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Aptamers, which are in vitro-selected functional oligonucleotides, have been employed to design novel 

aptasensor due to their inherent high selectivity and affinity compared to traditional biorecognition 

elements. This report presents a novel aptamer biosensor for determining the endocrine disrupting 

compound (EDC), 17β-estradiol (E2), which was constructed from a SELEX-synthesized 76-mer 

biotinylated aptamer for 17-estradiol incorporated in a dendritic generation 1 poly(propylene imine)-

polythiophene (G1PPT-co-PEDOT) star copolymer-functionalised Au electrode via biotin-avidin 

interaction. The sensor platform and aptasensor were interrogated with scanning electron microscopy 

(SEM), FTIR, electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV) and square 

wave voltammetry (SWV). The kinetic parameters of the sensor platform were determined by 

modelling the [Fe(CN)6]
-3/-4

 (redox probe) Nyquist and Bode impedimetric spectra to the appropriate 

equivalent electrical circuit. The EIS spectra shows that at low frequencies (100 mHz) when the 

electronics of the electrode systems are only minimally perturbed the AuG1PPT-co-PEDOT 

nanoelectrode exhibited greater semi-conductor behaviour (higher phase angle value) than AuG1PPT 

due to the incorporation of charged functionalized dendrimer. However, the Bode plot also shows that 

the charge transfer dynamics of the nanoelectrode can be frequency modulated.  The biosensor 

response to 17β-estradiol was based on the decrease in the SWV current as the EDC binds to the 

ssDNA aptamer on the biosensor. The dynamic linear range of the sensor was 0.1 – 100 nM. These 

initial studies also showed that the aptamer used in this study was very selective to, and reproducible 

for, 17-β-estradiol.  
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1. INTRODUCTION 

Aptamers are short, single stranded and artificial receptors with a special three-dimensional 

conformation primary RNA or DNA sequence that can bind to their targets with high affinity and 

selectivity [1-3]. These targets include low molecular weight organic and inorganic compound, as well 

as macromolecules such as drugs, proteins and even whole cells [1-2]. These properties have enabled 

aptamers to be widely explored as biological recognition element for specific sensing of a variety of 

analytes. Selectivity of the artificial receptor for the specific target is based on in vitro selection from 

random sequence nucleic acids combinatorial libraries by Systematic Evolution of Ligands by 

Exponential Enrichment (SELEX) [2-3]. Aptamer possess many advantages over the traditional 

recognition molecules such as antibodies and enzymes due to their chemical simplicity, non toxicity, 

specific binding ability, synthesizability, lack of immunogenicity, good stability during long-term 

storage and ease of modification for additional immobilization procedures [2-3]. J.E Smith and his co-

workers utilized aptamer conjugated magnetic nanoparticle for the collection of cancer cell while 

target cell labelled with aptamer-modified fluorescence nanoparticles was required for the optical 

detection [4]. An aptamer based electrochemical sensor for label-free recognition and detection of 

cancer cell with a detection limit of 6 x 10
3
 cells/mL has been reported [5]. Electrochemical aptamer 

biosensors have started to attract attention due to the specificity of aptamer for the recognition of their 

target analytes.  

Recently a highly sensitive, reusable aptasensor for adenosine with a detection limit of 1.65 x 

10
-8

 M has been reported [6]. An aptasensor for the determination of cocaine incorporating gold 

nanoparticles modification have been fabricated by Xiaoxia and co workers[7]. In order to amplify 

signals various electrochemical aptasensor mainly based on labelled aptamers have been fabricated. 

The most commonly used electroactive labels are ferrocene and methylene blue. The use of labelled 

aptamers have been reported to affect the binding affinity of the aptamers with their target [8-9]. 

Consequently attentions seem to be redirected on label-free aptamer as biological recognition 

elements. A label-free electrochemical detection of protein based on a ferrocene-bearing cationic 

polythiophene and aptamer with a detection of 75 fmol has been reported [9]. Du and his co-workers 

developed a multifunctional label-free electrochemical biosensor for the detection of adenosine 

triphosphate (ATP) [10].  

Dendrimers are a class of three-dimensional macromolecules with a well defined, highly 

branched treelike morphologies.[11-13]. The unique properties of dendrimers such as biocompatibility, 

controlled composition, adequate functional groups for chemical fixation, structural homogeneity 

makes them suitable for a wide range of biosensing applications [11-12]. Application of dendrimers in 

biosensor fabrication has been reported for various signal transduction modes. Zhanxia et al [11] 

constructed an impedimetric aptasensor based on polyamidoamine (PAMAM) dendrimer modified 

gold electrode for the determination of thrombin. Dendrimeric biosensors based on polyamidoamine 

(PAMAM) dendrimer modified with gold nanoparticle have been shown to exhibit low detection limit 

(1.4 x 10
-14

 M) [14]. One of the advances in dendrimer-based sensor systems is the use of hybrid 

dendrimers containing encapsulated metal nanoparticles or the preparation of dendritic copolymers 

which make them very useful for application in catalysis and electrocatalysis [15]. The formation of 
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dendritic copolymers with conducting polymers such as polyaniline, polythiophene and polypyrole 

should increase the conductivity and lead to nanostructurisation of the product due to the elongation of 

the conjugation chain and an unhindered π stacking of the polymer molecules by the dendrimer [15-

16].  

