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Abstract 

A voltammetric method based on a combination of incorporated β-cyclodextrin (CD), 

Nafion (NF) and poly(3,4-ethylene dioxy thiophene) (PEDOT) modified gold electrode 

Au/PEDOT/NF/CD has been successfully developed for determination of dopamine in 

presence of ascorbic acid (AA) and uric acid (UA). Optimization of the sensor was 

studied including the type of substrate, concentration of each modifier, pH of the 

electrolyte, method of deposition of the polymer and immobilization of CD and time of 

accumulation of the compound at the modified surface. Synergistic effect of high 

conductivity of PEDOT and Nafion in addition to the pre-concentrating effect of β-

cyclodextrin as well as its different host-guest inclusion complex and formation of 

hydrogen bonds with each compound was used to construct a stable electrochemical 

sensor for determination of these compounds. Under optimized conditions, linear 

calibration curve was obtained for determination of dopamine in urine in the range 0.6-

320 µmol L−1 with correlation coefficient 0.996 and detection limit of 5.84 nmol L−1. The 

proposed sensor was successfully used for simultaneous determinations of tertiary 

mixtures DA, AA and UA; DA, AA and acetaminophen (APAP) and binary mixture DA 

and ST. It has been demonstrated that Au/PEDOT/NF/CD can be used as sensor with 

excellent reproducibility, sensitivity and good stability. 

 
Keywords: Nafion; Cyclodextrin; Sensor; Dopamine; Conducting Polymers; Host-Guest 

Complex. 
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1. Introduction: 

Dopamine (DA) is an important neurotransmitter that is widely distributed in the 

mammalian central nervous system for massage transfer [1, 2]. DA plays a very 

important role in the functioning of central nervous, renal, hormonal and cardiovascular 

systems [3].  Neurological disorder such as Parkinson’s disease and Schizophrenia may 

occur due to low levels of DA [1- 4]. Uric acid (UA) is another important biomolecule 

presents in urine and blood. It is the primary end product of purine metabolism. The very 

high levels of UA may indicate several diseases such as hyperuricemia, Lesch-Nyan 

disease and gout [5]. Ascorbic acid (AA), a vital vitamin in human diet and very popular 

for its antioxidant properties, exists in both animal and plant kingdoms. Many diseases 

are prevented and treated using AA such as common cold, mental illness, infertility and 

cancer and even in some clinical manifestation of human immunodeficiency virus (HIV) 

infections [5]. The simultaneous detection of DA, AA and UA has high importance in 

both the biomedical chemistry and neurochemistry and in the field of diagnostic and 

pathological research. The simultaneous determination of DA, AA and UA at 

conventional solid electrodes (carbon and metal) usually undergoes an overlapping 

oxidation potential and electrode fouling due to the adsorption of oxidation products [6]. 

The determination of these compounds using simple and rapid detection is a must without 

cross-interference, so that electrochemical methods were considered. They are less time 

consuming, more selective, less expensive and can be applied to a real-time 

determination in vivo [7]. Different approaches have been utilized for the electrochemical 

detection of dopamine such as self-assembled monolayers of omegamer-capto carboxylic 

acid [8], Au-carbon dots-chitosan modified glassy carbon electrode [9] and carbon 

nanotube modified microelectrode [10]. 

Conducting polymers are widely used as coating in fabrication of electro-sensors. 

Among polythiophenes, poly(3,4-ethylenedioxythiophene) (PEDOT) is the most studied 

one [11, 12]. PEDOT has proved to adhere strongly on most electrode materials, present 

good stability in aqueous electrolytes, show high conductivity in its oxidized state, have 

biocompatibility with biological media, and resist fouling by the oxidation products, thus 

PEDOT is very promising in the design of an electrochemical sensor [13- 18]. 
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Nafion (NF), a per-fluorinated sulfonated cation exchanger, consists of a linear 

backbone of fluorocarbon chains and ethyl ether pendant groups with sulfonic cation 

exchange sites which are highly permeable to cations but almost impermeable to anions. 

It presents many advantages such as high chemical and thermal stability, chemical 

inertness and mechanical strength. NF is widely used to modify electrodes in 

electrochemistry particularly in biosensors, due to its easy fabrication, good electrical 

conductivity, good adhesion on the electrode surface, improvement of the anti-

interferential ability of the sensor and high partition coefficients of many redox 

compounds in NF [19-28]. The accumulation mechanism of NF can be explained through 

an electrostatic interaction due to the hydrophilic negatively charged sulfonate groups in 

the polymer structure, whereas its ionic selectivity for hydrophobic organic cations is 

achieved through hydrophobic interactions with the hydrophobic fluorocarbons of the 

film [29, 30]. NF films allow the electrolytes to proceed while preventing adsorption-

desorption processes of organic species. NF preconcentrates positively charged 

molecules, which increases the sensitivity of the measurements while retaining ionic 

selectivity for hydrophobic organic cations [29-34]. 

