Biosensors and Bioelectronics 25 (2009) 815-819

Contents lists available at ScienceDirect

Biosensors and Bioelectronics

journal homepage: www.elsevier.com/locate/bios

Sequence-specific detection of trace DNA via a junction-probe electrochemical
sensor employed template-enhanced hybridization strategy

Jing Zhang?:®, Jing Hua Chen®<, Rong Chun Chen?, Guo Nan Chen?, Feng Fu Fu®*

a Key Laboratory of Analysis and Detection Technology for Food Safety of Ministry of Education, Department of Chemistry, Fuzhou University, Qi Shan Campus,
Xue Yuan-Road 2, Fuzhou, Fujian 350108, China

b pharmaceutical Department, Fujian College of Medical Occupation and Technology, Fuzhou, Fujian 350101, China

¢ Department of Pharmaceutical Analysis, Faculty of Pharmacy, Fujian Medical University, Fuzhou, Fujian 350004, China

ARTICLE INFO ABSTRACT

Article history:

Received 29 June 2009

Received in revised form 20 August 2009
Accepted 21 August 2009

Available online 29 August 2009

Anovel junction-probe electrochemical biosensor for the sequence-specific detection of DNA with higher
sensitivity and higher discrimination ability was described in here. This DNA biosensor is based on
“junction-probe” detection strategy, which operates via a concept called template-enhanced hybridiza-
tion processes (TeHyP). TeHyP encompasses a design strategy whereby two probes that do not hybridize
to each other at a specific temperature can be made to anneal to each other in the presence of a tem-
plate (target) via the formation of a ternary complex (“Y” junction structure). The resulting structure that
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Biosensor [Ru(NH3)s]>* as signal molecule. We demonstrated that the formation o junction structure brings

DNA biosensor more [Ru(NHs )s]3* to the electrode surface via electrostatic interaction and results in an increasing elec-
DNA trochemical signal. The increasing electrochemical signal sensitively reflects the concentration of target
Junction-probe DNA and shows a good linear relationship with the concentration of target DNA. By employing above
strategy, this DNA biosensor could detect as low as 7.6 x 1013 M target DNA and exhibited high dis-
crimination ability even against single-base mismatch. In addition, this novel DNA biosensor is easy to

fabricate and convenient to operate, and shows good stability, reproducibility and reusability.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Many studies have reported that the individual differences
in drug metabolism or susceptibility to diseases such as can-
cer and some genetic diseases are caused by single nucleotide
polymorphisms (SNPs) and short insertion/deletion variations
(InDels) (Sachidanandam et al., 2001). These studies have led to an
increasing demand to detect specific genes in clinical samples for
diagnostic purposes. So far, the main DNA detection methods are
based on the preamplification of polymerase chain reaction (PCR)
or ligase chain reaction (LCR) (Saiki et al., 1988; Barany, 1991).
PCR is extremely sensitive, however, PCR or LCR based methods
have some disadvantages including relatively longer assay time,
higher assay cost and certain alleles amplify better than others
under PCR conditions leading to over- or underestimation of the
concentration of target DNA in a sample. Spured by the aforemen-
tioned limitations of PCR or LCR based methods, some alternative
DNA detection methods such as hybridization-based biosensors
have been developed (Abe and Kool, 2004; Grossmann and Seitz,
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2006). Especially, the DNA biosensor developed recently takes the
advantage of hybridization and modern optoelectronics, has shown
great promise for rapid, sensitive, reliable and cost-effective DNA
detection in clinical diagnostics (Jorge et al., 1996; Fan et al., 2005).

A variety of signal transduction techniques have been incorpo-
rated in the biosensor design, such as optical (Broude, 2002; Christel
et al,, 2002) and electrochemical transducer (Willner et al., 1999;
Drummond et al., 2003; Fan et al., 2003; Boal and Barton, 2005;
Wong and Gooding, 2006). Owing to the fact that electrochemi-
cal detectors are simple, portable, sensitive, fast response and low
cost, electrochemical DNA biosensors have been recognized to be a
promising way for diagnostic purpose as well as environmental and
antibioterrorism monitoring (Miao and Bard, 2003, 2004). A typical
electrochemical DNA biosensor can be prepared by immobilizing
DNA probes on an electrode and using electroactive indicators to
measure the hybridization events between the DNA probes and
target DNA. Up to date, various sensing strategies were devel-
oped to improve the sensitivity and selectivity of electrochemical
DNA biosensor (Wang et al., 2002, 2003; Kim et al., 2003; Liu and
Anzai, 2004; Zhang et al., 2004, 2006; Niu et al., 2006; Li et al.,
2007; Chen et al., 2008a,b; Liu et al., 2008). However, commer-
cialization of these sensors might be hampered by one or more
of following shortages: relatively poor stability of enzyme, com-
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plexity of fabrication, relatively low sensitivity or relatively poor
specificity.