This report contains the preparation of Generation 1 poly(propyleneimine)-polythiophene 

copolymer for application as biocompatible platform for the fabrication of aptameric biosensor for the 

determination of the estrogenic endocrine-disrupting compound (EDC), 17-estradiol which mimics 

endocrine activity in humans and wild life that have deleterious consequences including cancer and 

reproductive abnormalities [17].  

Estrogens pollute municipal waste water through the discharge of human and agricultural 

wastes and may have serious health implications if they enter the food chain in large quantities. In 

South Africa, the extent of this class of pollution is not yet thoroughly studied. The aptamer biosensor 

provides a rapid response and easy-to-use approach for point of need assessment of EDC content of 

waste water, which is more cost effective than other traditional analytical methods [18-19]. 

Electrochemical determination of E2 has been performed on electrodes modified with poly(L-serine) 

[20]or with carbon nanotube and ionic liquid [21]. Since aptamers are known for their ultra-sensitivity 

and excellent selectivity for target analyte, biosensors containing aptamers will be one of the most 

reliable methods of determining estrogenic EDCs. This report deals with the construction of a 

AuG1PPT-co-PEDOT star copolymer electrode system and its application in the development of 

aptameric biosensor by incorporating an E2-specific 76-mer biotinylated ssDNA aptamer.  

 

 

 

2. EXPERIMENTAL  

2.1. Materials and methods 

Generation 1 (G1) Poly(propyleneimine) (PPI) dendrimer, 2-Thiopene carboxaldehyde, 3,4-

ethylenedioxythiophene (EDOT), dichloromethane (DCM), methanol, 3,3-dithiodipropionic acid 

(DPA),N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDAC), N-

hydroxysuccinimide (NHS), streptavidin, 17β-estradiol, sodium monohydrogen phosphate, potassium 

dihydrogen phosphate, lithium perchlorate, potassium ferricyanide [K3Fe(CN)6] and potassium 

ferricyanide [K4Fe(CN)6] and sodium dodecylsulphate were bought from Sigma-Aldrich (South 

Africa). All chemicals were of analytical grade and were used as received.  

Deionized water (18.2 MΩ) purified by a milli-QTM system (Millipore) was used throughout 

the experiment for aqueous solution preparation.  

A 76-mers biotinylated ssDNA aptamer synthesized by Inqaba Biotechnical Industries (Pty) 

Ltd., Hatfield, South Africa was used as aptamer probe. The sequence of the 76-mers sized 

biotinylated aptamer is given below: 

 

5’-BiotinGCTTCCAGCTTATTGAATTACACGCAGAGGGTAGCGGCTCTGCGCATTC 

AATTGCTGCGCGCTGAAGCGCGGAAGC-3 
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2.2. Electrochemical measurement 

 A three electrode system was used to perform all electrochemical experiments. Gold electrode 

with a diameter of 1.6 mm was used as the working electrode, platinum wire as the counter electrode, 

and Ag/AgCl (3 M Cl
-
) as the reference electrode. All electrochemical (voltammetric) experiments 

were recorded with Zahnner IM6 electrochemical workstation (MeBtechnik).  

Square wave voltammetry (SWV) measurement at an amplitude of 25 mV and frequency of 15 

Hz, electrochemical impedance spectroscopy (EIS),and cyclic voltammetry measurements were 

recorded with this electrochemical workstation. All solutions were de-aerated by purging with argon 

through it for 20 min.  

The experiments were carried out under room temperature. UV/Vis spectra measurements were 

recorded with the Nicolette Evolution 100 Spectrometer (Thermo Electron Corporation, UK). Fourier 

transform infrared (FTIR) measurements were done with PerkinElmer spectrum 100-FTIR 

spectrophotometer. The morphology of the samples were studied by SEM Gemini LEO 1525 model 

microscope. Fluorescence spectrophotometer from Horiba Nanolog
TM 

3-22-TRIAX with double 

grating excitation and emission monochromators with a slit width of 3.2 nm was employed for aqueous 

G1PPI,and G1PPT were used in the fluorescence experiment.
1
H NMR (200 MHz) (Varian 

GerminiXR200 spectrometer), was carried out using CDCl3  as the solvent with tetramethylsilane as an 

internal standard. 

 

2.3. Synthesis of the G1 poly(propylene thiophenoimine) (G1PPT) dendrimer 

Synthesis of the G1 poly(propylene thiophenoimine) (G1PPT) dendrimer was carried out by 

condensation reaction of PPI with 2-thiophene carboxaldehyde,. A reaction mixture of poly(propylene 

imine) generation one dendrimer (1.65 g or 5.2 mmol) and 2-thiophene carboxaldehyde (2.34 g or 

20.85 mmol) in a 50 mL dry methanol was stirred magnetically under a positive pressure of nitrogen 

gas for 2 days in a 100 mL three-necked round-bottom flask.  

