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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• An E-DNA biosensor based on dual- 
probe mode and enzyme-mediated 
multiple signal electrocatalysis is 
constructed. 

• The dual-probe E-DNA biosensor ex
hibits excellent selectivity and speci
ficity for detection of a larger dsDNA 
segment. 

• The practicability of this biosensor is 
well proven by determining both PCR 
products and enzyme-digested PCR 
products. 

• The dual-probe biosensor provides an 
alternative method for the development 
of rapid and sensitive diagnostic 
platform.  
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A B S T R A C T   

A new electrochemical DNA biosensor based on double-probe mode and enzyme-mediated multiple signal 
electrocatalysis is constructed for the highly sensitive determination of double-stranded (ds-) PML/RARα fusion 
gene. Through the ingenious design of two groups of detection probes, including two thiolated capture probes 
anchored on dual standalone detection units integrated into one customized gold electrode and four biotinylated 
reporter probes, hybridizing with different segments of the same target single-stranded DNA (ssDNA) simulta
neously, the hybridization efficiency between the probes and target is improved by preventing the reannealing of 
the two separate target ssDNA. Compared with a single reporter probe, this method can dramatically increase the 
amount of biotin and introduce numerous streptavidin-labelled horseradish peroxidase (HRP), thereby signifi
cantly amplifying electrochemical signals with low background signals. The combination of the dual-probe 
mode, multiple signal amplification strategy, and the inherent electrocatalytic activity of the HRP results in 
the prominent electrochemical sensing performance in detecting large-fragment target dsDNA with a detection 
limit as low as 71 fM. Furthermore, taking advantage of the new detection strategy, polymerase chain reaction 
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(PCR) products and enzyme-digested PCR products from NB4 cells can be effectively analysed, showing great 
promise for the development of a new class of point-of-care platforms for disease-/drug-related genes.   

1. Introduction 

Acute promyelocytic leukemia (APL) is the designated M3 type of 
acute myelogenous leukemia (AML) in the French – American – British 
(FAB) classification. It is characterized by a specific chromosomal 
translocation t (15; 17), promyelocytic leukemia/retinoic acid receptor 
alpha (PML/RARα) fusion gene generation, and the repressive effects of 
the encoded fusion protein on myeloid differentiation [1–4]. If APL 
cannot be diagnosed and treated timely, it often combines with the 
concurrent diffuse intravascular coagulation (DIC) and primary fibri
nolysis, which causes severe bleeding, and even death. Thus, the early 
diagnosis and long-term monitoring of minimal residual disease for APL 
are important. Importantly, arsenic trioxide (ATO) and/or 
all-transretinoic acid (ATRA), which function as repressors in 
super-enhancer-associated PML/RARα-regulated targets, are widely 
used in APL therapy [5]. Thus, the PML/RARα, as a distinct marker gene 
in APL, plays a vital role in the diagnosis and treatment of APL [6–9]. 

Electrochemical deoxyribonucleic acid (DNA) biosensors (E-DNA 
biosensors) are analytical devices for nucleic acid sensing by the hy
bridization of specific target sequences with complementary probes 
immobilized on the surface of a substrate. The E-DNA biosensors show 
great promise as devices fit for point-of-care testing (POCT) and multi
plexing platforms for the analysis of nucleic acids, with the merits of 
high sensitivity, fast response, integrated miniaturization, simple oper
ation, low cost, etc. [10–15]. Over the past decade, our laboratory has 
conducted in-depth research on the employment of the E-DNA bio
sensors for PML/RARα fusion gene detection and has achieved some 
results [16–24]. First, we used a traditional DNA-sensing model, in 
which a single set of DNA probe molecules were modified on a single 
electrode to detect the target ssDNA. A series of genosensors have been 
developed by introducing different functional materials (e.g., polymer, 
hydrogel, and metal nanomaterial) [16–18] and new-style detection 
probes (e.g., hairpin probe and locked nucleic acids) [19,20] for good 
sensitivity and specificity in the DNA detection. These proposed 
methods perform well in the detection of short synthetic single-stranded 
segments, while they perform poorly when dealing with biological DNA 
samples. Such a problem occurred because, first, most of the target DNA 
fragments derived from biological samples are in the form of native 
double-stranded (ds-) segments, leading to the loss of the hybridization 
efficiency between the short DNA probes and the target sequences. 
Second, despite having been unstranded before detection, the rean
nealing of two separate ssDNA from the target dsDNA could seriously 
hinder heterogeneous hybridization on the electrode surface. Finally, 
some reported E-DNA biosensors integrated with the asymmetric poly
merase chain reaction (PCR) technique enable the production of 
numerous target ssDNA amplicons and the direct detection of the targets 
[25–27]. However, those demonstrations are not satisfactory because of 
the low efficiency of the asymmetric PCR and requirement of the com
plex optimization of primer concentrations [28,29]. 