Recently, a novel nucleic acid detection technique called as
junction-probe, which operates via a concept called template-
enhanced hybridization processes (TeHyP), has been reported by
Nakayama et al. (2008). As a new nucleic acid detection tech-
nique, junction-probe strategy was reported to have much better
specificity ability for the detection of single-base mismatch. How-
ever, the method previously reported needs fluorescent labeling
and restriction endonuclease, has obvious limitations such as time-
consuming, complexity of fabrication and higher cost (Nakayama
et al., 2008). In order to overcome above limitations, we herein
firstly reported a junction-probes electrochemical DNA biosensor,
which is simple, reproducible, sensitive, reusable, and has excellent
differentiation ability for single-base mismatch.

2. Experimental
2.1. Reagents

All oligonucleotides were synthesized by TaKaRa biotechnol-
ogy Co., Ltd. (Dalian, China), and their base sequences are as
follows: target DNA: 5-AGA GTC CAC CAA GCT TCA GAT TAG-
3’; capture probe (probe A): 5'HS-AAA AGA TCA AAT TGG TGG
ACT CTA AAA-3’; reporter probe (probe B): 5-TCT GAA GCT TTG
ATC-3'; single-base mismatched probes: S1-5'-AGA GTC CAC CAA
GCT TGA GAT TAG-3’; S2-5-AGA GTC CAC CAA GCT TAA GAT
TAG-3'; S3-5-AGA GTC CAC CAA GCT TTA GAT TAG-3’; non-
complementary probe: 5-CCC ACA TGA GTG CGA AGT TCG CGA-3'.
Tris-(hydroxymethyl) aminomethane was purchased from Cxbio
Biotechnology Co. Ltd. (Denmark). Ethylenediaminetetraacetic acid
(EDTA), mercaptohexanol (MCH) and tris (2-carboxyethyl) phos-
phine hydrochloride (TCEP) were purchased from Sigma-Aldrich
(USA).The buffer solutions are as follows: hybridization buffer solu-
tion was 1M NaCl-10mM TE solution (pH 8.0), electrochemical
measurement buffer solution was 10 mM Tris-HCI solutions (pH
7.0), DNA immobilization buffer solution was 10 mM TE-10 mM
TCEP-1 M Na(l solution (pH 7.4), and washing buffer solution was
0.1 M NaCl-10 mM PB solution (pH 7.4). All solutions were prepared
with MilliQ water (18.2 MQ2).

2.2. Electrochemical measurements

All electrochemical measurements were performed by using
CHI 660C Electrochemical Workstation (CH Instrument, USA). The
electrochemical system consisted of a working electrode (a gold
disk electrode modified with DNA probe), a platinum wire as the
auxiliary electrode, and a reference electrode (Ag/AgCl). Cyclic
voltammetry (CV) and linear sweep voltammetry (LSV) was car-
ried out in 10 mM Tris-HCI-5 M RuHex solution (pH 7.0) at a scan
rate of 100 mV/s in the potential range between —0.5 and +0.1V.
Electrochemical impedance spectra (EIS) was measured in 10 mM
Tris—-HCl-10 mM [Fe(CN)6]4~/3~ solution (pH 7.0) in the frequency
range of 0.1-10° Hz.

2.3. DNA self-assembly and hybridization at gold electrode

A gold disk electrode (2 mm diameter) was firstly polished to
obtain mirror surface with 0.05 wm alumina powder, followed by
sonication in ethanol and water for 5 min, respectively. Then, the
gold electrode (GE) was electrochemically cleaned to remove any
remaining impurities (Fan et al., 2003). After drying with nitrogen
gas, the GE was immediately used for DNA immobilization. Firstly,
GE was modified with 3 pL of 2 wM probe A solution (Steel et al.,
1998; Lao et al., 2005). Then, the DNA-modified GE was further
treated with 1 mM MCH for 2 h to cover the spare room of electrode
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Fig. 1. The sketching of TeHyP concept (A) and the experimental principle of
junction-probe electrochemical DNA sensor (B).

surface and to optimize the orientation of the capture probes to
make hybridization easier (Miao and Bard, 2004 ). The DNA surface
density as well as DNA hybridization efficiency was measured with
chronocoulometry (CC) as previously described (Steel et al., 1998;
Lao et al., 2005).

