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a  b  s  t  r  a  c  t

For  the  first  time,  a novel  electrochemical  sensor;  gold  nanoparticles-coated  poly(3,4-ethylene-
dioxythiophene)  polymer  modified  gold  electrode  in  presence  of  SDS  (Au/PEDOT-Aunano. .  .SDS) was
developed  by  the  electrodeposition  of  gold  nanoparticles  on poly(3,4-ethylene-dioxythiophene)  (PEDOT)
modified  gold  electrode  for the  selective  determination  of dopamine  (DA)  in  presence  of  uric  acid  (UA)
and ascorbic  acid (AA)  in presence  of  sodium  dodecyl  sulfate  (SDS).  Synergism  between  the composite
of  conducting  polymer  matrix  and  gold  nanoparticles  in  presence  of  SDS  for  electron  transfer  enhance-
ment  of DA  is  explored.  Electrochemical  investigation  and  characterization  of  the modified  electrode
are  achieved  using  cyclic  voltammetry,  electrochemical  impedance  spectroscopy,  scanning  electron,  and
atomic  force  microscopies.  The  oxidation  current  signal  of  DA is  remarkably  stable  via repeated  cycles  and
has  unique  long  term stability.  Very  small  peak  potential  separation  (�Ep), almost  zero  or  15 mV  is also
obtained  by  repeated  cycles  indicating  unusual  high  reversibility.  The  use of  SDS  in the electrochemical
scorbic acid determination  of  DA  using  linear  sweep  voltammetry  at Au/PEDOT-Aunano modified  electrode  resulted
in  determining  DA at very  low  concentrations.  The  DA  concentration  could  be  measured  in the  linear
range  of  0.5–20  �mol  L−1 and  25–140  �mol  L−1 with  correlation  coefficients  of  0.9978,  and  0.9987,  and
detection  limits  of  0.39  nmol  L−1 and  1.55 nmol  L−1, respectively.  The  validity  of using  this  method  in the
determination  of  DA  in human  urine  was  also  demonstrated.  It has  been  shown  that  modified  electrode
can be  used  as a sensor  with  high  reproducibility,  sensitivity,  selectivity,  and  long  term  stability.
. Introduction

Recent activities in electroanalytical chemistry have focused
n the development of nano-scaled particles in sensor and
iosensor applications, due to its unique physicochemical, opti-
al, magnetic, and electronic characteristics that are significantly
ifferent from those of bulk materials [1–8]. Particularly, gold
anoparticles (Aunano) have potential applications in the con-
truction of electrochemical sensors and biosensors due to their
dvantages of enhanced diffusion [1,9], good stability and bio-
ompatibility in biomolecules detection [2,5,9],  high effective
urface area, improved selectivity and sensitivity, outstanding
lectrocatalytic activity, good conductivity, and high signal-to-
oise ratio [1,2,4,10,11]. They function as “electron antennae”
Please cite this article in press as: N.F. Atta, et al., Gold nanoparticles-coate
of  sub-nano concentrations of dopamine in presence of sodium dodecyl su

fficiently channeling electrons between the electrode and the
lectroactive species promoting better electron transfer between
he electrode surface and the electrolyte [4]. Gold nanoparticles
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dispersed on a variety of substrates have been reported in litera-
ture, such as indium tin oxide [3,4,6,10], highly ordered pyrolytic
graphite (HOPG) [1],  choline [1],  carbon nanotubes [9],  carbon
paste electrode [11], self-assembled monolayer [5],  and poly-
mers [7,8,12]. Concerning electrochemically generated polymers,
attention has been devoted since the mid-1990s to poly(3,4-
ethylenedioxythiophene) (PEDOT). This polymer induces uniform
and adherent polymer film on most of electrode materials, shows
quite high conductivity in its oxidized state and a low band-gap,
presents good stability in aqueous electrolytes and has biocom-
patibility with biological media [13–18].  Conducting polymer
incorporated metallic or semiconducting nanoparticles provides
an exciting system and these materials hold potential application
in electronics, sensors, biosensors and catalysis. They have syner-
gistic chemical and physical properties based on the constituent
polymer and introduced metal [19–23].  By tuning the polymer
backbone with nanoscale materials, realization of nano-electronic
d poly(3,4-ethylene-dioxythiophene) for the selective determination
lfate, Electrochim. Acta (2012), doi:10.1016/j.electacta.2012.02.082

sensor devices with superior performance is possible [23]. Gold
nanoparticles can be grown inside the PEDOT matrix by chemical
routes [24–27] or by simultaneous electrodeposition of polymer
along with metal nanoparticles [23,28–31] or by electrochemical

dx.doi.org/10.1016/j.electacta.2012.02.082
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eposition of gold nanoparticles on the PEDOT prepared by spin
oating method [32] or on the electropolymerized PEDOT [33]. DA is
ne of the important neurotransmitters that are widely distributed
n the mammalian central nervous system for message transfer
11,34]. It plays a very important role in the functioning of central
ervous, renal, hormonal, and cardiovascular systems. Thus, a loss
f DA-containing neurons may  lead to neurological disorders such
s Parkinsonism and schizophrenia [11,17,19–22]. Simultaneous
etection of DA, ascorbic acid (AA) and uric acid (UA) is a problem
f critical importance not only in the field of biomedical chem-
stry and neurochemistry but also for diagnostic and pathological
esearch [34–36].  At bare electrodes, the selective determination
f AA, DA, and UA is impossible because their oxidation poten-
ials are very close. Besides, stability and reproducibility cannot be
chieved at bare electrodes due to the surface fouling caused by the
dsorption of oxidized products of AA on electrode surface [11,17].
o overcome these problems, various modified electrodes have
een constructed such as polymer films [17,37], polymer–metal
anoparticles composites [7,19–22,38], self-assembled mono-

ayers [5,39,40], and gold nanoparticles [4,11,34,41] modified
lectrodes. PEDOT incorporated gold nanoparticles have been used
o simultaneously determine DA, AA, and UA [28,30].  Surfac-
ants, a kind of amphiphilic molecules with a hydrophilic head
n one side and a long hydrophobic tail on the other, have been
idely applied in electrochemistry to improve the property of the

lectrode/solution interface [17,41–45].  Surfactants have proven
ffective in the electroanalysis of biological compounds and drugs
42,43]. Different modified electrodes were used for the selective
etermination of DA in presence of sodium dodecyl sulfate SDS
17,44,45].

