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Gold nanoparticle/polyaniline nanotube membranes on the glassy carbon electrode
(Au/nanoPAN/GCE) were constructed for the electrochemical sensing of the immobilization
and hybridization of DNA. The properties of the Au/nanoPAN/GCE, the characteristics of
the immobilization and hybridization of DNA were studied by cyclic voltammetry, differen-
tial pulse voltammetry and electrochemical impedance spectroscopy. The synergistic effect
of the two kinds of nanomaterials, nanogold and nanoPAN, could enhance dramatically
the sensitivity for the DNA hybridization recognition. DNA sequence-specific of phos-
phinothricin acetyltransferase gene (PAT) existing in some transgenic crops was detected by
electrochemical impedance spectroscopic measurement. The dynamic detection range of
the sequence-specific DNA was from 1.0 x 1072 to0 1.0 x 10~® mol L1, and the detection limit
was 3.1 x 10713 mol L~?. This biosensor had much wider dynamic detection range and lower
detection limit for the DNA detection as compared with other DNA biosensors reported by
us. The biosensor also has good selectivity, stability and reproducibility.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

ing sensitivity and selectivity [10,11]. Recently, Morrin et al.
[12] fabricated an amperometric enzyme biosensor based on

Polyaniline (PAN) has attracted a special attention [1] in
the field of conducting macromolecule. On account of the
homogeneity, unique redox properties, high electrical con-
ductivity and strong adherence to electrode surface, PAN
has been extensively applied in electrochemical biosensors
[2-9]. Besides retaining electrochemical properties of tradi-
tional PAN, PAN nanomaterial owns many advantages, such
as a large specific surface area and unique property to acceler-
ate electron transfer. Therefore, the electrochemical biosensor
based on PAN nanomaterial can greatly enhance the sens-
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PAN nanoparticles. Zhou et al. [13] investigated a sensitive and
selective amperometric glucose biosensor based on platinum
microparticles dispersed in nano-fibrous PAN. Zhu et al. [14]
presented a novel and sensitive electrochemical DNA biosen-
sor based on electrochemically fabricated PAN nanowire and
methylene blue (MB) for DNA hybridization detection. PAN
hybrid materials, which combine PAN and other kinds of
nanomaterials, especially metal nanoparticles [15], play an
important role in some kinds of sensors, such as biosensors
and electrochemical sensors [16-20]. Tian et al. [21] reported
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that PAN and mercaptosuccinic-acid-capped gold nanoparti-
cles (MSAGNP) could form stable multilayer films prepared
by the layer-by-layer method. The films could electrocat-
alyze the oxidation of B-nicotinamide adenine dinucleotide
(NADH) and could be utilized to detect DNA hybridization
either by an electrochemical method or by surface plasmon
enhanced fluorescence spectroscopy (SPFS). Both methods
could effectively discriminate complementary DNA from non-
complementary DNA, even at the single-base mismatch
level.

In this study, a DNA electrochemical biosensor based
on gold nanoparticles/polyaniline nanotube membranes
(Au/nanoPAN) formed in the presence of chitosan was pre-
pared. The sensing composite membranes combined the
very large surface areas of two kinds of nanomaterials
with their excellent conductivities, and the attractive bio-
compatibility of gold nanoparticles to DNA molecules with
the fine film-forming ability of chitosan. The synergistic
effect of the nanoparticles could dramatically enhance the
DNA attachment quantity and the detection sensitivity of
DNA sequence. Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) were used to the characteriza-
tion of the composite films. EIS was also used for studying
the immobilization and hybridization of probe DNA. This DNA
electrochemical biosensor was used to detect the sequence-
specific DNA of the PAT gene with the linear range from
1.0x 10712 to 1.0x10®molL~! and the detection limit of
3.1x 103 molL-1.

2. Experimental

2.1. Materials

HAuCly-4H,0 and tris (hydroxymethyl) amminomethane (Tris)
were purchased from Sigma (St. Louis, MO, USA). The diame-
ter of nanoPAN is about 100 nm with a thickness of 30-50nm
[22], which was provided by College of Material Science and
Engineering, Qingdao University of Science and Technology
and used without further purification. The scanning electron
microscopy (SEM) image of nanoPAN was shown in Fig. 1.
Sodium dodecylsulfate (SDS) was purchased from Shanghai

Fig. 1 - SEM image of polyaniline nanotube.