2.4. Determination of target DNA

Target DNA was pre-annealed with probe B at 30°C for 30 min
in hybridization buffer solution, and then 5 L of the hybridization
solution was placed on the DNA SAM (self-assembly monolayer) of
probe A modified GE for 1 h at room temperature. After hybridiza-
tion, the GE was extensively rinsed with washing buffer solution
and dried under a stream of nitrogen gas, and was used for electro-
chemical measurement. After once measurement, the GE was then
denatured in ultrapure water at 65 °C for 5 min (the melting tem-
perature of “Y” junction-type complex was about 47 °C) in order
to revive the sensor (probe A modified GE), and then the probe
A modified GE was used for the next cycle of hybridization and
detection.

3. Results and discussion

3.1. Experimental principle of the junction-probes
electrochemical DNA sensor

As we mentioned above, junction-probe operates via a con-
cept called TeHyP, which encompasses a design strategy whereby
two probes that do not hybridize to each other at a specific tem-
perature can be made to anneal to each other in the presence of
a template (target) via the formation of a ternary complex. The
detailed principle of our work is illustrated in Fig. 1. As shown in
Fig. 1A, probe A contains two regions (colored blue and red) that
are complementary to part of target DNA (colored blue) and probe
B (colored red), respectively. Probe B also contains two regions: a
7-mer region (colored red) that is complementary to part of probe
A and a region that is complementary to part of target DNA (col-
ored blue). (For interpretation of the references to color in this
sentence, the reader is referred to the web version of the article.) In
the absence of target DNA, probes A and B do not hybridize to each
other; whereas, in the presence of target DNA, probes A and B and
target DNA will hybridize to form a ternary “Y” junction structure.
The resulting structure that forms after the template-enhanced
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Fig. 2. CVs of RuHex on pure MCH modified GE (a), probe A/MCH modified GE (b)
and probe A/MCH/target/probe B modified GE (c). The concentration of RuHex was
20 M for curve a, was 5 wM for others, data was obtained in 10 mM Tris-HCl buffer
solution (pH 7.0), scan rates =100 mV/s.

hybridization then was detected by electrochemical method with
[Ru(NH3)5]** (RuHex) as signal molecule (see Fig. 1B). Previous
studies have demonstrated that RuHex can be bound to DNA by
electrostatic interaction since DNA backbone has negative charge
(Hoetal., 1987; Steel et al., 1998). Therefore, if we expose the probe
A modified GE in an RuHex solution at a low ionic strength, the
electrochemical signals responding to the redox behavior of RuHex
reflect the amounts of DNA on the GE surfaces. As shown in Fig. 1B,
when probe A modified GE is incubated in the solution containing
target DNA and probe B, probe A would hybridize with target DNA
and probe B to form ternary “Y” junction structure. As a result of
the formation of ternary “Y” junction structure, the amount of the
RuHex electrostatically binding to the surface of GE increases, and
results in a bigger redox signal in electrochemical measurement. In
contrast, in the absence of target DNA, the “Y” junction structure
cannot be formed, and as a result, the amount of the RuHex elec-
trostatically binding to the surface of GE decreases and results in a
lower redox signal in electrochemical measurement. By employing
this strategy, we demonstrate that the DNA biosensor has a higher
sensitively and better discrimination ability for the detection of
target DNA.

3.2. Characterization of the different stage of the electrochemical
DNA biosensor preparation

In order to test if indeed the DNA biosensor works as our
expected, the CV behavior of RuHex was investigated at differ-
ent stages of the electrochemical DNA biosensor preparation, and
the cyclic voltammograms (CVs) of RuHex at different GE surfaces
was shown in Fig. 2. As shown in Fig. 2, a pair of peaks corre-
sponding to the reduction and oxidation of RuHex can only be
observed at a relatively higher concentration (20 wM) of RuHex
solution at MCH modified GE (curve a), and the peak currents
are linearly proportional to the square root of scan rates (V) [I
(A)=0.4183+0.0788v1/2,r=0.9959], suggesting that the electron-
transfer reaction of RuHex is diffusion-controlled at pure MCH
surface (Nielsen et al., 2004; Lao et al., 2005). Whereas, on the probe
A/MCH modified GE, a pair of peaks at —0.26 V can be observed in
a more dilute RuHex solution (5 wM) (curve b), indicating that the
electron-transfer reaction of RuHex at probe A/MCH surface is a
surface-confined redox process since the peak separation was close
to zero and peak currents are linearly proportional to scan rates [I
(nA)=1.8875+0.0203v, r=0.9978]. This pair of peaks was ascribed

to RuHex electrostatically binding to DNA surface, and reflects the
amount of DNA on the electrode surface.