In the current study, a novel modified electrode (Au/PEDOT-
unano) was fabricated by the electrodeposition of gold nanopar-

icles into the electropolymerized PEDOT film over the surface
f gold (Au) electrode. Au/PEDOT-Aunano modified electrode was
sed for the first time for determination of DA in presence
f SDS (Au/PEDOT-Aunano. . .SDS). The voltammetric response of
u/PEDOT-Aunano. . .SDS is highly selective toward DA compared

o Au/PEDOT-Aunano. The new composite electrode (Au/PEDOT-
unano. . .SDS) combines the properties of PEDOT to reduce the
xidation potential with the attractive electrocatalytic properties
f gold nanoparticles and SDS to promote a fast electron transfer
eaction. The application of the proposed sensor for the simulta-
eous determination of DA, AA, and UA and separation of tertiary
ixture of DA, AA, and acetaminophen APAP proved excellent. Dif-

erent parameters relevant to sensors were considered such as the
eproducibility, sensitivity, selectivity, stability of the redox signals,
ong term stability as well as detection limits.

. Experimental

.1. Chemicals and reagents

All chemicals were used as received without further purification.
,4-Ethylene dioxy-thiophene (EDOT), tetrabutylammonium hex-
fluorophosphate (TBAHFP), acetonitrile ([HPLC] grade), dopamine
DA), uric acid (UA), ascorbic acid (AA), acetaminophen (APAP),
odium dodecyl sulfate (SDS) and hydrogen tetrachloroaurate
HAuCl4) were supplied by Aldrich Chem. Co. (Milwaukee, WI,  USA).
queous solutions were prepared using double distilled water.
hosphate buffer solution 0.1 mol  L−1 PBS (1 mol  L−1 K2HPO4 and

 mol  L−1 KH2PO4) was used as the supporting electrolyte. pH was
djusted using 0.1 mol  L−1 H3PO4 and 0.1 mol  L−1 KOH.
Please cite this article in press as: N.F. Atta, et al., Gold nanoparticles-coate
of  sub-nano concentrations of dopamine in presence of sodium dodecyl su

.2. Electrochemical cells and equipments

Electrochemical polymerization and characterization were car-
ied out with a three-electrode/one compartment glass cell. The
 PRESS
Acta xxx (2012) xxx– xxx

working electrode was  gold disc (diameter: 1 mm). The auxiliary
electrode was  in the form of 6.0 cm platinum wire. All the poten-
tials in the electrochemical studies were referenced to Ag/AgCl
(4 mol  L−1 KCl saturated with AgCl) electrode. Working electrode
was polished using alumina (2 �M)/water slurry until no visible
scratches were observed. Prior to immersion in the cell, the elec-
trode surface was thoroughly rinsed with distilled water and dried.
All experiments were performed at 25 ± 0.2 ◦C.

The electrosynthesis of the PEDOT film, gold nanoparticles and
their electrochemical characterization were performed using a
BAS-100B electrochemical analyzer (Bioanalytical Systems, BAS,
West Lafayette, USA). EIS was performed using a Gamry-750 instru-
ment and a lock-in-amplifier that are connected to a personal
computer. The data analysis was provided with the instrument and
applied non-linear least square fitting with Levenberg–Marquardt
algorithm. All impedance experiments were recorded between
0.1 Hz and 100 kHz with an excitation signal of 10 mV ampli-
tude. The measurements were performed under potentiostatic
control at different applied potentials which were decided from the
cyclic voltammogram recorded for the modified electrode. Quanta
FEG 250 instrument was  used to obtain the scanning electron
micrographs of the different films. The topographs of Au/PEDOT,
Au/PEDOT-Aunano, and Au/PEDOT-Aunano. . .SDS electrodes were
investigated with atomic force microscopy AFM (SPM, Shimadzu,
Japan) using the non-contact mode.

2.3. Electropolymerization of EDOT

The polymer film was electrochemically formed by applying a
constant potential (1400 mV)  to the working Au electrode for 30 s
(Bulk Electrolysis, BE). The thickness of the film was  controlled by
the amount of charge consumed during the electro-polymerization
(assuming 100% efficiency during the electrochemical conversion).
The synthesis solution consisted of 0.01 mol  L−1 monomer (3,4-
EDOT), and 0.01 mol  L−1 supporting electrolyte (TBAHFP) dissolved
in acetonitrile ([HPLC] grade).

2.4. Preparation of PEDOT-Aunano composite electrodes

Briefly, a polymer film is prepared and washed with doubly
distilled water. This was  followed by the electrochemical deposi-
tion of gold nanoparticles from a solution containing 6 mmol  L−1

HAuCl4 prepared in 0.1 mol  L−1 KNO3 (prepared in doubly distilled
water and deaerated by bubbling with nitrogen). The potential
applied between the working Au/PEDOT electrode and the ref-
erence Ag/AgCl (4 mol  L−1 KCl saturated with AgCl) electrode is
held constant at −400 mV  (Bulk Electrolysis, BE) for 400 s [11].
The surface coverage (� ) of gold nanoparticles was approximately
4.4 × 10−6 mol/cm2 (estimated from the quantity of charge used
in the electrodeposition process). This electrode is denoted as
Au/PEDOT-Aunano. Further modification is done by the successive
additions of 10 �L of 0.1 mol L−1 SDS (prepared in distilled water)
to the DA solution (1 mmol  L−1 DA/0.1 mol  L−1 PBS, pH 2.58, and
7.40) from 0 up to 200 �L (increments add 6.7 × 10−5 mol  L−1 SDS of
each addition and the total concentration of SDS after 20 additions
is 1.3 × 10−3 mol  L−1) and the electrode is denoted as Au/PEDOT-
Aunano. . .SDS. After each addition, stirring takes place for 5 min
then holds for 1 min  before running the experiment.