Considering the above predicament for the design of a sensitive E- 
DNA system for real applications, one key point should be emphasised: 
how to simultaneously improve the hybridization efficiency between the 
probe and dsDNA and hold back the reannealing of the two separate 
ssDNA to achieve the direct detection of the dsDNA in actual clinical 
samples. Therefore, our group has adopted the interfering probes in the 
hybridization solutions to prevent the reannealing of the original dsDNA 
with satisfactory results in double-stranded PCR amplicon assaying 
[22]. Inspired by this observation, we proposed a novel dual-probe 
detection model containing two sets of DNA probes modified on the 
surface of the two working electrodes (dual-channel electrodes) for 
detecting two complementary strands from the target dsDNA [23,24]. 

Both dual-probe detection approaches have achieved outstanding 
detection specificity and sensitivity in detecting synthetic dsDNA frag
ments. We credit this superiority to the use of a specific probe design 
(“Y” junction structure probe and oligonucleotide analog) and restric
tion endonuclease-assisted cyclic enzymatic amplification strategy. For 
this step, the synthetic target dsDNA involved are short-length se
quences (22 bp and 60 bp). Upon hybridization with a large segment 
from biological samples, the sensitivity is limited because the remnant 
sequence chain is prone to fold and curl, leading to an inevitable steric 
effect on the heterogeneous surface and the attenuated hybridization 
efficiency of the probes and target. In addition, the new-style detection 
probes increase the experimental cost, and the induced endonuclease 
generates a high blank signal. Further, the current signals of the 
dual-channel electrodes can be collected only using a dual-channel 
electrochemical device, which is unfavourable for developing simpli
fied protocols. 

In this study, aiming to develop advanced electrochemical biosensors 
better suited to miniaturization and integration for POCT devices, we 
design a high-performance dual-probe detection model with remarkable 
improvements in sensitivity and selectivity towards large target dsDNA. 
Further, we simplify the instrumentation using a previously reported 
dual-channel sandwich structure detection method and a multiple signal 
amplification strategy. The dual-probe detection signals are collected 
from two independent detection units of the tailored gold electrode (d- 
AuE), which is achieved using a traditional single-channel electro
chemical device with a relatively simple connection circuit. Given the 
large size and double-stranded existence form of the target dsDNA in 
biological samples, the E-DNA biosensor involved two pairs of detection 
probes, consisting of two thiolated capture probes (Ca/Cb) immobilized 
on two separated surfaces of d-AuE and four biotinylated reporter 
probes (Ra1, Ra2, Rb1, and Rb2). The main aim of this strategy is to 
hinder the reannealing of the two specific strands from the target dsDNA 
by designing the complementary position of the reporter probes and to 
increase the overall detection current signals through increasing the 
amount of biotins functionalized on the surface of the d-AuE. The pro
posed method is evaluated and used to determine the PCR products and 
enzyme-digested PCR products of the PML/RARα fusion gene from the 
NB4 cell. 

2. Materials and Methods 

The details of the “Materials and Methods” section are shown in the 
Supporting Information. 

