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High-Specific Electrochemical Detection of BRCA1 Gene 
Sequence using Methylene Blue Hybridization Indicator
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Abstract
A high-specific and high-sensitive electrochemical DNA biosensor for human breast cancer 
susceptibility gene 1 (BRCA1) was developed by using methylene blue (MB) as hybridization 
indicator. A specially designed capture probe with a thiol group at its 5’-end was firstly self-assembled 
on gold electrode through Au-S bond. In the solution with high ionic strength, MB combined with 
the capture probe through its interaction with guanine. Then an intensive electrochemical signal was 
detected through differential pulse voltammetry (DPV). In the presence of BRCA1 gene sequence, 
double-stranded DNA (dsDNA) was formed through the hybridization between the target DNA 
and capture probe. The interaction between MB and dsDNA was intercalative. The monitored 
peak current in DPV was greatly decreased due to the weaken affinity of MB towards ds-DNA. The 
decrease of the electrochemical signal was related with the concentration of the target DNA. Under 
the optimized conditions, the fabricated DNA sensor showed a very wide dynamic response range 
over six orders of magnitude. The change of current in DPV was linearly related with the logarithm 
of the concentration of BRCA1 gene sequence in the range from 1nM to 1.5μM. The observable 
current change appeared even at the concentration of 1pM. The detection was also carried out in the 
presence of single-base mismatched and three-base mismatched sequences of the target DNA. The 
results showed that the established DNA biosensor can easily identify those mismatched sequences 
from the target and therefore has high specificity. 
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Introduction
In the last decade, electrochemical DNA sensors with appropriately designed capture probes 

have been widely used in many fields to realize the detection of gene sequences, bacteria, viruses, 
trace amounts of heavy metal ions [1-5], etc. Electrochemical DNA sensors can be utilized to carry 
out independent tests, realize the purpose of on-line monitoring, food analysis, environmental 
monitoring and clinic diagnosis [6-9]. Compared with those traditional DNA testing methods, DNA 
sensors usually take the advantages of high sensitivity, minimized equipment, low cost, compatibility 
with micro-fabrication technology and time-saving [10-12]. Moreover, high specificity of DNA 
sensors offers accurate detection of the target DNA by easy identification of single-base changes in 
the sequences [13,14]. 

The construction of electrochemical DNA biosensors mainly consists of three steps [15,16]: (1) 
modification of single-stranded DNA probes; (2) hybridization between the target sequences and the 
probes; (3) determination of electrochemical signals using specific indicators. It is very important 
to choose a proper indicator which can characterize the presence of the targets [17,18]. Generally, 
electrochemical hybrid indicators are electroactive compounds which can convert the hybridization 
events into detectable electrochemical signals [1,19]. The proper selection of indicators can 
effectively improve the sensitivity and specificity of the sensors. Some electrochemical indicators, 
such as methylene blue (MB), differ in their binding to single-stranded DNA (ssDNA) and double-
stranded DNA (dsDNA), resulting in different response current [20,21]. MB is a phenothiazine dye 
which can be used as a redox indicator [22]. Existing studies show that MB has a specific binding 
effect to guanine of ssDNA, while has much lower affinity for dsDNA because dsDNA hinders the 
binding of MB to guanine, resulting in reduced electrochemical signal [1,2,23-26]. Meanwhile, in 
the solution with low concentration of ions, except the combination with guanine, MB also can 
combine with the negatively charged phosphate groups of DNA through electrostatic interaction 
[1]. Under high concentration of ions, the phosphate groups of DNA skeleton form an electron 
layer. Overall, MB can insert into dsDNA through the DNA groove, and combine with ssDNA 
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through the interaction with guanine. 

With the increased incidence of breast cancer [27], it has become a 
serious threat to women's health in the new century [28]. The greatest 
risk factor for breast is inheritance of a mutation in breast cancer 
susceptibility genes [29]. One of the biomarkers of breast cancer that 
has received a great attention is breast cancer susceptibility gene-1 
(BRCA1) [30]. BRCA1 is one of the high penetrance of breast cancer 
susceptibility genes as known. One defective copy of BRCA1 in the 
germline is enough to cause cancer predisposition [31]. Early breast 
cancer does not have the typical signs and symptoms, so the detection 
of biomarkers is particularly important in the early diagnosis of 
breast cancer. Electrochemical DNA biosensor has great potential in 
such gene-based diagnosis.

Herein, an electrochemical DNA biosensor for BRCA1 gene 
sequence was fabricated by using MB as hybridization indicator. The 
biosensor showed high specificity to identify single-base mismatched 
sequence of the target DNA and satisfactory sensitivity.

Experimental
Materials and reagents

6-mercaptohexanol (6-MCH) and hemin were purchased from 
Sigma-Aldrich. Human serum was purchased from Beijing Solarbio 
Science﹠Technology Co., Ltd. 4-(2-hydroxyethyl)-1-piperazine 
ethanesulfonic acid sodium salt (HEPES) was obtained from Sangon 
Biotech Co., Ltd. Other chemicals were of analytical grade. All 
solutions were prepared with ultrapure water (18.2 MΩ cm) obtained 
from a Millipore water purification system.

