (1:8 μg.L

-1
; 2:16 

μg.L
-1

; 3:32 μg.L
-1

; 4:64 μg.L
-1

; 5:128 μg.L
-1

; 6:256 μg.L
-1

; 7:512 μg.L
-1

; 8:1024 μg.L
-1

; 9:2048 

μg.L
-1

;10:4096 μg.L
-1

 of Methylene blue) 

 

The DNA cyclic voltammetry measurement used 2.0 mg.L
-1

 Methylene blue of E. coli 

O157:H7 (10
5
 CFU.mL

-1
) was executed in 65℃.The results shown that it could detect the DNA of E. 

coli O157:H7 in 30～60 minutes by ipA/ipC of the cyclic voltammetry (Figure 5-A). The ipA was 

more obviously than the ipC (Figure 5-B). 
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Figure 5. The DNA cyclic voltammetry measurement of E. coli O157:H7. (1→7: Cyclic voltammetry 

measurement every 10 minutes; E. coli O157:H7, 10
5
 CFU.mL

-1
) 

 

On the microfluidic gene chip, due to high difficulty in temperature control and products 

detection, the conventional methods cannot meet the requirements of the DNA detection. The 

electrochemical detection of DNA maybe becomes the better choice.  

The cyclic voltammetry coupled with UV/VIS spectroscopic techniques were used to detection 

of double stranded DNA (ds-DNA) has been reported by Hajian et al [33], In the electrochemical study 

of Neutral red, the appearance of a pair redox peaks with DEp = 3.0 mV shows the adsorption process. 

The decreasing of peak currents for neutral red by addition of ds-DNA reveals a high strength binding 

between neutral red and DNA (Kb = 2.74 ×10
4
).  

Gansen et al [34] had reported a digital loop-mediated DNA amplification (dLAMP) in a 

sample self-digitization (SD) chip. Digital DNA amplification has become an attractive technique to 

quantify absolute concentrations of DNA in a sample. He had demonstrated accurate quantification of 

relative and absolute DNA concentrations with sample volumes of less than 2 μL.  

In this paper, the DNA was amplificated through LAMP reaction and the DNA amplification 

products were combined with positive dye (such as Methylene blue), which leading to a reduction of 

free dye and could be measured by the cyclic voltammetry methods. The reduction of ipA/ipC of the 

cyclic voltammetry is proportional to the amount of DNA, so the copies of template DNA was 

quantitative detected. We anticipate that the microfluidic gene chip basing on LAMP make it attractive 

as an inexpensive and easy to operate device for DNA detection, for example in point-of-care tastings. 

 

3.3. Sensitivity of the Cyclic Voltammetry Measurement  

The result shown that the DNA detection could complete in 30～60 minutes with the lowest 

bacterial to 10 CFU.mL
-1

, had high sensitivity (Figure 6-A). The regression analysis shown that the E. 

coli had a quite correlation with the ipA of cyclic the voltammetry (Figure 6-B). It could become the 

quantitative basics of the cyclic voltammetry measurement. 
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Figure 6. The sensitivity of the cyclic voltammetry measurement. (1:10

6
 CFU.mL

-1
; 2:10

5
 CFU.mL

-

1
;3: 10

4
 CFU.mL

-1
; 4: 10

3
 CFU.mL

-1
; 5: 10

2
 CFU.mL

-1
; 6:10

1
 CFU.mL

-1
; 7: 10

0
CFU.mL

-1
of E 

coli; 8:blank) 

 

The LAMP assay is a sensitive method of DNA detection, lowest to 10
1～10

2
 CFU.mL

-1
,higher 

than
 
 conventional PCR (10

3～10
4
 CFU.mL

-1
). Shan et al [35] reported that the detection limits of the 

LAMP for hlyA gene were 6 colony forming units (CFU)/tube. The sensitivity in detection of L. 

monocytogenes by the LAMP was higher than that of PCR and none of the conventional method-

positive samples was missed by the LAMP method.  