3. Results and discussion 

3.1. The principles of the dual-probe E-DNA biosensor based on enzyme- 
mediated multiple signal electrocatalysis 

The principle of the E-DNA biosensor based on dual-probe mode and 
enzyme-mediated multiple signal amplification using d-AuE to deter
mine the target dsDNA is depicted in Scheme 1. First, for the further 
miniaturization of the electrochemical device requiring two three- 
electrode systems in our previous studies, two round detection units 
(2 mm in diameter) with a distance of 2 mm were incorporated into the 
same gold working electrode (abbreviated as d-AuE). The integration of 
the working electrodes revealed some advantages of the relatively low 
sample volumes, relatively simple connection circuit, and excellent 
reliability of the signal output. Additionally, the dual-probe E-DNA 
biosensor involved two pairs of detection probes, that is, two thiolated 
capture probes (Ca and Cb) immobilized on two independent detection 
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units of d-AuE and four biotinylated reporter probes (Ra1, Ra2, Rb1, and 
Rb2), which are complementary to the interval parts of the corre
sponding target ssDNA. Of note, the number of biotinylated reporter 
probes increased from two to four for the inhibition of the reannealing of 
the two separate strands from the target dsDNA and the amplification of 
the overall detection current signals. Once the target dsDNA (S3a–S3b) 
appeared, the detection probes (Ca/Ra1Ra2 and Cb/Rb1Rb2) flanked 
the related complementary sequences after thermal denaturation. 
Further, the binding event afforded two sandwich-type dsDNA com
plexes (Ca/S3a/Ra1Ra2 and Cb/S3b/Rb1Rb2) on the dual detection 
zones of d-AuE. Thereafter, the biotin-modified dsDNA complexes 
introduced numerous streptavidin-labelled horseradish peroxidase 
(HRP), significantly increasing the electrochemical signals by the direct 
electrochemistry and electrocatalysis of HRP. Conversely, the bio
tinylated reporter probes were not captured onto the d-AuE surface 
without the target dsDNA, and thus, only very few streptavidin-HRP 
conjugates were tethered onto the electrode surface to catalyze a 3, 3′, 
5, 5′-tetramethylbenzidine (TMB) substrate or amplify the signals. The 
target dsDNA could be detected by the variation of the current signals. 

3.2. The feasibility study of the dual-probe E-DNA biosensor 

Restriction endonucleases were employed to digest PCR products to 
generate the expected large fragment of the dsDNA. Well-chosen enzyme 
cut sites could influence the production of fragments with different 
lengths and sequences, and is fundamental for designing the detection 
probes and successfully constructing a more applicable detection pro
tocol for the large fragment of the target dsDNA. Thus, the sites of re
striction digested on the PCR product were analysed using Primer 5 
software. By analyzing the position of the PML/RARα fusion site and the 
restriction enzyme site maps of the PCR-produced DNA sequence, a 
desirable restriction fragment with a length of 122 bp was obtained 
(Fig. S1) and used as the bio-recognition element. Meanwhile, the 
detection probes were designed according to the DNA sequences of the 
restriction fragment (shown in Supplemental Information, Table S2). 
The binding site of the fusion site located in the capture probe, while the 
reporter probes was complementary with the interval sequence of the 
same target ssDNA to considerably avoid the cross-interaction of the 
detection probes. For the specificity of the developed detection probes, 
two groups of the detection probes (Ca/Ra1Ra2 and Cb/Rb1Rb2) were 
designed based on the melting temperatures in the hybridization system 
according to the target dsDNA sequence. Further, the thermodynamic 
parameters of all oligonucleotides involved in the experiment were 
calculated using integrated DNA technologies (http://www.unafold. 
org/ [30], shown in Supplemental Information, Table S3). Moreover, 

the interface properties of the surface-modified d-AuE were severally 
investigated by cyclic voltammetry (CV) in 10 mM K3Fe(CN)6 solution 
and electrochemical impedance spectroscopy in a 10 mM [Fe 
(CN)6]3− /4− solution containing 0.1 M KCl to reflect the preparation of 
the E-DNA biosensor (Fig. S2). 

