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a  b  s  t  r  a  c  t

An  electrochemical  DNA  sensor  for simultaneous  detection  of  functional  genes  encoding  manganese
peroxidase  (MnP)  and  cellobiose  dehydrogenase  (CDH)  on  a gold  electrode  was  developed.  After  two thi-
olated  capture  probes  assembled  on the  electrode  surface,  the  electrode  was  exposed  to  a  monolayer  of
6-mercapto-1-hexanol  (MCH)  solution  to  prevent  nonspecific  adsorption  of  target  DNA  and  detection
probes.  Horseradish  peroxidase–streptavidin  (HRP–SA)  conjugate  and  laccase–streptavidin  (LAC–SA)
conjugate  were  applied  for  enzyme-amplified  amperometric  measurement.  The  two  target  genes  were
simultaneously  quantified  in  the  same  system.  The  DNA  conformation  and  surface  coverage  on  elec-
trode  were  characterized  by  impedance  spectroscopy  and  cyclic  voltammetry.  The amperometric  current
responses  to  HRP  and  LAC-catalyzed  reactions  were  linearly  related  to the  common  logarithm  of  two  tar-
get nucleic  acids  concentrations,  ranging  from  1 × 10−11 M  to  4 ×  10−8 M  and 1  ×  10−10 M  to  4 × 10−8 M.
The  correlation  coefficients  were  0.9884  and  0.9881,  and  the  detection  limits  were  6.2  ×  10−12 M and
3.0  × 10−11 M, respectively.  The  effectiveness  of this  DNA  sensor  was  confirmed  by  simultaneous  detec-
tion  of  two  gene  fragments  extracted  from  Phanerochaete  chrysosporium  using  polymerase  chain reaction
(PCR) and  restriction  endonuclease  digestion.  The  DNA  biosensor  exhibited  good  selectivity,  precision,
stability  and  reproducibility.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Biodegradation resistance of wood and other lignified mate-
rials is directly related to the presence of lignin [1,2]. Lignin
is the most abundant natural aromatic polymers in nature and
is extremely recalcitrant in an obligate aerobic oxidative pro-
cess, carried out appreciably only by the white-rot fungi during
secondary metabolism [3,4]. The white-rot basidiomycete Phane-
rochaete chrysosporium has become the model system for studying
the physiology and genetics of lignin degradation [5].  Manganese
peroxidase (MnP) and cellobiose dehydrogenase (CDH), the two
key enzymes produced by P. chrysosporium,  may  mutually effect
in an extracellular pathway in fungal lignin mineralization [6].
MnP  is an extracellular heme-containing enzyme which can oxidize
phenolic lignin model compounds and non-phenolic aromatics via
radical intermediates [7,8]. Production and optimization of MnP
were investigated by employing different agro-industrial wastes
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and using response surface methodology [9,10].  CDH is an extra-
cellular hemoflavoprotein which has been proposed to prevent the
polymerization reactions and increase the rate of depolymerization
in depolymerizing lignocellulose [11,12]. Amperometric detection
with mediated electron transfer and high pressure liquid chro-
matography (HPLC) were used to reveal the kinetic model and effect
of CDH on lignin model compounds [13,14]. Over the past decade,
MnP  and CDH encoding genes have been cloned and characterized
from a large number of basidiomycete fungi using polymerase chain
reaction and molecular screening assays [15–20].

Recently, electrochemical DNA biosensors have received par-
ticular attention due to their fast response, high sensitivity and
low cost in environmental and microbial analysis [21–25].  The
combination of PCR amplification and DNA sensor was also uti-
lized to improve the detection sensitivity [26,27]. Our group has
developed an electrochemical DNA sensor based on the sandwich
hybridization recognition of target sequence of lignin peroxidase
genes [28], and the simultaneous determination of lignin perox-
idase and manganese peroxidase activities using artificial neural
networks was also studied [29]. Several papers have proposed that
CDH displayed a synergism with MnP  during lignin biodegrada-
tion and also discussed the relationship between the two  enzymes
[30,31]. In order to understand the synergistic effects of CDH and
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Table  1
Sequences of oligonucleotides used in biosensor.