There is another attractive electrode modifier belongs to the cyclodextrin family 

due to their structural characteristics and special functions [35-39]. They are cyclic 

oligosaccharides consisting of six, seven or eight glucose units called α-, β- and γ-

cyclodextrins [40-42]. These CDs possesses a hydrophobic inner cavity and a hydrophilic 

outer tail and form stable host-guest inclusion complexes or nanostructure 

supramolecular assemblies with suitable organic, inorganic, neutral and ionic substances 

resulting in the design of selective electrodes [43-49]. β-cyclodextrin (CD) is composed 

of α-1,4 linked glucopyranose subunit [43, 50-55] and has many advantages such as good 

biocompatibility and adsorption capabilities directly on solid surfaces. It has been applied 

in many fields such as electrochemical sensor, catalysis, enzyme mimics, biological 

systems, molecular recognition and increasing solubility and dispersibility [50, 53, 54]. 

In this work, the electrochemical oxidation behavior of DA was investigated for 

the first time at Au/PEDOT/NF/CD composite electrode. Based on the excellent 

properties of PEDOT, CD and NF, the utilized sensor facilitated the electron transfer of 
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DA resulting in enhancement of the oxidation signals. The performance of the fabricated 

electrode such as sensitivity, linear range and selectivity is evaluated and discussed. 

Moreover, the proposed sensor was investigated for the simultaneous determination of 

DA, AA and UA. The applicability of the electrode is demonstrated for determination of 

DA in real samples. 

2. Experimental 

2.1. Materials and reagents 

All chemicals were used as received without further purification. 3,4-ethylene dioxy-

thiophene (EDOT), tetrabutylammonium hexafluorophosphate (Bu4NPF6), acetonitrile, 

([HPLC] grade), lithium perchlorate (LiClO4),  dopamine (DA), uric acid (UA), ascorbic 

acid (AA), Nafion (NF) and β-cyclodextrin (CD) were supplied by Aldrich Chem. Co. 

(Milwaukee, WI, USA). Phosphate buffer solution 0.1 mol L−1 PBS (1 mol L−1 K2HPO4 

and1 mol L−1 KH2PO4) was used as the supporting electrolyte. pH was adjusted using 0.1 

mol L−1 H3PO4 and 0.1 mol L−1 KOH. All solutions were prepared using double distilled 

water. 

2.2. Electrochemical cells and equipments: 

Electrochemical polymerization and characterization were carried out with a three 

electrode/one-compartment glass cell. It was connected to the electrochemical 

workstation from BAS-100B electrochemical analyzer (Bioanalytical Systems, BAS, 

West Lafayette, USA).  The working electrode was gold disc (diameter: 1.5 mm).  A 6.0 

cm platinum wire from BAS was employed as auxiliary electrode. All the cell potentials 

were measured with respect to Ag/AgCl (4 mol L−1 KCl saturated with AgCl) reference 

electrode from BAS. Working electrode was polished using alumina (2 µM)/water slurry 

until no visible scratches were observed. Prior to immersion in the cell, the electrode 

surface was thoroughly rinsed with distilled water and dried. All experiments were 

performed at 25± 0.2 ◦C. The electrochemical impedance spectroscopy was performed 

using a Gamry-750 system and a lock-in-amplifier that are connected to personal 

computer. The data analysis software was provided with the instrument and applied non 

linear least square fitting with Levenberg-Marquardt algorithm. All impedance 
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experiments were recorded between 0.1 Hz and 100 kHz. Quanta FEG 250 instrument 

was used to obtain the scanning electron micrographs. 

2.3. Construction of the proposed sensor 

Bulk Electrolysis (BE) was employed for deposition of the polymer film from a solution 

of 0.001 M EDOT and 0.05 M Bu4NPF6 in acetonitrile. The potential applied between 

gold disc working electrode and the reference (Ag/AgCl) was held constant at +1.4 V for 

10 s (the optimized time). The electrode was represented as Au/PEDOT. Then 10 µL (the 

optimized volume) of 2% Nafion (NF) (the optimized concentration) was added on 

Au/PEDOT electrode. The electrode was left for 15 to 20 min in open air to allow the NF 

film to dry. The utilized electrode is represented as Au/PEDOT/NF. Finally, an outer film 

of cyclodextrin (CD) was formed electrochemically via Bulk electrolysis (the optimized 

method). The potential applied between the working electrode and the reference 

(Ag/AgCl) was held constant at +1.2 V for 3 min (the optimized time) in a solution of   

10-5 M CD (the optimized concentration) in 0.05 M LiClO4. The proposed sensor is 

represented as Au/PEDOT/NF/CD. 