Furthermore, the electrochemical responses of the prepared 
biosensor were investigated to characterize the feasibility of the pro
posed strategy (Fig. 1). Fig. 1A compares the CV curves of different 
modified d-AuE in the TMB substrate. A prominent catalytic reduction 
peak was observed in the CV of the streptavidin-HRP modified d-AuE 
(HRP/Ra1Ra2S3a-Rb1Rb2S3b/MCH/Ca-Cb/d-AuE, Fig. 1A, curve b). 
Additionally, by comparing the current (i)–time (t) curves for the 
different modified d-AuE, the value of the amperometric current 
generated by catalysing the streptavidin-HRP was observed to be larger 
(1503 nA/mm2, Fig. 1B, curve b) than that of the amperometric current 
without enzymatic catalysis (9 nA/mm2, Fig. 1B, curve a). It turns out 
that upon hybridization, the streptavidin-HRP could conjugate with the 
two ‘sandwich’ structures containing four kinds of biotinylated reporter 
probes (Ca/S3a/Ra1Ra2 and Cb/S3b/Rb1Rb2) via affinity bond to be 
specifically modified onto the dual detection units of the d-AuE. How
ever, if the ‘sandwich’ structures failed to be formed without the target 
dsDNA, few HRP could be fixed onto the d-AuE. The current strength, 
which was produced by the catalytic reduction of H2O2 with the redox 
reaction of TMB, significantly decreased. Therefore, the results indicated 
that the dual-probe E-DNA biosensor could significantly determine if the 
target dsDNA was in the solution under test using the TMB – HRP – H2O2 
reaction system at the surface of the d-AuE. Additionally, we have re
ported that the PML/RARα dsDNA (fragment length, 60 bp) in the same 
concentration was detected using a commercial gold working electrode 
(AuE, 2 mm in diameter), and the average current signal intensity 
collected was 3260 nA [22], which was equivalent to the current density 
of 1038 nA/mm2. In contrast, the current density (1503 nA/mm2) of the 
PML/RARα dsDNA fragments (fragment length at approximately 122 
bp) detected by the d-AuE in this work was 1.44 times higher than that of 
the above-mentioned report. In our previous research for detecting 
PML/RARa dsDNA short fragments (60 bp) using dual-channel elec
trodes, it was shown that the current signal intensities collected by two 
channels were 2700 nA (approximately equal to 859 nA/mm2) and 
2580 nA (approximately equal to 821 nA/mm2) [24]. They were lower 
than those detected in this study. These results demonstrated that the 
subtle multiple reporter-probe design endowed the better sensitivity and 
specificity of the E-DNA biosensor even in the challenge with the large 
fragment of the PML/RARα dsDNA. 

Scheme 1. Schematic diagram of the E-DNA biosensor based on dual-probe mode and enzyme-linked amplified multiple signals technology using d-AuE for 
detecting the PML/RARα fusion gene dsDNA. 
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3.3. Optimization of the experimental conditions 

The factors which could affect the analytical performance of the 
dual-probe E-DNA biosensor were investigated in details. To exclude co- 
interference between the factors, all experiments in this section were 
performed on commercial gold working electrodes (AuE, 2 mm in 
diameter), except for the optimization of the reporter probe 

concentrations which was performed on the d-AuE. 

3.3.1. Investigation of the hybridization temperature 
During the entire hybridization process, the temperature played a 

significant role in the specificity and efficiency of the hybridization. The 
melting temperature (Tm), as a physical property of nucleic acids, 
manifested the stability of duplexes in a specific milieu to validate the 

Fig. 1. Cyclic voltammograms (A) and current-time curves (B) of the TMB substrate at different modified customized d-AuE: (a) MCH/Ca-Cb/d-AuE; (b) HRP/ 
Ra1Ra2S3a-Rb1Rb2S3b/MCH/Ca-Cb/d-AuE. 

Fig. 2. (A) The relation graph between the tempera
tures and currents from the hybridization between 
different reporter probes and relevant complementary 
ssDNA using the single-capture-probe modified AuE. 
(B) Amperometric responses corresponding to 
different temperatures for detecting the target dsDNA 
using the dual-capture-probe modified d-AuE. (C) 
Amperometric responses of the hybridization between 
different capture probes and reporter probes (100 
μM); (D) Amperometric responses of the hybridization 
of different capture probes, reporter probes (100 μM), 
and relevant complementary ssDNA (10 nM). (E) 
Comparison of current responses of the hybridization 
with target ssDNA S1 (10 nM) and reporter probes 
(Ra1+Ra2) on the AuE modified with different as
sembly concentrations of the capture probe (Ca, 0.01, 
0.10, 0.50, 1, and 10 μM). (F) Comparison of the 
detection of the target dsDNA (S3, 10 nM) by equal 
amounts of the reporter probes (Ra1+Ra2+Rb1+Rb2) 
with different concentrations: (a) 10 nM; (b) 50 nM; 
(c) 100 nM; (d) 500 nM.   
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nucleic acid probes available for the special recognition of comple
mentary sequences. According to the above-mentioned values of Tm 
calculated by the integrated DNA technologies (Table S3), the hybridi
zation temperature was further studied in the range from 44 ◦C to 50 ◦C 
by amperometric measurement. Given the reannealing interference 
from two separate strands from the target duplexes during the testing 
process, the current signals of the hybridization between the target 
ssDNA (S1 or S2) with the matching capture probe (Ca or Cb) and single 
reporter probe (Ra1, Ra2, Rb1 or Rb2) were studied under different 
hybridization temperatures. The study comprised four hybridization 
systems of the probes/target duplexes, i.e. Ca/S1/Ra1, Ca/S1/Ra2, Cb/ 
S2/Rb1, and Cb/S2/Rb2. 