Oligonucleotide Sequence (5′–3′)

Capture probe of MnP  (M1) HS-(CH2)6-CTGATGGTGTCGTGTTTCT
Detection probe of MnP  (M2) GATGCCGTTGTTGGCGGAGAA-biotin
Target oligonucleotide of MnP  (M3) TTCTCCGCCAACAACGGCATCTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTAGAAACACGACACCATCAG
Two-base-mismatched oligonucleotide of MnP  (M4) TTCTCCTCCAACAACGGCATCTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTAGAAACACCACACCATCAG
Capture probe of CDH (C1) HS-(CH2)6-TGTCAAAGTGGCAGTTCCCGT
Detection probe of CDH (C2) CAGCGAGTGGAGGAAACAA-biotin
Target oligonucleotide of CDH (C3) TTGTTTCCTCCACTCGCTGTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTACGGGAACTGCCACTTTGACA
Two-base-mismatched oligonucleotide of CDH (C4) TTGTTTCCTCCACTCACTGTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTACGGGAACTGCCACTTTGATA
Sense primer of MnP  (M5) CATCCGTCTGACCTTCC
Anti-sense primer of MnP  (M6) AGCCTGTGCCCTTGAGC
Sense primer of CDH (C5) ATTGTTTCCTCCACTCG
Anti-sense primer of CDH (C6) CCGCCATTGTTCCACTC

MnP  on the recalcitrant aromatic compounds degradation better,
establishing an effective and sensitive determination protocol for
simultaneously monitoring genes encoding the two enzymes from
ligninolytic fungi would be of considerable value [32,33].

In this work, an electrochemical DNA biosensor based on
two-enzyme labels was developed for simultaneously detect-
ing the hybridization of MnP  and CDH gene fragments from P.
chrysosporium. The consensus oligonucleotide probes and primers
were self-designed and synthesized after Clustal alignment of
gene sequences in Gene Bank. Two thiolated capture probes and
two biotinylated detection probes were hybridized with target
sequences respectively on a gold electrode, and the signals were
amplified by horseradish peroxidase (HRP) and laccase (LAC),
resulting in the low detection limit and good selectivity. The restric-
tion digestion product of MnP  genes and PCR product of CDH genes
from P. chrysosporium were applied to the DNA detection and the
results were consistent with the values from electrophoresis and
UV spectrometry. The electrochemical DNA biosensor based upon
the functional genes of biodegradation enzymes was  convinced to
hold a potential for further application in the analysis of microbial
community functional diversity [34]. This DNA detection tech-
nique in the same system should be a platform for simultaneous
determination and identification of multiple species of pathogenic
microorganisms and functional genes for environmental pollutant
biodegradation.

2. Experimental

2.1. Materials

The oligonucleotide primers and target-specific probes were
self-designed by Primer Premier 5.0, which were synthesized
by Sangon (Shanghai, China). The two capture probes (M1 and
C1) were modified with (CH2)6-SH at 5′ end and another two
detection probes (M2 and C2) were biotinylated at 3′ end to char-
acterize the sensor performance. Target oligonucleotides (M3 and
C3) were complementary sequences to both capture probes and
detection probes. Two-base-mismatched sequences (M4 and C4)
were applied to test the selectivity of the DNA biosensor. Two
pairs of sense primer and anti-sense primer were used in poly-
merase chain reaction (PCR) amplifications of P. chrysosporium MnP
and CDH genes. The sequences of oligonucleotides are shown in
Table 1. Horseradish peroxidase–streptavidin conjugate (HRP–SA)
and dialysis membranes (molecular weight cut off (MWCO) of
14 Da and 25 Da) were purchased from Dingguo Biotechnology
Co., Ltd. (Beijing, China). Laccase (EC 1.10.3.2, 23.3 U mg−1) was
from Fluka. Streptavidin (SA), tris (hydroxymethyl) aminomethane
(Tris) and 6-mercapto-1-hexanol (MCH) were from Sigma–Aldrich.
�DNA/HindIII, Marker I, Marker II, restriction endonuclease XbaI,
2× Taq PCR Master Mix, bromophenol blue buffer (6×),  TIANquick
Midi Purification Kit and TIANgel Midi Purification Kit were pro-

vided by Tiangen Biotech Co., Ltd. (Beijing, China). SYBR Green I was
from Bio-Vision, Inc. (Xiamen, China). All chemicals used were of
analytical grade or better quality, and all solutions were prepared in
deionized water of 18 M� purified from a Milli-Q purification sys-
tem. A sodium chloride–sodium citrate buffer (SSC, 0.3 M NaCl and
0.03 M sodium citrate, pH 8.00) was prepared as the hybridization
solution. Phosphate buffer saline (PBS, 67 mM KH2PO4 and 67 mM
Na2HPO4), Tris–HCl buffer (0.1 M Tris adjusted to pH 8.00 with
0.1 M HCl) and Tris–EDTA buffer (TE, 10 mM Tris–HCl and 1 mM
EDTA, pH 8.00) were used in this work.