2.5. Analysis of urine
d poly(3,4-ethylene-dioxythiophene) for the selective determination
lfate, Electrochim. Acta (2012), doi:10.1016/j.electacta.2012.02.082

The utilization of the proposed method in real sample analy-
sis was  also investigated by direct analysis of DA in human urine
samples. DA was dissolved in urine to make a stock solution with
0.5 mmol  L−1 concentration. Standard additions were carried out

dx.doi.org/10.1016/j.electacta.2012.02.082
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Fig. 1. CVs of 1 mmol L−1 DA/0.1 mol  L−1 PBS at Au/PEDOT-Aunano electrode with
successive additions (0–200 �l) of 0.1 mol  L−1 SDS with stirring the solution for 5 min
every addition and 1 min  for occupation at (A) pH 2.58 and (B) pH 7.40, (increments
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dd 6.7 × 10−5 mol  L−1 SDS of each addition and the total concentration of SDS after
0  additions is 1.3 × 10−3 mol  L−1), inset represents the initial (in absence of SDS)
nd  final (in presence of 200 �L SDS) CVs, scan rate 50 mV  s−1.

rom the DA stock solution in 15 mL  of 0.1 mol  L−1 PBS (pH 7.40)
ontaining 200 �L SDS.

. Results and discussion

.1. Electrochemistry of DA at Au/PEDOT-Aunano in presence of
DS

The voltammetric behavior of DA was examined using cyclic
oltammetry. Fig. 1(A) and (B) compares typical cyclic voltammo-
rams of 1 mmol  L−1 DA in 0.1 mol  L−1 PBS/pH 2.58 and 7.40 at scan
ate 50 mV  s−1 using PEDOT-Aunano modified Au electrode in pres-
nce of 200 �L SDS (Au/PEDOT-Aunano. . .SDS). The inset of Fig. 1(A)
nd (B) shows the CVs of DA at the modified electrode in the absence
nd in presence of 200 �L SDS. The successive additions of 10 �L
f 0.1 mol  L−1 SDS (increments add 6.7 × 10−5 mol  L−1 SDS of each
ddition and the total concentration of SDS after 20 additions is
.3 × 10−3 mol  L−1) to 1 mmol  L−1 DA in 0.1 mol  L−1 PBS/pH 2.58
Fig. 1(A)) leads to increasing the oxidation and reduction currents
f DA from 11.3 �A and 10.1 �A in the absence of SDS to 19.4 �A
nd 13.2 �A in presence of 200 �L of SDS, respectively. The CV
Please cite this article in press as: N.F. Atta, et al., Gold nanoparticles-coate
of  sub-nano concentrations of dopamine in presence of sodium dodecyl su

n pH 2.58 is characterized by the appearance of distinct anodic
eak at 497 mV  and a cathodic peak at 446 mV.  The same trend
as observed in pH 7.40 (Fig. 1(B)), and the anodic and cathodic
eaks of DA appeared at 239 mV  and 139 mV,  respectively. Also,
Fig. 2. CVs of 1 mmol L−1 DA/0.1 mol  L−1 PBS/pH 2.58 at: (I) bare Au, (II) Au/PEDOT,
(III) Au/PEDOT-Aunano, and (IV) Au/PEDOT-Aunano. . .SDS modified electrodes, scan
rate  50 mV s−1.

the oxidation and reduction currents of DA/pH 7.40 increase from
17.6 �A and 10.2 �A in absence of SDS to 28 �A and 13 �A in pres-
ence of 200 �L SDS, respectively. The effect of changing the pH of
PBS on the voltammetric response of DA was observed. Thus, the
oxidation peak potential shifts to a less positive value and the oxida-
tion current response increases as pH increases from 2.58 to 7.40.
SDS is an anionic surfactant with hydrophobic tail consisting of
12 carbon atoms and hydrophilic head consisting of sulfate group.
The suggested mechanism for the aggregation of surfactants on the
modified electrode surface in the form of bilayers, cylinder, or sur-
face micelles (in the case of relatively higher concentrations added
of SDS) could explain the increase in the current in the presence of
surfactants [17,42,43].  The electron transfer process will take place
when the electroactive species approaches the vicinity of the elec-
trode surface. Two main possibilities allow the transfer of charge;
first is the displacement of the adsorbed surfactant by the analyte,
and second is the approach of the analyte to the surface of the
electrode within the space of one to two head groups of adsorbed
surfactant moieties. We  believe that the second mechanism is more
plausible. Furthermore, a possible mechanism suggests the for-
mation of ion-pair that anchor onto the surface of the electrode
that should posses some hydrophobic character. Thus, the result-
ing ion-pair of the charged surfactant and drug tend to adhere to
the surface through the lipophilic parts in both moieties [17,42,43].
Thus, the presence of SDS enhances the diffusion of DA through the
Au/PEDOT-Aunano modified electrode.

3.2. Electrochemistry of DA at different modified electrodes

The oxidation behavior of 1 mmol  L−1 DA/0.1 mol  L−1 PBS/pH
2.58 at bare Au, Au/PEDOT, Au/PEDOT-Aunano, and Au/PEDOT-
Aunano. . .SDS electrodes is shown in Fig. 2. DA undergoes a
two-electron oxidation to obtain the o-quinone form (DOQ) of DA
[30]. When compared to bare Au electrode, the oxidation current of
DA increases by 63%, 75%, and 85% at Au/PEDOT, Au/PEDOT-Aunano,
and Au/PEDOT-Aunano. . .SDS electrodes, respectively which clearly
indicates the catalytic DA oxidation at the modified electrodes.
The anodic peak of DA shifted to 513 mV  at Au/PEDOT and to
about 493 mV  at Au/PEDOT-Aunano, and Au/PEDOT-Aunano. . .SDS,
compared to 683 mV  at bare Au electrode. Also, the peak sepa-
d poly(3,4-ethylene-dioxythiophene) for the selective determination
lfate, Electrochim. Acta (2012), doi:10.1016/j.electacta.2012.02.082

ration (�Ep) is found to be 448 mV at bare Au which decreases
to 61 mV at Au/PEDOT and to about 51 mV  at Au/PEDOT-
Aunano and Au/PEDOT-Aunano. . .SDS electrodes. From the previous
results, we can conclude that the new composite electrode

dx.doi.org/10.1016/j.electacta.2012.02.082
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Fig. 3. CVs of 1 mmol  L−1 DA/0.1 mol L−1 PBS/pH 2.58 at Au/PEDOT-Aunano. . .SDS

