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This work has demonstrated an amplified and selective detection platform using enzyme-scaffolded-gold
nanoclusters as signal label, coupling with mesoporous carbon nitride (MCN) and gold nanoparticles
(GNPs) modified glassy carbon electrode (GCE). Streptavidin-horseradish peroxidase (SA-HRP) has been
integrated with gold nanoclusters (GNCs) as scaffold using a simple, fast and non-toxic method. The
mechanisms of enzymatic amplification, redox cycling and signal amplification by this biosensor were
discussed in detail. GNCs might perform important roles as electrocatalyst as well as electron transducer
in these processes. The concentrations of reagents and the reaction times of these reagents were opti-
mized to improve the analytical performances. Under the optimized condition, the signal response to
enzyme-scaffolded-gold nanoclusters catalyzed reaction was linearly related to the natural logarithm of
the target nucleic acid concentration in the range from 10�17 M to 10–9 M with a correlation coefficient of
0.9946, and the detection limit was 8.0�10�18 M (S/N¼3). Besides, synthesized oligonucleotide as well
as Phanerochaete chrysosporium MnP fragments amplified using polymerase chain reaction and digested
by restriction endonucleases were tested. Furthermore, this biosensor exhibited good precision, stability,
sensitivity, and selectivity, and discriminated satisfactorily against mismatched nucleic acid samples of
similar lengths.

& Elsevier B.V. All rights reserved.
1. Introduction

Enzyme-based DNA sensors have received particular attention
due to their fast response, remarkably high sensitivity, good se-
lectivity and strong operability (Gao et al., 2011; Zhuo et al., 2014;
Liu et al., 2008). Compared with conventional DNA measurement
methods (Ju et al., 2003; Ye et al., 2003; Munge et al., 2005; Wang
et al., 2008), they need lower operating costs and relatively sim-
pler equipments and operation steps, while how to improve signal
amplification has become the focus in applying to low-abundant
DNA detection. In fact, sensitivity of enzyme-based electro-
chemical DNA biosensors mainly depends on three factors: the
construction of electron transfer layers, the number and the geo-
metry of immobilized signal probes (Lubin et al., 2009; Domínguez
et al., 2004; Liu et al., 2005), and the properties of enzyme. To date,
tal Science and Engineering,
a. Fax: þ86 731 88822778.
ming@hnu.edu.cn (G. Zeng).
most of the studies regarding sensor sensitivity focused on the
former two, such as using gold (Song et al., 2009), silver (Taton
et al., 2000) and carbon (Nam et al., 2003) based nanomaterials for
signal amplification, or reduced graphene oxide (Dong et al., 2012),
magnetic nanoparticle (Zhang et al., 2013) as carriers with enzy-
matic cycle, increasing the linked oligonucleotide number per
enzyme molecule (Domínguez et al., 2004), and applying a “stem–

loop” DNA probe dually labeled with biotin and digoxigenin for
stablizing the enzyme immobilization (Liu et al., 2008).

As enzyme is the predominant generator for catalytic redox
reaction, the limited studies in terms of the enzyme properties
affecting signal amplification were mainly concentrated on main-
taining their stability and activities. Over the past few years, sev-
eral approaches involving the use of biotinylated conjugates to
increase the number of associated streptavidin-enzyme molecules,
the association of multiple enzymes, and enzyme on carriers, such
as carbon nanotubes (Gao et al., 2011; Li et al., 2010; Dong et al.,
2010) and gold nanoparticles (GNPs) (Wang et al., 2013), have also
been reported for signal amplification. However, exaggerating
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enzyme itself and scaffolded-gold nanoclusters were seldom
reported.