According to the results (Fig. 2A), we observed that the current re
sponses increased with the increase in hybridization temperature and 
levelled off above 46 ◦C in the three hybridization systems (Ca/S1/Ra1, 
Ca/S1/Ra2, and Cb/S2/Rb2). This might be because the increasing 
thermal motion of the molecule under the relatively high temperature 
unwound the dsDNA formed by hybridization. For Cb/S2/Rb1, the 
strongest current signal appeared at 48 ◦C. Similarly, the detection 
signal declined with the increase in temperature due to the enhancement 
of thermal motion. The best hybridization temperatures for the different 
detection probes were somewhat different. Additionally, we noted that 
the ranking order of the current intensity for these hybridization systems 
was as follows: Ra1 > Rb1 > Ra2 > Rb2. This observation was relative to 
the distances between the streptavidin-HRP captured by the biotinylated 
reporter probes and the d-AuE surface. In the proposed multiple signal 
amplification strategy, we designed dual reporter probes to be comple
mentary to different segments of the same target ssDNA. As shown in 
Scheme 1, the hybridization of Ra1 with the complementary strand from 
the target dsDNA occurred close to the d-AuE, while the hybridization of 
Ra2 occurred in far proximity. In general, the shorter the distance be
tween the enzyme and the electrode surface, the faster the electron 
transfer on the electrode surface and the larger the current signal. Such a 
trend of current response validated the hypothesis about the location of 
four reporter probes on the two sandwich DNA structures, demon
strating the likelihood of the successful assembly of the expected E-DNA 
biosensor. 

On the basis of the above result, the influence of the reaction tem
perature on the target dsDNA detection using the dual-probe E-DNA 
biosensor was investigated further. Fig. 2B shows the current signals 
corresponding to different temperatures (ranging from 44 ◦C to 50 ◦C) 
for detecting 10 nM target dsDNA (S3a-S3b) by amperometric mea
surements. As displayed in Fig. 2B, the maximum value of the current 
signal appeared at 46 ◦C (9440 nA), where the hybridization efficiency 
of the detection probes is the highest. The current signal at relatively low 
temperatures (44 ◦C and 45 ◦C) was 77%–85% of the maximum value at 
46 ◦C. Conversely, increasing the hybridization temperature (>46 ◦C) 
causes a notable decline in current signal below 50%, ascribed to the 
accelerating denaturation of the detection probes/target DNA com
plexes (Ca/S3a/Ra1Ra2 and Cb/S3b/Rb1Rb2) and the decreasing hy
bridization number. Furthermore, the detected signals of the 
hybridization background (namely the hybridization system without 
target dsDNA) remained at a nearly constant low value at all reaction 
temperatures. Taken together, 46 ◦C was selected as the optimized hy
bridization temperature during the whole experimentation. 

3.3.2. Optimization of detection probes 
The specificity of the designed detection probes was initially inves

tigated because of the coexistence of many detection probes in the hy
bridization system (shown in Fig. 2C). According to the results, the 
detected hybridization current signals from the different combinations 
of the capture probes (Ca or Cb) and reporter probes (Ra1, Ra2, Rb1, 
Rb2 or Ra1/Ra2/Rb1/Rb2) were all under 350 nA. This indicated that 
there were few hybridization reactions between the detection probes. 