2.2. Apparatus

Electrochemical measurements were carried out on CHI660B
electrochemistry system (Chenhua Instrument, Shanghai, China)
with a three-electrode system consisting of a gold working elec-
trode with a diameter of 2 mm,  a saturated calomel electrode (SCE)
and a Pt foil electrode, which were used as the reference electrode
and auxiliary electrode, respectively. The PCR reaction was  car-
ried out in a Bio-Rad MyCycler (Bio-Rad Laboratories, USA) and
the Gel electrophoresis analysis was in a DYY-7C electrophore-
sis system (Liuyi Instrument, Beijing, China). Gel images were
captured on a Gel Doc 2000 imaging system (Bio-Rad Laborato-
ries, USA). An Eppendorf BioPhotometer was  used to determine
the concentration of gel electrophoresis-purified DNA fragment. A
UV-2250UV-vis spectrophotometer (Shimadzu, Japan), a CS501-SP
thermostat (Huida Instrument, Chongqing, China), a Model 85-2
magnetic stirring apparatus (Lida Instrument, Shanghai, China) and
a Branson200S ultrasonic wave washing machine (Xuyang Instru-
ment, Hebei, China) were used in the assay. The solution pH was
measured with a model pHSJ-3 digital acidimeter (Shanghai Leici
Factory, China). All the work was done at room temperature (25 ◦C)
unless otherwise mentioned.

2.3. Preparation of laccase–streptavidin conjugate

The synthesis of laccase–streptavidin conjugate (LAC–SA) was
achieved in a typical procedure. Five milligrams laccase was  dis-
solved in 1 mL  of deionized water and 0.2 mL  0.1 M NaIO4 solution
was added under stirring, keeping light-resistant for 20 min  at room
temperature. The mixture solution was  dialyzed with 1 mM sodium
acetate buffer (pH 4.40) for 12 h at 4 ◦C and the pH was adjusted to
9.00 with 0.2 M carbonate buffer (pH 9.50). Then 1 mL 0.02 M car-
bonate buffer (pH 9.00) containing 2.0 mg  streptavidin was added
and kept stirring gently under light-resistant condition for 2 h at
room temperature. Afterwards, the solution was mixed with 0.1 mL
4.0 mg  mL−1 NaBH4 and continuously reacted for 2 h at 4 ◦C, and
the mixture was dialyzed with 67 mM PBS (pH 7.38) for 12 h at
4 ◦C. Furthermore, isometric saturated ammonium sulphate solu-
tion was  added drop by drop under stirring and was  centrifugated
with 9000 rpm for 15 min  after reacting for 2 h at 4 ◦C. The pre-
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Fig. 1. Schematic diagram of the DNA biosensor fabrication.

cipitate was dissolved in 67 mM PBS (pH 7.38) and dialyzed for
12 h at 4 ◦C. The supernatant products were collected through cen-
trifugation at 10000 rpm for 30 min  and were stored at 4 ◦C in the
refrigerator. The concentration of laccase–streptavidin conjugate
was determined by spectrophotometric measurement.

2.4. Preparation of HRP and LAC labeling detection probes

One micromolar per liter biotinylated probe (M2) was  incubated
into PBS (pH 6.98) containing HRP–SA with the dilution rate of
1:500 for 30 min  at 37 ◦C. Meanwhile, 1 �M biotinylated probe (C2)
was also incubated into PBS (pH 5.29) containing LAC–SA with the
dilution rate of 1:100 for 30 min  at 37 ◦C. Then two of the products
were dialyzed respectively with 67 mM PBS (pH 7.38) for 12 h at
4 ◦C and stored at 4 ◦C in the refrigerator for use.