2.4. Analysis of urine 

The utilization of the proposed method in real sample analysis was also investigated by 

direct analysis of DA in human urine samples. DA was dissolved in urine to make a stock 

solution with 1 mmol L−1 concentration. Standard additions were carried out from the DA 

stock solution in 15 mL of 0.1 mol L-1 PBS (pH 7.40). 

3. Result and discussion 

3.1. Optimization of preparation conditions  

Two electrochemical methods were employed for deposition of the polymer film on the 

Au electrode; bulk electrolysis (BE) and cyclic voltammetery (CV). For BE, the potential 

applied between gold disc working electrode and the reference (Ag/AgCl) was held 

constant at +1.4 V for 5, 10 and 15 sec. In case of CV, the potential was cycled between -

0.2 and +0.7 V at a scan rate 50 mV s-1 and the amount of electrodeposited polymer film 

was controlled by the number of cycles; 3, 5 and 10 cycles. The resulting films were 

tested in 1 mM DA/0.1 M PBS/pH 7.40. Au/PEDOT(BE) gives higher catalytic activity 
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toward DA oxidation than Au/PEDOT(CV). Moreover, the effect of deposition time was 

investigated and the film formed via BE for 10 s gives the highest electrocatalytic activity 

toward DA than other conditions. On the other hand, the effect of concentration of NF 

solution that used to form NF film on PEDOT was studied and the test was achieved 

using Au/PEDOT/NF (with different concentration)/CD in 1 mM DA/0.1 M PBS/pH 

7.40. The 2% NF gives the best catalytic activity toward DA oxidation. Moreover, CD 

immobilization was achieved using three methods; soaking of electrode in CD solution 

with different concentrations, chemical addition of different volumes on the top of the 

electrode and bulk electrolysis for different time (Fig. 1A). The test was achieved using 

Pt/PEDOT/CD (chemically, soaking, electrochemically) in 1 mM DA/0.1 M PBS/pH 

7.40. The film formed via bulk electrolysis for 3 min in 10-3 M of CD solution gives the 

best response toward DA oxidation.  

On the other hand, the effect of substrate was studied. The composite was formed 

on gold (Au) and platinum (Pt) substrates (Fig. 1B). The test was achieved using 

Au/PEDOT/NF/CD and Pt/PEDOT/NF/CD in 1 mM DA/0.1 M PBS/pH 7.40. Higher 

response toward DA oxidation was achieved in case of Au due to the higher catalytic 

activity of Au substrate. 

Insert Fig. 1 (A, B) 

3.2. Electrochemistry of DA at Au/PEDOT/NF/CD 

Fig. 2 compares typical cyclic voltammograms of 1 mM DA/ 0.1 M PBS/ pH 7.40 

recorded at four different working electrodes (bare Au, Au/PEDOT(BE), 

Au/PEDOT(BE)/NF, Au/PEDOT(BE)/CD(BE) and Au/PEDOT(BE)/NF/CD(BE)). A 

poorly defined oxidation peak was observed at 442 mV at bare Au electrode, whereas the 

potential shifts negatively to 350 and 209 mV at Au/PEDOT/NF and Au/PEDOT 

electrodes, respectively. Moreover, the oxidation peak current increases from 4.33 µA at 

bare Au to 5.37 µA and 16.6 µA at Au/PEDOT/NF and Au/PEDOT electrodes, 

respectively. The anodic peak shifted to 210 mV at Au/PEDOT/CD and the oxidation 

peak current increases to 27.5 µA. On the other hand, high oxidation peak current 42.75 

µA was observed at Au/PEDOT/NF/CD at 220 mV (Table 1). When compared to bare 
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Au electrode, the oxidation current of DA increases by 1.2, 4, 6 and 10 folds at 

Au/PEDOT/NF, Au/PEDOT, Au/PEDOT/CD and  Au/PEDOT/NF/CD, respectively 

which indicates the catalytic DA oxidation at the proposed composite. An increase in the 

oxidation peak current and enhancement of the direct electron transfer of DA was 

observed at Au/PEDOT/NF/CD due to the synergistic effect of polymer, NF and CD 

films. The previous results could be interpreted as following; PEDOT film has a rich 

electron cloud acting as an electron mediator. Moreover, a distribution of hydrophobic 

