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Fabrication  of an  electrochemical  impedimetric  DNA  biosensor  based  on  the  integration  of  Au–Pt  alloy
nanoparticles  (Au–PtNPs) and  electropolymerized  polytyramine  (Pty)  film  for the  detection  of  phos-
phoenolpyruvate  carboxylase  (PEP)  gene  is  described  in  this  article,  where  Pty  films  acted  as  an  ideal
combination  platform  for Au–PtNPs via  electrostatic  adsorption.  The  electrochemical  properties  of the
Au–PtNPs/Pty,  the  characteristics  of the  immobilization  and  hybridization  of DNA  were  investigated  by
cyclic  voltammetry,  differential  pulse  voltammetry  and  electrochemical  impedance  spectroscopy  (EIS),
u–Pt alloy nanoparticles
olytyramine
NA biosensor
lectrochemical impedance spectroscopy
EP gene

respectively.  Primary  study  indicated  that Au–PtNPs/Pty  had  a synergistic  effect  on  the  electrochemical
signal  of  [Fe(CN)6]3−/4−, which  served  as the  classic  redox  probe  in  the  most  electrochemical  impedimet-
ric  sensors.  DNA  sequence-specific  of PEP  transgene  existed  in  some  transgenic  crops  was  detected  by
this EIS  protocol.  The  dynamic  detection  range  of this  DNA  electrochemical  biosensor  to  the  DNA  target
sequence  was  from  1.0 × 10−12 M  to  1.0  × 10−7 M. The  detection  limit  was  measured  to  be 3.6  × 10−13 M.

ad  go
The  DNA  biosensor  also  h

. Introduction

Up to now, the transgenic plants have received considerable
ttention all over the world. The transgenic plants play a very
mportant role in reducing the environmental footprint of agri-
ulture and greenhouse gases, contributing to the alleviation of
overty and hunger, and mitigating climate change [1].  At the
ame time, the security of the transgenic plants for the consumer
nd environment has also cause people’s attention [2].  Therefore,
he detection of the transgenic plant is of great significance. DNA
lectrochemical biosensor, which is widely used owing to its high
ensitivity, simplicity and low cost compared with other analytical
echniques [3–5], has become one of the most important methods
or the detection of transgenic plant products [6–8].

Bimetallic alloy nanoparticles, such as Au–PtNPs and Au–AgNPs
9–11] often exhibit better catalytic properties than do their

onometallic counterparts. Thus, they have attracted considerable
nterest in the field of catalysis and sensors. For example, Au–Pt
lloy nanoparticles have widely applied in selective oxidation,
ehydrogenation catalysis, electrocatalysts, and selective sensors

12–14]. Qian et al. [15] fabricated Au–Pt bimetallic flower nanos-
ructures on a polyamidoamine dendrimers-modified surface by
lectrodeposition. The bimetallic nanoflowers-modified electrode

∗ Corresponding author. Tel.: +86 532 84855977; fax: +86 532 84023927.
E-mail address: kjiao@qust.edu.cn (K. Jiao).

927-7765/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.colsurfb.2012.04.007
od  selectivity,  stability  and reproducibility.
© 2012 Elsevier B.V. All rights reserved.

exhibited significant electrocatalytic activities toward oxygen
reduction. Lang et al. [16] reported that bimetallic dendrimer-
stabilized nanoparticles were used to prepare supported Pt–Au
catalysts within the bulk miscibility gap for the binary system.

Nowadays electropolymerization of conducting polymers, such
as polypyrrole, polyaniline, and polythiophene, has been thor-
oughly investigated for the fabrication of biosensors, due to their
high conductivity and stability both in air and in aqueous solu-
tion [17–19].  Among kinds of polymers, polytyramine (Pty) which
presents one primary aliphatic amine per tyramine moiety has
received attention due to its very high surface concentration of
reactive sites for immobilization of biomolecules [20–24].  For
instance, Mantzila et al. [24] described a faradic impedimetric
immunosensor based on electropolymerized Pty films. The pro-
posed immunosensor was successfully used for the detection of
Salmonella typhimurium in experimentally inoculated milk sam-
ples.