Reagent Company (Shanghai, China) and used as received.
Potassium ferricyanide (K3[Fe(CN)¢]) and potassium ferro-
cyanide (K4[Fe(CN)g]) were purchased from Shanghai No.1
Reagent Factory (Shanghai, China) and Shanghai Heng Da
Chemical Co. Ltd. (Shanghai, China), respectively. All the
chemicals are of analytical grade and solutions were prepared
with ultrapure water.

The 20-base oligonucleotides probe (ssDNA), its comple-
mentary sequence DNA (cDNA, target DNA, namely a 20-base
fragment of PAT gene sequence, which was selected according
to the transgenic sequence of phosphinothricin acetyltrans-
ferase gene), single-base mismatched DNA, double-base
mismatched DNA and noncomplementary sequence DNA
(ncDNA) were synthesized by Beijing SBS Gene Technology
Limited Company (Beijing, China). Their base sequences are
as below:

DNA probe (ssDNA): 5'-NH;,-GCC ACA AAC ACC ACA AGA GT-
3

target DNA: 5-ACT CTT GTG GTG TTT GTG GC-3';
single-base mismatched DNA: 5'-ACT CTG GTGGTG TTT GTG
GC-3;

double-base mismatched DNA: 5-ACT CTG GTG GTG CTT
GTG GC-3;

ncDNA: 5'-CAT GGT TGA TCC GTT CGC TG-3'.

All oligonucleotides stock solutions of 20-base oligomers
(1.0 x 10> molL~!) were prepared using Tris-HCl solution
(5.0mmolL~! Tris-HCl, 50.0mmolL-! NaCl, pH 7.0), which
were stored at 4°C. More diluted solutions were obtained
via diluting aliquot of the stock solution with ultrapure
water prior to use. The hybridization solution (pH 7.0)
was diluted with 2 x SSC, which consisted of 0.30molL"!
NaCl and 0.03molL~! sodium citrate tribasic dihydrate
(CeHs5Na307-2H,0).

2.2. Instrumentation

A CHI 660B electrochemical analyzer (Shanghai CH Instru-
ment Company, Shanghai, China), which was in connection
with a glassy carbon modified working electrode (#=2mm), a
saturated calomel reference electrode (SCE) and a platinum
wire auxiliary electrode, was used for the electrochemical
measurement. The pH values of all solutions were measured
by a model pHS-25 digital acidometer (Shanghai Leici Fac-
tory, Shanghai, China). Scanning electron microscopy was
carried out using a JSM-5900 machine (JEOL, Tokyo, Japan).
All solutions were prepared with Aquapro ultrapure water
(Ever Young Enterprises Development. Co., Ltd., Chongging,
China).

2.3. Procedures

2.3.1. Preparation of the Au/nanoPAN/GCE

The glassy carbon electrode (GCE) surface was freshly pol-
ished prior to each experiment with 1, 0.3, and 0.05 pm a-Al, 03
paste, respectively, and rinsed with ultrapure water after each
polishing step, then cleaned ultrasonically in water and 95%
ethanol, respectively, for 3min each.
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Fig. 2 - Schematic diagram of the immobilization and hybridization of DNA on Au/nanoPAN/GCE.

1.0gL~! nanoPAN dispersed in N,N-dimethylformamide
(DMF) was mixed with chitosan solution (sonicated for 1h),
in a volume ratio of 1:50. 6 uL of above solution was coated
onto the fresh surface of the GCE and air-dried naturally to
obtain nanoPAN/GCE.

The nanoPAN/GCE was immersed into a 3.0mmolL?
HAuCly solution containing 0.1 molL~1 KNO3, electrodeposit-
ing for 500s at —200 mV. The obtained electrode was denoted
as Au/nanoPAN/GCE.

2.3.2. DNA probe immobilization and hybridization
Immobilization of DNA probes was performed by immersing
the Au/nanoPAN/GCE into 2.0 mL Tris-HCl buffer (pH 7.0) solu-
tion containing 1.0 x 10~ molL~1 DNA probe for 2h at room
temperature, followed by washing the electrode with 0.2% SDS
solution and ultrapure water, respectively, for 5min each to
remove the unbound DNA probes.