Furthermore, taking into account that multiple hybridization re
actions among different DNA segments might occur simultaneously, we 

investigated the identification ability of the detection probe to the cor
responding target ssDNA (S1 or S2) in the above-mentioned hybridiza
tion systems (shown in Fig. 2D). The results indicate that the 
combination detection probes (Ca/Ra1 and Ca/Ra2) could simulta
neously recognise the corresponding segments of S1 under the same 
condition. However, no hybridization reaction was observed between S1 
and the combination detection probes (Ca/Rb1 and Ca/Rb2) because of 
the mismatch between the reporter probe (Rb1 or Rb2) and S1. Simi
larly, the combination detection probes (Cb/Rb1 and Cb/Rb2) presented 
the specific identification of the complementary sequence of S2. Addi
tionally, we employed the combination detection probes (Ca/ 
Ra1+Ra2+Rb1+Rb2 and Cb/Ra1+Ra2+Rb1+Rb2) to analyse the cor
responding target ssDNA (S1 and S2, respectively). The current signals of 
the combination detection probes containing mixed reporter probes 
(Ca/Ra1+Ra2+Rb1+Rb2 and Cb/Ra1+Ra2+Rb1+Rb2) were stronger 
than those of the combination detection probes that contained one single 
reporter probe (Ca/Ra1, Ca/Ra2, Cb/Rb1, and Cb/Rb2). That was 
because the increasing number of biotinylated reporter probes amplified 
the payload of the streptavidin-HRP, sharply enhancing the ampero
metric signal of the TMB–HRP–H2O2 system. These results demonstrated 
that the designed detection probes possessed a superior recognition 
ability towards the complementary target strand and effectively sup
pressed nonspecific current signals from the cross-hybridization of these 
probes. 

During the construction of the E-DNA biosensor, the immobilization 
of the capture probes (Ca and Cb) on the electrode surface was a vital 
step because the capture probe and the two corresponding biotinylated 
reporter probes (Ca/Ra1Ra2 and Cb/Rb1Rb2) simultaneously flanked 
different segments of the same complementary target. Afterwards, the 
streptavidin-HRP was specifically captured via biotin–streptavidin 
binding, which could be limited by steric hindrance. Therefore, the 
density of the capture probes directly affected the payload of the 
anchored streptavidin–HRP molecule and the performance of the sensor. 
Using Ca/Ra1Ra2 as an example, different assembled concentrations of 
Ca were investigated (0.01, 0.10, 0.50, 1, and 10 μM) on the AuE. As 
shown in Fig. 2E, the current signal saw a fast growth with the augment 
of the capture probe Ca concentration from 0.01 to 0.50 μM because of 
the increased number of detection probes/target hybrids produced. 
Thereafter, a decrease in the current intensity was observed when the 
concentration was higher than 0.50 μM, suggesting that a high-density 
capture probe monolayer reduced the hybridization efficiency of the 
probes with the target strand and strengthened the steric hindrance of 
the enzyme. Therefore, 0.50 μM was selected as the optimal assembly 
concentration of the capture probes with optimized molecular distance 
for the HRP enzyme. 

Additionally, the concentrations of these reporter probes (Ra1, Rb1, 
Ra2, and Rb2) added to the hybridization system had a specific influence 
on the performance of the dual-probe E-DNA biosensor. Therefore, we 
optimized the content of the four reporter probes with identical con
centrations in the hybridization solution in the experiment (shown in 
Table S4). As shown in Fig. 2F, with the increase in the concentration of 
each reporter probe (from 10 nM to 500 nM) in the hybridization so
lution, the values of the current signals increased. This phenomenon 
demonstrated that more reporter probes would efficiently hinder the 
reannealing of the two separate strands from the target dsDNA, thereby 
improving the hybridization probability between the reporter probes 
and target dsDNA. However, we noted that the current signal of the 
background was exacerbated. According to the above experimental re
sults, 100 nM was selected in the following experiments to ensure the 
high hybridization efficiency and signal-to-noise ratio. 

3.4. Study on the specificity and sensitivity of the dual-probe E-DNA 
biosensor for dsDNA detection 

It is important to determine a method to ensure the high recognition 
ability between the dual detection probes and target dsDNA for the dual- 
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probe E-DNA biosensor based on enzyme-mediated multiple signal 
electrocatalysis for signal amplification. Thus, we investigated the 
specificity of our E-DNA biosensor via detecting a series of different 
dsDNA sequences (see Table S1 for details), including the fully com
plementary target dsDNA (S3), five-base mismatch dsDNA (S4), ten-base 
mismatch dsDNA (S5), PML partial dsDNA (S6), and RARα partial 
dsDNA (S7). The amperometric technique, providing a rapid and direct 
measurement of the current related to the HRP electrocatalytic process, 
was employed to detect these dsDNA fragments in the hybridization 
solution in turn. As shown in Fig. 3A, compared with the blank signal, 
only complementary dsDNA (S3) caused a strong current response, 
whereas negligible signals were observed when the number of mismatch 
bases was greater than or equal to 5 (S4, S5, S6, and S7) since no 
effective hybridization occurred. This result indicated that the detection 
probes exhibited an outstanding discriminatory capacity and held 
promise for the detection of complex clinical samples. 

