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a b s t r a c t

Poly (3,4-ethylene dioxythiophene)/sulphated b-cyclodextrin (PEDOT/S-b-CD) films, deposited onto gold
working electrodes, were investigated for ascorbic acid (AA) and catecholamine detection using cyclic
voltammetry, hydrodynamic voltammetry and amperometry. The thin PEDOT/S-b-CD films were fabri-
cated via three electropolymerisation cyclic voltammetry cycles, on gold working macroelectrodes. A
limit of detection (LoD) of 1.3 � 10�7 M was determined at PEDOT/S-b-CD modified gold electrodes,
via cyclic voltammetry, for dopamine (DA) in the presence of 1 � 10�3 M of AA in human urine samples.

� 2011 Elsevier B.V. All rights reserved.

1. Introduction

Poly (3,4-ethylene dioxythiophene) (PEDOT) has good electro-
chemical stability, a small electronic bandgap, and thus, high
inherent conductivity, and is biocompatible [1,2]. For these reasons
PEDOT is an ideal candidate for biomedical/sensor applications. A
detailed review on PEDOT and its derivatives has recently been
published [3]. A problem with ethylene dioxythiophene (EDOT) is
its solubility in aqueous solution and some of the literature to date
has reported on the electropolymerisation of EDOT in the presence
of surfactants [4]. Numerous authors have electropolymerised
EDOT from organic media but dopant solubility can be limited in
organic solvents. Recent literature findings report on the use of
cyclodextrins (CDs) to electropolymerise thiophenes from aqueous
solution [5–8]. The host–guest properties of CDs are well known
[9,10] and can be used to increase EDOT solubility in H2O [11].

When detecting catecholamines, at physiological pH, the promi-
nent cationic monoamines–dopamine (DA), serotonin, epinephrine
and norepinephrine, oxidise at very similar potentials making elec-
trochemical signal separation difficult. Ascorbic acid (AA) is also a
major interferent in the electrochemical detection of catechola-
mines, as it can be present in as much as 1000-fold excess [12,13]
in the body. Polymeric materials that operate on the principle of
charge separation [14–16] and size exclusion [17,18] canblock anio-
nic AA, thereby eliminating AA interference. PEDOT and blends of

PEDOT have been used in the simultaneous detection of DA and
AA due to the intrinsic hydrophobic and hydrophilic properties of
the film [6,19,20]. In general, authors have used a separate anion
when electrosynthesising polymer composites, with b-CD (usually
a neutral form) in the same solution, so that co-immobilisation of
themacrocycle occurs [21,22]. Here we report on the cyclic voltam-
metric electropolymerisation of EDOT from aqueous solution, using
an anionic sulphated-b-CD (S-b-CD, 7–11 anionic sulphated groups)
as the sole dopant. While PEDOT can facilitate the electrochemical
separation of the AA and DA oxidation potentials, the possibility of
some host–guest complexation between catecholamines and the
immobilised S-b-CD was not discounted, and could also contribute
to the selectivity of the polymer composite.

Many quantitative techniques have been successfully used in
DA detection. Usually careful sample preparation is required and
has been achieved, for example, via analyte derivation [23–25] or
separation. Capillary electrophoresis and high performance liquid
chromatography are commonly used to separate analytes, and
techniques such as UV–vis [26], fluorescence [27–32], photodiode
arrays [33], voltammetry [34–40], and chemiluminescence
[41,42], are employed for detection and quantification. Alterna-
tively selectivity and sensitivity can be enhanced with detection
techniques based on enzyme amplification strategies [43,44].
While some of these techniques report excellent selectivity and
limits of detection down to sub-nanomolar levels [45,46], they
do not provide real time data, the equipment can be expensive,
and sample work up can be laborious. Electrochemical sensors pro-
vide a cheap alternative, are easily fabricated and have the ability
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to detect analytes in real time, which is of particular importance in
the detection of dynamic concentration levels in biological sys-
tems. The fabricated PEDOT/S-b-CD reported here was used to
determine AA and DA concentrations in spiked human urine
samples.