The probe DNA/Au/nanoPAN/GCE was immersed in a
hybridization solution (2 x SSC buffer, pH 7.0) containing the
target DNA and hybridized for 500 s at +0.5 V, followed by wash-
ing the electrode with 0.2% SDS to remove the unhybridized
DNA. The schematic representations of the immobilization
and hybridization of DNA on the Au/nanoPAN/GCE were
shown in Fig. 2.

2.3.3.  Electrochemical measurements
The CV and EIS measurements were performed with a CHI
660B Electrochemical Analyzer. CV was recorded between
0.6 and —0.3V at a scan rate of 100mVs~? in 1.0mmolL™?!
K3[Fe(CN)¢] and 1.0mmolL-1 K4[Fe(CN)g] (1:1) solution con-
taining 0.1 mol L~1 KCL

The AC voltage amplitude was 5mV and the voltage fre-
quencies range from 10° to 0.05Hz in the EIS measurements.
The applied potential was 172 mV vs. SCE. The above solution
was also used as the supporting electrolyte solution for the EIS
experiments.

3. Results and discussion

3.1.  Electrochemical characteristics of the
Au/nanoPAN/GCE

3.1.1.  Cyclic voltammetric behavior of the

Au/nanoPAN/GCE

CVs at the bare GCE and the different modified electrodes in
1.0mmol L~ [Fe(CN)s]>*~/4~ were shown in Fig. 3. A couple of
well-defined redox peaks could be observed at the bare GCE
(curve a) with the cathodic peak current (ipc) of 2.429 x 107> A
and the anodic peak current (ipa) of —2.428 x 107> A. The peak
currents at the Au/GCE (curve b) increased dramatically in
comparison with those of curve a. The reason was that nanoAu
with large specific surface area and good conductivity could
act as tiny conduction centers which facilitate the transfer of
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Fig. 3 - Cyclic voltammograms of 1.0 mmol L1
K4[Fe(CN)g]/K3[Fe(CN)¢] (1:1) in 0.1 mol L-! KCl recorded at
(a) bare GCE, (b) Au/GCE, (c) nanoPAN/GCE and (d)
Au/nanoPAN/GCE. Scan rate: 100mVs~1,
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electrons, so it could accumulate much more [Fe(CN)g]*>~/4~ on
the modified electrode. The curve ¢ (nanoPAN/GCE) showed
a couple of redox peaks with high peak currents, indicat-
ing that the nanoPAN modified electrode had a much larger
effective surface area and also good electrical conductivity
[10]. In particular, the cooperation of nanoPAN and nanoAu
in the modified film amplified the peak current greatly. Com-
pared with curves b and c, CV at the Au/nanoPAN/GCE
(curve d) had a couple of well-defined redox peaks with
further enhanced peak currents (ipc 1.478 x 1074 A and ipa
—1.041 x 10~* A). Herein, the synergistic amplification effect
of the nanoPAN and nanoAu on enhancing the peak currents
was outstanding.

3.1.2.  Electrochemical impedance spectroscopy of the
Au/nanoPAN/GCE

It is well known that EIS is a useful method for study-
ing the surface properties of the modified electrode. In the
Nyquist diagram, the semicircle diameter of the electrochem-
ical impedance spectroscopy equals to the surface electron
transfer resistance (Ret). The EISs at the bare GCE and the dif-
ferent modified electrodes in 1.0 mmol L1 [Fe(CN)g]3~/4~ were
shown in Fig. 4. Significant difference of Rets was observed
upon the stepwise formation of the modified electrode. The
Ret value for the bare GCE (curve a) was 3.046 x 103 Q. After
the nanoAu film was assembled on the GCE, the Ret value was
found to be 1.413 x 10% Q (curve b). As compared with curve
a, the Rer value of curve b reduced obviously. This might be
due to the presence of nanoAu, which played an important
role in accelerating the transfer of the electrons. After the bare
GCE was modified with nanoPAN, the Ret value (7.491 x 102 Q)
decreased obviously (curve c), implying that nanoPAN was
more facile to the electron transfer. For the Au/nanoPAN/GCE,
the Ret value (2.398 x 102 ) decreased further (curve d). The
result is consistent with that in Fig. 3.