2.5. PCR amplification of target DNA from P. chrysosporium

Genomic DNA was extracted from mycelia of P. chrysosporiumas
using the same method described in our previous work [28]. PCR
amplification of MnP  and CDH genes were performed to obtain the
target fragments for the direct hybridization detection. The 25-�L
amplification mixture was consisted of 1 �L of DNA extract, 1 �L
20 nM of each oligonucleotide primers, 12.5 �L 2× Taq PCR Master
Mix  and 9.5 �L deionized water. The two target genes were both
amplified using an initial denaturation at 94 ◦C for 5 min, and then
30 PCR cycles of three-step amplification. Each of the 30 cycles con-
sisted of 94 ◦C denaturation for 30 s, 52 ◦C (MnP) or 48 ◦C (CDH)
anneal for 30 s, and 72 ◦C extension for 1 min. A final extension was
carried out at 72 ◦C for 5 min, following by a final cooling stage at
4 ◦C before use. The PCR-amplified products were separated by gel
electrophoresis on an agarose gel stained with bromophenol blue
and SYBR Green I (Marker II was used for calibration). The target
fragments of MnP  and CDH were 724 bp and 309 bp, respectively,
and were purified using TIANgel Midi Purification Kit.

2.6. Restriction enzyme digestion

Restriction endonuclease digestion was a useful strategy for
obtaining sensitive and accurate diagnosis [35,36]. The 724 bp DNA
of MnP  gene could be cleaved into several short-chain nucleic
acids by the restriction endonucleases, therefore the sensitivity and
accuracy of the detection could be improved significantly. Eight

microliter of the purified fragment was  added into 42 �L mixture
of deionized water, buffer M and BSA (0.1%) containing 15 U �L−1

restriction endonucleases Xba I, followed by incubation at 37 ◦C
for 4 h. The restriction enzyme digestion products were separated
by gel electrophoresis with Marker I for calibration, and the target
227 bp fragment was purified using TIANgel Midi Purification Kit.

2.7. Sensor fabrication

The gold electrode surface was polished sequentially with 1,
0.5, 0.05 �m alumina paste, followed by soaking in piranha solu-
tion (mixture of 98% H2SO4 and 30% H2O2 with the volume ratio
of 3:1) for 2 h. The ethanol and ultrapure water ultrasonic elec-
trode was  scanned by cyclic voltammetry in 0.5 M H2SO4 between
−0.8 and 1.0 V at 100 mV s−1 until a steady state was reached. The
mixture solution of 10 �L aliquot of thiolated M1 and C1 (20 �M)
was dropped onto the electrode surface and kept at 4 ◦C for self-
assembling through thiol-gold bonding. Afterwards, the electrode
was copiously rinsed with Tris–HCl buffer and water to remove
any nonspecifically adsorbed materials. Two  capture probes coated
gold electrode was immersed into 400 �L of 1 mM MCH  solution for
1 h to improve the quality and stability. Finally, the electrode was
washed with Tris–HCl buffer and water to completely substitute
the MCH  solution for the hybridization reaction [28].

2.8. Hybridization and electrochemical detection

The principle of the biosensor was  illustrated in Fig. 1. The thi-
olated probe immobilized electrode was  successively immersed in
hybridization solutions (400 �L each) containing two target nucleic
acids (M3 and C3) at 37 ◦C for 1 h, followed by thoroughly wash-
ing with Tris–HCl buffer and water. Then it was incubated into
400 �L of LAC labeled C2 solution at 37 ◦C for 1 h and soaked in
400 �L of HRP labeled M2 solution at 37 ◦C for another 1 h. The
electrochemical redox current catalyzed by LAC was measured by
addition of 5 mM hydroquinone in PBS (pH 5.29) under sustained
stirring at a working potential of −0.132 V (vs. SCE). Then the pH
was adjusted to 6.98 with NaOH and the current catalyzed by
HRP was measured in the same detection system by addition of
1 mM H2O2 at a working potential of −0.176 V (vs. SCE). The rapid
increase of the reduction current implied that the streptavidin–LAC
and streptavidin–HRP have been captured on the electrode. In this
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Fig. 2. Cyclic voltammetry diagrams of bare gold electrode (a), gold electrode mod-
ified with two capture probes and MCH  (b), and the modified gold electrode with
two target sequences and detection probes (c), using a 0.1 M KCl solution containing
5.0 mM ferro/ferricyanide, with potential range of −0.6 to 0.6 V, and a scan rate of
100 mV s−1 vs. SCE.

paper, all of the results were the mean value from three parallel
measurements.