Recently, metal nanoclusters (NCs) constitute a new class of
material that has been intensively pursued. NCs are highly at-
tractive for biolabeling and bioimaging applications because of
their ultrafine size and nontoxicity (Xie et al., 2009). Among the
precious metals, gold nanoclusters (GNCs) have received extensive
attention because of their interesting optical properties (Zhu et al.,
2008), magnetism (Negishi et al., 2006), fluorescence and electron
emissions (Wen et al., 2011; Sakamoto et al., 2009), and redox
properties (Sakamoto et al., 2009) as well as their potential ap-
plications in fields such as catalysis (Zhu et al., 2010a, 2010b) and
optics (Liu et al., 2010; Chen et al., 2011; Shunichi et al., 2010). In
fact, a myriad of different scaffolds have been used with GNCs,
such as biological compounds (e.g.,DNA, proteins) (Wen et al.,
2011; Chen et al., 2011) and organic compounds (Shunichi et al.,
2010). However, the potential impact of this framework on en-
zyme catalytic role was never reported. Here, we chose a strep-
tavidin-horseradish peroxidase (SA-HRP) scaffold for producing
GNCs. SA-HRP scaffolded GNCs were successfully synthesized via a
simple biomineralization process, based on the capability of a
common commercially available protein, SA-HRP, Gold (III) chlor-
ide trihydrate (HAuCl4 �3H2O, 99.9%), and ascorbic acid (AA).
Moreover, using enzyme-scaffolded GNCs couple with the process
of electrochemical sensor assembly has rarely been reported.

On the other hand, the electrocatalytic properties of electro-
chemical sensor, such as sensitivity, stability and using life, are
strongly related to the microstructure, surface chemistry of the
electrode and the construction of electron transfer layers (Dong
et al., 2012). Nanomaterials can facilitate bimolecular binding as
well as accelerate electron transfer, and thus amplify electro-
chemical detection signal (Kang et al., 2009). In our earlier studies,
we have demonstrated new strategies to increase the sensitivity
and lower the detection limit of the electrochemical biosensors by
using Ordered Mesoporous Carbon Nitride (MCN) as the platform
for enzyme immobilization (Zhou et al., 2014). The strategy has
been based on the higher affinity for bioactivator, larger bioactivity
after entrapment procedure because of the CN matrix, and faster
electron transfer between bioactivator and MCN-sensing sites
because of the π–πn electronic transition in the MCN. These
properties of MCN provide an excellent platform for bioactivator
(DNA, enzyme and protein) immobilizations and faster electron
transfer as well. The early uses of structurally unique structures
and functional reagents have well enabled the as-prepared elec-
trochemical biosensors to be sensitive with a low detection limit.
Herein, based on our previous efforts, MCN was synthesized, then,
applied to fix DNA through Au nanoparticle (GNPs) films, as a
transducer to convert the recognition information into a detect-
able signal. Au nanoparticle (GNPs) was employed as a transducer
to amplify the detectable signal, which can also couple the sulf-
hydryl group to easily (Tang et al., 2013) and directly immobilize
mercapto biomolecules with no modifying materials. In addition
to nanomaterials, a biopolymer, L-cysteine (L-Cys) has also been
extensively used in biosensors due to its non-toxicity, bio-
compatibility, and good film-forming ability (Devi et al., 2013).

Besides, to investigate the biosensor performance, the manga-
nese peroxidase (MnP) gene was used as the analyte. MnP is an
extracellular heme-containing enzyme which can oxidize phenolic
lignin model compounds and non-phenolic aromatics via radical
intermediates (Li et al., 2011). As we know, lignin is a universal and
recalcitrant biomaterial in agricultural and municipal solid waste.
The MnP produced by Phanerochaetechrysosporium, may play a
significant role in an extracellular pathway in fungal lignin
mineralization (Hildén et al., 2000). In this regard, with the
increasing application of composting technology in disposal of
municipal solid waste, detection of MnP gene is of great sig-
nificance to control the composting process.

