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Fabrication of Gold/Polypyrrole Core/Shell 

Nanowires on Flexible Substrate for Molecular 

Imprinted Electrochemical Sensor 

Wei-Ren Huang,a Yu-Liang Chen a, Chi-Young Leeb and Hsin-Tien Chiu*a  

In this work, we fabricated gold-nanowires (Au NWs) on flexible substrates by direct current 

electrochemical deposition. Then, we electropolymerized a polypyrrole layer onto the Au NWs 

via cyclic voltammetry (CV) as the molecular imprinted polymer biosensor to detect dopamine 

(DA). The influence of the scan rate of CV for the sensor preparation was optimized. CV and 

differential pulse voltammetry (DPV) were used to measurement different DA concentrations. 

The Au/polypyrrole core/shell nanowires sensor showed good DPV signal intensity at 805 µA 

mM-1 and the determined linear range for DA was 4 x 10-7 – 1 x 10-5 M (N=3). 

 

Introduction 

Biosensors play important roles nowadays. They are widely 
used in food safety monitoring, environmental pollution 
control, disease diagnosis, and medical care.1-8 Sensitivity and 
specificity are critical issues for biosensors to offer correct 
results. To enhance specificity, antibody, enzyme, and aptamer 
modifications on the surface of sensors are common.9-14 
However, they are high price because of their complex 
fabrication process and low storage temperature. On the other 
hand, molecular imprinted polymers (MIPs) are attractive 
alternatives for biosensors because their preparations are simple 
and low cost.15-18 In addition, they offer good physical and 
chemical stability and durability.16,17 Molecular imprinting 
technique prepares polymer scaffolds that function as synthetic 
receptors. These receptors can generate significant 
electrochemical signal intensity differences between the 
binding and the extraction of the target molecules. Specificity 
of MIPs is provided during polymerization of monomers in the 
presence of template molecules. Subsequent removal of the 
molecules leaves empty binding sites complementary in size 
and shape to these target molecules. Therefore, these sites can 
recognize the targets and rebind them based on many 
intermolecular forces.19-23 Conducting polymers such as 
polypyrrole (PPy) and polyaniline are widely applied to the 
fabrication of MIPs sensors.24-26 They are easy to synthesize 
and provide good electron transfer signals.26,27  

 Dopamine (DA) is one of the important neurotransmitters in 
the brain and the central nervous system. DA is well known for 
regulating many physiological properties, including behavior, 
movement, endocrine, and cardiovascular, renal and 
gastrointestinal functions.33 Previous studies reveal that the DA 
concentration is critical to nervous diseases such schizophrenia, 
Parkinson's disease and HIV.34-37 Therefore, rapid, cheap and 
sensitive detections of the DA concentration in vivo/vitro is 
critical. Recently, MIP sensors composed of nanomaterials 
(carbon nanotubes (CNTs), noble metal nanoparticles and 
nanostructures) modified conventional electrodes (glassy 

carbon, Au and Pt) showed much improved sensing 
performances.16,28-32 This is due to their increased surface areas 
which allow the formation of more receptors. Consequently, the 
sensitivities and the detection ranges are enhanced. The 
usefulness of the sensors may be enhanced further by growing 
the sensing materials on flexible substrates.38-40 They show 
many advantages over hard ones. These frequently include 
thinness, light weight, high portability, and resistance to 
mechanical damages. Previously, We have demonstrated that 
with proper aptamer modification of the Au surface, Au 
nanowires (NWs) electrochemically deposited on flexible 
polyethylene terephthalate (PET) substrate (Au NW/PET) can 
function as an efficient electrochemical protein sensor.41 In 
addition, without any modification, Au NW/PET can be 
employed as a biosensor to detect DA electrochemically.42 In 
order to increase the selectivity of the Au NW/PET electrode, 
in this work, we report the development of a MIP modified Au 
NW/PET sensor for efficient DA detection. PPy is 
electrochemically polymerized on the surface of the NW so that 
an Au NW/PPy core/shell structure is formed. We discuss our 
observations below. 