All oligonucleotides were synthesized and HPLC-purified by 
Sangon Biotech Co., Ltd. They were diluted to 100µM with 10 mM 
Tris-HCl buffer (pH7.4) containing 2mM MgCl2, 20mM KCl and 
0.2M NaCl. The sequences of the oligonucleotides were as below.

Capture probe: 5’-HS-(CH2)6- GAACAAAAGGAAGAAAATC 
-3’

BRCA1 sequence: 5’- GATTTTCTTCCTTTTGTTC -3’

Single-base mismatched sequence: 5’- 
GATTTTCTTCCTTTTGTTG -3’

Three-base mismatched sequence: 5’- 
GATTTTCTTCCTTTTGAAG -3’

Preparation and modification of Au electrode
Au electrode (2mm in diameter) was polished carefully with 

alumina slurry (0.3 and 0.05μm) and then sonicated in ultrapure 
water and ethanol for 3min, respectively. Then the polished electrode 
was electrochemically activated by cyclic scanning in the potential 
range from -0.2 to +1.5V in 0.5M H2SO4. Thereafter the electrode was 
dried at nitrogen atmosphere.

The pretreated Au electrode was immersed in 100μL of 1.5μM 
capture probe for 5h, allowing the capture probe to be attached to 
the surface of Au electrode via Au-S bond. Then the capture probe-
modified electrode was washed with 20mM Tris-HCl buffer, dried 
with nitrogen, and then immersed in 200μL of 2mM 6-MCH for 4h 
to block the nonspecific adsorption sites on electrode surface. Finally, 
the electrode was thoroughly washed with 20mM Tris-HCl buffer and 
dried with nitrogen.

Scheme 1: Principle of the electrochemical detection of BRCA1 gene sequence.

Figure 1: (A) DPV curves obtained in the presence of BRCA1 sequence 
(a); BRCA1 sequence and MB (b); and MB alone (c). (B) Characterization 
of the modification of the electrode by EIS: bare Au electrode (a); capture 
probe-modified Au electrode (b); 6-MCH-blocked capture probe-modified Au 
electrode (c).
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Fabrication of the electrochemical DNA biosensor
The capture probe-modified Au electrode was then immersed into 

the hybridization solution with different concentration of BRCA1 
DNA and incubated for 2h to allow the complete hybridization 
between the complementary sequences of capture probe and the 
target DNA. After hybridization, the electrode was incubated in 
1mL of 20mM Tris buffer containing 0.4mM MB and 0.2M NaCl 
(pH 7.4) for 15min. After that, differential pulse voltammetry (DPV) 
was conducted in 20mM HEPES buffer containing 20mM KCl (pH 
8.0) in the potential range from -0.6 to -0.15V. The electrochemical 
measurements were conducted on a CHI 660e electrochemical 
workstation.

Results and Discussion
The principle of the electrochemical DNA biosensor

The principle of the electrochemical DNA sensor is depicted 
in Scheme 1. A capture probe with a thiol group at 5’-end and 
complementary to BRCA1 sequence was designed and self-assembled 
onto the surface of Au electrode via Au-S bond. When the target 
DNA was introduced into the hybridization system and incubated 
with capture probe-modified Au electrode, the target DNA can be 
captured onto the electrode surface. After the introduction of the 
target DNA, dsDNA forms on the electrode surface, leading to the 
reduced adsorption of MB and the corresponding peak current in 
DPV. In the absence of the target DNA, the capture probe modified 
electrode can combine with a large number of MB, producing 
an intensive current signal in DPV. The value of peak current is 
related with the amount of MB on the electrode, and therefore the 
concentration of the target DNA.

To verify the feasibility of the principle, experiments were 
performed under different conditions and the obtained DPV responses 
were compared. As shown in Figure 1A, when the capture probe 
modified Au electrode was dipped in the solution containing BRCA1 
sequence (without MB), only low peak current can be observed in 
DPV (curve a). The DPV response was significant increased after the 
addition of MB (curve c). However, in the presence of the target DNA 

and MB, the current response in DPV was barely increased (curve 
b). Therefore, the electrochemical responses of MB vary dramatically 
after the introduction of the target DNA, and the proposed DNA 
sensor is reliable for sensitive detection of sequence-specific DNA.

Electrochemical impedance spectroscopy (EIS) can effectively 
characterize the electron transfer rate between the electrode and the 
solution species, and therefore the modification procedure of the 
electrode. As shown in Figure 1B, compared with bare Au electrode 

Figure 2: The influence of (A) the concentration of the capture probe, (B) incubation time of the capture probe, (C) the concentration of MB, and (D) incubation 
time of MB on the peak current in DPV.

Figure 3: (A) DPV curves obtained in the presence of different concentration 
of BRCA1 sequence; (B) The relationship between the peak current in DPV 
and the logarithm of the concentration of BRCA1 sequence; Inset shows the 
linear relationship.
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(curve a), the electron transfer resistance (Ret) of the capture probe-
modified electrode was apparently increased (curve b), due to the 
electrostatic repulsion of the negatively charged capture probe against 
Fe(CN)6

4-/3-. When the electrode was further blocked with 6-MCH, 
Ret was significantly increased (curve c). These results confirmed 
the successful modification of the electrode, which was ready for 
detection of the target DNA.