Composite materials consisting of polymer and metal nanopar-
ticles have been the subject of much interest recently. Deposition
of metal micro-nanostructures on polymer matrices may  combine
interesting properties of both components. Polymeric films could
provide unique electrochemical properties and improve the stabil-
ity of the metal nanoparticles [25–27].
In this work, the Pty film was  initially electropolymerized using
cyclic voltammetry (CV) to introduce amino groups on the sur-
face of a glassy carbon electrode. The Pty film was ideal for the
nucleation and crystal growth of Au–PtNPs via electrodeposition.

dx.doi.org/10.1016/j.colsurfb.2012.04.007
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
mailto:kjiao@qust.edu.cn
dx.doi.org/10.1016/j.colsurfb.2012.04.007
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he properties of the obtained Au–PtNPs were characterized by
canning electron microscopy (SEM), electrochemical impedance
pectroscopy (EIS), and CV. Then amino groups modified probe
sDNA was immobilized on the Pty film via the affinity of amino
roups to Au–PtNPs [28,29]. The immobilization and hybridization
f DNA were carefully characterized with EIS. The DNA electro-
hemical sensor was used to the detection of the PEP gene fragment,
hich is an important promoter of phosphoenolpyruvate carboxy-

ase gene in many genetically modified crops, with a label-free
ethod adopting EIS.

. Experimental

.1. Apparatus and reagents

A CHI 660C electrochemical analyzer (Shanghai CH Instrument
ompany, Shanghai, China), which was in connection with a glassy
arbon modified working electrode (Ф = 2 mm),  a saturated calomel
eference electrode (SCE) and a platinum wire auxiliary electrode,
as used for the electrochemical measurement. Scanning elec-

ron microscopy (SEM) was carried out using a JSM-5900 machine
JEOL, Japan). The pH values of all solutions were measured by a

odel pHS-25 digital acidimeter (Shanghai Leici Factory, Shanghai,
hina). All solutions were prepared with Aquapro ultrapure water
Ever Young Enterprises Development Co., Ltd, Chongqing, China).

Tyramine, HAuCl4·4H2O, and H2PtCl6·6H2O were purchased
rom Sigma (St. Louis, MO,  USA). Sodium dodecylsulfate (SDS) was
urchased from Shanghai Reagent Company (Shanghai, China) and
sed as received. All the chemicals were of analytical grades and
olutions were prepared with ultrapure water.

Materials for the detection of PEP gene sequence: 20-base probe
NA, 20-base complementary sequence of probe DNA (namely tar-
et DNA, cDNA), 1-base mismatched DNA, 2-base mismatched DNA
nd noncomplementary sequence (namely ncDNA) were synthe-
ized by Beijing SBS Gene Technology Limited Company. Their base
equences were listed as below:

probe DNA: 5′-NH2-CAG CAC CTA GGC ATA GGT TC-3′

cDNA: 5′-GAA CCT ATG CCT AGG TGC TG-3′

ncDNA: 5′-TGC GAT AAA GGA AAG GCT AT-3′

1-base mismatched DNA: 5′-GAA CCT CTG CCT AGG TGC TG-3′

2-base mismatched DNA: 5′-GAA CCT CTG CCT AGG TGG TG-3′

ll oligonucleotides stock solutions of 20-base oligomers (1.0 �M)
ere prepared using Tris–HCl solution (5.0 mM Tris–HCl, 50.0 mM
aCl, pH 7.0), which were stored at 4◦ C. More diluted solutions
ere obtained via diluting aliquot of the stock solution with ultra-
ure water prior to use. The hybridization solution was  diluted with

 × SSC, which consists of 0.30 M NaCl and 30.0 mM sodium citrate
ribasic dihydrate (C6H5Na3O7·2H2O).

.2. Fabrication of DNA electrochemical biosensor

For the electrochemical experiments, the GCE surface was
reshly polished prior to each experiment with 1, 0.3, and 0.05 �m
-Al2O3 paste, respectively, and sonicated for 3 min  with ultrapure
ater and ethanol, respectively.