The effect of changing the pH of the supporting electrolyte
on the electrochemical response of DA was  studied. Fig. 4 shows
the CVs of 1 mmol  L−1 DA in 0.1 mol  L−1 PBS of pH 2.58, 4.00,
ARTICLEA-18302; No. of Pages 10
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u/PEDOT-Aunano. . .SDS combines the properties of PEDOT to
educe the oxidation potential with the attractive electrocatalytic
roperties of gold nanoparticles and SDS to promote a fast elec-
ron transfer reaction. The previous results could be interpreted
s follows; the PEDOT film contains a distribution of hydrophobic
reduced) and hydrophilic (oxidized) regions and the hydrophobic
A+ cations prefer to interact with the more hydrophobic regions

23,30]. Also, the PEDOT film has a rich electron cloud that acts as an
lectron mediator. In addition, a hydrophobic environment appears
o favour reversible oxidation of DA. The increase in oxidation cur-
ent of DA at Au/PEDOT-Aunano is attributed to the favourable weak
dsorption of DA+ cations on gold nanoparticles. The weak adsorp-
ion of DA on the gold nanoparticles surface may  be due to the fact
hat DA self-assembles on gold surfaces through the interaction of
NH2 group with Au [30] and this clearly indicates the catalytic
ffect of gold nanoparticles which act as a promoter to enhance
he electrochemical reaction, considerably accelerating the rate of
lectron transfer. The addition of SDS enhances the preconcentra-
ion/accumulation of the hydrophobic DA+ cations, accelerates the
ate of electron transfer due to the electrostatic attraction of posi-
ively charged DA (pKa = 8.92) with the anionic surfactant SDS [17],
nd enhances the DA current signal at the Au/PEDOT-Aunano modi-
ed electrode as discussed before in Section 3.1.  PEDOT film reduces
he overpotential of DA oxidation when using gold nanoparti-
les, and SDS improve the sensitivity of DA detection, in other
ords, Au/PEDOT-Aunano. . .SDS explores the synergism between

he PEDOT matrix, gold nanoparticles and SDS for the selective,
nd sensitive determination of DA. Thus, this modified electrode is
sed for the first time as a promising electrochemical sensor for DA

n presence of AA, and UA.

.3. Effect of scan rate on the voltammetric response of DA

The dependence of the anodic peak current (Ipa A) on the scan
ate has been used for the estimation of the “apparent” diffusion
oefficient Dapp of 1 mmol  L−1 DA/0.1 mol  L−1 PBS/pH 2.58. Dapp

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

pa = (2.69 × 105) n3/2ACoD1/2�1/2 (1)

here n is the number of electrons exchanged in oxidation at
 = 298 K, A is the geometrical electrode area = 7.854 × 10−3 cm2, Co

s the analyte concentration (1 × 10−6 mol  cm−3) and � is the scan
ate V s−1 [11,17,19–22]. It is important to notice that the apparent
urface area used in the calculations does not take into account the
urface roughness, which is inherent characteristic for all polymer
lms formed using the electrochemical techniques and the surface
oughness of gold nanoparticles. The roughness factor calculated
rom atomic force microscopy measurements of gold nanoparticles
n case of Au/PEDOT-Aunano and Au/PEDOT-Aunano. . .SDS are 1.91,
nd 1.92, respectively and the surface roughness of PEDOT film is
.52.

Fig. 3 shows the CVs of 1 mmol  L−1 DA/0.1 mol  L−1 PBS/pH 2.58
t Au/PEDOT-Aunano. . .SDS at different scan rates (from 10 mV  s−1

p to 150 mV s−1). It can be noticed that a pair of roughly sym-
etric anodic and cathodic peaks appeared with almost equal

eak currents. Moreover, the anodic and cathodic peak currents
nd the peak-to-peak separation increased with increasing the
can rate [11]. For a diffusion-controlled process, a plot of the
nodic peak current values versus the square root of the scan rate
esults in a straight-line relationship and the inset of Fig. 3 shows

 comparison of these linear relationships for DA at Au/PEDOT-
Please cite this article in press as: N.F. Atta, et al., Gold nanoparticles-coate
of  sub-nano concentrations of dopamine in presence of sodium dodecyl su

unano (black circle) and Au/PEDOT-Aunano. . .SDS (white circle)
odified electrodes. The oxidation and reduction peak currents

ncreased linearly with the linear regression equations (Eqs. (2)
nd (3)), respectively at Au/PEDOT-Aunano, and (Eqs. (4) and
modified electrode at different scan rates (10–150 mV s−1), the inset; Linear
relationship of Ip vs. �1/2 for 1 mmol  L−1 DA at Au/PEDOT-Aunano (�), and Au/PEDOT-
Aunano. . .SDS (©) electrodes.

(5)), respectively at Au/PEDOT-Aunano. . .SDS, suggesting that the
reaction is diffusion-controlled electrode reaction. Dapp value is
5.25 × 10−4 cm2 s−1 in presence of SDS and 8.18 × 10−5 cm2 s−1 in
absence of SDS.

Ipa(A) = (1.12 × 10−6) − (5.41 × 10−5)�1/2 (2)

Ipc(A) = (−1.11 × 10−6) + (4.95 × 10−5)�1/2 (3)

Ipa(A) = (1.03 × 10−5) − (1.37 × 10−4)�1/2 (4)

Ipc(A) = (−6.29 × 10−6) + (8.76 × 10−5)�1/2 (5)

The anionic surfactant SDS affects remarkably the diffusion
component of the charge transfer at the electrode surface as indi-
cated by the Dapp values [17].

3.4. Effect of solution pH
d poly(3,4-ethylene-dioxythiophene) for the selective determination
lfate, Electrochim. Acta (2012), doi:10.1016/j.electacta.2012.02.082

Fig. 4. CVs of 1 mmol  L−1 DA/0.1 mol  L−1 PBS of different pH: 2.58, 4.00, 7.40, and
9.00  at Au/PEDOT-Aunano. . .SDS modified electrode, inset (1); The dependence of
the  anodic peak potential of DA on pH value of the solution, and inset (2); the
dependence of the anodic peak current of DA on pH value of the solution at
Au/PEDOT-Aunano. . .SDS.

dx.doi.org/10.1016/j.electacta.2012.02.082
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Table  1
Comparison for determination of DA at various modified electrodes based on literature reports.