Tang et al [36] had reported a sensitive reverse-transcription loop-mediated isothermal 

amplification (RT-LAMP) assay was developed for the rapid detection of Tembusu virus (TMUV) 

infection. The reaction was performed in one step in a single tube at 64 ℃ for 45 minutes, with SYBR 

Green I dye added prior to amplification. The detection limit of the RT-LAMP assay was 

approximately 10 copies.mL
-1

, and no cross-reaction with other avian viruses was observed. The assay 

was evaluated further for the diagnosis of TMUV in field samples and compared with conventional 

RT-PCR. The RT-LAMP with SYBR Green I dye was shown to be a sensitive, simple assay for the 

rapid diagnosis of TMUV infection. 

In this study, the electrochemical detection of DNA, the cyclic voltammetry measurement, 

could be completed in 30～60 minutes, with high sensitivity (lowest to 10 CFU.mL
-1

), exactly 

consistent with the reports in these literatures. It had a good relationship between the DNA 

concentration (logarithm) and the ipA/ipC over a range of 1×10
1
 to 1×10

6
 CFU.mL

-1 
(y=24.5375-

3.4255x, R=-0.99215). Further more, the concentration of DNA in samples can be quantified. By 

establishing the standard curve, we could detected the DNA quantitatively.  

 

3.4. Comparison with PCR 

The result of X
2
 test (P>0.05) suggested that there hadn’t significant difference between the 

cyclic voltammetry and the PCR (Table 2). It also was shown that the cyclic voltammetry had high 

accuracy, sensitivity and specificity, compared to standard PCR method.  
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Table 2. Comparison of the cyclic voltammetry and PCR 

 

 PCR   (n=200) 

+ - 

Cyclic  

voltammetry 

(n=200) 

+ 96 4 

- 3 97 

X
2
 0.143 

P 
a
 0.706 

Accuracy 96.5 % 

Sensitivity 96.0 % 

Specificity 97.0 % 
a
 There is no statistical difference between the two methods (P>0.05) 

 

Paris et al [3] reported a LAMP method for molecular detection of Plasmodium falciparum in 

115 Bangladeshi in-patients with fever. The DNA extraction for LAMP was conducted by 

conventional methods or simple heating of the sample; test results were either assessed visually or by 

gel electrophoresis. Conventional DNA extraction followed by gel electrophoresis had the highest 

agreement with the reference method (81.7%, kappa = 0.64), with a sensitivity (95% ) of 76.1% 

(68.3～83.9%), a specificity of 89.6% (84.0～95.2%) comparable to rapid diagnostic test (RDT)  and 

microscopy. The LAMP enables molecular diagnosis in settings with limited technical resources but 

will need further optimization.  

In our study, it also shown that the cyclic voltammetry method had a high accuracy (96.5%), 

sensitivity (96.0%), and specificity (97.0%), compared to standard PCR method. Compared with the 

PCR, the cyclic voltammetry of LAMP for the detection of DNA is a simple method that could 

detected DNA with high specificity, sensitivity, and rapidity, more suitable for gene chip operation. It 

could replace the PCR in clinically used for the detection of DNA.  

 

3.5. Anti-interference ability of the strategy  

The cyclic voltammetry measurements  were basing on the detection of redox characteristics of 

dyes. Therefore, the redox species in the samples probably have interference to the measurement. Two 

kinds of interference substances, Vitamin C  and Aspirin are two kinds of common interfering 

substances. Through the anti-interference test of Vitamin C  and Aspirin, we could get preliminary 

assessment of anti-interference ability to cyclic voltammetry measurements. In the usual PCR 

experiment, interference below 10% could be accepted. The results displayed that the cyclic 

voltammetry had good anti-interference ability against Vitamin C (up to 32mg.L
-1

) (Figure 7-A, B), 

and Aspirin (up to 64 mg.L
-1

) (Figure 7-C, D).  
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Figure 7. The anti-interference of the cyclic voltammetry against Vitamin C (A, B) and Aspirin (C, 