The polytyramine film modified GCE (Pty/GCE) was obtained
y dipping the pretreated GCE in an unstirred methanol solution
ontaining 0.3 M NaOH and 0.1 M tyramine and then cycling in the
otential range from 0 V to +1.5 V at a scan rate of 50 mV/s for 16

ycles [22]. The Pty-modified electrode was carefully rinsed with
ltrapure water to remove the untreated monomers. Then Au–PtNPs
ere electrodeposited to Pty film through potentiostatic method

PSA) at −0.2 V in 0.2 M Na2SO4 solution containing 1 mM HAuCl4
Fig. 1. Schematic representation of this DNA electrochemical biosensor.

and 1 mM H2PtCl6 for 1500 s [15]. After the electrodeposition of
Au–PtNPs, the modified electrode was gently washed with ultrapure
and air-dried at room temperature.

To immobilize the probe DNA onto the surface of the modified
electrode, the electrode should be immersed in 1.5 mL  Tris–HCl
buffer (pH 7.0) solution containing 1.0 �M probe DNA for 2.0 h
at room temperature, followed by washing the electrode with
0.2% SDS solution for 5 min  and then rinsing it with ultrapure
water. The SDS could remove the unimmobilized ssDNA. Thus,
the probe captured electrode (ssDNA/Au–PtNPs/Pty/GCE) was ready
for use. Hybridization reaction was conducted by immersing the
ssDNA/Au–PtNPs/Pty/GCE into a stirred hybridization solution con-
taining 1.0 �M target DNA and keeping the working potential at
+0.5 V for 500 s. Then the electrode was  washed with 0.5% SDS
for 5 min  to remove the unhybridized DNA and this hybridization
modified electrode was denoted as dsDNA/Au–PtNPs/Pty/GCE. The
schematic representation of this DNA electrochemical biosensor is
shown in Fig. 1.

2.3. Electrochemical measurements

All electrochemical measurements were carried out in a con-
ventional three-electrode cell using CHI 660C electrochemical
analyzer. The following parameters were employed for CV and
DPV, respectively: CV: scan rate 100 mV/s; DPV: pulse ampli-
tude 50 mV, pulse width 60 ms,  pulse period 0.2 s. Supporting
electrolyte solution of CV and DPV was 5.0 mM K3[Fe(CN)6] and
5.0 mM K4[Fe(CN)6] (1:1) solution containing 0.1 M KCl.

The EIS measurements were performed from 105 Hz to 0.1 Hz
with 5 mV  amplitude. The applied potential was 172 mV  vs. SCE
(formal potential of the redox probe [Fe(CN)6]3−/4−).

The reported result for every electrode in this paper was the
mean value of three parallel measurements.

3. Results and discussion

3.1. SEM characterization of the composite modified electrodes

The surface morphology of the as-prepared Au–Pt nanoparti-
cle film was characterized by SEM. Fig. 2 shows the typical SEM
images of the as-prepared Au–PtNPs at different magnifications.
Low-magnification SEM image (Fig. 2 left) reveals that the Au–Pt

particles located at the polymer membrane were mono-dispersed
with different sizes ranged from 50 nm to 1 �m irregularly. Au–Pt
particles presents cauliflower-like shape, indicating that they were
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ifferent magnifications (left 5000×, right 50,000×).
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Table 1
The relationship between the electrodeposition potential of Au–PtNPs on the Pty/GCE
and  the DPV reduction peak current at the Au–PtNPs/Pty/GCE. Supporting electrolyte
solution is 5.0 mM K4[Fe(CN)6] and 5.0 mM K3[Fe(CN)6] containing 0.1 M KCl.
Fig. 2. The typical SEM images of Au–PtNPs at d

ctually aggregate of nanoparticles as can be seen in the high-
agnification image (Fig. 2 right).

.2. Electrochemical characterization of the composite modified
lectrodes

The modified processes of different type of electrodes were
onitored by CV in 5.0 mM [Fe(CN)]3−/4− solution containing 0.1 M

Cl, as shown in Fig. 3. A pair of well-defined redox peaks could
e observed at the bare GCE (Fig. 3 curve a). After the electrode
as modified with polytyramine, the peak currents decreased

vidently (Fig. 3 curve b) compared with that at the bare elec-
rode, which could be attributed to the poor conductivity of
on-conducting polytyramine [22]. For comparison, the sole Pt
anoparticles (PtNPs), sole Au nanoparticles (AuNPs) and Au–PtNPs
odifications on the Pty/GCE are shown in Fig. 3c–e, respec-

ively. The values of the peak currents got larger and larger in
bove sequence, which demonstrated the active surface area of
u–PtNPs modified electrode was larger than those of the other

our electrodes. This phenomenon should be ascribed to the excel-
ent conductive properties of Au–PtNPs and the synergistic effects
f Au–PtNPs and Pty.

