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ABSTRACT

Hybridization chain reaction (HCR) strategy has been well developed for the fabrication of various
biosensing platforms for signal amplification. Herein, a novel enzyme-free and label-free ultrasensitive
electrochemical DNA biosensing platform for the detection of target DNA and adenosine triphosphate
(ATP) was firstly proposed, in which three auxiliary DNA probes were ingeniously designed to construct
the dendritic DNA concatamer via HCR strategy and used as hexaammineruthenium(III) chloride (RuHex)
carrier for signal amplification. With the developed dendritic DNA concatamer-based signal amplification
strategy, the DNA biosensor could achieve an ultrasensitive electrochemical detection of DNA and ATP
with a superior detection limit as low as 5aM and 20 fM, respectively, and also demonstrate a high
selectivity for DNA and ATP detection. The currently proposed dendritic DNA concatamer opens a
promising direction to construct ultrasensitive DNA biosensing platform for biomolecular detection in
bioanalysis and clinical biomedicine, which offers the distinct advantages of simplicity and cost efficiency

owing to no need of any kind of enzyme, chemical modification or labeling.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The development of ultrasensitive DNA biosensing platform
capable of amplified detection toward trace amounts of target
biomolecules is being greatly motivated by its potential applica-
tions in the early diagnosis and clinical treatment for some great
diseases such as cancers (Lubin and Plaxco, 2010; Turner, 2013;
Li et al., 2010a, 2010b; Wang et al.,, 2011; Kirsch et al., 2013;
Sassolas et al., 2008). Electrochemical detection methods are
particularly attractive due to its superior features of simple and
portable instrumentation, rapid response and low cost (Ronkainen
et al, 2010; Xiao et al.,, 2009; Hsieh et al., 2011; Odenthal and
Gooding, 2007). Till now, different signal amplification strategies
have been developed toward biomolecular detection for the
sensitivity improvement (Comstock et al., 2011; Sorgenfrei et al.,
2011; Qiu et al.,, 2013). They can be categorized into two distinct
types: postamplification toward the signal produced by biorecog-
nition events and target recycling by means of the operation of
various nucleases. Examples of postamplification strategy include
the use of enzymes (Patolsky et al., 2001; Liu et al., 2008), metal
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nanoparticles (Numnuam et al., 2008; Liao and Ho, 2009), and
DNA bio-barcode (Stoeva et al., 2006; Li et al., 2010a, 2010b) as
amplifying labels. However, these methods generally involve
multiple assay steps, tedious labels and require the addition of
many exogenous reagents. The target recycling methods via
nucleases including endonuclease and exonuclease have also been
widely employed for amplified detection toward various targets
(Cao et al., 2012; Ji et al., 2012; Wu et al., 2011; Zuo et al., 2010;
Freeman et al.,, 2011; Xu et al.,, 2012). Although sometimes the
sensitivity is inspiring, these nuclease-based target recycling
methods often suffer from the complexity of the experimental
system. Also, false-positives may happen during the amplification
process. Therefore, it is highly desirable to develop the enzyme-
free, label-free and ultrasensitive detection method to satisfy
the requirements for the profiling trace amounts of target
biomolecules.

Recently, the hybridization chain reaction (HCR) strategy has
become an attractive tool for signal amplification toward target
detection owing to its significant advantages such as simple, cost-
effective, isothermal and enzyme-free operation (Dirks and Pierce,
2004; Liu et al,, 2013a; Xu et al,, 2013; Chen et al., 2012a ). For
example, Xia and co-workers proposed an ingenious supersand-
wich assay for DNA detection (Xia et al., 2010). In this assay, the
formation of DNA supersandwich structure depends on the alter-
nate hybridization between target DNA and signal probe in a
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stoichiometric ratio of 1:1, which limits the detection sensitivity.
In order to address this issue, Chen and co-workers modified this
approach by introducing an auxiliary DNA substitute for target
DNA that can hybridize to two different regions of a signal DNA
(Chen et al., 2011). The hybridization of auxiliary DNA and signal
DNA can form a long DNA concatamer on the electrode surface.
Thus, the formation of each long DNA concatamers is only
involved into the use of one target DNA molecule, which corre-
spondingly improves the detection limit toward target DNA. Now,
the HCR strategy has been well developed as a general signal
amplification method for the sensitive detection of DNA (Shimron
et al,, 2012; Chen et al., 2012b; Wang et al., 2011), protein (Zhang
et al., 2012; Zhao et al., 2012) and small molecules (Yin et al., 2012;
Yuan et al., 2011). Inspired by the HCR strategy for the construct of
routine linear DNA concatamers, we envisioned that the dendritic
DNA concatamers should be reasonably conceivable based on HCR
by introducing three auxiliary DNA probes. It would be appealing
for the fabrication of ultrasensitive DNA biosensing platform to
further improve the detection sensitivity toward target DNA or
DNA aptamer-related biomolecules.