3.1.3.  Selection of the ratio of nanoPAN to chitosan for
preparing nanoPAN/GCE

The ratio of nanoPAN to chitosan had a pronounced effect
on the performance of the composite film modified elec-
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Fig. 4 - Nyquist diagrams recorded at (a) bare GCE, (b)
Au/GCE, (c) nanoPAN/GCE and (d) Au/nanoPAN/GCE.
Supporting electrolyte solution is 1.0 mmol L~
K4[Fe(CN)¢]/K3[Fe(CN)¢] (1:1) containing 0.1 mol L~ KCI.

trode. Different volume ratios of nanoPAN to chitosan, such
as 1:90, 1:70, 1:50, 1:30 and 1:10, were tested. The perfor-
mance of the nanoPAN/GCE was characterized by differential
pulse voltammetry (DPV). The correspondence of the vol-
ume ratio of nanoPAN to chitosan (Vnanoran:Vcmir) on the
DPV reductive peak current difference (Alp) of [Fe(CN)g]>~/4~
between nanoPAN/GCE and bare GCE was shown in Fig. 5.
The histogram showed that the Alp increased with the
increase of Vpanopan:Vcurr and reached a maximum value
at Vnanoran:Veurr of 1:50. Then, the Alp decreased with the
further increase of the nanoPAN content. Probably too great
amount of nanoPAN could be coagulated and led to the lower
conductivity [23,24]. The optimal ratio of Vnanoran:Veuir was
1:50.

3.1.4. Optimum of nanoAu immobilization

The immobilization of nanoAu on the nanoPAN/GCE was car-
ried out using two different methods: the constant potential
deposition in HAuCly solution [25] and dropping Au colloids
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Fig. 5 - Effect of the ratio of Vypanopan:Vcurr in composite on DPV reductive peak current difference (Alp) of 1.0 mmol L1
K4[Fe(CN)g]/K3[Fe(CN)g] (1:1) between nanoPAN/GCE and bare GCE. The inset shows differential pulse voltammogram
recorded at nanoPAN/GCE (Vnanopan:Vcarr = 1:50). Supporting electrolyte solution is 1.0 mmol L~ K4[Fe(CN))/K3[Fe(CN)g] (1:1)
containing 0.1 mol L-! KCl. DPV parameters: pulse amplitude, 50 mV; pulse period, 0.2 s; pulse width, 60 ms.
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[21,26] on the nanoPAN/GCE directly. The immobilization of
nanoAu was evaluated according to the DPV reductive peak
current difference (Alp) of 1.0mmolL~1 [Fe(CN)s]*~/4~ solu-
tion containing 0.1 mol L= KCl between Au/nanoPAN/GCE and
nanoPAN/GCE. The results showed that the constant potential
deposition in HAuCly solution could immobilize much larger
amount of nanoAu and obtain a bigger Alp. This approach was
used in the following experiments.

The concentration of HAuCls, the depositing potential and
depositing time of nanoAu had pronounced effect on the
performance of nanoAu modified electrode. If the concen-
tration of HAuCly was lower than 1.0mmolL?, the growth
rate of gold nanoparticles was too slow. If the concentra-
tion of HAuCly was higher than 3.0mmolL~!, the nucleation
and growth rate of gold nanoparticles were too rapid, which
could form aggregates of gold nanoparticles on the elec-
trode surface. 3.0mmolL-! HAuCly solution was optimal for
the loading of nanoAu [25]. If the depositing potential was
more positive than —200 mV, the size and growth rate of gold
nanoparticles were small, leading to an obvious decrease in
Alp response. If the depositing potential was more negative
than —200mV, the nucleation and the growth rate of gold
nanoparticles were high, also leading to a decrease of the
Alp response. —200mV of depositing potential was selected
in experiments. The Alp value increased gradually with the
increase of electrodepositing time of nanoAu and reached a
maximum when the depositing time was 500s. After that, the
Alp value decreased slightly. Therefore, 500 s of electrodeposit-
ing time was selected.