Experimental section  

Chemicals and Instruments 

Hydrogen tetrachloroaurate(III) (HAuCl4·3H2O, 99%), 

phosphate dibasic dihydrate (Na2HPO4·2H2O, 99.5%), pyrrole 

(C4H4NH, 98%), sodium perchlorate (NaClO4, > 98%), D-(+)-

glucose (C6H12O6, > 99.5%), dopamine·hydrochloride 

(DA·HCl), uric acid (UA), ascorbic acid (AA), and catechol 

(CA) (> 99%) were purchased from Sigma Aldrich. 

Cetyltrimethylammonium chloride (CTAC, purity: 890 mM) 

was supplied by Taiwan Surfactant. Sodium nitrate (NaNO3, 

99.9%) was provided by Riedel-de Haën. Sodium phosphate 

(NaH2PO4·H2O, 99.6%) was bought from J.T. Baker. The as-
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received chemical were analytical grade and used without 

further purification. Deionized (DI) water (Milli-Q grade, > 18 

M was used throughout the fabrication. PET substrates were 

acquired from Schmidt Film and cut and cleaned before further 

processing. 

 Scanning electron microscopic (SEM) images and energy 

dispersive spectroscopic (EDS) data were taken from a Hitachi 

S-4000 (25 keV) and JEOL JIM-7401F (15 keV). Transmission 

electron microscopic (TEM) images were obtained from a 

JEOL JEM-2010 (200 keV). Raman spectra were gained from a 

high resolution confocal Raman microscope (HOROBA, Lab 

RAM HR). Cyclic voltammetry (CV) measurements were 

performed by a CH Instruments electrochemical potentiostat 

(CHI 6081C). Differential pulse voltammetry (DPV) 

measurements were performed on an Autolab PGSTAT30. 

Fabrication of Au Nanowires on PET Substrates 

Ti (150 nm) and Au (100 nm) thin layers were grown on 

transparent PET substrates by an e-gun evaporation system 

(ULVAC EBX-8C). The fabrication steps for the conductive 

substrates are shown in Fig. S1 in the Electronic Supplementary 

Information (ESI). Each of the Au film on PET (Au/PET) 

substrates was further masked by Kapton tapes so that the 

exposed surface was 0.5 cm x 0.5 cm. They were employed to 

fabricate all the electrodes investigated in this article. Au NWs 

were electrochemically grown the PET substrates (cathode) 

with a direct current (DC) power supply Twintek TP1818 (Fig. 

S2 in ESI) operated at 298 K and 0.7 V.41 A dried carbon paste 

on a PET transparency was used as the anode. The 

electroplating solution contained HAuCl4(aq) (5 mM), CTAC(aq) 

(10 mM) and NaNO3(aq) (20 mM) in DI water. After the as-

prepared Au NW/PET electrodes were washed with alcohol 

(Sigma Aldrich, 97%) and DI water, they were dried in a steam 

of N2(g). The electrodes were stored at the ambient temperature. 

Fabrication of Au/PPy Core/Shell Nanowire (APPW) and 

Au/PPy Film (APPF) Electrodes 

In a solution composed of NaClO4(aq) (100 mM), DA(aq) (20 

mM), and pyrrole(aq) (50 mM) , PPy was electropolymerized 

according to a previously published CV process on the as-

prepared Au NW/PET substrates to form Au/PPy core/shell 

nanowire (APPW) electrodes.43 By employing CV scans (7 

cycles, -0.8 - 1.0 V, scan rates 100 – 900 mV s-1), 

corresponding electrodes APPW100 - APPW900 were 

fabricated. The electrodes were rinsed with DI water, dried in a 

stream of N2(g), and stored in the ambient environment.  

 In addition, by using the same process with a scan rate 500 

mVs-1, a PPy film was electropolymerized on an Au/PET 

substrate to offer an Au/PPy film electrode APPF500.  

 An Au/PPy core/shell nanowire electrode fabricated at a 

scan rate 500 mV s-1 without the presence of DA was 

designated as APPW500N. The DA molecules trapped inside 

the PPy layers in APPW100 - APPW900 and APPF500 were 

removed by CV scans before the electrochemical measurements 

of DA (see below). After DA molecules were extracted, 

corresponding APPW100E – APPW900E and APPF500E 

electrodes were obtained. 