This paper described an electrochemical DNA sensor using
SA-HRP-scaffolded-GNCs, MCN and a biotinylated detection probe,
specific to P. chrysosporium MnP genes on a modified electrode. It
is observed in our current study that the SA-HRP-scaffolded-GNCs
can exaggerate enzyme activities for the catalytic redox process,
resulting in signal amplification, the relatively low detection limit
and high sensitivity. The PCR amplified MnP fragment from
P. chrysosporium genomic DNA was applied to the DNA sensor
detection after a digestion step by restriction endonucleases with
results in good agreement with the reference values deduced from
electrophoresis and UV spectrometry.
2. Materials and methods

2.1. Chemicals and reagents

Pluronic copolymer P123 (EO20PO70EO20, EO¼ethylene oxide,
PO¼propylene oxide), Tris(hydroxymethyl) aminomethane, were
purchased from Sigma-Aldrich (USA). The DNA target-specific
probes used for hybridization in our experiment were synthesized
by Sangon (Shanghai, China) and purified using high-performance
liquid chromatography. They were designed by Primer Premier
5.0 in our lab (Li et al., 2011). And the sequences of the oligonu-
cleotides include:

5′–HS–(CH2)6–CTGATGGTGTCGTGTTTCT–3′ (M1, Capture probe
of MnP),

5′–GATGCCGTTGTTGGCGGAGAA–biotin–3′ (M2, Detection probe of
MnP),

5′–TTCTCCGCCAA-
CAACGGCATCTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTAGAAACA

CGACACCATCAG–3′ (M3, Target oligonucleotide of MnP),
5′–TTCTCCTCCAA-

CAACGGCATCTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTAGAAACA
CCACACCATCAG–3′ (M4, Two–base–mismatched oligonucleo-

tide of MnP),
5′–TTCTCCTCCAACAACGGCATCTTTTTTTTTTTTTTTTTTTTTTTTTT

TTTTTTTTAGAAACA
CGACACCATCAG–3′ (M5, Single-base-mismatched oligonu-

cleotide of MnP)

2.2. Preparation of MCN and assembly of SA-HRP scaffolded GNCs

The mesostructured SBA-15 silica template and MCN were
synthesized as described previously in our laboratory (Zhou et al.,
2014; Tang et al., 2013). Herein, we reported a simple synthetic
route, based on the capability of a common commercially available
protein, SA-HRP, Gold (III) chloride trihydrate (HAuCl4 �3H2O,
99.9%), and ascorbic acid (AA). It is generally agreed that this
formation involved initial electrostatic attraction between Au3þ

and negatively charged residues, followed by reduction, growth
and passivation within the polypeptide chain by covalent binding
(Au–S interactions) (Volden et al., 2012; Berti and Burley, 2008;
Feldheim and Eaton, 2007). Here, we showed that upon adding Au
(III) ions to the aqueous SA-HRP solution, the SA-HRP molecules
sequestered Au ions and entrapped them (Scheme 1). Details on
the procedures can be found in Supplementary information.

2.3. Electrode synthesis

Highly sensitive electrochemical DNA biosensor modified by MCN/
GNPs and L-cysteine for recognition of the target sequence of MnP
genes from P. chrysosporium was prepared as shown in Scheme 2. As
illustrated in Scheme 2, the sensing platform was a combination of



Scheme 1. Schematic of the formation of gold nanoclusters in SA–HRP solution.
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MCN and GNPs film that acted as a transducer to convert the re-
cognition information into a detectable signal. Initially, the L-Cys film
modified electrode was obtained in L-Cys electrodeposition process.
Then, the MCN functionalized with amino (Fig. S-1) could be cova-
lently attached to the electrode surface through carboxyl–amino
bonding. Next, the Au nanoparticles (GNPs) film modified electrode
was obtained as described previously in our laboratory (Tang et al.,
2013) by electrodeposition process using Gold (III) chloride trihydrate
Scheme 2. A self-assembly
(Fig. S-2). Subsequently, the mixture solution of 10 μL capture probe
was dropped onto the electrode surface and kept at 4 °C for self as-
sembling through thiol-gold bonding for 10 h.