Electrode Compound pH LDR (�M) Sensitivity (�A/�M)  LOD (nM) Reference

CPE/Aunano DA 7.4 0.1–6 0.288 5.9 [11]
GC/CA/Aunano DA 7.0 0.01–25 9.79 4 [5]
Pt/PEDOT in presence of SDS DA 7.4 0.5–25 NR 61 [17]
Pt/PMPy/Pdnano DA 7.4 0.1–10 0.71 12 [19]
Pt/PMT/Pdnano DA 7.4 0.05–1 1.44 8 [20]
GC/Aunano/pedot DA 7.4 0.5–2 850 2 [23]
GCE/PEDOT/Pd DA 7.4 0.5–1 1.9 500 [38]
Au/PEDOT-Aunano. . .SDS DA 7.4 0.5–20 0.0381 0.39 This work

N on paste electrode; GC, glassy carbon electrode; CA, cysteamine; Pt, platinum electrode;
P lthiophene); Aunano/pedot, PEDOT incorporated gold nanoparticles.
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Fig. 5. Calibration curve for DA for concentrations from (25 �mol  L−1 to
ote: LDR, linear dynamic range; LOD, limit of detection; NR, not reported; CPE, carb
MPy,  poly(N-methylpyrrole); Pdnano, palladium nanoparticles; PMT, poly(3-methy

.40, and 9.00 at Au/PEDOT-Aunano electrode in presence of 200 �L
f 0.1 mol  L−1 SDS (the total concentration of SDS after 20 addi-
ions is 1.3 × 10−3 mol  L−1). It is clear that changing the pH of
he supporting electrolyte altered both the peak potentials and
he peak currents of DA. Both the anodic and the cathodic peak
otentials shifted negatively with the increase in the solution pH
11,19–22], indicating that the electrocatalytic oxidation of DA at
he Au/PEDOT-Aunano. . .SDS is a pH-dependent reaction and proto-
ation/deprotonation is taking part in the charge transfer process.

nset (1) of Fig. 4 shows the relationship between the anodic peak
otential and the solution pH value (over the pH range of 2.58–7.40)
ould be fit to the linear regression equation (Eq. (6)) with a corre-
ation coefficient of R2 = 0.994.

pa(V) = (0.646) − (0.055)pH (6)

The slope was −0.055 V/pH units over the pH range 2.58–7.40,
hich is close to the theoretical value of −0.059 V/pH. This

ndicated that the number of protons and transferred electrons
nvolved in the oxidation mechanism is equal. As the DA oxidation
s a two-electron process, the number of protons involved was  also
redicted to be two indicating a 2e−/2H+ process. In solution, the
Ka values of DA are 8.90 (pKa1) and 10.6 (pKa2). A little deviation
rom linearity occurs at pH 9.00, indicating the deprotonation of DA
t pH 9.00 so that it is no longer a two-proton, two-electron pro-
ess at this point and other equilibria should be taken into account
19–22]. Inset (2) of Fig. 4 shows the relationship between the
nodic peak current and the solution pH value, the anodic peak
urrent increased from pH 2.58 to pH 7.40 where it reached its
aximum value and decreased again at pH 9.00. The highest oxi-

ation peak current was obtained at pH 7.40 (pH medium of the
uman body).

.5. Determination of DA at physiological pH using
u/PEDOT-Aunano in presence of SDS

The voltammetric behavior of DA was examined using linear
weep voltammetry (LSV) with scan rate 50 mV  s−1. Inset (1) of
ig. 5 shows typical LSV of standard additions of 0.5 mmol  L−1

A/0.1 mol  L−1 PBS/pH 7.40 to 200 �L of 0.1 mol  L−1 SDS in 15 mL  of
.1 mol  L−1 PBS/pH 7.40. Inset (1) of Fig. 5 shows that by increasing
he concentration of DA, the anodic peak current increases which
ndicates that the electrochemical response of DA is apparently
mproved by SDS due to the enhanced accumulation of protonated
A via electrostatic interaction with negatively charged SDS at the
u/PEDOT-Aunano electrode surface. Fig. 5 and inset (2) show the
alibration curves of the anodic peak current values in the lin-
Please cite this article in press as: N.F. Atta, et al., Gold nanoparticles-coate
of  sub-nano concentrations of dopamine in presence of sodium dodecyl su

ar range of 25–140 �mol  L−1 DA with the regression equation
Eq. (7))  and 0.5–20 �mol  L−1 with the regression equation (Eq.
8)) with correlation coefficients of 0.9987, and 0.9978, sensitiv-
ties of 0.0387 �A/�mol  L−1, and 0.0381 �A/�mol  L−1, detection
140  �mol  L−1) and from (0.5 �mol  L−1 to 20 �mol  L−1, inset 2), inset 1; LSVs of 15 ml
of  0.1 mol  L−1 PBS/pH 7.40 at Au/PEDOT-Aunano. . .SDS modified electrode in different
concentrations of DA (0.5–140 �mol L−1), scan rate 50 mV s−1.

limits of 1.55 nmol L−1 and 0.39 nmol L−1, and quantification limits
of 5.17 nmol L−1, and 1.31 nmol L−1, respectively.

Ip (A) = (1.331 × 10−7) + 3.871 × 10−8c (�mol  L−1) (7)

Ip (A) = (9.517 × 10−8) + 3.814 × 10−8c (�mol  L−1) (8)

The detection limit (DL) and quantification limit (QL) were cal-
culated from Eqs. (9) and (10), respectively

DL = 3s/b (9)

QL = 10s/b (10)

where s is the standard deviation and b is the slope of the calibration
curve. Table 1 shows the comparison for the determination of DA
at Au/PEDOT-Aunano. . .SDS with various modified electrodes based
in literature reports.