3.2 Impedance-based studies on DNA immobilization
and hybridization

3.2.1.  Electrochemical impedance spectroscopy of DNA
immobilization and hybridization

Fig. 6 shows the Nyquist diagrams of 1.0mmolL~?!
[Fe(CN)s]*/4~ at the probe DNA/Au/nanoPAN/GCE (a),
the hybridized dsDNA/Au/nanoPAN/GCE (b), the probe
DNA/AuU/GCE (c) and the hybridized dsDNA/Au/GCE (d). Ret
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Fig. 6 - Nyquist diagrams recorded at (a) probe
DNA/Au/nanoPAN/GCE, (b) dsDNA/Au/nanoPAN/GCE, (c)
probe DNA/Au/GCE and (d) dsDNA/Au/GGCE. Supporting
electrolyte solution is 1.0 mmol L~! K4[Fe(CN)g]/K3[Fe(CN)e]
(1:1) containing 0.1 mol L~ KCl.

value of curve a is 7.963 x 102 @, which is much larger than
that of curve c (Au/nanoPAN/GCE) in Fig. 4. The change of the
Ret value after modification was strong proof that the DNA
probe had been immobilized on the Au/nanoPAN/GCE surface.
The negatively charged phosphate backbone of the DNA probe
prevented [Fe(CN)s]3~/4~ from reaching the electrode surface,
leading to a much larger Re: value. After hybridization of
the DNA probe with the target DNA, the Re value increased
greatly (curve b) to 2.778 x 10 Q. The difference of the Ret
values (ARet) between at the hybrid electrode and at the probe
electrode can be used for the evaluation of hybridization.
Obviously, the impedance measurements further confirmed
that the probe DNA/Au/nanoPAN/GCE could successfully
recognize and detect the target DNA.

From curve c and curve d, the probe DNA/Au/GCE could
also recognize and detect the target DNA. However, the ARet
value at the probe DNA/nanoPAN/Au/GCE is much larger than
that at the probe DNA/Au/GCE, which demonstrated that
nanoPAN has played an important role in the immobilization
and hybridization of DNA.

The following experiment can further clarify the important
role of nanoPAN. From the method of the previous litera-
tures [27,28], the surface densities of the probe DNA on the
nanoPAN/Au/GCE and on the Au/GCE were evaluated. The
brief principle of this method is firstly to calculate the mol
quantity of MB from the cyclic voltammetry, based on fol-
lowing equation: N=Q/(neNA), where N represents the mol
quantity of MB; Q the electric charge quantity of MB reduction
process; n the number of electrons participating in the reac-
tion, n=2 in this experiment; e the electric charge quantity of
one electron, which is 1.6 x 1071° C; NA Avogadro’s number,
6.02 x 102 mol~1. From our experiment, Q is 1.56 x 10~> C and
so N is 8.11 x 1071 mol for the probe DNA/nanoPAN/Au/GCE,
and Q is 1.08 x 107> C and N is 5.61 x 10~ mol for the probe
DNA/Au/GCE. Then, the surface density of the DNA probe can
be calculated because one MB molecule can be combined with
one G base. One DNA probe sequence, which contains three
G bases, can combine three MB molecules in our experiment.
The surface density of the DNA probe on the Au/nanoPAN/GCE
was estimated to be 8.60 x 10" molcm~2 and that on the
Au/GCE to be 5.95 x 10~ mol cm~2. The results clarified that
nanoPAN can enhance the loading of the DNA probe on the
modified electrode.