.3. Optimization of Au–PtNPs electrodeposition
The electrodeposition time of Au–PtNPs on the Pty/GCE was eval-
ated according to the DPV reductive peak current (IP) of 5.0 mM
Fe(CN)6]3−/4− solution containing 0.1 M KCl at Au–PtNPs/Pty/GCE,
here electrodeposition was kept at −0.2 V by constant potential

ig. 3. Cyclic voltammograms of 5.0 mM [Fe(CN)6]3−/4− recorded at (a) GCE, (b)
ty/GCE, (c) PtNPs/Pty/GCE, (d) AuNPs/Pty/GCE, and (e) Au–PtNPs/Pty/GCE in 0.1 M
Cl. Scan rate: 100 mV/s.
E (V) 0.0 −0.1 −0.2 −0.3 −0.4
Ip (×10−4 A) 1.478 2.174 2.812 1.698 0.721

mode with varied electrodeposition times. The IP increased gradu-
ally with the increase of the electrodeposition time and reached a
maximum at 1500 s (shown in Fig. 4). After that, the IP decreased
slightly, which could be ascribed to that prolongation of the
electrodeposition time led to the coagulation of the Au–PtNPs.
Therefore, 1500 s was selected in our experiments.

Au–PtNPs/Pty/GCE electrodes were prepared in 0.2 M Na2SO4
solution containing 1 mM HAuCl4 and 1 mM H2PtCl6 under dif-
ferent potentials such as 0 V, −0.1 V, −0.2 V, −0.3 V and −0.4 V for
1500 s. The above electrodes were also tested via DPV in 5.0 mM
[Fe(CN)6]3−/4−solution containing 0.1 M KCl, respectively. Accom-
panied by the negative shifts of the electrodeposition potential,
the magnitude of the [Fe(CN)6]3−/4− signal increased continually.
The reduction peak current (Ip) reached the maximum when the
Au–PtNPs were deposited under −0.2 V. When the electrodeposition
potential was further shifted negatively, the Ip decreased obvi-
ously, indicating that the electric conductivity was weakened for
less Au–PtNPs deposition on the surface of the electrode. There-
fore, −0.2 V was selected as the potential for the Au–PtNPs film

electrodeposition. The results are illustrated in Table 1.

The ratio of HAuCl4 to H2PtCl4 had a pronounced effect on
the electrochemical performance of the alloy nanoparticles com-
posite film modified electrode [15]. Different volume ratios of

Fig. 4. Effect of the deposition time on the DPV reductive peak current
of  [Fe(CN)6]3−/4− at Au–PtNPs/Pty/GCE: (a) 300 s, (b) 600 s, (c) 900 s, (d)
1200 s, (e) 1500 s, and (f) 1800 s. Supporting electrolyte solution is 5.0 mM
K4[Fe(CN)6]/K3[Fe(CN)6] containing 0.1 M KCl.
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Fig. 5. Effect of the ratio of VHAuCl4(1 mM) : VH2PtCl4(1 mM) in composite on DPV reduc-
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Fig. 7. Nyquist diagrams recorded at (a) ssDNA/Au–PtNPs/Pty/GCE, (b)
dsDNA/Au–PtNPs/Pty/GCE (hybridized with cDNA), (c) the electrode hybridized
ive peak current difference (�IP) of 5.0 mM [Fe(CN)6]3−/4− in 0.1 M KCl between
u–PtNPs/Pty/GCE and Pty/GCE. (Each point was the mean of three measurements,
nd the error bars correspond to the standard deviation.)

 mM HAuCl4 to 1 mM H2PtCl4, such as 1:0.1, 1:0.5, 1:1, 1:1.5
nd 1:2.0, were selected to seek the best ratio. The effect of the
olume ratio of HAuCl4 to H2PtCl4 (VHAuCl4 : VH2PtCl4 ) on the DPV
eductive peak current difference (�IP) of [Fe(CN)6]3−/4− between
u–PtNPs/Pty/GCE and Pty/GCE is shown in Fig. 5. (Each point was

he mean of three measurements, and the error bars correspond
o the standard deviation.) The histogram shows that the �IP
ncreased with the decrease of VHAuCl4 : VH2PtCl4 and reached a max-
mum value at VHAuCl4 : VH2PtCl4 of 1:1. Then, the �IP decreased with
he further decrease of the HAuCl4 proportion. So, the optimal ratio
f VHAuCl4 : VH2PtCl4 was selected as 1:1.