3.6. Analysis of tertiary mixture at Au/PEDOT-Aunano modified
electrode in presence of SDS

The determination of catecholamines in biological samples is
crucial for the diagnosis of many diseases. However, electrochem-
ical oxidation of catecholamines especially DA at conventional
electrodes is found difficult because of: (i) fouling of the electrode
surface due to the adsorption of oxidation products, (ii) interference
due to the co-existence of interfering compounds such as ascorbic
acid (AA) and others in the biological fluids, and (iii) AA is oxi-
d poly(3,4-ethylene-dioxythiophene) for the selective determination
lfate, Electrochim. Acta (2012), doi:10.1016/j.electacta.2012.02.082

dized at almost the same potential as DA [19–22].  Acetaminophen
(paracetamol), APAP, is another drug that likely to interfere with
DA and AA determination [21,22,46].  Fig. 6 shows the cyclic voltam-
mogram of tertiary mixture of 1 mmol  L−1 AA, 1 mmol L−1 DA and,

dx.doi.org/10.1016/j.electacta.2012.02.082
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Fig. 6. CVs of 1 mmol L−1 AA, 1 mmol  L−1 DA, and 1 mmol  L−1 APAP in 0.1 mol  L−1

PBS/pH 2.58 at Au/PEDOT-Aunano with successive additions of (0–200 �L) of
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Fig. 7. (A) Stability of Au/PEDOT-Aunano. . .SDS for tertiary mixture (1 mmol  L−1

AA, 1 mmol  L−1 DA, and 1 mmol L−1 APAP/0.1 mol  L−1 PBS/pH 2.58) separation, 50
repeated cycles, the inset; Stability of Au/PEDOT-Aunano. . .SDS modified electrode
in  1 mmol  L−1 DA/0.1 mol L−1 PBS/pH 2.58, 50 repeated cycles, (B) CVs of the com-
parison of 50th cycle of long term stability of Au/PEDOT-Aunano. . .SDS  for tertiary
mixture (1 mmol  L−1 AA, 1 mmol L−1 DA, and 1 mmol  L−1 APAP/0.1 mol L−1 PBS/pH
2.58) separation immediately, after 3 days and one week of storage, scan rate
.1  mol  L SDS, inset represents the initial (in absence of SDS) and final (in presence
f  200 �L SDS) CVs, scan rate 50 mV s−1.

 mmol  L−1 APAP in 0.1 mol  L−1 PBS/pH 2.58 at Au/PEDOT-Aunano

ith successive additions of (0–200) �L of 0.1 mol  L−1 SDS (incre-
ents add 6.7 × 10−5 mol  L−1 SDS of each addition and the total

oncentration of SDS after 20 additions is 1.3 × 10−3 mol  L−1). The
nset of Fig. 6 shows the CVs of the mixture (AA, DA, and APAP) in
he absence of SDS and presence of 200 �L of 0.1 mol  L−1 SDS. Three
ell-defined oxidation peaks were obtained at Au/PEDOT-Aunano

odified electrode at 235, 499, and 678 mV for AA, DA, and APAP,
espectively. Thus, Au/PEDOT-Aunano electrode can be used for the
imultaneous determination of AA, DA, and APAP in their mixture.
y the successive additions of 10 �L of 0.1 mol  L−1 SDS in the mix-
ure solution, the oxidation peak current of DA increases while the
xidation current of AA decreases till its complete disappearance
nd the oxidation current of APAP decreases slightly. Surfactants
end to adsorb at different interfaces at concentration below and/or
bove its critical micellar concentration. Thus, it is expected that the
ddition of SDS will result in the formation of a surfactant film over
he Au/PEDOT-Aunano electrode. This amphiphilic film will align in

 way where the head groups of surfactant molecules face the aque-
us medium leaving the rest hydrophobic part in contact with each
ther and away from the aqueous medium. It is clear that there is

 negatively charged surface; behind this negative surface there is
 hydrophobic region due to the alignment of the surfactant tails.
onsequently, the negative charge of the adsorbed surfactant film
s well as the hydrophobic character of the interior of this film will
ct to repel hydrophilic AA molecules or its AA− away from the elec-
rode surface while enhancing the preconcentration/accumulation
f the hydrophobic DA+ cations. The slight decrease in the anodic
eak current of APAP may  be attributed firstly to its structure

n which it behaves neutral in the pH of study, and its diffusion
owards the Au/PEDOT-Aunano electrode is slow in comparison
ith other cationic compounds. Secondly, its interaction with the

nionic SDS is retarded as it became neutral compound. The peak
urrent of DA is enhanced at Au/PEDOT-Aunano. . .SDS compared
o that of other electrodes, even in the presence of AA and APAP.
his clearly shows the synergism between the polymer matrix, gold
anoparticles, and SDS.
Please cite this article in press as: N.F. Atta, et al., Gold nanoparticles-coate
of  sub-nano concentrations of dopamine in presence of sodium dodecyl su

.7. Stability of the modified electrode

The stability of Au/PEDOT-Aunano. . .SDS was  studied via
epeated cycles up to 50 cycles. The inset of Fig. 7(A) shows
50  mV s−1.

the repeated cycles up to 50 cycles of Au/PEDOT-Aunano. . .SDS in
1 mmol  L−1 DA/0.1 mol  L−1 PBS/pH 2.58. 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 reproducibil-
ity and does not suffer from surface fouling during the repetitive
voltammetric measurement [17]. Also, we noticed that very small
peak separation, almost zero or 15 mV peak separation is obtained
indicating that unusual high reversibility is obtained by repeated
cycles. Fig. 7(A) shows the repeated cycles stability up to 50 cycles
for separation of tertiary mixture of 1 mmol  L−1 AA, 1 mmol L−1

DA, and 1 mmol  L−1 APAP in 0.1 mol  L−1 PBS/pH 2.58 at Au/PEDOT-
Aunano. . .SDS modified electrode. Also, the long term stability for
separation of tertiary mixture of AA, DA, and APAP at Au/PEDOT-
Aunano. . .SDS modified electrode was studied up to one week. After
each measurement, the electrode is stored in 0.1 mol  L−1 PBS/pH
2.58 in the refrigerator. Fig. 7(B) shows the CVs of the 50th cycle of
repeated cycles of Au/PEDOT-Aunano. . .SDS for tertiary mixture of
d poly(3,4-ethylene-dioxythiophene) for the selective determination
lfate, Electrochim. Acta (2012), doi:10.1016/j.electacta.2012.02.082

1 mmol  L−1 AA, 1 mmol  L−1 DA, and 1 mmol  L−1 APAP/0.1 mol  L−1

PBS/pH 2.58 immediately, after 3 days, and one week. After one
week of storage, Ipa of DA decreases by 6.7% and Ipa of APAP

dx.doi.org/10.1016/j.electacta.2012.02.082
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Fig. 8. (A) Nyquist plot of Au/PEDOT-Aunano. . .SDS modified electrode in 1 mmol  L−1 DA/0.1 mol  L−1 PBS/pH 7.40 at the oxidation potential (240 mV), and the inset, the typical
i present the experimental measurements and the computer fitting of impedance spectra,
r e fit procedure of the impedance spectra.
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mpedance spectrum presented in the form of Bode plot. (symbols and solid lines re
espectively), frequency range: 0.1–100,000 Hz, (B) The equivalent circuit used in th

ecreases by 1.2%. Thus Au/PEDOT-Aunano. . .SDS gives better sta-
ility via repeated cycles and long term stability, not only for DA
etection (one component), but also, for the separation of tertiary
ixture components.