Adenosine triphosphate (ATP), as a major energy currency of
the cell, has been well known to play a critical role in the
regulation of cellular metabolism and biochemical pathways in
cell physiology. It has also been used as an indicator for cell
viability and cell injury (Huizenga and Szostak, 1995; Wang et al.,
2005; Llaudet et al., 2005; Zhou et al., 2011; Liu et al., 2013b). Thus,
the determination of ATP is essential in biochemical study as well
as clinic diagnosis. Herein, a novel enzyme-free and label-free
ultrasensitive electrochemical DNA biosensing platform for DNA
and ATP detection was developed, which employed the dendritic
DNA concatamer as carriers for signal amplification. The dendritic
DNA concatamer was formed by the HCR strategy between three
introduced auxiliary DNA probes. With the use of hexaamminer-
uthenium(Ill) chloride ([Ru(NH3)s]>*, RuHex) as the electroche-
mical indicator, the ultrasensitive electrochemical detection
toward DNA and ATP with a high selectivity could be realized. To
the best of our knowledge, this should be the first attempt to
fabricate dendritic DNA concatamer based on HCR strategy for
signal amplification. It could offer a unique opportunity to con-
struct ultrasensitive DNA biosensing platform for the detection of
various biomolecules.

2. Experimental
2.1. Reagents and materials

Hexaamineruthenium(Ill) chloride ([Ru(NH3)g]>*, RuHex) and
6-mercaptohexanol (MCH) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Tris(2-carboxyethyl)phosphine (TCEP), Ade-
nosine triphosphate (ATP), guanosine triphosphate (GTP), cytidine
triphosphate (CTP), uridine triphosphate (UTP) and thymidine
triphosphate (TTP) were purchased from Sangon Biotech Co., Ltd.
(Shanghai, China). All other reagents were of analytical grade and
purchased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai,
China). The HPLC-purified oligonucleotide sequences are pur-
chased from Sangon Biotech. Co., Ltd. (Shanghai, China) and listed
in Table S1. Human serum samples were kindly provided by the
Qingdao Center Hospital. All solutions were prepared with ultra-
pure water obtained from a Milli-Q water purification system
(Millipore Corp., Bedford, MA) with resistivity of 18.2 M cm.

2.2. Immobilization of capture DNA probe on the electrode surface

The gold electrode was firstly polished with 0.05 pm alumina
powder to obtain a mirror surface, followed by sonication in

acetone and water for 5 min respectively. The gold electrode was
then electrochemically cleaned in a 0.5 M H,SO,4 solution within a
potential window between —0.2 and +1.5V at a scan rate of
100 mV s~ ' to remove any remaining impurities. The immobiliza-
tion of capture probe DNA on the electrode was performed in
10 mM Tris-HClI solution (1 mM EDTA, 300 mM Nacl, 10 mM TCEP,
pH 7.4) containing 0.5 pM capture probe DNA (CP1) or Anti-ATP
aptamer fragment 1 (CP2) for 12 h at room temperature. Then, the
electrode was immersed into 1 mM MCH for 1 h to remove the
nonspecific DNA adsorption. The electrode surface was rinsed
thoroughly and dried in nitrogen.

2.3. Target recognition and the assembly of dendritic DNA
concatamer

The capture DNA modified electrode was then incubated into
50 pL of 10 mM Tris-HCI solution (pH 7.4, 1 mM EDTA, 300 mM
NaCl, 1 mM MgCl,) containing different concentrations of target
DNA (TD1) or the mixture of different concentrations of ATP and
1 uM anti-ATP fragment 2 (TD2) for 2 h at room temperature. The
electrode was then rinsed and dried. Afterward, the target recog-
nized electrode was incubated into 50 pL of 10 mM Tris-HCI
solution (pH 7.4, 300 mM NacCl, 1 mM MgCl,) containing 1 pM
AP1, 1 pM AP2 and 0.5 pM AP3 for 2 h. When the assembly was
finished, the resulting electrode was again thoroughly rinsed and
dried before electrochemical characterization.