In order to obtain the target ssDNA, the restriction diges-
tion product of MnP  gene and PCR product of CDH gene from P.
chrysosporium were denatured by heating to 94 ◦C for 5 min, and
were immediately chilled in ice for 30 s [26,37]. The real samples of
target genes were applied to the DNA sensor detection as the same
procedure used for synthetic oligonucleotides. The concentration of
the two target gene fragments were measured by UV spectrometry
on Eppendorf BioPhotometer for comparison.

3. Results and discussion

3.1. Electrochemical behaviors of the DNA sensor

We found that hybridizations of thiolated oligonucleotides are
dependent on the surface coverage. The precise control over surface
coverage was achieved by a two-step method, where the gold sub-
strate was first exposed to the solution of HS-ssDNA, followed by
immersing in the solution of 6-mercapto-1-hexanol (MCH). This
process could largely remove the nonspecifically adsorbed DNA
from the surface. Thus, the majority of surface-bound probes are
accessible for specific hybridization with complementary oligonu-
cleotides and are able to discriminate between complementary and
non-complementary target oligonucleotides [38].

Electrochemical measurements have long been used to char-
acterize modified electrodes, since they can provide useful
information on the interfacial conformations. Fig. 2 shows the cyclic
voltammograms obtained for differently modified electrode in
5.0 mM [Fe(CN)6]3−/4− aqueous solution containing 0.1 M KCl at the
scan rate of 100 mV  s−1 vs. SCE. A pair of well-defined redox peaks
of [Fe(CN)6]3−/4− were shifted significantly (curve b) than that of
bare gold electrode (curve a) after the electrode was  modified with
capture probes and MCH. It was also observed that the redox peak
potential difference further increased after hybridization of mod-
ified electrode with two target sequences, which evidenced the
introduction of complementary DNA increased the negative charge
responsible for the repellence of [Fe(CN)6]3−/4−. On the other side,
it revealed that the DNA immobilization and hybridization could
be effectively operated on current fabricated electrode surface.

Electrochemical impedance spectroscopy of [Fe(CN)6]3−/4− can
also give further information on the impedance changes of the

Fig. 3. Electrochemical impedance spectra of bare gold electrode (a), gold electrode
modified with two  capture probes and MCH  (b), and the modified gold electrode with
two target sequences and detection probes (c), using a 0.1 M KCl solution containing
5.0 mM ferro/ferricyanide, with frequency range of 0.1–105 Hz, a bias potential of
0.19 V vs. SCE and an AC amplitude of 5 mV.

electrode surface during the modification process. The semicir-
cle diameter could represent the electron-transfer resistance, Ret,
which dominates the electron transfer kinetics of the redox probe
at the electrode interface. Meanwhile, the linear part at lower
frequencies corresponds to the diffusion process [39]. From the
Nyquist plot of the differently modified electrodes shown in Fig. 3,
charge transfer resistances of bare gold electrode, capture probes
and MCH  modified gold electrode, and hybridized gold electrode
are about 2.710 × 102, 5.278 × 103, and 2.092 × 104 � cm2, respec-
tively. An almost straight line is observed for the bare gold electrode
(curve a), which is typical characteristic of a mass diffusion con-
trolled electron transfer process. After immobilization of two
capture probes on the gold electrode and blocking of MCH, the Ret

was greatly increased (curve b), which could be ascribed to the
repellence of probes and resistance of MCH  from approaching elec-
trode surface. After hybridization of two  ssDNA probes with their
complementary sequences, a Ret increase of 4 times was  obtained
than that of the ssDNA and MCH  modified electrode (curve c). This
attributed to the low conductivity of dsDNA double helix structure,
which slowed down the redox reaction of [Fe(CN)6]3−/4−.