.4. Electrochemical impedimetric behavior of [Fe(CN)6]3−/4− at
NA/Au–PtNPs/Pty/GCE

Nyquist diagrams of [Fe(CN)6]3−/4− at different modified elec-
rodes are illustrated in Fig. 6. The curve a was the Nyquist diagram
ecorded at bare GCE, and the high frequency section of the curve
howed an arc with a given diameter (Ret = 0.635 × 103 �, Note: the
urface electron transfer resistance value, Ret, in the spectrum cor-
esponds to the diameter of the semicircle). The curve b was the
yquist diagram recorded at the Pty/GCE. Compared with curve a,

he Ret of curve b greatly increased. The reason was  ascribed to the
onconductive polytyramine film. When Au–PtNPs were electrode-
osited on the Pty/GCE, we found an arc with a small diameter at

3
igh frequency section of the Nyquist diagram (Ret = 0.483 × 10 �,
urve c), which could be attributed to the Au–PtNPs enhancing the
onductivity and enlarging the surface area of the electrode [6].

hen ssDNA probe was immobilized on the Au–PtNPs/Pty/GCE, the

ig. 6. Nyquist plots recorded at (a) bare GCE, (b) Pty/GCE, (c) Au–PtNPs/Pty/GCE, (d)
sDNA/Au–PtNPs/Pty/GCE, and (e) Au–PtNPs/Pty/GCE dipped to Tris–HCl buffer (pH
.0) solution just without DNA existing. Supporting electrolyte solution is 5.0 mM
4[Fe(CN)6]/K3[Fe(CN)6] containing 0.1 M KCl.
with ncDNA, (d) the electrode hybridized with 1-base mismatched DNA, and (e)
the  electrode hybridized with 2-base mismatched DNA. Conditions are the same as
in  Fig. 6.

Ret of the electrode increased obviously (Ret = 1.263 × 103 �,  curve
d). The electronegative phosphate skeletons of DNA prevented
[Fe(CN)6]3−/4− from reaching the electrode surface, thus enlarging
the Ret of the electrode. The change from EIS during the modi-
fication processes was  a strong evidence for ssDNA having been
immobilized on the electrode surface [7].  For comparison, Nyquist
plot of controlled Au–PtNPs/Pty/GCE, which dipped to Tris–HCl
buffer (pH 7.0) solution just without DNA existing for 2.0 h at room
temperature, was  also recorded as shown in Fig. 6 (curve e). It could
be seen that the shape and Ret varied weakly, and so the enhance-
ment of Ret between curve c and curve d should be ascribed to the
immobilization of ssDNA.

3.5. Optimization of DNA immobilization and hybridization
conditions

The adsorption time of probe DNA was  also optimized. The
Ret values of the ssDNA/Au–PtNPs/Pty/GCE and Au–PtNPs/Pty/GCE
for the probe DNA adsorption times of 0.5, 1.0, 1.5, 2.0 and 2.5 h,
respectively, were recorded. With the increase of adsorption time,
the differences of the Ret between ssDNA/Au–PtNPs/Pty/GCE and
Au–PtNPs/Pty/GCE rose gradually at first (up to 2.0 h) and then
reached a constant level. Therefore, an adsorption time of 2.0 h was
used in our experiments.

The hybridization potential and time have important influence
on hybridization efficiency and speed. The probe DNA hybridized
with cDNA at different constant potentials, such as 0.3, 0.4, 0.5,
0.6 and 0.7 V, the related EIS was  recorded. With the positively
shift of the hybridization potential from 0.3 V to 0.5 V, the �Ret

(�Ret = RdsDNA − RssDNA) value increased with the increase of the
hybridization potential. With further increase of the hybridization
potential, �Ret reached a constant level. Moreover, the probe DNA
hybridized with cDNA at 0.5 V from 100 to 800 s. The �Ret value
increased with the increase of the time from 100 to 500 s. With fur-
ther increase of the hybridization time, the �Ret tended to stable.
The optimal hybridization of the probe DNA was  performed at 0.5 V
for 500 s.