2.4. Apparatus

Differential pulse voltammetry (DPV) and electrochemical
impedance spectroscopy (EIS) were performed with a CHI 660D
electrochemical workstation (CH Instruments, Shanghai, China).
All electrochemical experiments were performed with a conven-
tional three-electrode system comprising a gold working elec-
trode, a platinum wire auxiliary electrode, and a Ag/AgCl reference
electrode. The DPV measurements were conducted with the first
incubation of the assembled electrode into 10 mM Tris-HCI solu-
tion (pH 7.4) containing 50 uM RuHex for 20 min. After that, the
resulting electrode was thoroughly rinsed and dried, and recorded
for DPV responses in 10 mM Tris—HCI solution (pH 7.4) by using a
potential window of 0 to —0.5V. The EIS experiments were
measured in 1 mM Fe(CN)s®> /4~ solution containing 0.5 M KCl
with the frequency range from 0.1 Hz to 10 kHz. The chronocou-
lometry measurements were taken over a range of 0V to —0.35V
to 0V at a pulse period of 250 ms with the RuHex as an indicator.
Before electrochemical measurements, the electrolyte solution
should be thoroughly purged with high purity nitrogen for about
20 min, to avoid the interference from the reduction of oxygen.

3. Results and discussion
3.1. Design principle of DNA biosensing platform

The DNA biosensing platform based on dendritic DNA conca-
tamer is schematically demonstrated in Fig. 1. In order to achieve
the one-step automatic formation of dendritic DNA concatamers
for signal amplification, three auxiliary DNA probes, named AP1,
AP2 and AP3, are ingeniously designed. The AP1 can hybridize
with two different regions of the AP2. As a result, a cascade of
hybridization events between alternating AP1 and AP2 will lead to
the formation of a typical one-dimensional linear DNA concata-
mer, which contains the dangling fragments (The fragments at the
5" end of AP1 or AP2, respectively) flanked on the concatamer. The
AP3 is designed that possesses two different base sequence
regions. The base sequence at the 5’ end of AP3 is complementary
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Fig. 1. The schematic illustration of DNA biosensor fabrication based on dendritic DNA concatamer for the detection of target DNA (A) and ATP (B).

with the dangling fragment of AP1 or AP2, and the region at the 3’
end of AP3 possesses the same base sequence with that at the 3’
end of target DNA (TD1) or anti-ATP aptamer fragment 2 (TD2),
which can hybridize with the fragment at the 3’ end of AP1. The
AP3 is thus considered to play a bridge role to further trigger the
alternate hybridization between AP1 and AP2 across the side chain
direction. Thus, a three-dimensional dendritic DNA concatamer
will be automatically formed in the case that the AP1, AP2 and AP3
are simultaneously added in the sensing system. In the case of
target DNA (TD1) detection, one terminus of the TD1 can hybridize
with the immobilized CP1 on the electrode, and the other
terminus can hybridize with dendritic DNA concatamers via AP1.
Thus the dendritic DNA concatamer can be connected to the
immobilized CP1 on the electrode surface via TD1. Since the DNA
backbone is negatively charged, myriad RuHex can bind to the
dendrtic DNA concatamers through electrostatic interaction and
eventually result in significantly amplified electrochemical signals
for TD1 detection. Furthermore, the proposed dendritic DNA
concatamer-based signal amplification strategy can also be
extended for aptasensor fabrication. With the ATP as an example,
the ultrasensitive detection of ATP can be achieved by using a split
aptamer strategy (Chen and Zeng, 2013; Liu et al., 2010). The anti-
ATP aptamer is split into two fragments. The anti-ATP aptamer
fragment 1 is immobilized on the electrode as capture probe (CP2)
and the anti-ATP aptamer fragment 2 (designated as TD2) contains
a complementary region with AP1 at the 3’ terminus. In the
presence of ATP, these two dissociated fragments would assemble
to form intact structures by binding ATP. Furthermore, the den-
dritic DNA concatamers can be linked onto the electrode via AP1.