3.2. Catalytic reaction mechanisms of biosensor

Laccase is a multicopper phenol oxidase which can directly oxi-
dize hydroquinone by utilizing dioxygen as an oxidant without
H2O2 as co-substrate [40]. In the reaction, hydroquinone (QH2) as
electron donor for the oxidized form of the enzyme, is mainly con-
verted into quinone and/or free radical product (Q), and then is
reduced on the surface of gold electrode at potentials below 0 V
(vs. SCE), which efficiently shuttle electrons between laccase redox
center and gold electrode surface in a dynamical equilibrium, lead-
ing to detectable response current [41]. The reaction equations of
the redox process on the electrode surface are described as follows:

QH2 + O2
laccase−→ Q + 2H2O (1)

Q + 2e + 2H+ → QH2 (2)

Horseradish peroxidase (HRP) is a glycolprotein containing a
single protohemin in its active site [42]. 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 is a
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Fig. 4. Optimization of experimental conditions (A) immobilization time with thiolated probes, 20 �M for each probe, (B) hybridization temperature with target sequences,
(C)  hybridization time with target sequences, (D) pH values of PBS with concentration of 67 mM.  The ordinates are all presented as the change of reduction currents by
chronoamperometry. The vertical bars designate the standard deviations for the means of three replicative tests.

rapid oxygen atom transfer from hydrogen peroxide to the ferric
porphyrin (Fe3+) of HRP to form oxyferryl cation radical haem com-
pound I (HRP I) and water. In the second step, the porphyrin radical
cation of HRP I is reduced by the one-electron donor hydroquinone
(QH2) to yield the oxyferryl compound II (HRP II) and the hydro-
quinone cation radical (Q). In the last step, the enzyme is converted
back to its native resting state, HRP (Fe3+), by a subsequent one-
electron/two-proton reduction of HRP II by QH2 to give a second
equivalent of Q and water, and Q is reduced on the working elec-
trode to yield detectable electrochemical signals [43]. The reaction
equations are described as follows:

HRP (Fe3+) + H2O2 → HRP (I) + H2O (3)

HRP (I) + QH2 → HRP (II) + Q (4)

HRP (II) + QH2 → HRP (Fe3+) + Q + H2O (5)

Q + 2e + 2H+ → QH2 (6)

3.3. Optimization of experimental conditions

3.3.1. Effect of immobilization time
Two thiolated probes (20 �M)  were immobilized on the gold

electrode surface by self-assembling in the presence of thiol DNA.
The coverage density of the self-assembled probes has a great influ-
ence on the sensitivity of sensor. Fig. 4A displays the effect of
immobilization time on the change of reduction current responses
of two capture probes. It could be observed that the current
responses increased fast in the first 6 h and the current continued
to enhance with increasing assembly time. After 12 h the steady
state was reached, which corresponded to the saturated coverage

of the capture probes. Therefore, 12 h of self-assembling time was
selected throughout our experiments.

3.3.2. Effects of hybridization temperature and hybridization time
Subsequent studies indicated that the hybridization tem-

perature and hybridization time also acted as very important
parameters. The effect of different hybridization temperature is
shown in Fig. 4B. It could be seen that the change of reduction
current responses increased up to 37 ◦C and then rapidly declined
at high temperature. These reflected that increasing temperature
before 37 ◦C led to higher hybridization efficiency and specificity,
and hybridized DNA was unstable and apt to dissociate at higher
temperature. Fig. 4C shows the reduction current changes of DNA
sensor after hybridization at 37 ◦C for different hybridization time.
The hybridization amounts rose rapidly with time between 15 and
60 min  and showed a leveling off after 60 min. Thus, the optimal
hybridization temperature was  selected as 37 ◦C and the optimal
hybridization time as 60 min.

3.3.3. Effect of pH values of PBS
The pH values of PBS pose the key role during the procedure of

electrochemical detection due to the great differences of optimal
pH between HRP and LAC. The influence of pH has been determined
by comparing the amperometric responses of sensor in different
pH range of PBS on the addition of substrates. As demonstrated
in Fig. 4D, the change of reduction current responses vary with pH
values of PBS and the maximum responses of HRP and laccase were
obtained at pH 6.98 and 5.29, respectively, which is similar to that
previously reported by Haghighi et al. [44]. For further studies, pH
6.98 and 5.29 of PBS were therefore selected.
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Fig. 5. Relationship between the current response and DNA concentration of (A)
CDH DNA and (B) MnP  DNA under the optimal experimental conditions. Inset: linear
regression of current response vs. the common logarithm of target DNA concen-
tration. The change of reduction currents by chronoamperometry (on ordinate) is
presented as a function of the common logarithm of target DNA concentration (on
abscissa). The vertical bars designate the standard deviations for the means of three
replicative tests.