Electrochemical Measurements of DA 

A three-electrode system was used for all electrochemical 

measurements. The system contained an APPW or an APPF 

electrode (0.5 cm x 0.5 cm) as the working electrode, a Pt wire 

as the counter electrode, and an Ag/AgCl half-cell (in KCl 3.0 

M) as the reference electrode. To remove DA in the PPy layer 

on the as-fabricated electrodes, CV scans (10 cycles, -0.2 - 0.6 

V, scan rate 100 mV s-1) were carried out to oxidize DA into 

the quinone form.43 Through the process, electrodes 

APPW100E – APPW900E and APPF500E were fabricated 

prior to the further DA detections. To detect the oxidation 

current of DA, differential pulse voltammetric (DPV) 

measurements were performed so that the charging currents 

could be minimized.44 The electrode was immersed in a DA 

containing phosphate buffered saline (PBS, 0.1 M, pH 7.4) 

solution for 25 min. DPV measurements (-0.2 - 0.4 V) were 

carried out in the PBS too.   

Results and discussion  

Preparation and characterization of APPWs 

As shown in the scheme in Fig. 1, pyrrole molecules are 

electropolymerized on Au NW/PET substrates to form APPW 

electrodes. Fig. S3 in ESI shows the CV scans employed during 

the preparations of APPW500 and APPW500N. The former 

shows an obvious peak at 0.162 V in the first cycle. This is 

assigned to the oxidation of DA to the quinone form.43 The 

anodic peak at 0.9 V is due to oxidation of Py to its radical 

cation and formation of PPy.45 In addition, the increased broad 

anodic peaks at 0.150 V and the cathodic peaks at 0.00 V are 

due to the PPy growth.46  

 SEM and TEM images of APPW500 are displayed in Fig. 2. 

As shown in Fig. 2A, the as-fabricated Au/PPy core/shell NWs 

are 90 - 200 nm wide and 10 - 20 µm long. In Fig. 2B, the 

image of an NW in APPW500 suggests that the thickness of the 

shell layer is 22.4 ± 3.8 nm. The EDS signals of the light 

elements C, N, and O from an as-prepared Au NW/PET 

substrate (Fig. S4 in ESI) enhance significantly after the PPy 

layer was grown on it to provide the APPW500 sample (Fig. 

2C). Clearly, the C and N signals are attributed to the PPy 

layers and the incorporated DA molecules. The O signal is 

assigned to DA molecules and ClO4
- ions trapped inside PPy 

during the electropolymerization process. 

 The Raman spectra of APPW500, APPW500E (APPW500 

after extracting), and APPW500N are shown in Fig. 2D. 

APPW500N displays six main bands at 1590, 1414, 1335, 1046, 

988, and 923 cm-1. The strong band at 1590 cm-1 is assigned to 

the PPy C=C backbone stretching of PPy while the moderate 

bands at 1414 and 1335 cm-1 are correlated to the ring 

stretching and the C=C in-plane deformation. The weak bands 

at 1046, 988, and 923 cm-1 `are attributed to the C–H in-plane 

deformations. The spectrum of APPW500E closely resembles 
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that of APPW500N. On the other hand, APPW500 displays two 

additional bands at 1493 and 1261 cm-1. They are associated 

with the C-O stretching and the ring vibration from the catechol 

substructure in the templating DA.47,48 The results are in good 

agreement with the fabrication processes of the samples. They 

indicate that the surface of APPW500 is composed of both PPy 

and DA while APPW500N and APPW500E are essentially DA 

free. 

 
Figure 1. Synthetic process of DA imprinted PPy polymer on Au NW/PET 

substrate for DA sensing. 

 
Figure 2. (A) Low and high magnification (inset) SEM images, (B) Low and high 

magnification (inset) TEM images and (C) EDS of APPW500. (D) Raman spectra of 

APPW500 (blue line), APPW500E (black line) and APPW500N (red line). 

 In this study, the CV scan rates of the electropolymerization 

process affect the PPy layer thicknesses significantly. In Fig. S5 

in ESI, the SEM images of the samples prepared at different 

scan rates are presented. The NW surfaces are smooth before 

the electropolymerization (Fig. S6A). As the scan rates 

decrease, the PPy layers on the APPW electrodes become rough 

and interconnected (Fig. S5B – S5F). In addition, the TEM 

images in Fig. S6 also reveal that the scan rates control the PPy 

layer thicknesses. They increase from 3 nm to 168 nm as the 

scan rates decrease from 900 mV s-1 to 100 mV s-1. 