The removal of the methanol from the reaction mixture was done with rotatory evaporator and 

residual oil was dissolved in 50 mL dichloromethane (DCM), the organic phase was then washed with 

50 mL of water 6 times to remove unreacted monomer. The DCM was removed by rotary evaporation 

so as to obtain the desired product as yellow oil. The method employed for this synthesis is a slight 

modification of that reported by Smith and his co-worker[22] and Salmon and Jutzi[23]. The yield of 

the thiophene functionalized dendrimer, poly(propylene thiophenoimine), shown in Scheme 1 was 1.56 

g, 65%. The 
1
HNMR (CDCl3 200 MHz, ppm) data for G1PPT are 1.34 (s,br,4H,H-1), 1.74(t,8H,H-2), 

2.42(m,br,12H,H-2&3), 3.51(t,8H), 6.90(t,8H,H-8), 7.01(s4H,H-7), 7.23(s,4H,H-6), 7.8(C4H3S). The 

G1PPT gave a new 
1
HNMR of chemical shift at 8.30 ppm which is not shown in the parent G1PPI. 

Strong FTIR peak at 1632 cm
-1

 which may be attributed to the formation of C =N bond in the 

dendrimer moiety while out of plane vibration for thiophene ring was obtained at 789 cm
-1

 which 

correspond to earlier report[15, 24].  
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2.4. Electrochemical preparation of generation 1 poly(propylene thiophenoimine)-co-poly(3,4 ethylene 

dioxythiophene) dendritic star copolymer modified gold electrode. 

 

Prior to surface modification, the gold working electrode was polished to a mirror-like surface 

with alumina powder of sizes 1.0, 0.3 and 0.05 µm, respectively. The electrode was immersed in 

piranha for 10 minutes for effective cleaning followed by sonication of the electrode in ethanol and 

water consecutively for 5 min. The electrode was further cleaned electrochemically in sulphuric acid 

by cycling between the potential of -200 mV to 1,500 mV until a reproducible cyclic voltammogram 

was obtained. Subsequently the gold electrode was rinsed with copious amount of water and absolute 

ethanol respectively. 6 µL of 10 mg/mL of poly(propylene thiophenoimine)-(G1PPT) film was drop 

coated on the surface of the bare gold electrode for 12 h for effective self assembly of the film. The 

modified electrode was immersed into an aqueous solution of 0.1 M lithium perchlorate containing 0.1 

M 3,4-ethylenedioxylthiopene and 0.1 M sodium dodecyl sulphate by cycling the potential between -

1,000 mV to 1,000 mV at a scan rate of 50 mV/s for ten cycles to obtain G1PPT-co-PEDOT film 

shown in fig 2. The same experimental procedure was used to prepare homopolymer onto the bare 

polished electrode with an exception of G1PPT on the electrode surface. 

 

 
 

Scheme 1. Synthesis process 

 

2.5. Fabrication of the aptasensor. 

 A self assembled monolayer of 3, 3' dithiodipropionic acid (DPA) on the G1PPT-co-PEDOT 

film modified electrode was formed by incubation in an ethanolic solution of 50 mM dithiodipropionic 

acid for 30 min. The unbound DPA was removed by washing the electrode in absolute ethanol and 
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then Millipore water respectively. The DPA was activated by immersing the electrode in the same 

volume of 1 mM each of EDAC and NHS to activate the carboxylic group for easy bonding with the 

amine group of streptavidin for 60 min. The electrode was then functionalized with streptavidin by 

incubating in PBS (pH 7.5).  solution containing 10 µg/mL streptavidin for 60 min at 25 °C and was 

later rinsed in PBS The biotylated ssDNA aptamer was immobilized on the surface of the modified 

electrode via biotin- streptavidin interaction for 120 min at 25 °C. For the purpose of detection 10 nM 

aptamer was immobilized on the modified electrode surface. The AuG1PPT-co-PEDOT 76-mer-

ssDNA-Aptamer electrode was incubated with different concentration of 17β–estradiol prepared in 

binding buffer. 

 

 

 

3. RESULTS AND DISCUSSION  

3.1. Fourier transforms infrared spectroscopy (FTIR) 

Thiophene monomer (EDOT), poly(propylene thiophenoimine) (G1PPT) dendrimer 

synthesized, homopolymer (PEDOT) and star copolymer (G1PPT-co-PEDOT) were analyzed with 

Fourier transform infra red spectroscopy (FTIR).The spectra of the thiophene monomer (EDOT) have 

several characteristic peaks at 387, 521, 631, 677, 758, 859, 933, 1054, 1099, 1135, 1183, 1271, 1468, 

1583 and 2980 cm
-1

(fig1).  

 

 
 

A 
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B 

 

Figure 1. Fourier transforms infrared spectra of spectroscopy of (A) G1PPT-co-PEDOT and G1PPT 

(B) FTIR spectra of EDOT monomer, G1PPT-co-PEDOT and G1PPT 

 

 

Stretching vibration at 1468 and 1583 cm
-1

 originate from the stretching modes of C=C, and 

1099 cm
-1

 from S-H of the thiophene ring. The C-H bending of thiophene can be observed at 1054 cm
-

1
 and 758 cm

-1
.
 
In the spectrum of the functionalized dendrimers several characteristic peaks at 476, 

720, 792, 862, 1012, 1258, 1213, 1417, 1633, 1672, 2120, 2917, 2962 cm
-1 

for G1PPT were observed. 

The band at 2917 and 2962 cm
-1

 in G1PPT  indicate the presence of the CH2 stretching[15]. The sharp 

bands at 1632 cm
-1

 is attributed to the C=N bond stretching vibration present in the dendrimer moiety. 

In the spectrum of the G1PPT out of plane bending of C-H bending located at the α-position of the 

thiophene ring was observed at 720 cm
-1 

[15].
 