The analytical performance of the dual-probe E-DNA biosensor to
ward the complementary target dsDNA at a series of concentrations was 
assessed in a phosphate-buffered saline (PBS) hybridization solution 
(Fig. 3B). The E-DNA biosensor was challenged with the target dsDNA 
across the range of 100 fM–10 nM, spanning a response region of 5 or
ders of magnitude (Fig. 3C). Significantly, the detection performance of 
the dual-probe detection mode used for the dsDNA detection surpassed 
the counterpart based on the single group of detection probes (Ca/ 
Ra1Ra2: dense or Cb/Rb1Rb2: white in Fig. 3C) at every concentration 
point. Under the optimal hybridization condition, the current signal was 
aggrandised with the increase in the concentration of the target ranging 
from 0.50 pM to 50 pM. Further, good linearity was observed between 
the signal responses and the logarithmic function of the target dsDNA 
concentration, with a limit of detection (LOD) as low as 71 fM (the inset 
in Fig. 3C). As previously reported by our lab, for instance, the E-DNA 
biosensor can be implemented to detect the target dsDNA (60 bp) within 
the concentration range of 0.50–10 nM and a LOD of 1 pM [22]. And 
another reported dual-channel electrode showed that the complemen
tary DNA concentration range of the target dsDNA was from 50 pM to 5 
nM with a LOD of 9.20 pM [24]. Additionally, the assay precision of the 

E-DNA biosensor was evaluated using five different modified d-AuE 
fabricated independently. The relative standard derivation (RSD) of 
current response for 10 nM target dsDNA was 9.8%, indicating accept
able precision and reproducibility of the biosensor. Thus, compared with 
the results of previous reports, the present study exhibited prominent 
detection performance towards the quantitative detection of a relatively 
large dsDNA segment. 

3.5. Detection of the PCR products and enzyme-digested PCR-amplified 
products from clinical samples 

To challenge the practicability of our dual-probe E-DNA biosensor, 
we analysed the PCR products and enzyme-digested PCR products from 
the NB4 cell supplied by the Fujian Institute of Hematology. In a pre
liminary evaluation study for APL detection, we studied the detection 
performance of the biosensor for PCR products and enzyme-digested 
PCR amplified products. The PCR was amplified using DNA extracted 
from the NB4 cell as a template, and the PCR products were digested 
using two restriction enzymes. Subsequently, two kinds of products were 
verified by 1.5% agarose gel electrophoresis (Fig. 4A). Additionally, the 
PCR products from the K562 cell, human chronic myeloid leukemia cell 
line, were chosen as the negative control. The PCR amplification prod
ucts (lane 2) and enzyme-digested PCR products (lane 3) from the NB4 
cell showed characteristic bands of the expected sizes (approximately 
151 bp and 122 bp, respectively), while an inconspicuous band was 
observed in the negative PCR samples (lane 4). 

To determine if the PCR-positive product harboured the targeted 
gene segment, the PCR product from a positive real sample was deter
mined to obtain an accurate sequence by gene sequencing. From the 
partial output data (Fig. 4B), we observed that the PCR-positive product 
was a 151-bp targeted fragment, which contained a PML/RARα fusion 
site. Furthermore, according to the restriction enzyme cutting sites and 
the related restriction enzymes of the PML/RARα fusion gene partial 
sequence (shown in Fig. S1), it can be speculated that the enzyme- 
digested PCR products contained the corresponding target sequence 
with a length of 122 bp. We applied the dual-probe E-DNA biosensor to 