3.6. Detection of sequence-specific DNA of PEP gene

The selectivity of DNA hybridization could be judged by the

hybridization of the probe DNA with different DNA sequences.
As shown in Fig. 7, the curve a was  the Nyquist diagram of
[Fe(CN)6]3−/4− at the probe DNA modified electrode, which was
the same as curve d in Fig. 6. After hybridization of the probe DNA
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Fig. 8. Nyquist diagrams recorded at ssDNA/Au–PtNPs/Pty/GCE and after hybridiza-
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ion reaction with its complementary PEP gene sequence of different concentrations
M): (a) 0, (b) 1 × 10−12, (c) 1 × 10−11, (d) 1.0 × 10−10, (e) 1 × 10−9, (f) 1 × 10−8, and
g)  1 × 10−7. Conditions are the same as in Fig. 6.

ith the complementary DNA under the optimal experimental con-
itions, the Nyquist diagram of [Fe(CN)6]3−/4− was  shown as the
urve b, where the Ret value rose obviously. When the noncomple-
entary sequence was hybridized with the probe DNA (curve c),

he Ret value varied little as compared with the probe DNA modi-
ed electrode. The 1-base mismatched sequence (curve d) and the
-base mismatched sequence (curve e) could also be recognized
ia comparing the change of the Ret value. The results demon-
trated that this DNA biosensor displayed a high selectivity for the
ybridization detection.

The �Ret value between before and after hybridization was  used
o be the measurement signal to determine the sequence-specific
elated to the PEP gene fragment. The dynamic determination
ange was from 1.0 × 10−12 M to 1.0 × 10−7 M with the regression
quation �Ret (�)  = 500.49 log C + 6664.4 and the regression coef-
cient � = 0.9986 (shown as in Fig. 8). The detection limit was
.6 × 10−13 M using 3�, where � was the standard deviation of 11
arallel measurements of the blank solution. The result demon-
trated that the sensitivity of this impedance-based DNA sensor
as good enough for the PEP gene sequence detection.

.7. The reproducibility and regeneration of the biosensor

To characterize the reproducibility of the electrode, five parallel-
ade DNA sensors were used to detect 1.0 × 10−10 M target DNA.

he results of five dsDNA/Au–PtNPs/Pty/GCEs prepared indepen-
ently under the same conditions showed a relative standard
eviation (R.S.D.) of 5.16%, showing the good reproducibility of the
lectrochemical DNA biosensor.

The regeneration capability of this DNA sensor was  also evalu-
ted by denaturing the dsDNA (resulted from hybridization). The
ybridized dsDNA was hot denatured by immersing the hybridized
lectrode into boiling water for 10 min, then cooled down rapidly
ith the ice salt bath, and followed by rinsing the electrode with
ltrapure water. The Nyquist diagrams of 5.0 mM [Fe(CN)6]3−/4−

t the regenerated probe modified electrode and the hybridized
sDNA/Au–PtNPs/Pty/GCE were recorded. The results indicated that
he two Ret values and �Ret value were almost the same as those

btained in the first experiment. Successive experiments showed
hat the DNA biosensor could be regenerated for 5 times without
osing its sensitivity (83% of its initial signal), indicating the fine
egeneration capability of the biosensor.

[

[
[
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4.  Conclusion

In summary, the Au–PtNPs were firstly immobilized to Pty film
at the substrate electrode via electrodepositing method to pre-
pare the Au–PtNPs/Pty/GCE, which served as a novel and efficient
DNA immobilization matrix. The synergistic effect of Au–PtNPs
and Pty could greatly improve the immobilization amount of the
probe ssDNA on the electrode surface and further be benefit for
DNA hybridization detection. On the other hand, the Au–Pt alloy
nanoparticles could also improve electrochemical signal of the
redox probe [Fe(CN)6]3−/4−, which is normally utilized as the indi-
cator for the EIS detection of DNA layer. The DNA biosensor has been
used to the detection of DNA sequence-specific of PEP gene with the
electrochemical impedance spectroscopy owning high sensitivity
and fine selectivity.
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