3.2. Electrochemical characterization of fabricated DNA biosensor

RuHex cation has been well explored as an electrochemical
indicator to quantitatively bind to the phosphate backbone of DNA
via electrostatic interaction. Usually, more RuHex binding to DNA
can induce greater electrochemical signal. The feasibility of the
developed electrochemical DNA biosensor for target DNA (TD1)
detection was firstly examined and shown in Fig. 2. In the absence
of TD1, a small reduction peak could be observed (Fig. 2a), due to
the electrostatic binding of small amount of RuHex to CP1. After
hybridized with TD1, only a slightly increased peak current was
obtained owing to the binding of some more RuHex cations onto
the CP1 and TD1 (Fig. 2b). When the solution containing 1.0 uM
AP1 and 1.0 uM AP2 was dripped on the surface of the electrode,
the linear DNA concatamers formed by AP1 and AP2 could be
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Fig. 2. DPV responses of the gold electrode assembled with different oligonucleo-
tides: (a) CP1, (b) CP1+TD1, (c) CP1+AP1+AP2, (d) CP1+AP1+AP2+AP3,
(e) CP1+TD1+AP1+AP2, and (f) CP1+TD1+AP1+AP2+AP3. The concentration
of TD1 is 1 pM. The concentrations of AP1, AP2 and AP3 are 1 uM, 1 uM and 0.5 uM,
respectively.

firmly immobilized on the gold electrode. Thus a large number of
RuHex binding to DNA concatamers produced a remarkable
amplified electrochemical signal (Fig. 2e). Furthermore, the intro-
duction of 0.5 uM AP3 in the above solution containing AP1 and
AP2 resulted in the formation of dendritic DNA concatamers
accompanied by binding of more amounts of RuHex, which
produced a further largely increased electrochemical signal
(Fig. 2f). In the absence of TD1, although the linear DNA con-
catamers or the dendritic DNA concatamers might be produced in
the solution by the self-assembly of AP1 and AP2 or AP1, AP2 and
AP3, respectively, they could not be effectively linked to the
electrode surface. Thus, still only small reduction peaks were
obtained (Fig. 2c and d), due to the nonspecific adsorption of
formed DNA concatamers on the electrode surface. Therefore, the
current dendritic DNA concatamer-based signal amplification
strategy was hopeful to offer an ultrahigh sensitivity for the assay
of DNA or DNA-related targets.

The DNA biosensor fabrication process has also been confirmed
by EIS measurements (Fig. S1 in the Supplementary material). The
EIS of bare electrode only exhibited a very small semicircular
domain (curve a in Fig. S1), indicating a fast charge-transfer
process. After immobilization of CP1 and MCH on the electrode,
a big semicircle with Rct value of about 3777 Q could be observed
(curve b in Fig. S1), indicating an increase of the charge transfer
resistance. It could be explained by that the negatively charged
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Fig. 3. (A) The schematic illustration of signal amplification by linear or dendritic DNA cocatamer. (B) Bar chart of DPV peak currents recorded for the DNA biosensor
fabricated with linear DNA concatamer (red bars) and dendritic DNA concatamer (green bars) toward different concentrations of TD1. The error bars are standard deviations
of three repetitive measurements. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

phosphate backbone of assembled capture DNA prevented the
diffusion of [Fe(CN)g]> /4~ toward the electrode surface. In the
presence of TD1, the Rct value was only slightly increased (curve ¢
in Fig. S1). With the introduction of AP1 and AP2, the linear DNA
concatamer formed on the electrode by alternative hybridization
of AP1 and AP2 induced a largely increased Rct value of about
9504 Q (Curve e in Fig. S1). Furthermore, the introduction of AP3
yielded a more remarkably increased impedance change with the
Rct value of about 16543 Q (Curve f in Fig. S1), indicating the
formation of dendritic DNA concatamer, repelling the negatively
charged redox species more strongly. It should be noted that only a
small change of the diameter of semicircle compared with that of
CP1 modified electrode was observed in the case of non-
complementary target DNA as an alternative (curve d in Fig. S1).
The impedance experiments demonstrated that the dendritic DNA
concatamer had been successfully created by the HCR between
three auxiliary DNA probes. It also provided an effective tool for
DNA detection by EIS experiments based on the signal amplifica-
tion of dendritic DNA concatamer.

3.3. Optimization of self-assembled DNA nanostructures

The assembly density of capture DNA probe on the electrode
surface would have an important effect on the performance of
electrochemical DNA biosensor. The immobilization concentration
of CP1 was firstly optimized based on the electrochemical
response toward TD1 detection (Fig. S2A in the Supplementary
material). It could be found that the CP1 concentration of 0.5 pM
could achieve the better electrochemical response than that at
other concentrations. The surface coverage of assembled CP1
under the optimum condition had also been determined on the
basis of Tarlov’s method by chronocoulometry (Steel et al., 1998).
It was estimated to be 4.43 ( +0.21) x 10~ 2 mol cm~2 based on
three independent experiments. The higher CP1 concentration can
increase the assembly density on the electrode surface, but it may
restrict the hybridization efficiency of TD1 and further accessibility
of the dendritic DNA concatamers toward the DNA hybrids on the
electrode surface (Zhang et al., 2006).