(reduced) and hydrophilic (oxidized) regions exists in the PEDOT film and the 

hydrophobic DA+
 cations prefer to interact with the more hydrophobic regions favoring 

reversible oxidation of DA [15]. On the other hand, the NF film can enhance the surface 

preconcentration of DA via ion-exchange, accumulations of DA in the hydrophilic 

regions or the ion channels of NF. This results in improvement of selectivity and 

sensitivity at the Nafion film coated electrode [29-31, 33]. Furthermore Nafion 

increases the electrical conductivity of the composite beside it works as suitable layer for 

forming the CD in it due to its good adhesion at the polymer surface. So upon the 

modification of Au/PEDOT/NF with CD film, a supramolecular host-guest inclusion 

complex is formed between β-CD and DA via electrostatic, inclusion interactions and 

hydrogen bonds formation, thus a selectivity advantage is achieved through the formation 

of such complex, resulting in enhancement of the charge transfer properties of DA [47-

51, 53-55]. The presence of β-CD results in significant increase in oxidation signal of DA 

which is an indicative of the penetration of DA into the relatively less polar cavity of β-

CD and formation of DA:CD inclusion complex [44, 47]. Scheme 1 illustrates the 

inclusion complex and formation of hydrogen bonds between DA and β-CD which 

enhances the electrochemical oxidation of DA into DA-o-quinone and facilitates the 

electron transfer process.  

Insert Fig. 2, Scheme 1 and Table 1 

3.3. Surface morphology 

The physical morphology of the surface affected the response of an electrochemical 

sensor. An obvious difference was observed between Au/PEDOT and 

Au/PEDOT/NF/CD as shown in Fig. 3 (A, B); respectively. PEDOT film (Fig. 3 A) has 
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 8

globular morphology and the surface looks rough due to the Au substrate. On the other 

hand, Au/PEDOT/NF/CD exhibits unique morphology with highly porous surface 

resulting in greater specific surface area, faster electron transfer, enhancement of the 

contact area with the analytes and thus, higher catalytic activity.  

Insert Fig. 3 (A, B) 

3.4. Effect of accumulation time 

The sensitivity of the proposed method was improved by the accumulation time. The 

effect of accumulation time on the oxidation peak currents of DA at Au/PEDOT/NF/CD 

was investigated from 0 to 120 s (Fig. 4). The oxidation peak currents increased sharply 

within the first 20 s, decreased at 40 s. With further increasing accumulation time, the 

oxidation peak current increased slightly but with values smaller than that at 20 s then 

reaching a limiting value. The optimum accumulation time is 20 s [44]. 

Insert Fig. 4 

3.5. Effect of scan rate 

The dependence of the anodic peak current (Ipa A) on the scan rate has been used for the 

estimation of the “apparent” diffusion coefficient Dapp of 1 mM DA/0.1 M PBS/pH 7.40. 

Dapp (cm2 s−1) values were calculated from Randles Sevcik equation:  

Ipa = (2.69 × 105) n3/2ACoD
1/2ν1/2  

where n is the number of electrons exchanged in oxidation at T = 298 K, A is the 

geometrical electrode area = 0.0177 cm2, Co is the analyte concentration (1 × 10−6 mol 

cm−3) and ν is the scan rate V s−1. It is important to notice that the apparent surface area 

used in the calculations does not take into account the surface roughness, which is 

inherent characteristic for all polymer films formed using the electrochemical techniques. 

Supplement 1 shows the CVs of 1 mmol L−1 DA/0.1 mol L−1 PBS/pH 7.40 at 

Au/PEDOT/NF/CD at different scan rates (from 10 mV s−1 up to 200 mV s−1). It can be 

noticed that a pair of roughly symmetric anodic and cathodic peaks appeared with almost 

equal peak currents. Moreover, the anodic and cathodic peak currents and the peak-to-

peak separation increased with increasing the scan rate. For a diffusion-controlled 
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process, a plot of the anodic peak current values versus the square root of the scan rate 

results in a straight-line relationship and the inset of Supplement 1 shows this linear 

relationship for DA at Au/PEDOT/NF/CD. Dapp values are 2.07×10-6, 3.18×10-6, 3.04×10-5, 

8.34×10-5 and 2.02×10-4 at bare Au, Au/PEDOT/NF, Au/PEDOT, Au/PEDOT/CD and 

Au/PEDOT/NF/CD, respectively (Table 1). These values indicate the catalytic DA 

oxidation at the proposed composite. 