.8. Electrochemical impedance spectroscopy (EIS) of DA

It is well known that the EIS technique is a useful tool for study-
ng the interface properties of surface-modified electrodes [17].
herefore, EIS was used to investigate the nature of DA interac-
ion at Au/PEDOT-Aunano. . .SDS surface. EIS data were obtained for
he modified electrode at AC frequency varying between 0.1 Hz and
00 kHz with an applied potential (240 mV)  in the region corre-
ponding to the electrolytic oxidation of 1 mmol  L−1 DA/0.1 mol  L−1

BS/pH 7.40. Moreover, the electrochemical system studied is
ompared with an “equivalent circuit” that uses some of the
onventional circuit elements, namely resistance, capacitance, dif-
usion, and induction elements [11,19–22].  Fig. 8(A) shows a typical
mpedance spectrum presented in the form of Nyquist plot of DA
Please cite this article in press as: N.F. Atta, et al., Gold nanoparticles-coated poly(3,4-ethylene-dioxythiophene) for the selective determination
of  sub-nano concentrations of dopamine in presence of sodium dodecyl sulfate, Electrochim. Acta (2012), doi:10.1016/j.electacta.2012.02.082

t Au/PEDOT-Aunano. . .SDS modified electrode and the inset shows
he typical impedance spectrum presented in the form of Bode plot.
he equivalent circuit is shown in Fig. 8(B). In this circuit, Rs is the
olution resistance, and Rp is the polarization resistance. Capacitors

Fig. 9. CVs of tertiary mixture of 1 mmol L−1 AA, 0.5 mmol L−1 DA, and 0.5 mmol L−1

UA in 0.1 mol L−1 PBS/pH 7.40 at Au/PEDOT-Aunano modified electrode with suc-
cessive additions of (0–200 �L) of 0.1 mol  L−1 SDS, inset represents the initial (in
absence of SDS) and final (in presence of 200 �L SDS) CVs, scan rate 50 mV s−1.

dx.doi.org/10.1016/j.electacta.2012.02.082
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Table 2
EIS fitting data corresponding to Fig. 8 (A).

Rs/102 � cm2 Cc/10−9 F cm−2 Rp/102 � cm2 W/103 � s−1/2 CPE1/104 F cm−2 n Cf/10−5 F cm−2 CPE2/103 F cm−2 m

3.497 2.282 7.887 3.433 2.053 0.4427 3.661 1.103 0.9870

Fig. 10. SEM images of: Au/PEDOT (A), Au/PEDOT-Aunano (B), and Au/PEDOT-Aunano. . .SDS (C) electrodes, and 3D AFM images of Au/PEDOT (D), Au/PEDOT-Aunano (E), and
Au/PEDOT-Aunano. . .SDS (F) electrodes by non-contact mode.

dx.doi.org/10.1016/j.electacta.2012.02.082
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Table  3
Evaluation of the accuracy and precision of the proposed method for the determination of DA in urine sample.

Sample Concentration
of DA added
(�mol  L−1)

Concentration
of found DA
(�mol  L−1)

Recovery (%) Standard devi-
ation × 10−8

Standard
error × 10−8

1 1.00 1.01 101 1.64 0.822
2 5.00  5.07 101.4 1.81 0.904

99.4 0.687 0.343
98.5 3.03 1.52
99.7 1.73 0.867
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Fig. 11. Calibration curve for DA for concentrations from (25 �mol L−1 to
140  �mol  L−1) and from (0.7 �mol  L−1 to 20 �mol L−1, inset 2), (stock solution of
DA  was prepared in urine), inset (1); LSVs of 15 ml of 0.1 mol  L−1 PBS/pH 7.40 at

−1
3  10.0 9.94 

4  20.0 19.7 

5  35.0 34.9 

n EIS experiments do not behave ideally; instead they act like a con-
tant phase element (CPE). Therefore, CPE1 and CPE2 are constant
hase elements and n, and m are their corresponding exponent (n

s less than one, and m is nearly one). Cc and Cf represent the capac-
tance of the double layer [19–22].  Diffusion can create impedance
nown as the Warburg impedance W.  Table 2 lists the best fit-
ing values calculated from the equivalent circuit (Fig. 8(B)) for the
mpedance data of Fig. 8(A). As shown in Fig. 8(A), the impedance
pectra include a semicircle portion at the higher frequencies and a
inear portion ended with plateau at the lower frequencies, which
escribe the electron-transfer limiting electrochemical process,
nd the diffusion-limiting electrochemical process, respectively.
he semicircle diameter equals the interfacial charge transfer resis-
ance Rct. This resistance controls the electron transfer kinetics
f the redox probe at the electrode interface. Therefore, Rct can
e used to describe the interface properties of the electrode.
he semicircle part in Fig. 8(A) is relatively small, implying a
ow charge transfer resistance Rct of the redox probe which is
ttributed to the selective interaction between SDS and DA that
esulted in the observed current signal increase for the electro-
xidation process and this indicates the conductivity and the high
atalytic activity of the modified electrode and the facilitation
f charge transfer. The values of the capacitive component indi-
ating the conducting character of the modified surface due to
onic adsorption at the electrode surface and the charge transfer
rocess.