2.4. Detection process

The hybridization and electrochemical detection of the DNA
biosensor are as follows. The modified electrode with capture
method of this sensor.
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probes coated was immersed into 400 μL of 1 mM 6-mercapto-1-
hexanol (MCH) solution for 1 h to improve the quality and stabi-
lity. Then, the electrode was soaked in various concentrations of
target solution (200 μL) and incubated at room temperature for
1 h, and then thoroughly washed with Tris–HCl buffer. Next, the
hybridization reaction was carried out by dropping 5 μL of the
detection probe solution to the biosensor and incubated at room
temperature for 1 h. After the biosensor was washed thoroughly
with Tris–HCl buffer, 5.0 μL SA-HRP-scaffolded-GNCs was dropped
on its surface, which was left for 45 min and washed Tris–HCl
buffer to remove the unbound SA-HRP scaffolded GNCs. As a re-
sult, the end biotin on detection probe was “activated” by a force
away from the electrode for easy access to the detection probe
(Gao et al., 2011), then SA-HRP-scaffolded-GNCs is attached to
biotinylated detection probe leading to a significantly amplified
current signal. The electrochemical redox current catalyzed was
measured using different pulse voltammetric (DPV) by the addi-
tion of 0.50 mM H2O2 into PBS (pH 7.38) containing 1.0 mM of
hydroquinone. And the DPV measurements were performed from
�200 to 600 mV with pulse amplitude of 50 mV and width of
50 s. The data for condition optimization and the calibration curve
were the average values of three measurements.

2.5. MnP gene fragment preparation

The MnP genes fragments from P. chrysosporium genomic DNA
were successfully extracted on potato dextrose agar (PDA) and in
potato dextrose liquid medium according to the method described
previously in our laboratory (Li et al., 2011; Tang et al., 2009).
Proteinase K, muramidase and cetyltrimethyl ammonium bromide
(CTAB) were used in the extraction process. PCR amplification and
restriction-enzyme digestion were performed to obtain the target
MnP genes fragment for the direct hybridization detection. Details
on the procedures of bacteria culture, gene extraction, PCR am-
plification and restriction-enzyme digestion can be found in Sup-
plementary information.
3. Results and discussion

3.1. Characterization of MNC and SA-HRP tagged GNCs

Fig. 1 shows the SEM and TEM images of MCN, and the TEM
image of SA-HRP-scaffolded-GNCs. As seen in Fig. 1A, MCN was
seems like chain structure. The morphological and structural stu-
dies of MCN nanoparticles were performed by TEM. Fig. 1B clearly
shows a hexagonal arrangement of the mesopores. When viewed
down the direction of only a stripe pattern detected, bright
Fig. 1. (A) SEM image of MCN. (B) TEM image of MC
contrast strips on the under-focused image represented images of
the pore walls, whereas dark contrast cores represented empty
channels. In addition, it is seen that aggregates of SA-HRP appear
as dark gray background and the encapsulated GNCs as small black
dots were observed in the same area (Fig. 1C). Furthermore, it is
also seen that the formation of GNCs from Fig. 1C. The TEM re-
solution was obscured by the enveloping protein, and thus accu-
rate size distribution data cannot be obtained. A few big black dots
were also observed in Fig. 1C. Generally, the specific ligands in the
SA-HRP scaffold, especially thiol ligands, interact strongly with the
noble metal surface to form ultra-fine-sized metal nanoparticles,
which were protected by a monolayer of thiol ligands to form
stable NCs (Xie et al., 2009; Wen et al., 2011; Nam et al., 2003).
However, some small gold nanoparticles were formed in the SA-
HRP scaffold aggregated during the GNCs assembly, and grew into
one big particle when more entrapped Au ions were reduced on
their surfaces. The in situ aggregation and growth of gold nano-
particles usually happened in further reduction process. Under the
selected reduction time and conditions according to references
(Wen et al., 2011; Xie et al., 2009), the majority of the gold na-
noparticles could be kept small in the SA-HRP scaffold. The Fourier
transform infrared (FT-IR) spectra, nitrogen adsorption–desorption
isotherms and pore size distribution (inset) of SBA-15 and MCN
were presented in Fig. S-3 in Supplementary information, and the
results were described in Supplementary information. Besides, the
formation of SA-HRP-scaffolded-GNCs label was confirmed by UV–
visible spectroscopy and Mastersizer 2000 (Fig. S-4 and S-5), and
the results were also described in Supplementary information.