3.6. Effect of solution pH 

The effect of changing the pH of the supporting electrolyte on the electrochemical 

response of DA was studied (Fig. not shown). It is clear that changing the pH of the 

supporting electrolyte altered both the peak potentials and the peak currents of DA. Both 

the anodic and the cathodic peak potentials shifted negatively with the increase in the 

solution pH, indicating that the electrocatalytic oxidation of DA at Au/PEDOT/NF/CD is 

a pH-dependent reaction and protonation/deprotonation is taking part in the charge 

transfer process. Supplement 2 shows the relationship between the anodic peak potential 

and the solution pH value (over the pH range of 2–11) could be fit to the linear regression 

equation with a correlation coefficient of R2 = 0.972. 

Epa (V) = (0.621) − (0.052) pH 

The slope was −0.052 V/pH units over the pH range 2–11, which is close to the 

theoretical value of −0.059 V/pH. This indicated that the number of protons and 

transferred electrons involved in the oxidation mechanism is equal. As the DA oxidation 

is a two-electron process, the number of protons involved was also predicted to be two 

indicating a 2e−/2H+ process. In solution, the pKa values of DA are 8.90 (pKa1) and 10.6 

(pKa2). Inset of Supplement 2 shows the relationship between the anodic peak current and 

the solution pH value, the anodic peak current increased from pH 2 to pH 7.40 where it 

reached its maximum value and decreased again at pH 9.00. The highest oxidation peak 

current was obtained at pH 7.40 (pH medium of the human body). 

3.7. Determination of DA at physiological pH using Au/PEDOT/NF/CD 
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The voltammetric behavior of DA was examined using differential pulse voltammetry 

(DPV). Fig. 5 shows typical DPV of standard additions of 0.5 mmol L−1 DA/0.1 mol L−1 

PBS/pH 7.40 in 15 mL of 0.1 mol L−1 PBS/pH 7.40 at Au/PEDOT/NF/CD. Fig. 5 shows 

that by increasing the concentration of DA, the anodic peak current increases which 

indicates that the electrochemical response of DA is apparently improved at 

Au/PEDOT/NF/CD due to the enhanced accumulation of protonated DA. The inset of 

Fig. 5 shows the calibration curve of the anodic peak current values in the linear range of 

2–320 µmol L−1 DA with the regression equation: 

Ip (A) = (5.205 × 10−6) + 0.1191 × 10−6 c (µmol L−1) 

 and with correlation coefficient of 0.9955, sensitivity of 0.1191 µA/ µmol L−1 and 

detection limit of 2.52 nmol L−1. The detection limit (DL) was calculated from: 

DL = 3s/b 

Where s is the standard deviation and b is the slope of the calibration curve. Table 2 

shows the comparison for the determination of DA at Au/PEDOT/NF/CD with various 

modified electrodes based in literature reports. The proposed sensor showed the excellent 

features, such as wide linear response range, high sensitivity and selectivity, good 

reproducibility and long time stability.  

Insert Fig. 5 and Table 2 

3.8. Determination of DA in human urine samples  

The utilization of the proposed method in real sample analysis was also investigated by 

direct analysis of DA in human urine. The same measurements were conducted 

successfully on urine samples. In this set of experiments, DA was dissolved in urine to 

make a stock solution with 0.5 mmol L−1 concentration. The detection limit of 5.84 nmol 

L−1 with correlation coefficient of 0.996 is obtained in the linear range of 0.6-320 µmol 

L−1. Four different concentrations on the calibration curve are chosen to be repeated to 

evaluate the accuracy and precision of the proposed method, which is represented in 

Table 3. The recovery ranged from 98.8 % to 100.3 %, and the results are acceptable 

indicating that the present procedures are free from interferences of the urine sample 
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matrix. The results strongly proved that DA can be selectively and sensitively determined 

at Au/PEDOT/NF/CD modified electrode in urine sample. This sensor proved to be 

successfully used for DA determination in pharmaceutical and clinical preparations. 

Insert Table 3 

3.9. Effect of interferences on the determination of DA 

It is well known that DA, AA and UA coexist in the extracellular fluid of the central 

nervous system and serum. Au/PEDOT/NF/CD sensor was evaluated for the 

simultaneous voltammetric determination of DA, AA and UA in their mixture. Fig. 6 A 

and the inset show the DPVs of 300 µmol L-1 DA, 5 mmol L-1 AA and 500 µmol L-1 UA 

in 0.1 M PBS/pH 7.40 at Au/PEDOT/NF/CD and bare Au, respectively. An overlapped 

voltammetric peak was obtained at bare Au at 328 mV. However, simultaneous 

determination of DA, AA and UA is achieved at the proposed sensor due to the catalytic 

activity of PEDOT, Nafion and cyclodextrin films. Three well resolved oxidation peaks 

appear at Au/PEDOT/NF/CD at -24, 192 and 328 mV for AA, DA and UA, respectively. 