.9. Electrochemistry of DA in presence of UA and AA

DA, UA and AA coexist in the extracellular fluid of the cen-
ral nervous system and serum [11,17,19,35,36]. The ability to
electively determine these species has been a major goal of elec-
roanalysis research. Therefore, the electrochemical behaviors of
A, UA and AA in a mixture solution were studied. Fig. 9 shows the
Vs of 0.5 mmol  L−1 DA in tertiary mixture with 1 mmol  L−1 AA and
.5 mmol  L−1 UA at Au/PEDOT-Aunano with the successive additions
f (0–200) �L of 0.1 mol  L−1 SDS in the mixture solution (0.1 mol  L−1

BS, pH 7.40). The inset of Fig. 9 shows the CVs of the mixture
DA, UA, and AA) in absence of SDS and presence of 200 �L SDS.
he oxidation peaks are resolved at Au/PEDOT-Aunano electrode
ith the peak potentials at 349 mV,  217 mV,  and 19 mV  for UA, DA,

nd AA, respectively. The large separation of the peak potentials
llows selective and simultaneous determination of UA, DA, or AA
n their mixture. The oxidation peak current for DA increased from
0.7 �A in absence of SDS to 20 �A in presence of SDS. Moreover,
he oxidation peak current for both AA and UA are suppressed. The
igh response for DA was  observed due to the electrostatic interac-
ion of the anionic surfactant with the protonated DA (pKa = 8.92)
n pH 7.40, but in case of AA and UA repulsion takes place as AA
pKa = 4.10) and UA (pKa = 5.4) are in the anionic form and in micel-
ar medium they established an electrostatic repulsion with anionic
Please cite this article in press as: N.F. Atta, et al., Gold nanoparticles-coate
of  sub-nano concentrations of dopamine in presence of sodium dodecyl su

urfactant SDS, which provokes a large decrease in the peak current
alue. This indicates that the accumulation of SDS on the modified
lectrode forms a negative layer on the electrode surface. Therefore,
e can determine DA selectively in the presence of AA, and UA. The
Au/PEDOT-Aunano. . .SDS in different concentrations of DA (0.7–140 �mol L ), scan
rate 50 mV s−1.

change of the peak current values for AA, UA and DA after adding
SDS can be assigned to the spontaneous adsorption of the surfac-
tant onto electrode surface, which may  change the overpotential
of the electrode and influence the electron transfer rate. Also, the
formation of micellar aggregates may  influence the mass transport
of electroactive species to the electrode [17].

3.10. Surface morphologies of the different modified electrodes

The response of an electrochemical sensor was related to
the physical morphology of its surface. Fig. 10(A)–(C) shows
the SEM images of Au/PEDOT, Au/PEDOT-Aunano and Au/PEDOT-
Aunano. . .SDS electrodes, respectively and from SEM images, a
significant difference in morphology was  observed for PEDOT,
PEDOT-Aunano, and Au/PEDOT-Aunano. . .SDS. The morphology of
PEDOT film (Fig. 10(A)) has globular morphology and the surface
looks rough due to the Au substrate. The SEM image of PEDOT-
Aunano (Fig. 10(B)) shows that metallic nanoparticles are located at
different elevations over the PEDOT film exhibiting a large surface
area. In presence of SDS (Fig. 10(C)), PEDOT-Aunano film becomes
spongy due to the presence of anionic tailing structure. Thus, the
aggregates of SDS that accumulates onto the surface of PEDOT-
Aunano shown in the SEM picture influences the conductivity level
of the film and helps the attraction of DA  (selectively) to the
surface of the electrode. Atomic force microscopy is a powerful
tool to measure topography and properties of surfaces. Typical
d poly(3,4-ethylene-dioxythiophene) for the selective determination
lfate, Electrochim. Acta (2012), doi:10.1016/j.electacta.2012.02.082

AFM 3D images of Au/PEDOT, Au/PEDOT-Aunano, and Au/PEDOT-
Aunano. . .SDS electrodes by the non-contact mode are shown in.
Fig. 10(D)–(F), respectively.

dx.doi.org/10.1016/j.electacta.2012.02.082
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.11. Determination of DA in human urine samples

The utilization of the proposed method in real sample analysis
as also investigated by direct analysis of DA in human urine.

he same measurements were conducted successfully on urine
amples. In this set of experiments, DA was dissolved in urine to
ake a stock solution with 0.5 mmol  L−1 concentration. Inset (1)

f Fig. 11 shows typical LSV of standard additions of 0.5 mmol  L−1

A in urine to 200 �L of 0.1 mol  L−1 SDS in 15 mL  of 0.1 mol  L−1

BS/pH 7.40 at Au/PEDOT-Aunano. The calibration curves of DA in
rine in the linear range of 25–140 �mol  L−1, and 0.7–20 �mol  L−1

re shown in Fig. 11 and inset (2), respectively. The detection limits
f 1.77 nmol L−1, and 0.56 nmol L−1 with correlation coefficients
f 0.9987, and 0.9983 are obtained, respectively. Five different
oncentrations on the calibration curve are chosen to be repeated
o evaluate the accuracy and precision of the proposed method,
hich is represented in Table 3. The recovery ranged from 98.5% to

01.4%, and the results are acceptable indicating that the present
rocedures are free from interferences of the urine sample matrix.
he results strongly proved that DA can be selectively and sensi-
ively determined at Au/PEDOT-Aunano. . .SDS modified electrode
n urine sample.

. Conclusions

In this work, a novel approach of synergism between the con-
ucting polymer matrix, gold nanoparticles, and SDS is explored
or DA sensing in the presence of UA, and excess AA in 0.1 mol  L−1

BS/pH 7.40. The PEDOT matrix is recognized to be responsible
or the peak separation (selectivity) while also favouring catalytic
xidation of the above compounds. Gold nanoparticles with SDS
llow sub-nanomolar sensing of DA (sensitivity). The utilization of
nionic surfactants in electroanalytical applications is described in
his work. The negatively charged SDS adsorbed onto the electrode
urface control the electrode reactions of AA, UA and DA that differ
n their net charge. SDS forms a monolayer on Au/PEDOT-Aunano

urface with a high density of negatively charged end directed
utside the electrode which enhances the accumulation of proto-
ated DA via electrostatic interactions and improves DA oxidation
urrent signal while the corresponding signals for AA and UA are
uenched via electrostatic repulsion. We  also demonstrated the
elective and simultaneous determination of tertiary mixture of AA,
A, and APAP using Au/PEDOT-Aunano. . .SDS modified electrode.
u/PEDOT-Aunano. . .SDS modified electrode gives better stability
ia repeated cycles and long term stability. Very small peak sepa-
ation, almost zero or 15 mV  peak separation is obtained indicating
hat unusual high reversibility is obtained by repeated cycles. The
Please cite this article in press as: N.F. Atta, et al., Gold nanoparticles-coate
of  sub-nano concentrations of dopamine in presence of sodium dodecyl su

resent modified electrode showed high reproducibility, selectiv-
ty, sensitivity, relatively lower detection limit, and better stability,
ot only for DA detection (one component), but also, for the sepa-
ation of tertiary mixture components.
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