 
Figure 3. (A) Plots of DPV responses with different synthesis scan rates in DA (10

-

4
 M, in PBS). (B) Plots of DPV signal intensities of DA (10

-4
 M, in PBS) (□) and 

thicknesses of PPy layers (■) against synthetic CV scan rates of electrodes. 

 After the removal of the DA template molecules from 

APPW100 – APPW900, the as-obtained electrodes were 

investigated by DPV to understand their responses to a DA 

solution. Fig. 3A shows the DPV signals of APPW100E – 

APPW900E in a DA (10-4 M) containing PBS (0.1 M, pH 7.4).  

In Fig. 3B, intensities from the DPV scans at 0.157 V and the 

corresponding PPy layer thicknesses are plotted against the 

synthetic CV scan rates of PPy. Although the PPy layer 

thickness is comparatively thin, APPW500E shows the 

strongest DPV signal intensity. We suggest that when the PPy 

layer is thin, it does not provide enough DA recognition sites. 

On the other hand, when the PPy layer is thick and 

interconnected, only a small portion of the DA recognition sites 

is occupied because the diffusion of DA deep into the thick 

layer becomes more difficult. In addition, the electron transfer 

through the thick layer becomes difficult too. As a result, the 

DPV signal intensity diminishes as well. Consequently, we 

choose the best performed APPW500E electrode for further 

investigations.   

DPV responses of DA on APPF500E, APPW500N, APPW500E 

and Au NWs 

Fig. 4A presents the DPV signals of APPF500E, APPW500N, 

APPW500E, and plain Au NWs to DA (10-4 M). As shown by 
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the results, APPW500E demonstrates the strongest intensity 

than the others do. Fig. 4B displays the signal intensities of the 

four electrodes at 0.157 V. APPW500E shows the highest 

signal intensity than the other electrodes do. The electrode 

provides more DA recognizing sites due to the molecular-

imprinted PPy layer and the high surface area NWs. In contrast, 

APPW500N (electropolymerized without the presence of DA) 

can only generate a weak DA oxidation current. It cannot trap 

DA molecules due to the lack of the recognition sites.  

APPF500E is composed of a thin PPy film on an Au thin film 

substrate. It does not provide surface area as high as the NWs. 

Thus, the signal is weak. For the Au NW electrode, although it 

has a high surface area, it is not able to capture DA because of 

the absence of the MIP layer. 

 

 
Figure 4. (A) Plots of DPV responses and (B) signal intensities in DA (10

-4 
M) on 

APPF500E, APPW500N, APPW500E and Au NWs. 

Performance of  DA Detection by APPW500E 

Fig. 5A presents the DPV responses of APPW500E after 

incubated in PBS solutions (pH 7.4) with different DA 

concentrations. Clearly, as the concentration increases, the DA 

oxidation peak intensity increases as well. As displayed in Fig. 

5B, the linear range of DA concentration is 0.4 − 10 µM with a 

relation coefficient 0.9952 (N = 3). By using the linear 

regression equation I (µA) = 0.804C (µM) – 0.198, the 

sensitivity of APPW500E is estimated to be 805 µA mM-1. 

Table 1 compares the APPW500E performance with those of 

the other related MIP examples published in literature. While 

the detection range and the limit of detection (LOD) of the 

electrode are comparable, its sensitivity is much superior to the 

other cases.44,49-52 We attribute this to the high conductivity and 

the high surface area provided by the Au NWs on the electrode. 

 
Figure 5. (A) Plots of DPV responses and (B) calibration curve of DA (0.4 - 10 µM) 

on APPW500E.  

 Table 1. Comparison of DA detection performance of APPWE500 with other reported MIPs using electrochemical methods. 

a limit of detection, estimated from three times the standard deviation of the experimental data. b GSCR: graphene sheets/Congo red-molecular imprinted 
polymers. c MAPS-GCE: methacryloxypropyl trimethoxysilane and glassy carbon electrode. d APTES-ITO: aminopropyl-derivatized organosilane 
aminopropyltriethoxysilane and indium tin oxide. e POPA: poly-o-aminophenol. 