Fig. 3. (A) Current–time curves for the E-DNA 
biosensor based on dual-probe mode and enzyme- 
linked multiple signals amplification using d-AuE 
after hybridization with the complementary target 
dsDNA sequence S3 (a); with the five-base mismatch 
dsDNA sequence S4 (b); with the ten-base mismatch 
dsDNA sequence S5 (c); with PML sequence S6 (d); 
with RARα sequence S7 (e); and without any sequence 
(blank) (f). The inserted histogram shows the current 
signals of all targets at a concentration of 10 nM. (B) 
Current–time curves for the E-DNA biosensor based on 
the dual-probe mode and enzyme-linked multiple 
signals amplification using d-AuE after hybridization 
with the synthetic target dsDNA at a series of con
centrations. (From (a) to (g): 0 pM, 100 fM, 1 pM, 10 
pM, 100 pM, 1 nM, and 10 nM). (C) Comparison of the 
amperometric responses of the E-DNA biosensor using 
d-AuE modified with two groups of detection probes 
(Ca/Ra1Ra2+Cb/Rb1Rb2: black) or with a single 
group of detection probes (Ca/Ra1Ra2: dense or Cb/ 
Rb1Rb2: white) after hybridization with the target 
dsDNA at different concentrations under the same 
condition. The inset shows a dose-response curve for 
the amperometric detection of the target dsDNA with 
concentrations from 0.50 pM to 50 pM. Error bars 
show the standard deviations of measurements taken 
from at least three independent experiments.   
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detect the PCR products and the enzyme-digested PCR products diluted 
by 100-fold to a final concentration of ca. 10 nM with Tris-HCl buffer 
(calculated according to the absorbance values measured at a wave
length of 260 nm). As displayed in Fig. 4C, the PCR products from the 
negative sample and background showed negligible current signals. Our 
biosensor could effectively detect the PCR products and the enzyme- 
digested PCR amplified products by producing more than an order of 
magnitude higher signal compared with the negative counterpart. 
Notably, compared with the enzyme-digested PCR product (122 bp), a 
44% signal decrease was observed in the PCR products (155 bp) because 
of the possible steric effect caused by the large amplicon and the 

reduction of hybridization efficiency. This assay further demonstrated 
the applicability of the dual-probe E-DNA biosensor in real samples. 

4. Conclusion 

In summary, we have reported a simple and sensitive E-DNA 
biosensor for the dsDNA of the PML/RARα fusion gene by coupling dual- 
probe mode and enzyme-mediated multiple signal amplification. 
Compared to our previously reported dual-probe detection model, the 
proposed strategy displays significant advantageous features. First, it 
exhibits enhanced sensitivity and specificity for dsDNA determination, 

Fig. 4. (A) Electrophoretogram of the PCR-amplified 
products and enzyme-digested PCR products. The 
lanes from left to right: DL2000 DNA marker (lane 1, 
the brands from up to down: 2000 bp, 1000 bp, 750 
bp, 500 bp, 250 bp, and 100 bp); positive PCR- 
amplified products (lane 2); enzyme-digested PCR 
products (lane 3); negative PCR-amplified products 
(lane 4). (B) The partial results for the gene 
sequencing of symmetric PCR products: (a) sequence 
1, (b) sequence 2. (C) The bar graph of the current 
signals of the E-DNA biosensor based on the dual- 
probe mode and enzyme-linked multiple signals 
amplification using d-AuE after hybridizing with the 
blank (PCR system without cDNA template) (a), pos
itive PCR-amplified products (151 bp) (b), enzyme- 
digested PCR products (122 bp) (c), and negative 
PCR-amplified products (d); all the real samples were 
presented at a concentration of 10 nM.   
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even with large segments of the target dsDNA, beneficial from designing 
multiple reporter probes. Second, by the rational optimization of the 
complementary position of the capture probes and reporter probes, a 
high signal-to-noise ratio is achieved, although bountiful oligonucleo
tides (target dsDNA and six kinds of detection probes) exist in the same 
hybridization solution. Third, it does not need a complex analytical 
process (e.g. restriction endonuclease reaction) and the specialized 
modification of the detection probes; it requires a common single- 
channel potentiostat, which is adaptable for POCT device. Further, the 
practicability of the biosensor is proven to be comparably excellent in 
the PCR products and enzyme-digested PCR products of the PML/RARα 
fusion gene from the NB4 cell. Given all of these advantages, it furnishes 
an alternative approach for developing a rapid and sensitive diagnostic 
platform for various other diseases. 
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