 The spectra of the star copolymer (G1PPT-co-PEDOT) and homopolymer (PEDOT) prepared 

by polymerization in 0.1 M LiClO4 containing 0.1 M sodium dodecyl sulphate (SDS) and 0.1M EDOT 

(monomer) showed several characteristics peaks at 627, 788, 837, 969, 1012, 1083, 1190, 1258, 1232, 

1468, 1622, 2917, 2847, 2954 cm
-1 

and 626, 769, 850, 980, 1108, 1131, 1199, 1376, 1405, 1474, 1497, 

2920 cm
-1

, respectively. The band at 627, 1190 and 626,1199 cm
-1

 confirms the presence of 

perchlorate ion used as the dopant during polymerization [25]. In the spectrum of the G1PPT-co-

PEDOT a band with a sharp peak for C=N in G1PPT-co-PEDOT now appears at 1622 cm
-1

 but was 

completely absent in PEDOT spectrum. In addition, the absorbance at 720 cm
-1

 completely disappears 
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after the polymerization, indicating that the G1PPT was converted to G1PPT-co-PEDOT via α-α 

coupling of thiophene units. The band at 789 corresponds to C-H out of plane vibration in thiophene 

ring [15]. The vibration of C-S bond in the thiophene ring is revealed at 837 cm
-1

 which is similar to 

earlier reports[15, 25] The FTIR spectrum are shown in (fig 1) below. 

 

3.2. Fluorescence spectroscopy 

To further confirm the formation of the functionalized dendrimer (G1PPT.), florescence ability 

of the functionalized dendrimer was investigated using fluorescence spectroscopy. The dendrimer 

(G1PP1) exhibited fluorescence properties with an excitation and emission band at 385 and 455 nm 

respectively for the dendrimer used in this work before functionalization compared to 390 and 450 

reported earlier which may be attributed to aging [26] The functionalized dendrimer synthesized also 

exhibited fluorescence properties with a shift in excitation and emission wavelength to 381 and 480 nm 

respectively as shown in fig 3 which is similar to the earlier report [26]. In addition a Plasmon UV 

absorption of 295 nm was observed for G1PPT which was within the range of 250-400 nm reported for 

dendrimer functionalised with thiophene [15].  

 

 
 

Figure 2. Excitation and emission spectra of the G1 poly(propylene thiophenoimine)-(G1PPT) 

dendrimer 

 

Fig. 3a b and c shows the scanning electron micrograph of GIPPT., PEDOT and G1PPT-co-

PEDOT electrode surface respectively. The morphology of the different synthesis’ processes is presented in 
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fig 3 above. The morphology of the functionalized dendrimer revealed a homogeneous globular form on the 

electrode surface capable of undergoing growth compared to PEDOT film morphology that exhibited different 

appearance (flaky) with some small holes in between the flaky form which may allow the incorporation of the 

dendrimer. A significantly different morphology was observed for star copolymer (G1PPT-co-PEDOT) which 

may be attributed to the enlargement of the globular structures of the dendrimer moiety growing through the 

available holes in the PEDOT film which might be considered as further proof of copolymerization. 

 

 

(A)          G1PPT.                          (B)    PEDOT film                         (C)    G1PPT-co-PEDOT  

 

Figure 3. Scanning electron micrographs of (a) G1PPT  (b) PEDOT (c) G1PPT-co-PEDOT gold 

electrode. 
 

3.4. Cyclic voltammetric behavior of the modified electrode 

Cyclic voltammetry is an effective and convenient tool to monitor the barrier of the modified 

electrode, because the electron transmission between the solution species and the electrode must occur 

by tunnelling either through the barrier or through the defects in the barrier. In this work the 

electrochemical behaviour of the  stepwise fabrication process was studied in a pH 7.5 phosphate 

buffer saline containing 5 mM  [Fe(CN)6]
-3/-4

 serving as an electrochemical redox probe. The cyclic 

voltammogram of [Fe (CN)6]
-3/-4

 at different modified electrode were illustrated in ( Fig 4).  

A pair of well defined redox peaks was observed at the bare electrode (curve a) compared to 

the electrode modified with functionalised dendrimer which showed drastic decrease in peak currents 

(curve b).  

This may be attributed to the compact nature of the functionalised film coated on the electrode 

which hindered the electron flow or the active probe channel from approaching the surface of the 

electrode as well as the SH  linkage from the thiophene on the dendrimer to the gold electrode(S-Au 

linkage) which is negatively charge resulting in electrostatics repulsion with the negatively charged 

[Fe(CN)6]
-3/-4

 redox probe [14]. An increase in peak current was observed at (curve a) on modification 

of the electrode with PEDOT a conducting polymer (curve c) which accelerate the rate of electron 

transfer due to decrease in the electron transfer tunnelling between the probe and the electrode as result 
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of the electrostatic attraction between the positively charged backbone of the homopolymer and the 

negatively charged [Fe(CN)6]
-3/-4

 probe.  

 

 

 

Figure 4. Cyclic voltammetry of modified electrode in 5 mM [Fe(CN)6]
-3/-4

 in phosphate buffer 

containing 0.1 M KCl at (a) Bare Au  (b) AuG1PPT (c) AuPEDOT, (d) AuG1PPT-co-

PEDOT (e) AuG1PPT-co-PEDOT76-mer-ssDNA-Aptamer 

 

A significant response change occurred compared to (curve c) after the functionalised 

dendrimer was copolymerized with PEDOT to form a star copolymer on the surface of the electrode 

which may be attributed to the combination of the unique properties exhibited by the  functionalised 

macromolecule and the conducting polymer as well as the electrostatic attraction between the 

negatively charged redox probe and the positively charge back bone of the platform (G1PPT-co-

PEDOT ) which further decreases the electron transfer tunneling thereby increasing the rate of electron 

transfer to the surface of the electrode.  