The large peak separation of the anodic peaks of DA, AA and UA is enough to allow 

simultaneous determination of mixture solutions. It was found that owing to the 

synergetic effect of PEDOT, NF and CD at Au/PEDOT/NF/CD, the electro-oxidation of 

each molecule became facile and distinguishable at the surface of Au/PEDOT/NF/CD. 

On the other hand, Acetaminophen (paracetamol), APAP, is also likely to interfere with 

DA and AA determination. Simultaneous voltammetric determination of DA, AA and 

APAP in their mixture was achieved at Au/PEDOT/NF/CD. Fig. 6 B shows the DPV of 

500 µmol L-1 DA, 1 mmol L-1 AA and 500 µmol L-1 APAP in 0.1 M PBS/pH 7.40 at 

Au/PEDOT/NF/CD. Three resolved peaks were obtained at -20, 170 and 370 mV for AA, 

DA and APAP, respectively. On the other hand, DA is a typical neurotransmitter which 

coexists with ST at the close level in the brain [26] thus, the simultaneous determination 

of ST and DA should be investigated. The inset of Fig. 6 B shows the voltammetric 

separation of 1 mM DA and 1 mM ST in 0.1 M PBS/pH 7.40 at Au/PEDOT/NF/CD. 

Two voltammetric peaks appeared at 160 and 340 mV for DA and ST, respectively. One 

can say that DA and ST don't interfere with each other at the proposed sensor [44].  All 

cases of mixtures showed good separation of their components with a good potential peak 
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 12

separation between them. Another conclusion can be withdrawn from the above results is 

the simultaneous determination of all mixtures was achieved via the inclusion of the 

compounds of every mixture in the CD cavities and formation of a stable host-guest 

complexes which enhances the electron transfer process (scheme 1).  

Insert Fig. 6 (A, B) 

3.10. Stability of the proposed sensor 

The stability of Au/PEDOT/NF/CD was studied via repeated cycles up to 50 cycles. 

Supplement 3 shows the repeated cycles up to 50 cycles of Au/PEDOT/NF/CD in 1 

mmol L−1 DA/0.1 mol L−1 PBS/pH 7.40. Excellent stability without any noticeable 

decrease in the current response was obtained. Thus, both anodic and cathodic peak 

currents remained relatively stable indicating that this modified electrode has a good 

reproducibility and does not suffer from surface fouling during the repetitive 

voltammetric measurement. 

3.11. Electrochemical impedance spectroscopy 

The interface properties of the modified surface were effectively studied using 

electrochemical impedance spectroscopy (EIS). EIS data were obtained at ac frequency 

varying between 0.1 Hz and 100 kHz. The EIS measurements were carried out in a 

background solution of 1 mM DA in 0.1 M PBS/ pH 7.40 at 440 mV and 215 mV; the 

oxidation potentials of DA at bare and modified electrode, respectively. Fig. 7 and the 

inset show the typical impedance spectra presented in the form of Nyquist plot for 

modified and bare electrode, respectively. The experimental data were compared to an 

equivalent circuit that used some of the conventional circuit elements (inset of Fig. 7). In 

this circuit, Rs is the solution resistance and Rct is the charge transfer resistance. CPE1 

and CPE2 represent the predominant diffusion influence on the charge transfer process 

and n and m are their corresponding exponents (n and m less than one). Cf and Cc 

represent the capacitance of the double layer and W is the Warburg impedance due to 

diffusion. Table 4 lists the best fitting values calculated from the equivalent circuit for the 

impedance data. 
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The impedance spectra include a semicircle portion at the higher frequencies 

corresponding to the electron-transfer-limiting electrochemical process and a linear 

portion at the lower frequencies corresponding to diffusion-limiting electrochemical 

process. The semicircle diameter represents the interfacial charge transfer resistance Rct 

which controls the electron transfer kinetics of the redox probe at the electrode interface. 