In Fig. 2, an obvious difference of the redox potentials between
curves a and b was also observed. The difference of the redox
potentials between curves a and b provides the possibility to dis-
tinguish the background current caused from the RuHex diffusively
accessing to the electrode and the current caused from the RuHex
electrostatically binding to the DNA surface. This is important
because RuHex in solution can still diffusively access to electrode
despite of the presence of the MCH layer, since the short alkanethiol
of MCH provides an insufficient barrier to block electron trans-
fer. Thus, the rather large difference in redox potential offers the
opportunity to separate signal current from background current,
and provides a basis to obtain high sensitivity.

When probe A/MCH modified GE is incubated in the solutions
containing target DNA and probe B, the capture probe hybridized
with target DNA and probe B to form a ternary “Y” junction struc-
ture. As a result, the amount of the RuHex electrostatically binding
to the GE surface increases and finally results in a much higher
current signals (curve c), which forms the basis of electrochemical
quantification of target DNA.

The DNA-modified GE was also characterized by EIS to demon-
strate the modification process further, and the EIS results are
shown in Fig. 3. Compared with bare GE (curve a), probe A modified
GE showed a larger Re; (resistance of electron-transfer) (curve c)
since the electrostatic repulsion between negative charges of DNA
backbone and Fe(CN)g3~/4~. In comparison with probe A modified
GE, probe A/MCH modified GE showed a little smaller Re; (curve b),
indicting that the treatment of MCH has removed the nonspecifi-
cally adsorbed probe from GE surface. When probe A/MCH modified
GE is incubated in the solutions containing target DNA and probe
B, probe A/MCH/target DNA/probe B modified GE showed a much
bigger Re: (curve d). This is due to that probe A hybridized with
target DNA and probe B to form “Y” junction structure, and the for-
mation of “Y” junction structure resulted in a much denser negative
charges on the GE surface and generated a much stronger electro-
static repulsion between GE surface and Fe(CN)g3~/4-. The results
of EIS are consistent with that of CVs, indicated that our biosensor
indeed works as our expected.

3.3. Effect of surface density of probe A on the sensor’s sensitivity

Generally, DNA hybridization efficiency at electrode surfaces is
sensitively dependent on the surface density of DNA. We thus pre-
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Fig. 3. EIS (Nyquist plot) of a bare GE (a), a probe A/MCH modified GE (b), a probe
A modified GE (c), and a probe A/MCH/target/probe B modified GE (d). Data was
obtained in 10mM Tris-HCI-10 mM [Fe(CN)6]*~/3~ solution (pH 7.0), the biased
potential was 0.18V (versus Ag/AgCl), the frequency range is 0.1-10° Hz and the
amplitude was 5.0 mV.
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Fig.4. The relationship between sensor signal and surface density of capture probe.
The concentration of RuHex was 5 wM, data was obtained in 10 mM Tris-HCl buffer
solution (pH 7.0), scan rates=100mV/s.

pared a series of probe A SAM with different surface density by
varying probe A concentration and self-assembly time, and mea-
sured the peak currents of [Ru(NH3)s]3* at each probe A SAM.
Fig. 4 shows the correlation between the sensor signal Alp (pA,
Alp=1Ig — Lifrer, Where Iy and I, refer to the current obtained
before and after the probe A/MCH modified GE was incubated in
50 pM of target DNA and probe B, respectively) and the surface den-
sity of the probe A. Fig. 4 clearly indicates that the control of DNA
assembly was essential for the sensitivity. From Fig. 4, it was clearly
observed that the Alp increased with the increase of surface density
when the surface density is smaller than 1.3 x 10'2 molecules/cm?,
then Alp decreased with the increase of surface density. This is
because that the hybridization of target DNA, probe B and probe
A is hindered due to spatial restriction in higher surface density.
Our results showed that the ideal surface density for the sensor
is 1.1 x 10'2-1.6 x 10!2 molecules/cm?. In above range, there is a
largest magnitude in the sensor signal (Alp).