A slight decrease in peak current of probe [Fe (CN)6]
-3/-4

 ion on Au G1PPT-co-PEDOT 76-

mer-ssDNA-Aptamer was observed at the aptamer modified electrode as compared to those obtained 

with the copolymer modified gold electrode, this also reflect the electrostatic repulsion that occurred 

between the negatively charged phosphate backbone of the ssDNA aptamer and the negatively charged 
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[Fe(CN)6]
-3/-4

 probe. The result of this modification shows that ssDNA aptamer was successfully 

attached to the star copolymer (G1PPT-co-PEDOT) modified gold electrode surface. 

 

3.5. Electrochemical behaviour of the G1PPT-co-PEDOT (star copolymer) platform 

The electrochemical behaviour of the star copolymer was investigated using cyclic 

voltammetry. of the star copolymer consisting of functionalized dendrimer copolymerized with 

PEDOT. G1PPT-co-PEDOT at different scan rates in [Fe(CN)6]
3-/-4 

 as a redox probe, showed an 

increase in peak current as the scan rate increases which illustrate the presences of immobilized 

electroactive copolymer layer at the electrode with no shift in the peak potential (Fig. 5). A linear 

dependence of anodic current on the scan rate was observed when a plot of ipa versus scan rate was 

done with a correlation coefficient of 0.991. It can thus be deduced that the platform is a characteristic 

of surface-bound thin film electroactive species undergoing fast electron transfer reaction at the 

electrode.
 
The rate of electron transport on the copolymer (that is diffusion coefficient of the electron 

(De)) was calculated to be 4.50 x 10
-7 

cm
2 

s
-1

   using Randle Sevcik equation,  

                        

CvADnI p

1/21/23/251069.2                                       (1) 

 

where Ip = peak current n = number of electron transfer, A = area of an electrode, De = 

diffusion coefficient and v = scan rate C = concentration of bulk solution. 

 

 
 

Figure 5. Cyclic voltammetry of star copolymer Au|G1PPT-co-PEDOT at different sweep rates at (a) 

20 mV/s (b) 30 mV/s (c) 50 mV/s (d) 100 mV/s in 5 mM [Fe(CN)6]
3/-4  

redox probe in PBS 

containing 0.1 M KCl. 
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Figure 6. Electropolymerization of functionalized dendrimer (G1PPT) in 0.1 M lithium perchlorate 

containing 0.1 M EDOT and 0.1 M SDS at a scan rate of 50 mV/s with (PEDOT film insert) 

 

The obtained value is high compared to 2.20 x 10
-8

 cm
2
 s

-1
 for bare The high value may be 

attributed to the formation of the copolymer on the surface of the electrode which showed a facile flow 

of electron due to the combination of the unique properties of the macromolecule (dendrimer) and the 

conducting polymer (PEDOT) (scheme 2) which resulted in an increase in conductivity of the G1PPT-

co-PEDOT copolymer due to increase in the conjugation length resulting in a De value approximately 

one order of magnitude higher than bare and PANI doped with poly vinyl reported earlier [27]. The 

reproducibility of the G1PPT-co-PEDOT was investigated with cyclic voltammetry .The platform 

exhibited reversible electrochemistry in [Fe (CN) 6] 
-3/-4

with formal potential of 230±10 mV for six 

different measurements demonstrating the good reproducibility of the platform. 

 

3.6. Electrosynthesis of the G1PPT-co-PEDOT star copolymer 

A G1PPT-co-PEDOT composite film modified electrode was fabricated by 

electropolymerization of 3, 4-ethtylenedioxythiophene (EDOT) in the presence of G1PPT drop coated 

on a gold electrode.  

The experiment were performed in 0.1 M lithium perchlorate containing 0.1 M sodium dodecyl 

sulphate with cyclic voltammetric sweep in the potential range of -1,000 mV to 1,000 mV at scan rate 

of 50 mV/s. The cyclic voltammogram of EDOT with or without G1PPT were compared in fig 6. One 

of the primary differences between the two polymerization processes is the change in current response. 
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A slight drop in current was observed in the presence of G1PPT compared to 

electropolymerization in the absence of the functionalized dendrimer. An oxidation peak associated 

with G1PPT is apparent at 995 mV with no increase in current as expected for the film growth which 

revealed electrodeposition of dendrimer on the surface of the electrode [28]. A shoulder corresponding 

to the oxidation potential of EDOT is present at 986 mV.  

The oxidation and reduction peak potential of the copolymer G1PPT-co-PEDOT was observed 

at 230 mV and -490 mV respectively compared to PEDOT film which was obtained at 290 mV and -

603 mV respectively. The oxidation potential shifted to less positive value which is an indication of the 

formation of copolymer [25]. An irreversible electro oxidation of 1330 mV for functionalised 

dendrimer (G4PPI-2Th) has been reported earlier [29].  