Thus, Rct describes the interface properties of the electrode. In more details, the 

impedance spectra include a semicircle part with larger diameter with Rct equals 4210 Ω 

cm2 in case of bare Au. The diameter of semicircle for the modified electrode diminishes 

markedly and Rct decreases greatly (132.3 Ω cm2) thus, the charge transfer rate is 

enhanced. The presence of PEDOT, NF and CD played an important role in the obvious 

decrease of Rct and facilitation of charge transfer. As well, value of Warburg impedance 

due to diffusion (W) for bare Au is 5.302×104 Ω s-1/2 which decreases greatly to 1.566×102 

Ω s-1/2 for modified electrode, indicating less electronic resistance and more facilitation of 

charge transfer. 

Insert Fig. 7 and Table 4 

4. Conclusions 

Employing conducting polymer PEDOT, NF, CD as modifiers for Au electrode, an 

electrochemical sensor has been developed for determination of DA concentration using 

the voltammetry technique. Synergistic effect of high conductivity of PEDOT and 

Nafion in addition to the preconcentrating effect of β-cyclodextrin as well as its 

different host guest inclusion complexes and formation of hydrogen bonds with each 

compound was used to construct a stable electrochemical sensor. This optimized sensor is 

used for simultaneous determination of tertiary mixture DA, AA and UA; DA, AA and 

APAP and binary mixture of DA and ST. The method described is rapid, simple, 

sensitive and successfully applied for direct determination of DA in human urine samples 

with excellent recovery results. Furthermore, the sensor showed good stability, high 

reproducibility, anti-interference ability and low detection limit. 
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List of Figures: 

 

Fig. 1 (A): CVs of 1 mmol L-1 DA/0.1 mol L-1 PBS/pH 7.40 at Pt/PEDOT, 
Pt/PEDOT/CD-chemically, Pt/PEDOT/CD-electrochemically, Pt/PEDOT/CD-soaking. 
(B): CVs of 1 mmol L-1 DA/0.1 mol L-1 PBS/pH 7.40 at Pt/PEDOT/NF/CD (dash line) 
and Au/PEDOT/NF/CD (solid line), scan rate 50 mV s-1. 
 
 

Fig. 2: CVs of 1 mmol L-1 of DA/0.1 mol L-1 PBS/pH 7.40 at bare Au, Au/PEDOT/NF, 
Au/PEDOT, Au/PEDOT/CD and Au/PEDOT/NF/CD, scan rate 50 mV s-1. 
 
Fig. 3: SEM micrographs of (A) Au/PEDOT with 50,000 magnification, (B) 
Au/PEDOT/NF/CD with 25,000 magnification, inset; greater magnification 50,000. 
 
Fig. 4: Effect of accumulation time of DA at Au/PEDOT/NF/CD from 0 to 120 s (current 
I/µA against time t/s). 
 

 
Fig. 5: DPVs of 15 ml of 0.1 mol L-1 PBS/pH 7.40 at Au/PEDOT/NF/CD in different 
concentrations of DA (2 µmol L-1 – 320 µmol L-1). Inset: Calibration curve for DA for 
concentrations from 2 µmol L-1 to 320 µmol L-1. 
 
Fig. 6: (A) DPVs of 300 µmol L-1 DA in the presence of 5 mmol L-1 AA and 500 µmol 
L-1 UA at bare Au (inset) and Au/PEDOT/NF/CD in the mixture solution (0.1 mol L-1 
PBS/pH 7.40). (B) DPVs of 500 µmol L-1 DA in the presence of 1 mmol L-1 AA and 500 
µmol L-1 APAP Au/PEDOT/NF/CD in the mixture solution (0.1 mol L-1 PBS/pH 7.40), 
the inset; DPVs of 1 mmol L-1 DA and 1 mmol L-1 ST at Au/PEDOT/NF/CD. 
 
 
Fig. 7: Nyquist plot of Au/PEDOT/NF/CD and bare Au in 1 mmol L-1 of DA/0.1 mol L-1 

PBS/pH 7.40 at the oxidation potential of DA mV. (Symbols and solid lines represent the 
experimental measurements and the computer fitting of impedance spectra, respectively), 
frequency range: 0.1–100 000 Hz. Inset, the equivalent circuit used in the fit procedure of 
the impedance spectra. 
 
 

List of Tables: 

 

Table 1: Summary of CV results obtained at different modified electrodes for 1 mmol L-1 
DA in 0.1 mol L-1 PBS/pH 7.40, scan rate 50 mV s-1. 
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Table 2: Comparison for determination of DA at various modified electrodes-based 
literature reports. 
 

Table 3: Evaluation of the accuracy and precision of the proposed method for the 
determination of DA in urine sample. 
 
Table 4: EIS fitting data corresponding to Fig. 7 for bare electrode and the proposed 
sensor. 
 