3.2. Characterization of electrode assembly process

To test the performance of the modified electrode, CV and elec-
trochemical impedance spectroscopy (EIS) were carried out in phos-
phate buffer (pH 7.38) containing 5 mM [Fe(CN)6]3�/4� (1:1) and
10 mM KCl. As seen in Fig. S-6A, the immobilization of L-Cys on the
GCE led to a significant decrease in peak current of the redox probe.
After modification with MCN and GNCs, the peak current increased
obviously and the peak potential difference reached the minimum.
Following self-assembly of the DNA probe, the peak current decreased
slightly and the peak potential difference grew appreciably, indicating
that the modified electrode had a good current response capability.

Correspondingly, electrochemical impedance spectroscopy
(EIS) of [Fe(CN)6]3� /4� can provide information about the im-
pedance changes of the electrode surface during the modification
process. The interface can be modeled by an equivalent circuit.
This equivalent circuit includes the electron-transfer resistance
(RCT), the warburg impedance (Zw), the ohmic resistance of the
electrolyte (Rs), and interfacial capacitance (Cdl). EIS includes a
N. (C) TEM image of SA-HRP-scaffolded-GNCs.
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semicircular part and a linear part. The semicircle diameter could
represent the electron-transfer resistance, RCT, which dominates
the electron transfer kinetics of the redox probe at the electrode
interface. Meanwhile, the linear part at lower frequencies corres-
ponds to the diffusion process. As seen in Fig. S-7, the good
agreement between the measured data and the fitting curve in-
dicates that this equivalent circuit (Fig. S-8A) is suitable and
meaningful for this electrochemical system. Therefore, this
equivalent circuit is used to fit the impedance spectroscopy data
and extract the values of the equivalent circuit elements (Table
S-1).

An almost straight line was observed for the assembly of MCN
and GNPs on the modified GCE (Fig. S-6B), and the values of RCT
were 61.5Ω and 58.6Ω (Table S-1), indicating that the introduc-
tion of MCN and GNPs could improve the electron transfer kinetic
to a large extent. Moreover, an obvious increase in the interfacial
resistance was observed when L-Cys and DNA were entrapped in
the modified electrode (Fig. S-6B). The value of RCT was increased
to 1351.0Ω and 745.9Ω, respectively (Table S-1). Such increased
RCT could be ascribed to the low conductivity of L-Cys and DNA,
which slowed down the redox reaction of [Fe(CN)6]3� /4� . Al-
though the L-Cys film does not increase electrical conductivity, the
rate of electron transfer, also does not have catalytic effect in the
process of the construction of the biosensor, it can make the MCN
film then GNPs film more tightly through carboxyl. This method
may extend the using life and stability of the biosensor. What′s
more, the electron transfer ability reflected by changes in the
impedance of the modified electrode was in accordance with the
current response reflected by cyclic voltammetry (Fig. S-6A).

As seen in Fig. S-9, it could confirm that the value of current
was very small after hybridization without the target probe and
detection probe, and finally, shifted back after adding detection
probe. This result should be due to the fact that the immobilized
detection probe was in the “closed” state in the absence of the
target, which shielded biotin from being approached by the SA-
HRP-scaffolded-GNCs bioconjugate due to the steric effect. And the
small response resulted from the nonenzymatic reduction of H2O2

or nonspecific adsorption of a small amount of SA-HRP-scaffolded-
GNCs on the sensor.

3.3. Catalytic reaction mechanism of biosensor

Horseradish peroxidase (HRP) is a glycolprotein containing a
single protohemin in its active site (Zatón and OchoadeAspuru,
Fig. 2. (A) DPV curves of (a) 10 pM target with SA-HRP-scaffolded-GNCs, (b) 10 pM targe
peak currents. Error bars indicate standard deviations from three replicative tests. (B) E
1995)). It carries out one-electron oxidation on hydroquinone and
single two-electron catalysis on H2O2 as substrate. The following
three steps describe the redox process of hydroquinone catalyzed
by HRP. The first step involves the two-electron oxidation of the
ferriheme prosthetic group of the peroxidase by H2O2. This reac-
tion results in the formation of an intermediate, HRP (I) (oxidation
state þ4), consisting of oxyferryl iron (Fe (IV) 0¼O) and a por-
phyrin ð cation radical. In the second step, the porphyrin radi-
calcation of HRP (I) is reduced by the one-electron donor hydro-
quinone (HQ) to yield the HRP (II) and the hydroquinone cation
radical (Q) (Li et al., 2011; Tang et al., 2005). The later in turn ac-
cepts an additional electron from the second donor molecule hy-
droquinone in the third step, whereby the enzyme is returned to
its native resting state, ferriperoxidase. The electrode current was
found due to an electrochemical reduction of HRP (I) and HRP (II).
The reaction equations are described as follows:

HRP (Fe3þ)þH2O2-HRP (I)þH2O

HRP (I)þHQ-HRP (II)þQ

HRP (II)þHQ-HRP (Fe3þ)þQþH2O

Qþ2eþ2Hþ-HQ

As seen in Fig. 2A, the detection solution exhibited a stable DPV
peak at 0.035 V (curve a), and the signal originated from SA-HRP-
scaffolded-GNCs label (curve a) was 1. 66-fold larger than that
from SA-HRP (curve b) as 10 pM target DNA. Besides, the signal
originated from SA-HRP-scaffolded-GNCs label (curve a) was 4.10-
fold larger than the background (curve c), which was detected in
absence of target and detection probe, and came from the non-
specific adsorption of SA-HRP-scaffolded-GNCs. The reason might
be the fact that the use of SA-HRP-scaffolded-GNCs label, resulting
in signal transduction and amplification. As presented in Fig. 2B,
the enzyme label made each target hybridization event related to
numerous enzyme reactions, thus greatly amplifying the detection
signal. In triggering step (I), HRP(Fe3þ) converts one substrate
(here H2O2) into H2O, and changed into HRP(I)(Fe4þ) that triggers
redox cycling (I). And in redox cycling (II), HRP (I) and HRP (II)
catalytically oxidized hydroquinone to 1, 4-benzoquinon (Li et al.,
2011; Tang et al., 2005). In addition, this biosensor exhibits other
common signal amplification through MCN, GNPs and the gold
core, due to these materials had high conductivity in accelerating
the electron transfer. Furthermore, GNCs might perform electro-
catalysis. Protein-scaffolded-GNCs consisted of Au (0) and small
amount of Au (I), and the Au (I) present on the surface of the gold
t with SA-HRP and (c) blank with SA-HRP-scaffolded-GNCs. Inset: the corresponding
nzymatic amplification and redox cycling mechanism of biosensor.
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core helped to stabilize the NCs (Xie et al., 2009; Whetten and
Price, 2007; Jadzinsky et al., 2007). Thus, a hypothetical reaction
that might occur is the electrocatalytical reaction by Au (I) and Au
(0) surface sites on the nanocluster (Girault, 2004). Namely, GNCs
with the Au (I) might become a redox electrocatalyst (Brust and
Gordillo, 2012; Yagi et al., 2004). Therefore, taking advantage of
these signal amplification, SA-HRP-scaffolded-GNCs, GNCs, GNPs
film and MCN have been successfully applied to electrochemical
biosensing, resulting in a relatively low detection limit, wide linear
range and high sensitivity.
3.4. Target DNA detection

Under the optimization of biosensing condition (Fig. S-10), the
differential pulse voltammetric (DPV) signal was intensified in a
concentration dependent manner under optimal conditions. With
the increasing concentration of target DNA, the DPV peak current
increased (Fig. 3). As seen in Fig. 3 (inset), the cathodic peak cur-
rent was linear with the common logarithmic value of target
concentration ranging from 10�17 M to 10�9 M. A linear regression
equation was obtained as

= − ± + − ±Y X( 7.3657 0.1912) ( 142.3142 2.5337)

Where Y is the current change (μA), X is the common loga-
rithmic value of the target concentration (M), and the coefficient is
0.9946.