3.4. Analytical performance for the detection of synthesized
oligonucleotides

Under the optimal experimental conditions, Fig. 5A shows
the change of reduction currents of the DNA sensor for differ-
ent concentrations of CDH synthesized target oligonucleotides by
chronoamperometry after the addition of hydroquinone to PBS
(pH 5.29) under stirring. The current responses increase linearly
with the common logarithm of the target nucleic acid concentra-
tions in the range from 1 × 10−10 M to 4 × 10−8 M and the detection
limit is 3.0 × 10−11 M (S/N = 3), which resulted in a current sig-
nal that equaled the mean value of background signals plus three
times standard deviation of background signals. The corresponding
regression equation is as follows, and the correlation coefficient is
0.9881:

I/�A = 0.0886 × lg(C/pM) − 0.0359 (7)

The change of reduction currents of MnP  synthesized target DNA
were also detected by chronoamperometry in the same system
after the addition of H2O2, shown in Fig. 5B. With the increase of the
DNA concentration, the current change increased rapidly and the
steady-state current was reached close to 40 nM.  The linear range

of MnP  target oligonucleotides is 1 × 10−11 M to 4 × 10−8 M and the
detection limit is 6.2 × 10−12 M (S/N = 3), which resulted in a current
signal that equaled the mean value of background signals plus three
times standard deviation of background signals. The corresponding
regression equation is as follows, and the correlation coefficient is
0.9884:

I/�A = 0.0141 × lg(C/pM) − 0.0230 (8)

3.5. Reproducibility and stability of biosensor

The repeatability of the sensor was  examined by determination
of the same DNA concentration of three consecutive. The average
of the relative standard deviations of CDH and MnP  genes were
3.5% and 4.3%, which guaranteed the precision of the biosensor.
The stability of the immobilized DNA probes on electrode was also
investigated. The amperometric responses of two capture probes
modified electrode to target DNA retained 86% and 88% of their
initial responses after a 15-day storage at 4 ◦C, which indicated the
good stability of the biosensor.

3.6. Selectivity and interference of biosensor

The selectivity of the biosensor was  evaluated by analyzing fully
complementary and two-base-mismatched sequences under the
same optimized hybridization condition and DNA  concentration,
shown in Fig. 6A and B. The current increment of the complemen-
tary sequences of CDH and MnP  were 0.42 �A and 0.76 �A, whereas
0.07 �A and 0.13 �A were detected for the two-base-mismatched
sequences. The current responses were reduced to 17.3% and 17.2%,
respectively, which exhibited good discrimination between com-
plementary and mismatched oligonucleotides.

To evaluate the interference between LAC and HRP presented in
the same detection system, the current responses of HRP catalyzed
reaction under the natural and nitrogen flow conditions were inves-
tigated. The current response catalyzed by HRP was measured in
PBS (pH 6.98) containing 5 mM hydroquinone by addition of 1 mM
H2O2 at a working potential of −0.176 V (vs. SCE) under the natural
condition. For comparison, pure nitrogen was bubbled through the
PBS (pH 6.98) containing 5 mM hydroquinone during the progress
of catalysis to remove the dissolved oxygen as much as possible,
because LAC might oxidize hydroquinone by utilizing dioxygen in
solution containing H2O2. Fig. 7 displays that the current responses
of HRP under the two  different conditions are approximately the
same, which inferred that the catalyzed activity of LAC was  strongly
inhibited when the pH was up to 6.98. That could also be interpreted
in Fig. 4D. Therefore, the changes of current with the addition of
H2O2 were considered as the responses produced by HRP catalyzed
reaction, which quantified the concentration of MnP  target genes
[45].

3.7. Simultaneous detection of MnP and CDH genes from P.
chrysosporium

The denatured ssDNA of MnP  and CDH fragments from P.
chrysosporium genomic DNA was  applied to the DNA sensor detec-
tion after PCR amplification and restriction-enzyme digestion. The
gel electrophoresis photos of extracted genomic DNA, PCR prod-
ucts of MnP  and CDH genes, and digested products of MnP  genes
can be found in Fig. 8. The electrophoresis shown in Fig. 8A con-
firmed the successful extraction of genomic DNA of 23 kb by the
proposed method. The target fragments of MnP  gene (724 bp) and
CDH gene (309 bp) were amplified with high purity by using the
designed primers and appropriate PCR amplication protocol, as
demonstrated in Fig. 8B. Digested products were separated by gel
electrophoresis, respectively, shown in Fig. 8C, which indicates that
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Fig. 6. (A) The current responses of CDH DNA with concentration of 40 nM in 67 mM
PBS  (pH 5.29) at a working potential of −0.132 V (vs. SCE): (a) two  base mismatched
ssDNA and (b) complementary ssDNA. (B) The current responses of MnP DNA with
concentration of 40 nM in 67 mM PBS (pH 6.98) at a working potential of −0.176 V
(vs.  SCE): (a) two base mismatched ssDNA and (b) complementary ssDNA.