3.4. Hybridization specificity of the DNA biosensor

The selectivity of the sensor was investigated by using capture
probe/MCH modified GE to hybridize with various DNA sequences
(complementary DNA, non-complementary DNA sequence and
three kinds of one-base mismatch DNA mentioned in reagents).
Fig. 5 shows the CVs of RuHex at probe A/MCH modified GE (a)
and at probe A/MCH modified GE after it hybridized with the same
amount of complementary DNA sequence (f), non-complementary
DNA sequence (b) and one-base mismatch DNA sequence (c, d, and
e). From Fig. 5, we clearly observed that: (1) There is a lowest sig-
nal on probe A/MCH modified GE (curve a). This is due to that
relatively smaller quantity of RuHex was adsorbed on the probe
A/MCH modified GE surface. (2) A highest signal was observed on
probe A/MCH modified GE after it hybridized with complementary
DNA sequence. This is because that the probe A hybridized with
complementary DNA sequence and probe B to form “Y” junction
structure, and increased the density of DNA and negative charges
of the electrode surface. As a result of above effect, the amount of
RuHex electrostatically binding to the electrode’s surface increased,
and resulted in a much bigger current signal (curve f). (3) Compared
with curve a, the peak current almost did not increase when the
probe A/MCH modified GE was exposed to the non-complementary
DNA (curve b), implied that there was no change occurring at probe
A/MCH modified electrode surface and the hybridization or the “Y”
junction structure formation had not occurred. The result demon-

L5

1.0 |

0.5

e
o

Current (uA)
&
(7]

1 1 1 1 1
-0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1

E/V (Vs.Ag/AgCl)

Fig. 5. CVs of 5 M RuHex at probe A/MCH modified GE (a) and at probe A/MCH
modified GE after it hybridized with non-complementary sequence and probe B (b),
S2 one-base mismatch sequence and probe B (c), S1 one-base mismatch sequence
and probe B(d), S3 one-base mismatch sequence and probe B (e) and complementary
target sequence and probe B (f). Other experimental conditions are the same as that
in Fig. 4.

strated that only a complementary DNA sequence could form a
“Y” junction structure on probe A/MCH modified electrode surface
and resulted in a significant increase on the signal. No signifi-
cant change in signal was observed for non-complementary DNA
sequence, indicating the good sequence-specific detection of our
sensor. (4) For one-base mismatch DNA, the signals (curves c, d,
and e) were much lower than that of fully complementary DNA
sequences (curve f), but higher than that of non-complementary
DNA sequences (curve b), indicating that the complete hybridiza-
tion had not been accomplished. All above results indicating that
our sensor has good sequence specificity for one-base mismatch
DNA.

3.5. The sensitivity of the sensor

The sensitivity of the electrochemical DNA biosensor for the tar-
get DNA was investigated by varying the target DNA concentration.
The currents response to 5 uM RuHex after the sensor hybridized
with different concentration of target DNA was measured with
LSV. The average current shows a good linear correlation with the
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Fig. 6. LSV of 5 wM RuHex on the probe A/MCH modified GE after it hybridized with
probe B and different concentration of the target DNA. Target DNA concentration is
(x10712M): (a) 5.0; (b) 10; (c) 15; (d) 20; (e) 25; (f) 30; (g) 35. Inset shows the plot
of the peak current of RuHex as a function of the target DNA concentration. Other
experimental conditions are the same as that in Fig. 4.
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concentration of the complementary target DNA in the range of
5.0 x 10~12-3.0 x 10~ 11 M (see Fig. 6). The regression equation is

I (pA) = 1.3107C (pM) + 0.0648, 44, r = 0.9939

The detection limit (30/S, where o is the standard deviation
of the blank solution, n=8) was calculated to be 7.6 x 1013 M for
complementary target DNA. The relative standard deviations (RSD)
of the sensor for the detection of 2.0 x 10~11 M target DNA is 6.8%
(n=8).

The electrochemical DNA biosensor based on the electrostatic
interaction of DNA and RuHex is easy to fabricate, convenient to
operate and has a good stability, however, this type of sensor has
been reported to have a relatively lower sensitivity even if it cou-
pled with some complicated techniques such as nanoelectrodes,
etc. (Gasparac et al., 2004). In this study, by employing the strat-
egy of junction-probe, the sensitivity and the discrimination ability
of the sensor have been greatly improved. The detection limit of
7.6 x 10713 M of our sensor is much lower than that of the same-
type sensor previously reported (Steel et al., 1998; Gasparac et al.,
2004),is just alittle higher than that of other DNA biosensors, which
used complicated sensing strategy such as signal amplification of
enzyme-based incorporation (Zhang et al., 2004) or nanoparticles-
mediated amplification (Zhangetal., 2006; Li et al.,2007). However,
considering the easiness of fabrication, our sensor is still of analyt-
ical advantage.

4. Conclusions

A novel electrochemical DNA biosensor for the sequence-
specific detection of DNA targets based on junction-probe was
reported in this study. The sensor exhibited very high sensibility
and discrimination ability even for the detection of single-base mis-
match. These features, as well as its fabrication easiness, operation
convenience, stability and reusability, make it a promising alter-
native to conventional DNA detection methods. Since the sensor
reported in this work is an electrochemical biosensor, one might
expect the design of an integrated, portable and low cost device for
DNA detection based on junction-probe described in this study.
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