D). (1:0 mg.L
-1

; 2:2 mg.L
-1

; 3:4 mg.L
-1

; 4:8 mg.L
-1

; 5:16 mg.L
-1

; 6:32 mg.L
-1

; 7:64 mg.L
-1

; 

8:128mg.L
-1

 ; Vitamin C and Aspirin); Inhibition rate (%)=1-ipA(interference)/ipA(control) 
             

Vitamin C is one ingredient in blood of healthy human. Dherani  et al [37] reported  that the 

normal reference of Vitamin C was 17～34 μmol.L
-1 

(3～6 mg.L
-1

). The results shown that the cyclic 

voltammetry measurements had good anti-interference ability against Vitamin C  up to 32 mg.L
-1

,  as 

the arrows shown in Figure 7-B, far more than the normal concentration of vitamin C in human blood, 

so the results are reliable. 

Aspirin is not present in normal human blood, so its interference of DNA detection only exist 

while large dose of Aspirin be applied in therapy. Tehrani  et al [38] reported  that treatment with 75～

320 mg/day Aspirin during 4 weeks in a crossover fashion. The reference value of Aspirin in blood 

was 2～10mg.L
-1

. The results shown that the cyclic voltammetry measurements had good anti-

interference ability against Aspirin  up to 64mg.L
-1

, as the arrows shown in Figure 7-D, far more than 

the normal concentration of Aspirin in human blood, the interference can be eliminated. 

Therefore, the cyclic voltammetry measurement had good anti-interference ability against the 

redox species (such as Vitamin C and Aspirin) within the sample, could  provide accurate data for the 

clinical detection of DNA. 

 

4. CONCLUSIONS  

The PCR had become the common method of DNA detection. However, on the microfluidic 

gene chip, due to high difficulty in temperature control and products detection, the conventional 

methods cannot meet the requirements of the DNA detection. The LAMP was characterized of rapid, 
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high specificity and high sensitivity. The scientists had been paid more attentions to PCR or LAMP 

reacted on the microfluidic gene chip. However, it required optical-electrical devices to transformate 

and output the results, which were expensive and bulky. It was not suitable for the construction on the 

gene chip. Thus, the electrochemical detection of DNA maybe becomes the better choice. In this paper, 

an electrochemical method, cyclic voltammetry measurement, was proposed for the detection of DNA 

on the microfluidic gene chip. First, the DNA extracted from specimens was amplificated through 

LAMP reaction. The DNA amplification products were combined with positive dye, which leading to 

a reduction of free dye and could be measured by the cyclic voltammetry methods. The reduction of 

ipA/ipC of the cyclic voltammetry is proportional to the amount of DNA, so the copies of template 

DNA was quantitative detected.  

The results displayed that this electrochemical detection of DNA could be completed in 30～60 

minutes, with high sensitivity (lowest to 10 CFU.mL
-1

). The result of X
2
 test (P>0.05) suggested that 

there hadn’t significant difference between the cyclic voltammetry and the PCR. It also was shown that 

the cyclic voltammetry had high accuracy (96.5%), sensitivity (96.0%) and specificity (97.0%) 

compared to standard PCR method. It also had good anti-interference ability against Vitamin C (up to 

32mg.L
-1

) and Aspirin (up to 64mg.L
-1

) within the sample. It had a good relationship between the 

DNA concentration (logarithm) and the ipA/ipC over a range of 1×10
1
 to 1×10

6
 CFU.mL

-1 

(y=24.5375-3.4255x, R=-0.99215). Further more, the concentration of DNA in samples can be 

quantified. By establishing the standard curve, we could detected the DNA quantitatively. Therefore, 

the cyclic voltammetry measurement was a rapid, sensitive and stable method. It would provide a 

powerful tool for DNA detection on gene chips, pocket instruments, or other fields which needed the 

simple, rapid, and real-time methods of measuring. 
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