The change in oxidation and reduction peaks may be attributed to the formation of the 

copolymer. Copolymers have been reported to decrease the onset of oxidation, which can successfully 

prevent overoxidation [25, 30]. The decrease in the onset of oxidation can as well be linked to the 

generation of dendrimer employed for this work as well as the type of electrolytes. As shown in fig.6 

the film obtained for G1PPT-co-PEDOT is quite different from the PEDOT film which could serve as 

indication to copolymer formation. 

 

3.7. Electrochemical characterization of the G1PPT-co-PEDOT film modified on gold electrode in 

supporting electrolyte 

The copolymer film obtained by electropolymerization process was characterized by cyclic 

voltammetry at scan rates between 30 and 100 mV/s in a monomer free 0.1M LiClO4. The 

corresponding cyclic voltammogram presented in fig 7 shows a linear dependence of the peak current 

with scan rate, which is a characteristic of surface-bound copolymer thin film electroactive species 

undergoing fast electron transfer reaction at the electrode with electrons diffusion taking place along 

the copolymer chain. It is interesting to note that the film exhibits a relatively broad but reversible 

redox process which illustrates its electroactivity.  

The two redox couples were observed at a lower potential of 230 mV and -490 mV compared 

to what was obtained for PEDOT film, thereby confirming the formation of a copolymer [30]. The 

existence of this redox couples is an indication that the redox chemistry mechanism may involve cation 

and anion diffusing in and out of the film.  

The redox chemistry of the copolymer involves ion transport in and out of the film (insertion 

and removal) in the electrolytes. The anodic and cathodic waves could be explained by incorporation 

of a counter- ion. The ClO
-
4 anion incorporated into the copolymer matrix would interact with the 

oxidation site of the film as counter ion. The electronic rearrangement of the redox reaction process 

(oxidation and reduction process) involving the removal and incorporation of the counter ion forms a 

conducting polycation in the presence of the charge-balancing anion as shown in scheme 2 .The first 

redox couple (ipa1 and ipc1) can be attributed to the introduction and release of the Li
+ 

cation while the 

other redox couple (ipa2 and ipc2) correspond to the insertion and release of the ClO
-
4 anions 

respectively. 
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Figure 7. Characterization  of the AuG1PPT-co-PEDOT  film modified on gold electrode in 0.1 M  

monomer free lithium perchlorate at scan rates of (a) 20 mV/s; (b) 30 mV/s; (c) 50 mV/s; (d) 

70 mV/s; (e) 80 mV/s; (f) 100 mV/s. 

 

3.8. Electrochemical impedance spectroscopy (EIS) characterization of G1PPT-co-PEDOT film 

modified electrode. 

Electrochemical impedance is an effective tool for studying the interfacial properties of surface 

modified electrode. The impedance characteristics of any electrode system depends on the overall 

effect of several parameters which include electrolyte resistance (Rs), charge transfer resistance (Rct) 

between the solution and the electrode surface, Warburg element (Zw) and double layer capacitance 

(Cdl) (due to the interface between the electrode surface and the solution ). The use of a constant phase 

element instead of the capacitance is required to optimize the fit to the experiment and this is due to the 

nonideal nature of the electrode [31-32]. 

The complex impedance can be described as the sum of the real (Zrel) and the imaginary (Zw) 

component that originate from the resistance and capacitance of the cell. Furthermore, for the purpose 

of giving additional detailed information about impedance of the modified electrode, a modified 

Randles equivalent circuit fitting was chosen to fit the measured results. 
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Scheme 2. The redox process mechanisms 

 

The two components in the circuit, Rs and Zw correspond to bulk properties of the electrolyte 

solution and the diffusion of the probe applied respectively. These two components are not affected by 

chemical change occurring at the surface of the electrode. Cdl and Rct which are the components of the 

circuit depend on dielectric and the insulating features at the electrode/electrolyte interface. However 

among them all Rct is the most directive and sensitive parameter that respond to change on the 

electrode interface. In EIS the semicircle diameter corresponds to the charge transfer which varies on 

modification of the electrodes. 

The electrochemical impedance measurements were carried out in a background solution of 5 

mM Fe(CN)6]
-3/-4

 PBS (0.1 M, pH 7.5) at a bias potential of 224 mV. The alternative current of 10 mV 

and the frequency of 10
-1

-10
6
 Hz were applied. The results of the Faradaic impedance data for bare Au, 

AuG1PPT and Au G1PPT-co-PEDOT  are shown in (fig 8) (inset contains data for bare Au and Au 

G1PPT-co-PEDOT ).  Significant  different  in Rct values  were observed  upon  modification  of  the  

 

Rs Rct Wo

CPE1

Element Freedom Value Error Error %

Rs Fixed(X) 0 N/A N/A

Rct Fixed(X) 0 N/A N/A

Wo-R Fixed(X) 0 N/A N/A

Wo-T Fixed(X) 0 N/A N/A

Wo-P Fixed(X) 0.5 N/A N/A

CPE1-T Fixed(X) 0 N/A N/A

CPE1-P Fixed(X) 1 N/A N/A

Data File:

Circuit Model File:

Mode: Run Simulation / Freq. Range (0.001 - 1000000)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus

 
 

(A) 
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(B) 

 

 
 

Figure 8B (insert). Nyquist (a) Au, ( b) Au G1PPT-co-PEDOT  in Fe(CN)6]-
3/-4

 redox probe at 224 

mV.     
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(C) Bode plots 

 

Figure 8. (A)Randle equivalent circuit (B) Nyquist and(C) Bode plots of (a) Au, ( b) AuG1PPT and 

(c) Au G1PPT-co-PEDOT  in Fe(CN)6]-
3/-4

 redox probe at 22mV 

 

 

electrode. It can be seen from fig 8 that the bare electrode exhibited a small semicircle domain which 

corresponds to Rct value of approximately 3.962 x 10
2
 Ω.