Electrodes Method  Detection range (M) LODa (nM) Sensitivity (µA mM-1) Ref. 

CNT/PP film DPV 6.25×10−7 – 1×10−4  60  86 44 

GSCR/Grapheneb Amperometry 1.0×10−7 – 8.3×10−4  100  25 49 

GO-SiO2/MAPSGCEc Amperometry 5.0×10-8 – 1.6×10-4 60  4 50 

APTES-ITOd CV 2.0×10-6 – 8.0×10-3 - 41 51 

POPA-Au filme DPV 5.0×10−7 – 4.0×10−5 130  38 52 

APPWE500 DPV 4.0×10−7 – 1.0×10−5 248  805 This work 
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Interference studies of DA detection by APPW500E 

To understand if APPW500E may distinguish molecules with 

similar structures, catechol (CA, 1 mM) was chosen as the 

structure analogue. In addition, ascorbic acid (AA, 1 mM), uric 

acid (UA, 1 mM), and glucose (G, 1 mM), the molecules in the 

serum and urine, were mixed with CA as the coexisting 

interferences. The DPV responses of DA (10-4M) and the 

interfering molecules were measured individually. Then, all of 

them were mixed and examined by DPV too. Fig. 6 reveals the 

DPV responses (Fig. 6A) and the signal intensities at 0.157 V 

(Fig. 6B) of the interfering molecules.  Although CA has a 

structure and an oxidation potential similar and to those of DA, 

the oxidation current intensity of CA is much lower than that of 

DA because CA cannot bind to the sites tightly. The oxidation 

current intensities of UA, G, and AA are small also. They are 

not able to be trapped in the sites in PPy because of their 

different structures.53 In the mixture test, the oxidation current 

of DA maintains at about 90 % of the DA-only signal intensity.  

 
Figure 6. Interference studies. (A) Plots of DPV responses and (B) signal 

intensities of UA (10
-3 

M), AA (10
-3

 M), CA (10
-3

 M), G (10
-3

 M), DA (10
-4

 M), and 

their mixture. 

Durability, stability and homogeneity tests of APPW500E 

According to previous studies, MIP electrodes could maintain 

the performance after chemical treatments.17 In a durability test, 

an APPW500E electrode was immersed in H2SO4(aq) (1M) first, 

then in NaOH(aq) (1M) for 10 min each before a measurement of 

DA (10-5 M) by DPV was carried out. Fig. S7 in ESI shows the 

DPV responses and the signal intensities of the as-prepared 

APPW500E, after treated in acid, and after treated in base. The 

oxidation currents generated by the acid and base sequentially 

treated electrode keeps more than 90 % of the original intensity 

of APPW500E. 

 
Figure 7. Storage stability of APPW500E sensor in 16 days (n = 3). 

 In the stability test, an APPW500E electrode was stored and 

employed to measure DA (10-5 M) every 5 days in the ambient 

environment. Fig 7 reveals the current retention (%) results 

from the experiments. After 16 days, the electrode still retained 

more than 90 % of the original current intensity. In the 

homogeneity test, we used three different APPW500E 

electrodes to detect DA (10-4 M) 2 and 6 days after the 

fabrication.  The current intensities presented in Fig. S8 in ESI 

demonstrates very similar values. These results indicate that 

APPW500E can be preserved easily, endure acidic and basic 

conditions, and provide excellent reproducibility. 

Conclusions 

In summary, we have fabricated the MIP electrodes composed 

of Au/PPy core/shell NWs grown on flexible PET substrates as 

the electrochemical DA sensor. The thickness of the PPy layer 

can be controlled via controlling the electropolymerization scan 

rate. Through the simple low cost process, the APPW500E 

electrode is obtained. It provides a good sensitivity 805 µA 

mM-1 while its linear range is 0.4 - 10 µM. Additionally, 

APPW500E demonstrates great DA selectivity when mixed 

with several interfering molecules. It also maintains 90 % DA 

signal intensity after stored at the ambient environment for 16 

days and after acid and base treatments. We anticipate the MIP 

electrodes will find many sensing applications.  
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