3.2.2. Immobilization conditions of DNA probe

The immobilization of the DNA probe on the Au/nanoPAN/GCE
was tested by three different methods, namely, by immersing
adsorption, by dropping the DNA probe solution on the sur-
face of the Au/nanoPAN/GCE and by electrodepositing the DNA
probe on the surface of the Au/nanoPAN/GCE at a constant
potential. The first method was that the Au/nanoPAN/GCE was
immersed into a 2mL 1.0 x 10~® mol L~! DNA probe of Tris-HCI
buffer solution (pH 7.0) for different times at room tempera-
ture, such as 20min, 40 min, 1h and 2h. The second method
was carried out by dropping 10 pL above DNA probe solution
on the surface of the Au/nanoPAN/GCE, followed by drying it
at room temperature. The third method was carried out as fol-
lows: the Au/nanoPAN/GCE was immersed into a 2mL above
DNA probe solution and then electrochemical deposition was
conducted at different potentials for different times. After
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immobilization of the DNA probe the electrode was washed
with 0.2% SDS solution and ultrapure water for 5 min, respec-
tively. Then the Nyquist diagrams in [Fe(CN)g]*~/4~ solution at
the Au/nanoPAN/GCE and the probe DNA/Au/nanoPAN/GCE
were respectively recorded. The difference of the Re; values
(ARet) between at the probe DNA/Au/nanoPAN/GCE and at
the Au/nanoPAN/GCE was evaluated. The largest ARet value
was obtained with the immersing adsorption for 2h at room
temperature. So we used immersing adsorption method to
immobilize DNA probe in our experiments.

3.2.3. Optimization of hybridization potential and time

The hybridization potential and hybridization time were opti-
mized via EIS experiments. The probe DNA/Au/nanoPAN/GCE
was hybridized by immersing it into a stirring hybridiza-
tion solution containing 1.0 x 10~®molL-! target DNA at
different potentials, such as 0.3, 0.4, 0.5, 0.6 and 0.7V,
for different times (200-700s). The Nyquist diagrams of
1.0mmolL-! [Fe(CN)s]>/4~ solution containing 0.1molL~?
KCl at the probe DNA/Au/nanoPAN/GCE and at the hybrid
DNA/Au/nanoPAN/GCE were respectively recorded. The ARet
value was evaluated. The larger the ARet value was, the better
the hybridization. The largest ARe; value was obtained when
the hybridization was conducted at 0.5V for 500s. Thus, the
optimal hybridization potential was selected as 0.5V and the
optimal hybridization time as 500s.

3.3.  Electrochemical detection of sequence-specific
DNA of PAT gene
3.3.1. Selectivity of DNA hybridization recognition

The ARe: value was used to be the measurement signal to
determine the sequence-specific DNA of PAT gene.

The selectivity of this assay was investigated by using the
DNA probe to hybridize with different DNA sequences. After
hybridization of the DNA probe, the changes of the Nyquist
diagram of [Fe(CN)g]3~/4~ were shown in Fig. 7. The curve a
was the Nyquist diagram at the probe DNA/Au/nanoPAN/GCE.
After hybridization of the DNA probe with the complemen-
tary DNA under the optimal experimental conditions, the
change of the Nyquist diagram was shown as in curve b.
The Ret value increased obviously, suggesting that hybrids
(dsDNA) were formed at the electrode. The increase of the Ret
value was negligible after the DNA probe was hybridized with
the noncomplementary sequence (curve e), indicating that
the hybridization reaction was not achieved. After the DNA
probe was hybridized with single-base mismatched sequence
(curve c) or double-base mismatched sequence (curve d),
the increase of the Ret value was much smaller than that
obtained from the hybridization with the complementary
DNA sequence (curve b). And the single-base mismatched
sequence and the double-base mismatched sequence could
also be recognized via comparing the increase of the Ret
value. The results demonstrated that this DNA biosensor
displayed very high selectivity for the DNA hybridization
detection.

3.3.2. Sensitivity of DNA hybridization recognition
Fig. 8 shows the Nyquist diagrams at the probe DNA/Au/
nanoPAN/GCE electrode and the dsDNA/Au/nanoPAN/GCE
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Fig. 7 - Nyquist diagrams recorded at (a) probe
DNA/Au/nanoPAN/GCE, (b) dsDNA/Au/nanoPAN/GCE
(hybridization with cDNA), (c) the electrode hybridized with
single-base mismatched DNA, (d) the electrode hybridized
with double-base mismatched DNA and (e) the electrode
hybridized with ncDNA. Supporting electrolyte solution is
1.0 mmol L~ K4[Fe(CN)g]/K3[Fe(CN)¢] (1:1) containing
0.1mol L~ KCL

electrodes hybridized with different concentrations of
sequence-specific DNA of PAT gene, ranging from 1.0 x 1012
t0 1.0 x 10~® mol L1,