 
The Rct  increased remarkably to 17.795 x 10

3
 

Ω upon the formation of the first interface of the G1PPT film (fig 8b), which indicated that the 

compact film acts as a definite kinetic barrier for the electron transfer from the functionalized 

dendrimer to the transducer. On modification of the electrode with G1PPT-co-PEDOT a tremendous 

decrease in Rct to 9.0 x 10
1
 Ω was observed which resulted in an almost straight line which is 

characteristic of diffusion limiting step due to the extremely fast electron transfer process. This is 

attributed to the electrostatic attraction between the cationic backbone of the copolymer platform and 

negatively charged Fe(CN)6]-
3/-4

 redox probe. The decrease in Rct was found to be 99.6 % compared to 

the electrode modified with G1PPT alone which may be attributed to the combination of the unique 

properties exhibited by the dendrimer and conducting polymer films which played an important role in 

accelerating the electron transfer by reducing the electron transfer tunneling as well as their high 

compatibility suggesting an improved conductivity of the star copolymer (G1PPT-co-PEDOT) 

platform. 
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An investigation into the catalytic behaviour of the platform was carried out with an estimation 

of some useful kinetic parameters such as time constant (τ), exchange current (io) heterogeneous rate 

constant (ket)) to determine the effect of the platform on the kinetics of the Fe (CN) 6]-
3/-4

 redox probe 

[28, 33].The kinetic parameters were calculated from equation 2a, 2b, 2c and 2d respectively. 

 

dlctCR

1
wmax                                                                                                ( 2a) 

 

dlct C  R                                                                                                     (2b) 

 

ct

o
nFR

RT
i                                                                                                      (2 c) 

 
 CnFAKi eto
                                                                          (2d) 

 

where wmax (frequency at the max. imaginary impedance of the semicircle) = 2πf 

Cdl = double layer capacitance, C = bulk concentration of the redox probe, A = area of the 

electrode,  

Rct = charge transfer resistance, n = no of electron and F = Faraday constant. 

The values obtained for the exchange current at the bare Au and Au G1PPT-co-PEDOT  

platforms for the electron transfer process (table 1) are 6.50 x 10
-5

 A and 2.83 x 10
-4

 A, respectively. 

The estimated values revealed a fast electron transfer at the copolymer modified electrode than the 

bare electrode only.  

The catalytic behaviour of this platform may be attributed to the increase in the influx of the Fe 

(CN) 6]
-3/-4

 redox probe to the surface of the electrode as well as the electrostatic interaction that 

existed between the cationic copolymer back bone and the anionic redox probe [34]. Heterogeneous 

rate constant is a measure of the rate of electron transfer on the surface of the electrode, thus, an 

increase in the heterogeneous rate constant at the modified electrode also corroborated the facile flow 

of electron at the copolymer platform. In addition the time constant obtained at the copolymer platform 

was lower than on the bare electrode which is in agreement with earlier reports for modified electrodes 

[28]. 

 

 

Table 1. Kinetic parameters of aptamer sensor systems. 

 

Kinetic parameters Au AuG1PPT AuG1PPT-co-PEDOT 

wmax (rads
-1 

) 2633. 8.797 625789.54 

Exchange current (io. A)  6.50 x 10
-5

 1.44 x 10
-6

 2.83 x 10
-4

 

Heterogeneous rate constant 

(ket, s
-1

) 

6.67 x 10
-3

 1.49 x 10
-4

 2.29 x 10
-2

 

Time constant (τ, s rad
-1

) 3.80 x 10
-4

 1.14 x10
-1

 3.90 x 10
-5
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The impedance parameters in table 1 were obtained by fitting the inset equivalent circuit and 

the fitting error were less than 5 %. The calculated parameters are given in table 1. 

Surface coverage of 82% was obtained for the copolymer on the electrode which account for 

the high amount of aptamers that can be immobilized on the surface of the copolymer platform. The 

value was estimated from the Rct value using the formula [28].  

 

electrodebareofRct

electrodeifiedofRct mod
1

                                              3

 

 

From the Bode plot improved conductivity of the G1PPT-co-PEDOT modified electrode over 

bare gold electrode can be observed by the marked reduction in the impedance with phase angle shift. 

 

3.9. Electrochemical detection of 17- β-estradiol 

An electrochemical aptamer based biosensor for the detection of 17β-estradiol an endocrine 

disruptor was developed. This electrochemical aptamer based biosensor was made up of a biotylated 

DNA aptamer immobilized on a gold electrode modified with a star copolymer (G1PPT-co-PEDOT). 