The detectable concentration range was relatively wide, and
the sensitivity was estimated to be 6.01�104 A/M (n¼8). As the
current signal was three times of the standard deviation measured
in blank, the limit of detection (LOD) was calculated to be
8.0�10�18 M. Compared to enzyme (SA-HRP)-labeled and CNTs-
based sensor (Gao et al., 2011), and other enzyme-based electro-
chemical DNA sensors (Wang et al., 2008; Dong et al., 2012; Liu
et al., 2013), the proposed biosensor exhibited improved analytical
performances in terms of linear detection range, and showed a
much lower detection limit. The limit of detection was also com-
petitive with other highly sensitive detection approaches such as
GaN nanowires (NWs) (Sahoo et al., 2013), and nanoparticle-based
signal amplification strategy (Kwon and Bard, 2012), as presented
in Table 1.
Fig. 3. DPV curves at target DNA concentrations of (a) 10�9 M, (b) 10�10 M, (d)
10�11 M, (d) 10�12 M, (e) 10�13 M, (f) 10�14 M, (g) 10�15 M, (h) 10�16 M, (i)
10�17 M, (j) 0 M. (a)–(j). Inset: linear relationship between peak current and
common logarithm of target concentration (n¼3).
3.5. Interference test

In order to verify the selectivity of the biosensor, the two-base
mismatched response probe and single-base-mismatch sequence
were used for the interference test. Under the same optimized
hybridization and electrochemical conditions, the proposed DNA
biosensor was investigated by exposing it to two-base-mis-
matched oligonucleotide and single-base-mismatch sequence at
the concentration of 10 pM with three replicate measurements,
respectively. The biosensor exhibited good performance to dis-
criminate complementary target and the mismatched targets (Fig.
S-11). The complementary target (Fig. S-11a) showed a signal of
3.03 fold (not minus the background value) of the two-base mis-
matched oligonucleotide (Fig. S-11b), and 2.36-fold of the single-
base-sequence (Fig. S-11c), indicating good selectivity and great
potential for the nucleotide polymorphism analysis.

3.6. Detection of MnP genes from P. chrysosporium

To evaluate the practicality of the present method, the dena-
tured MnP fragment from P. chrysosporium genomic DNA was ap-
plied to the DNA sensor detection after PCR amplification and
restriction-enzyme digestion. Gel electrophoresis analysis of ex-
tracted genomic DNA, PCR products of MnP gene, and digested
products can be found in Supplementary information (Fig. S-12).
MnP gene was captured on the electrode by hybridizing with the
complementary capture probes (Scheme 2). The concentration of
the nucleic acids directly corresponded to the electrochemical
responses of SA-HRP-scaffolded-GNCs labeled on the electrode.
The comparison between the detection results of MnP fragment
samples from P. chrysosporium genomic DNA by the DNA sensor
and UV spectrometry were shown in Table S-2. As can be seen, the
recovery yield of MnP obtained by linear regression model ranges
from 84.13% to 109.68%, and the relative standard deviation ranges
from 5.49% to 12.19%. From the results, it is found that the detec-
tion result from the real sample at low concentration was not so
satisfying, which might be caused by the steric hindrance since the
much larger molecular size of the gene fragment (Tang et al., 2009)
reduced the effective number of the immobilized capture probe
available for hybridization and led to less efficient hybridization
with detection probe, which then affected the immobilization of
SA-HRP-scaffolded-GNCs and led to small and unstable signals.

3.7. Repeatability and reproducibility of the biosensor

The repeatability of the same biosensor (concentrations of
target solution) was examined by detecting 10 pM target oligo-
nucleotide of MnP in 1/15 M PBS (containing 1.0 mM of hydro-
quinone and 0.50 mM H2O2) using DPV technique (Fig. S-13), and
the results were described in Supplementary information. The
reproducibility was investigated with five different GCEs con-
structed by the same steps independently (Fig. S-14), and the re-
sults were also described in Supplementary information.