The signal amplification of built electrochemical DNA biosensor
is based on the generated dendritic DNA concatamer via the
cascaded hybridization events between three auxiliary probes
(AP1, AP2 and AP3). Thus, the concentrations of the auxiliary
probes and the hybridization time play the important role for the
assembly of dendritic DNA concatamer. The alternate hybridiza-
tion between AP1 and AP2 endowed the formation of linear DNA

concatamers. The same concentration of AP1 and AP2 were used
and optimized from 0 to 1.5 uM (Fig. S2B in the Supplementary
material). The concentration of 1.0 uM of AP1 and AP2 could reach
the maximum electrochemical response. Thus the concentration of
AP1 and AP2 was chosen as 1.0 uM. The AP3 was used to trigger
the alternate hybridization between AP1 and AP2 across the side
chain direction of linear DNA concatamers. Its concentration was
also optimized while keeping the concentrations of AP1 and AP2
constant (1.0 uM) (Fig. S2C in the Supplementary material).
It could be seen that the electrochemical response toward 1 pM
TD1 increased as the concentration of AP3 up to 0.5 uM and then
decreased with the further increase of AP3 concentration. The
decrease of electrochemical response observed at a higher AP3
concentration may be explained that a higher concentration of
AP3 would benefit the HCR process along the side chain of
dendritic DNA concatamers, bringing the constraints for the
accessibility DNA concatamers toward the TD1 on the electrode
surface. Thus, the optimized AP3 concentration was chosen as
0.5 uM. The effect of hybridization time was also examined (Fig.
S2D in the Supplementary material). The peak current increased as
the hybridization time changed from 0 to 120 min. Then the peak
current did not increase obviously as the hybridization time
extended to 150 min. Therefore, the optimum hybridization time
was chosen as 120 min.

3.4. Sensitivity of proposed electrochemical DNA biosensor

The signal amplification effect for TD1 detection by current
dendritic DNA concatamer (assembly from AP1, AP2 and AP3) was
further compared with that by the typical linear DNA concatamer
(assembly from AP1 and AP2). It could be seen from Fig. 3 that the
typical strategy based on linear DNA concatamer only showed a
detection limit of about 0.1 fM for TD1. In contrast, the electro-
chemical response to TD1 by dendritic DNA concatamer at the
same concentration was significantly higher than that by linear
DNA concatamer. After subtracting the background response of the
blank solution, the peak current obtained with the dendritic DNA
concatamer for 0.1 fM TD1 was about 3.3 times higher than that by
linear DNA concatamer, showing the remarkable amplification
performance of dendritic DNA concatamer. Also, the signal ampli-
fication effects by dendritic DNA concatamer compared with linear
DNA concatamer were more evident with the decrease of TD1
concentration. It could be observed that the peak current obtained
with the dendritic DNA concatamer for 100 pM TD1 was only
0.3 times higher than that by linear DNA concatamer. It could be
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Fig. 4. (A) DPV responses of fabricated DNA biosensor toward the detection of
different concentrations of TD1: (a) 0 M, (b) 5 aM, (c) 10 aM, (d) 100 aM, (e) 1 fM,
(f) 10 fM, (g) 100 fM, (h) 1 pM. (B) The linear plots of peak currents vs the negative
logarithm of TD1 concentrations. Error bars showed the standard deviation of three
experiments.

explained that the steric hindrance effect of the dendritic DNA
concatamer for TD1 recognition was more evident than that of
linear DNA concatamer, especially at a relatively high concentra-
tion of TD1 (Ji et al., 2012). However, the dramatic signal ampli-
fication efficiency by dendritic DNA concatamer toward low
abundance DNA implied the sensitivity improvement of the
fabricated DNA biosensor.

Furthermore, the fabricated biosensor based on dendritic DNA
concatamer was used to explore the sensitivity for TD1 detection.
As shown in Fig. 4A, the DPV peak current increased when the
concentration of TD1 was raised from O to 1 pM, indicating that
the assembly of dendritic DNA concatamer on the electrode
surface was dependent on the concentration of target DNA.
Fig. 4B showed that the DPV peak currents of fabricated DNA
biosensor exhibited a good linear correlation to the negative
logarithm of the concentrations of the TD1 ranging from 5 aM to
1 pM with a linear correlation coefficient of 0.9988. The directly
measured detection limit was as low as 5 aM, providing superior
or comparable detection sensitivity compared with most of
reported methods (see Table S2 in the Supplementary material).