XbaI could cleave the 724 bp DNA into three short-chain nucleic
acids and the fragment of 227 bp was the target for the DNA sensor
detection. As the same procedure used for the synthetic oligonu-
cleotides, the 227 bp of MnP  gene and 309 bp of CDH gene were

Fig. 7. The current responses of MnP  DNA with concentration of 20 nM in 67 mM
PBS (pH 6.98) at a working potential of −0.176 V (vs. SCE) (a) under nitrogen flow
condition, (b) under the natural condition.

Fig. 8. Gel electrophoresis photos (A) extracted genomic DNA from P. chrysosporium
(Lanes 1 and 2) using � DNA/HindIII marker (Lane M)  and blank control (Lane 3). (B)
PCR  products of MnP  (Lanes 1 and 2) and CDH (Lanes 3 and 4) genes obtained after
amplification with self-designed primers with Marker II (Lane M).  (C) Restriction-
enzyme digestion products of MnP  genes (Lanes 1–6) with Marker I (Lane M).  The
addition amounts of PCR product in the digestion from left to right are 0 �L, 2 �L,
4  �L, 6 �L, 8 �L and 10 �L.

Table 2
The detection results of MnP  and CDH fragment samples from Phanerochaete
chrysosporium by the DNA sensor and UV spectrometry.

Concentration calibrated
by UV spectrometry (nM)

Average concentration
recovered by DNA sensor (nM)

Recovery (%)

MnP 0.63 0.54 ± 0.12 85.71
2.98  2.65 ± 0.27 88.93
8.41  9.06 ± 0.74 107.73
17.76  18.93 ± 1.25 106.59
26.82  25.13 ± 1.82 93.70

CDH 1.17  0.98 ± 0.26 83.76
6.25  5.44 ± 0.85 87.04
13.94  15.52 ± 1.69 111.33
20.65  19.40 ± 1.38 93.95
29.84  31.97 ± 2.21 107.14

captured on the electrode by hybridizing with the complementary
capture probes, respectively.

The concentration of the nucleic acids directly corresponded to
the electrochemical responses of HRP and LAC labeled on the elec-
trode. The comparison between MnP  and CDH fragment samples
from P. chrysosporium genomic DNA by the DNA sensor and UV
spectrometry were shown in Table 2. The detection results from the
DNA sensor are in accordance with the reference values deduced
from UV spectrometry, with the average recovery ratio of 96.5% and
96.6%, respectively.

4. Conclusion

This study demonstrated the feasibility of simultaneous detec-
tion of MnP  and CDH genes in the same system by DNA biosensor
at low levels. The DNA conformation and surface coverage on
electrode were characterized by impedance spectroscopy and
cyclic voltammetry. The amperometric current responses were
linearly related to the common logarithm of the two target
nucleic acids concentrations in the range from 1 × 10−11 M to
4 × 10−8 M and 1 × 10−10 M to 4 × 10−8 M,  with the detection
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limits of 6.2 × 10−12 M and 3.0 × 10−11 M.  The optimized experi-
mental conditions enhanced the sensitivity and stability and the
successful discrimination between complementary target DNA and
two-base mismatched DNA displayed a good selectivity for the
biosensor. The combination of PCR amplification and restriction-
enzyme digestion was demonstrated to be a useful strategy
for obtaining sensitive and accurate diagnosis in simultaneously
detecting two genes from extracted DNA samples of P. chrysospo-
rium. The electrochemical detection results of real samples from
P. chrysosporium genomic DNA were in good agreement with UV
spectrometry.

More research into the changes of functional enzymes involved
in microbial degradation in combination with advanced bioinfor-
matics approaches is needed to develop the detection technologies
from environmental samples. The DNA sensor presented here is
a promising step to study the mutual relationship between two
functional genes for environmental pollutant biodegradation. Fur-
thermore, this detection technology should be a simple and rapid
method of multiple species and trace samples in gene diagnosis.
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