The analytical performance of the aptasensor was carried out by incubating different concentration of 

the 17β-estradiol with the immobilized aptamers. Electrochemical signals were recorded by cyclic 

voltammetry and square wave voltammetry which was done against a series of 17β-estradiol 

concentration (0.1 nm-100 nm) to probe the binding ability of the target with the aptamer immobilized 

on the platform. The analysis was done in the presence of a redox probe [Fe (CN)6]
-3-4

 by monitoring 

the reduction in the electron flux produced from a redox reaction between the redox couple. In 

principle without the interaction between the aptamer probe and the target (17-β-estradiol) a high peak 

current is expected. The interaction of the aptamer-target complex was monitored by change in peak 

current as the concentration of the target increases. Concentration dependence decrease in current 

signal was observed in CV and SWV. The decrease in signal response on incubation of the target with 

probe was achieved which may be attributed to specific interaction between the aptamer and 17β-

estradiol (E2) which result in the formation of aptamer-target complex [35-36]. The formation of the 

aptamer-17β-estradiol complex on the electrode surface hindered the effective transfer of electron 

between the electrolyte solution (redox couple) and the electrode surface [36]. In addition it is well 

documented that aptamer undergo conformational changes upon binding their target. When 17β-

estradiol as a specific competitor appears, 17β-estradiol-aptamer complex are formed rather than the 

aptamer DNA-duplex thereby increasing the electron transfer tunnelling between the redox probe and 

the electrode [37]. The aptamer–target complex insulates the electron transfer between the electrode 

surface and the electrolyte solution. Furthermore, the decrease in current can be attributed to the 

electrostatic repulsion that occur between negatively charge phosphate backbone and the negatively 

charge hydroxyl ion (OH-) of the target in solution due to it specific interaction with the aptamer. 

Though it has been reported that 17β-estradiol (E2) becomes negatively charge in solution due to the 

formation of more hydroxyl radical ion at high pH [38]. The changes in current (∆I) observed for the 
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interaction of aptamer-target response were about 10-47% when 17β-estradiol (E2) concentration was 

between 0.1-100 nM. It is evident that at higher concentration of 17β-estradiol (E2), the current 

decreases more significantly which may be attributed to the formation of more hydroxyl ion of the 

estradiol in solution which prevented the influx of electron from the electrolyte to the surface of the 

electrode due to repulsion as a result of similar charges [36]. The difference in peak potential increased 

as the concentration of 17β-estradiol increased. The increase in peak current separation may be 

attributed to slow kinetic of charge transfer electron which is caused by aptamer-target complex 

formation. The aptasensor is sensitive which may be attributed to the high surface coverage exhibited 

by the nanoelectrode which significantly enhanced the loading of the76-mer-ssDNA-aptamer and 

hence markedly improve the sensitivity for the target. 

A linear relationship between the log of concentration of the target and change in current was 

obtained with R = 0.989 and the dynamic range was determined to be in the range of 0.1 – 100 nM of 

17β-estradiol (E2). A good reproducibility with a standard deviation of less than 5% was obtained (n = 

6) for the aptasensor. The fabricated aptasensor was found to retain 75% of it original response after it 

was stored in the refrigerator at 4 °C for half a month.  

 

 

 

Figure 9. Electrochemical analysis of 17β-estradiol (E2) using aptamer immobilized star copolymer 

(G1PPT-co-PEDOT) at different concentration (0.1-100 nM) with Square wave voltammogram 

in Fe (CN) 6]-
3/-4

. 
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Figure9 (a).The linear relationship between the change in current and the log 17β-estradiol  

concentration. The regression equation was Y = 23.92687 + 11.99 log X with a correlation 

coefficient of 0.989, where Y and X represent relative current response and the 17β-estradiol 

concentration respectively. 

 

 
 

Figure 10. Current response of [Fe (CN) 6]
−3/−4

 probe in the presence of DNA aptamer to10 nM 17α-

ethynlestradiol, estrone, naphthalene and17β -estradiol respectively.     
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3.10.  Specificity of electrochemical aptamer based biosensor to 17β-estradiol (E2) 

Not only does an aptamer based biosensor have to be sensitive to different concentrations of the 

analyte, but also it must be specific. Experiments were thus conducted on 17β-estradiol, estrone, 

naphthalene and 17α-ethylestradiol which belong to the family of endocrine disrupting chemicals. 

They were employed as control to assess the specificity of the aptasensor for the determination of 17β-

estradiol When the aptasensor was incubated with 10 nM estrone, naphthalene and 17α-ethylestradiol 

respectively little or no significant change was seen in the SWV current response compared to the 

target due to lack of  specific binding. A significant decrease induced by interaction of the aptamer 

probe and 17β-estradiol was observed due to high specific binding that occurred between 17β-estradiol 

and the aptamer probe which resulted in the insulation of the electron transfer between the electrode 

and the redox probe. The specificity of the aptamer toward the target may be based mostly on the 

change in the position of or absence of the minor functional group (OH
-
)
 
in the molecule which is one 

of the subtle atoms specific for aptamer binding as well as the ability of the biological recognition 

element (aptamer probe) immobilized on the copolymer modified electrode to retained it unique ability 

to interact specifically. 

 

 

 

4. CONCLUSION 

A star copolymer G1PPT-co-PEDOT has been synthesized electrochemically and this was 

employed as a platform for the immobilization 76-mer-ssDNA-aptamer to develop an electrochemical 

method for the detection of 17β-estradiol, an endocrine disrupting compound. The aptasensor showed 

higher specificity for17β-estradiol when compare with the response to compounds having similar 

structure to 17β-estradiol such as naphthalene, estrone and 17α-ethylestradiol.  
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