From all of these experiments, we demonstrated that the DNA
sensor exhibited good precision, stability, sensitivity, and
selectivity, and discriminated satisfactorily against mismatched
nucleic acid samples of similar lengths, which may be ascribed to
the following four factors: First, MCN/GNPs were adsorbed on the
electrode surface by linking the –SH of L-Cys through thiol–gold
bonding, and used as carriers for loading numerous DNA labels
and accelerating electron-transfer (Fig. S-6) after an enzymatic
catalytic reaction of HRP because of the π–πn electronic transition
in the MCN (Girault, 2004) and it′s unique electronic, chemical
properties. Second, the use of low concentration L-Cys protected
the link between MCN/GNPs and GCE by forming a film. They can
make the MCN–GNPs film fixed more tightly through its thiol-gold



Table 1
A comparison of analytical characteristics towards DNA biosensors reported in the literature.

Electrode/enzyme Method Linear range (mol L–1) LOD (mol L–1) References
Ferrocene-Capped Gold Nanoparticle/Streptavidin conjugates modified gold
electrodes

Voltammetric 11�10–12–5.6�10–9 2.2�10–12 Wang et al., 2008

Gold electrode/SA-HRP Chronoamperometric 6�10–7–3�10–5 3�10–8 Tang et al., 2009
G2-PAMAM–MWNT modified GCE EIS 5�10–13–5�10–10 1�10–13 Zhu et al., 2010a, 2010b
GNPs and PFG modified GCE/SA-HRP-CNTs DPV 10–17–10–12 2.8�10–18 Gao et al., 2011
Pt NP/Au UME Chronoamperometric 1�10–11–1�10–8 — Kwon and Bard, 2012
ERGO modified GCE/HRP DPV 10–17–10–13 5�10–18 Dong et al., 2012
ITO-coated glass slide EIS 5�10–15–2�10–12 5�10–16 Gao et al., 2013
BSA-decorated gold electrodes/HRP Chronoamperometric 1�10–14–1�10–8 0.01 Liu et al., 2013
G3-PAMAM–GaN NWs EIS 10–19–10–8 — Sahoo et al., 2013
MCN modified GCE/SA-HRP-scaffolded-GNCs DPV 1�10–17–1�10–9 8.0�10�18 This work

Abbreviations: CNTs: carbon nanotubes; ERGO: reduced graphene oxide; G2-PAMAM: second-generation poly (amidoamine) dendrimer; MWNT: multi-walled carbon na-
notube; ITO: indium tin oxide; BSA: bovine serum albumin; G3-PAMAM–GaN NWsPAMAM: third generation poly (amidoamine) dendrimer; GaN NWs: GaN nanowires
(NWs); UME: ultramicroelectrode.
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as molecular bridge. And this method might extend the using life
and stability of the biosensor. Third, the use of low concentration
MCH protected the link between MCN/GNPs and DNA probe by
forming a film. The film structure of MCH on the electrode surface
was similar to the reported function of chitosan (Zhang et al.,
2011), weakening unspecific adsorptions, strengthening the or-
ientation of the thiolated DNA probe, and the hybridization pro-
cess. Though L-Cys and MCH reduced electric conductivity, its
advantages outweighed its disadvantages here. The last and the
most, GNCs labeled with streptavidin-horseradish peroxidase in-
troduced more horseradish peroxidase participating in the reac-
tion(I) (Fig. 2B) and protected HRP intrinsic catalytic activity. What
′s more, the gold nanocluster might be has electrocatalysis, thus
accelerating the redox cycling.
4. Conclusions

In summary, an electrochemical DNA biosensor was con-
structed using SA-HRP scaffolded GNCs as label, coupling with
MCN and GNPs modified electrode. The SA-HRP scaffolded GNCs
provided triple signal amplification for electrochemical biosensing,
while the MCN and GNPs on the biosensor surface appeared to be
relatively good conductor for accelerating the electron transfer.
The signal amplification strategy was introduced in detail, and
produced an ultrasensitive electrochemical detection of MnP genes
down to molar level with a relatively wide dynamic working linear
range. It was also found that the biosensor exhibited good preci-
sion, stability, sensitivity, and selectivity, and discriminated
satisfactorily against mismatched MnP genes samples of similar
lengths. Besides, real samples tests confirmed the potential
applicability of the biosensor for the quantification of MnP genes.
Furthermore, the proposed approach would be attractive for ge-
netic target analysis in bioanalytical and clinic biomedical
application.
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