List of Supplements: 

 
Supplement 1: CVs of 1 mmol L-1 of DA/0.1 mol L-1 PBS/pH 7.40 at 
Au/PEDOT/NF/CD at different scan rates (10–200 mV s-1), the inset; linear relationship 
of Ipa vs. ν1/2. 
 
Supplement 2: Linear relationship between the anodic peak potential (mV) vs. the pH 
values. The inset; the relation between the anodic peak current Ipa vs. pH values at 
Au/PEDOT/NF/CD. 
 
Supplement 3: Stability of Au/PEDOT/NF/CD for 1 mmol L-1 of DA/0.1 mol L-1 

PBS/pH 7.40, 50 repeated cycles. 
  
List of Schemes: 
 
Scheme 1: Schematic representation of the inclusion complex formation between CD and 
DA, AA and UA as guest molecules. 
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Table 1 

 
Dox 

cm
2
/s 

∆E mV Ipa µA Epa 

mV 

Electrode 

2.07×10
-6

 404  4.33 442 Bare Au 

3.18×10
-6 300 5.37 350 Au/PEDOT/NF 

3.04×10
-5

 64 16.6  209 Au/PEDOT 

8.34×10
-5

 67 27.5  210 Au/PEDOT/CD 

2.02×10
-4

 75 42.75  220 Au/PEDOT/NF/CD 

 

Epa; the anodic peak potential, Ipa; the anodic peak current, ∆E; the potential peak 

separation, Dapp; the apparent diffusion coefficient. 
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Table 2 

 

Reference LOD 

(nM)  

Sensitivity 

(µA/µM) 

pH LDR 

(µM) 

Electrode 

32 … 0.2649 4 5-177 NF/SWCNT/PMT/GCE 

37 190  … 7 1.0-56    β-CD-MWCNTs/Plu-

AuNPs/GCE 

13 67 … 7.4 … PEDOT…SDS 

36 33.4  0.5642 5 0.1–60 GCE-CD-PNIPAM 

35 150 NR 2 0.5–150 AuNPs-ß-CD–Gra/GCE  

33 15 1.991 7 0.05–25 Nafion/Ni(OH)2-

MWNTs/GCE 

This work 2.52 0.1191 7.4 2–320 Au/PEDOT/NF/CD  

 

 

LDR; Linear dynamic range, CD-PNIPAM; β-cyclodextrin-poly(N-

isopropylacrylamide), GCE; glassy carbon electrode, β-CD-MWCNTs/Plu-AuNPs; 

Gold nanoparticles-poly(luminol) (Plu-AuNPs) hybrid film and multi-walled carbon 

nanotubes with incorporated β-cyclodextrin, NF/SWCNT/PMT; a combination of 

incorporated Nafion, single-walled carbon nanotubes and poly(3-methylthiophene) 

film, Nafion/Ni(OH)2-MWNTs; Nafion/Ni(OH)2-multiwalled carbon nanotubes. 
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Table 3 

 
Standard 

error × 

10
-7

  

Standard 

deviation × 

10
-7

  

Recovery 

(%)  

Concentration of 

found DA (µmol 

L
-1

)
 a

  

Concentration of 

DA added (µmol 

L
-1

)  

Sample 

0.4331 0.7501 99.75 3.99 4 1  

0.5774 1.000 98.8 19.77 20 2  

0.2887 0.5000 100.3 120.3 120 3  

2.729 4.726 99.5  278.7 280 4  

 
a
 Average of five determinations. 
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Table 4 

 

 Rs 

Ω cm
2
 

Cc 

F cm
-2

 

Rct 

Ω cm
2
 

W 

Ω s
-1/2

 

CPE1 

F cm
-2

 

n Cf 

F cm
-2

 

CPE2 

F cm
-2

 

m 

Bare  

Au 

254.5 1.085 
×10

-4 
4210 5.302 

×10
4 

3.484 
×10

4 
0.3589 1.426 

×10
-7 

6.275 
×10

4 
0.936 

Sensor 150.0 1.046 

×10
-9 

132.3 1.566 
×10

2 
1.431 
×10

4 
0.2274 5.541 

×10
-4 

1.199 
×10

4 
0.200 
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Fig. 1 (A) 

 
 

Fig. 1 (B) 

 

Page 24 of 29Analytical Methods

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
tic

al
M

et
ho

ds
A

cc
ep

te
d

M
an

us
cr

ip
t



Fig. 2 

 
 

Fig. 3 
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Fig. 4 

 
 

 

Fig. 5 
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Fig. 6 
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Fig. 7 
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Scheme of drugs inclusion  
254x190mm (96 x 96 DPI)  
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