The ARe: value between before and after hybridization
was linear with the logarithm of the sequence-specific
DNA concentrations. The dynamic detection range for the
sequence-specific DNA of PAT gene was from 1.0 x 1012
to 1.0x10®molL-! with the regression equation ARet
() =3.0721g C +36.539 and the regression coefficient (y) 0.9959.
The detection limit was 3.1 x 10~ mol L~! using 3¢, where o
was the standard deviation of 11 parallel measurements of the
blank solution. The result demonstrated that the sensitivity of
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Fig. 8 - Nyquist diagrams recorded at the probe
DNA/Au/nanoPAN/GCE (a) and after hybridization reaction
with different concentrations of sequence-specific DNA of
PAT gene: (b) 1.0 x 10~12mol L%, (c) 1.0 x 10~ mol L1, (d)
1.0 x 10~ mol L1, (e) 1.0 x 10~° mol L1, (f)

1.0 x 10~8mol L1, (g) 1.0 x 107 molL~! and (h)

1.0 x 10~ mol L1,
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Table 1 - Comparison of the proposed biosensor with others for DNA specific sequence detection of PAT gene

Method This work Ref. [25] Ref. [28]
Films for DNA immobilization Au/nanoPAN/GCE Au/PDC/GCE NanoZrO,/SWNTs/PDC/GCE
Detection limit (molL-?) 3.1x10°1 24x1071 1.38 x 1012

Detection range of target DNA (molL~?)

1.0x107*? to 1.0 x 10~®

1.0x107'° t0 1.0 x 10~ 1.0x 107 to 1.0 x 10~°

this impedance-based DNA sensor was good enough for the
PAT gene sequence detection. At the same time, the detection
range was very wide.

The proposed biosensor was compared with other DNA
electrochemical biosensors reported in literatures for DNA
specific sequence detection of the PAT gene, as listed in Table 1.
This DNA biosensor had a lower detection limit and wider
dynamic detection range for the target DNA assay than the
other two.

3.3.3.  Reproducibility and regeneration of the DNA

biosensor

Six parallel-made DNA sensors were used to detect
1.0 x 1071 mol L-! target DNA, and the response ARet values
were respectively 4.827, 4.906, 4.869, 4.845, 4.794 and 4.813
(x102Q) with a relative standard deviation of 4.05% (n=6).
The results indicated that the reproducibility of this DNA
biosensor was satisfactory.

The regeneration ability of this impedance-based DNA
hybridization sensor was also evaluated by denaturing the
hybridized dsDNA on the electrode surface, and the regen-
erated probe DNA/Au/nanoPAN/GCE was used repetitively.
The hybridized dsDNA was hot denatured by immers-
ing the electrode into boiling water for 10min, and then
it was cooled down rapidly with an ice salt bath, fol-
lowed by rinsing the electrode with the ultrapure water.
The Nyquist diagrams of 1.0mmolL~! [Fe(CN)g]>*~/4~ solu-
tion at the regenerated probe DNA/Au/nanoPAN/GCE and
the hybridized dsDNA/Au/nanoPAN/GCE were recorded. The
results indicated that the two Rer values and ARe: value
were almost the same values as those obtained in the
first experiment. Repetitive experiments showed that the
DNA sensor could be reproduced for three times without
losing its sensitivity. In addition, the sensor was sta-
ble for at least 10 days upon storage at 4°C in a dry
state, indicating the fine regeneration ability of the biosen-
Sor.

4, Conclusion

An efficient DNA immobilization matrix based on polyani-
line nanotube and gold nanoparticle films modified at the
glassy carbon electrode was developed for the fabrication
of a DNA electrochemical biosensor. This matrix incor-
porated the advantages of polyaniline nanotube and gold
nanoparticle, which enhanced greatly the immobilization of
the DNA probe on the films and the detection sensitivity
of the target DNA. The DNA biosensor has been used to
the detection of DNA sequence-specific of PAT gene with
high sensitivity, low detection limit, wide dynamic detection
range, and could effectively discriminate completely com-

plementary target sequence, noncomplementary sequence,
single-base mismatched sequence and double-base mis-
matched sequence.
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