Optimization of the detection conditions
In order to obtain satisfactory performance of the electrochemical 

DNA biosensor, several key factors, including the concentration 
of the capture probe, the incubation time of the capture probe, the 
concentration of MB and the incubation time of MB are optimized.

The coverage of the capture probe attached to the surface of Au 
electrode depends on the concentration of the capture probe used to 
modify the electrode and the incubation time of modification, and has 
significant influence on the capturing of the target DNA, and therefore 
the performance and reproducibility of the detection. The effect of the 
concentration of the capture probe was firstly investigated. Different 
concentration of the capture probe ranging from 0.05μM to 3μM were 
used to modify bare Au electrodes respectively, and then the capture 
probe-modified electrodes were incubated with BRCA1 sequence, 
followed by incubation with MB. Finally DPV was performed and 
the peak current in DPV curves was plotted to the concentration of 
the capture probe used to modify the electrode. As shown in Figure 
2A, the peak current increases with the increased concentration of the 
capture probe. However, the peak current no longer increases when 
the concentration reaches 1.5μM. Therefore, 1.5μM capture probe 
was chosen to modify Au electrode.

The incubation time of the capture probe with Au electrode was 
then investigated. Different incubation time ranging from 1h to 12h 
was used to modify Au electrode at the fixed concentration of the 
capture probe. Then the capture probe-modified electrodes were 
incubated with BRCA1 sequence, followed by incubation with MB. 
As shown in Figure 2B, the peak current in recorded DPV curves 
increases with the extended incubation time. As the incubation time 
reaches 8h, the increase of peak current levels off, indicating the 
saturation of the modification. Therefore, the incubation time for 
modification of the capture probe was fixed at 8h.

The effect of the concentration of MB was then investigated by 
addition of MB ranging from 0.02μM to 0.5μM to the hybridization 
solution. Then DPV was performed and the peak current in DPV 
curves was plotted to the concentration of MB. As shown in Figure 

2C, the peak current continuously increases when the concentration 
of MB is lower than 0.4μM, and then levels off. Thus 0.4μM was the 
optimal concentration of MB.

Finally, the incubation time of MB was investigated. The capture 
probe-modified electrodes were incubated with BRCA1 sequence, 
followed by incubation with MB. Different incubation time ranging 
from 1min to 20min was used at the fixed concentration of MB. 
As shown in Figure 2D, the peak current in recorded DPV curves 
increases with the extended incubation time. As the incubation time 
reaches 15min, the increase of peak current levels off, indicating the 
saturation of the modification. Therefore, the incubation time for MB 
was fixed at 15min.

The performance of the electrochemical DNA biosensor
Under the optimal conditions, the sensitivity and dynamic 

response range of the electrochemical DNA biosensor were 
investigated. A series of different concentration of BRCA1 sequence 
was mixed in hybridization solution. Then the capture probe-
modified electrode was immersed into the hybridization solution 
and transferred into MB solution thereafter. After the introduction 
of MB, the DPV curves of the electrodes were recorded. As shown 
in Figure 3A, the peak current in DPV decreases with the increased 
concentration of BRCA1 sequence in the range from 1pM to 10μM. 
The relationship between the peak current in DPV and the logarithm 
of the concentration of target DNA was studied and shown in 
Figure 3B. A linear relationship can be derived in the range from 
1nM to 1.5μM (Figure 3B, inset). The linear regression equation 
is y=1.5858logx+15.809, where x represents the concentration of 
BRCA1 DNA (nM), and y represents the peak current. 

The specificity of the DNA sensor reflects the ability to 
discriminate the target DNA from other sequences with slight 
differences. Thus the specificity of the fabricated DNA biosensor was 
checked by comparing the current response towards BRCA1 DNA 
to those of mismatched sequences, including single-base and three-
base mismatched sequences. As shown in Figure 4, the peak current 
of BRCA1 DNA is much higher than those of mismatched sequences. 
About 20% of the peak current remained for the single-base 
mismatched sequence, and only 16% of the peak current remained 
for the three-base mismatched sequence. Therefore, the constructed 
electrochemical DNA biosensor has excellent specificity.

Conclusion
In summary, a sensitive electrochemical DNA biosensor was 

fabricated to detect sequence-specific DNA. Taking BRCA1 as an 
example, with rationally designed capture probe, the electrochemical 
signal of MB was utilized to characterize the hybridization of the target 
DNA with the capture probe, and quantify the concentration of the 
target DNA. The fabricated DNA biosensor exhibited high sensitivity, 
which can show observable current change in the presence of 1pM 
BRCA1 sequence. And the wide dynamic response range of the DNA 
sensor extend its application area. Meanwhile, the discrimination 
of single-base and three-base mismatched sequences verified high 
specificity of the sensor, which is critical in the application in clinic 
diagnosis. 
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Figure 4: The histogram of the current response in the presence of BRCA1 
sequence and mismatched sequences.
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