3.5. Selectivity and stability of the fabricated DNA biosensor
The specificity of the proposed detection method was further

investigated by using four kinds of DNA sequences, including com-
plementary target DNA, single-base mismatched DNA, two-base

mismatched DNA, and non-complementary DNA at the same con-
centration of 1 pM. As shown in Fig. 5, the DPV peak current for one-
base mismatched DNA and two-base mismatched DNA was about
33.7% and 22.1% of that for perfect target at the same concentration,
respectively. The noncomplementary target DNA shows almost the
same response with the blank solution. Thus, this method exhibited a
good performance to discriminate perfect complementary target and
the base mismatched targets and great potential for single nucleotide
polymorphism analysis. We further challenged the detection toward
target DNA spiked in relatively complex biological matrix (1:5 dilution
of human serum). Comparable responses were obtained for the
detection of target DNA in both buffer and real samples (Fig. S3 in
the Supplementary material), indicating the potential for real analy-
tical application.

The stability for the CP1 modified electrode has also been
checked. Three independent experiments demonstrated that the
CP1 modified electrode could retain about 94.7% of its initial
response toward TD1 after its storage in the refrigerator at 4 °C
for 10 days, showing a relatively robust stability of the CP1
modified electrode.

3.6. Sensitivity and selectivity for electrochemical detection of ATP

Furthermore, the optimized sensing system was applied for the
quantitative detection of ATP by using the split aptamer strategy.
Fig. 6A showed that the DPV peak current increased with the
increase of ATP concentration from 0 to 10 nM. The DPV peak
current was found to exhibit a good linear correlation to the
negative logarithm of the concentrations of the ATP ranging from
20 fM to 10 nM with a linear correlation coefficient of 0.9977. The
directly measured detection limit for ATP was as low as 20 fM,
providing the superior or comparable detection sensitivity com-
pared with most of reported methods (see Table S3 in the
Supplementary material).

The specificity of the sensing system for ATP detection was also
evaluated by using four ATP analogues including guanosine tripho-
sphate (GTP), cytidine triphosphate (CTP), uridine triphosphate
(UTP), and thymidine triphosphate (TTP). As shown in Fig. 6C,
significant DPV response was observed only in the presence of ATP.
Whereas other tested analogues showed almost the same back-
ground values, indicating the sufficient selectivity for ATP detec-
tion, which could be ascribed to the high selectivity of the anti-ATP
aptamer to its target.

< | |
g " GM‘A §

a b ¢ d e

Fig. 5. The bar chart of the DPV responses toward the blank (a) and the four various
DNA sequences including (b) non-complementary, (c) two-base mismatched,
(d) single-base mismatched, and (e) complementary target DNA. The concentra-
tions of various DNA sequences were 1 pM. The error bars represent the standard
deviation of three repetitive measurements. The inset shows the corresponding
DPV responses.
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Fig. 6. (A) DPV responses corresponding to the detection of different concentrations of ATP: (a) 0 M, (b) 20 fM, (c) 100 fM, (d) 1 pM, (e) 10 pM, (f) 100 pM, (g) 1 nM,
(h) 10 nM. (B) Linear relationship between DPV peak current and the negative logarithm of ATP concentration from 20 fM to 10 nM. (C) Selectivity of the proposed
electrochemical DNA biosensor to ATP, GTP, CTP, UTP and TTP at 1 nM, respectively. Error bars are obtained based on four independent measurements.

4. Conclusion

We have demonstrated an enzyme-free and label-free ultra-
sensitive electrochemical DNA biosensing platform for specific
detection of target DNA and ATP. Three auxiliary DNA probes are
ingeniously designed to construct the dendritic DNA concatamer
as carrier of electroactive RuHex cations for signal amplification.
A detection limit as low as 5 aM and 20 fM toward target DNA and
ATP, respectively, could be achieved. The developed ultrasensitive
electrochemical DNA biosensor, no need of any kind of enzyme,
label or sophisticated equipment, has a great potential in the area
of DNA diagnostics and clinical analysis. Meanwhile, it should be
easily combined with other analytical techniques for example
fluorescence, electrochemiluminence, etc., and could be extended
for the detection toward a wide spectrum of target biomolecules.
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