2. Experimental

Sulphated-b-CD, EDOT, NaCl, and all analytes were used as re-
ceived from Sigma–Aldrich. Milli-Q™ water was used to prepare
all solutions. A Solartron 1285 potentiostat was used for the elec-
trochemical experiments and data analysis was performed using
Corrview 2 software. RDE voltammetry experiments were per-
formed using a PAR Model 630 unit in conjunction with the Solar-
tron 1285. For cyclic voltammetry experiments the gold working
electrodes (diam = 2 mm) were obtained from IJCambria, while
the gold RDE (diam = 4 mm) was obtained from Pine Instruments.
The electrodes were polished using 0.1 lm and 0.05 lm grade alu-
minium oxide paste on a Buehler Microcloth, and subsequently
sonicated in ethanol and Milli-Q™ water, respectively. A platinum
counter electrode and a SCE reference electrode were employed.
All solutions were purged with nitrogen for 15 min prior to use.
The electrolyte used was 0.1 M NaCl, pH � 5.8, and experiments
were carried out at room temperature (295 K).

3. Results and discussion

3.1. PEDOT/S-b-CD/Au film fabrication and behaviour in 0.1 M NaCl

PEDOT/S-b-CD film fabrication was achieved by cycling a gold
macroelectrode in aqueous solutions of EDOT and S-b-CD. EDOT
is irreversibly oxidised at potentials P+0.8 V (EQCM) which leads
to deposition of an insoluble PEDOT layer on the electrode surface
(Fig. S-1, SI). The PEDOT/S-b-CD film properties were very sensitive
to the upper (anodic) potential of the voltammetric sweep used, as
well as the EDOT/S-b-CD ratio, when fabricating the polymer film.
In this body of work, polymer films formed via three electropoly-
merisation cycles between �0.50 and +1.08 V, from a 10:1 EDOT/
S-b-CD solution ratio, were found to yield optimum results for
the detection of analytes, in terms of sensitivity and
reproducibility.

The voltammetric response of the PEDOT/S-b-CD/Au electrode
when cycled from �0.8 to 0.75 V is shown in Fig. 1a. We observe

a PEDOT oxidation peak, A1, at ca �0.16 V, and a corresponding
well defined reduction peak, C1, at �0.39 V. A second more catho-
dic reduction peak, C2, appears at �0.8 V and this may be coupled
to the shoulder at �0.45 V in the oxidation sweep. At the redox
potentials of conducting polymers, charge transfer is co-dependent
on the flux of ions through the film to maintain charge electroneu-
trality. The oxidation process generates positive regions in the
polymer matrix, which are charge compensated by the influx of an-
ions from solution [47]. However, if the anion is large and, thus,
immobilised within the film, cation exchange is required to main-
tain electroneutrality, as described by Eq. (1) [48]:

PEDOT0S-b-CD�Naþ ¢PEDOTþS-b-CD� þ Naþ ð1Þ

PEDOT0 and PEDOT+ represent the polymer in the reduced and oxi-
dised states, respectively. EQCM was employed to prove that PED-
OT/S-b-CD behaves as a cation exchange composite and a plot of
polymer mass change as a function of potential is shown in
Fig. 1b. This data was obtained for the oxidation sweep of the CV
shown in Fig. 1a. For comparison we also cycled the polymer film
in 0.1 M NaNO3. The mass of NO�

3 is greater than that of Cl�

(62 g mol�1 and 35.5 g mol�1, respectively), thus, if anions were
the exchange species then differences in the EQCM mass changes
would indicate this. With the onset of oxidation at �0.8 V we ob-
serve a decrease in mass up to 0 V. This observation is consistent
with the egress of Na+ ions from the polymer composite. The poly-
mer is fully oxidised at 0 V and the egress of Na+ ions ceases as
charge electroneutrality is achieved. The similarity in the mass
change traces for both electrolytes indicates that Na+ ions, and
not anions, are indeed involved in the redox process. At potentials
more anodic than 0 V we observe a large and similar mass increase
in the polymer films cycled in the different electrolytes. This mass
increase in the polymer film can be attributed to ion uptake, solvent
uptake, or indeed coupled ion/solvent uptake. At potentials where
the polymer is fully oxidised, i.e. E > 0 V, the charge electroneutral-
ity requirement for conduction is satisfied, and the exchange of cat-
ions with the electrolyte solution is not expected. If the species
entering the film were Na+Cl� or NaþNO�

3 ion pairs, a difference in
the EQCM mass changes between the two electrolyte solutions
should be apparent. One possibility for the observed mass increase
is that Na+ or solvated Na+ ions pair with the negatively charged CD
sulphate groups immobilised in the polymer film. This process may
be independent of polymer charge transport and a similar mass
change on cycling in the different electrolytes would then be ex-
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Fig. 1. Cation exchange; PEDOT redox activity with corresponding mass changes for the oxidation sweep. (a) Typical cyclic voltammogram showing the redox activity of a
PEDOT/S-b-CD modified gold electrode when cycled in 0.1 M NaCl, pH 5.8, exhibiting an oxidation wave, A1, and two reduction waves, C1 and C2. (b) EQCM mass changes for
the oxidation sweep as a function of applied potential for two electrolytes, 0.1 M NaNO3 and 0.1 M NaCl (red). Note: mass data was zeroed for clarity. Scan rate was 5 mV s�1

and electrode area = 0.204 cm2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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pected. A second possibility is that solvent is the dominant species
entering the film. Furthermore, incorporation of water molecules or
solvated Na+ ions should increase capacitance in the polymer film
and we do observe this trend in the electrochemical impedance
spectroscopy (EIS) derived capacitance values.

When cycled from �0.20 to +0.75 V in 0.1 M NaCl yields the vol-
tammetric response shown in Fig. 2a. There are no redox peaks evi-
dent in this potential range and the polymer (grown using three
potential cycles) has capacitance values, 1.6 � 10�3–
2.5 � 10�2 F cm�2, as determined from CV and EIS, respectively
(Fig. S-2, SI). The discrepancy between CV and impedance mea-
sured capacitance values, has previously been reported in the liter-
ature and is justified elsewhere [49,50].

It should be noted here that the current passing through the
polymer film does reduce with cycle number, and steady-state
was not attained. An interesting feature of the current profile is
the ‘trough’ region (Fig. 2b). The trough is constant in potential
width but does shift anodically with potential cycling in back-
ground electrolyte (Fig. S-3, SI). Thus, the position of the trough
was controlled so that it lay in a potential region, centred at ca
+0.45 V. This position of the polymer trough ensured the lowest
background currents and, thus, returned the highest peak currents
for catecholamine oxidation. The trough shift indicates an increas-
ing irreversibility, in the polymer redox behaviour, with potential
cycling. The EQCM data, in Fig. 1b, can be used to justify this
assertion.

3.2. Detection of dopamine/epinephrine/norepinephrine using cyclic
voltammetry

DA, EP and NEP exhibit similar electrochemical behaviour at the
PEDOT/SB-CD electrode but, for simplicity, only DA will be pre-
sented here. Adams and co-workers [51] characterised the electro-
chemical oxidation of the catecholamines in aqueous solution at
carbon paste electrodes (Scheme S-1.1, SI). The overall catechol-
amine redox reaction is assigned an ECE mechanism. Direct elec-
trochemical oxidation of the catecholamine (CA) to the o-
quinone (OQ) form at an electrode occurs via the loss of two elec-
trons and two protons. Typical cyclic voltammograms that describe
the redox behaviour of DA at a bare gold and at a PEDOT/S-b-CD
modified gold electrode are shown in Fig. 3. At the bare electrode
a diffusion-like DA oxidation peak is observed at +0.45 V, with
the corresponding DA-o-quinone (OQ) reduction peak at +0.29 V.
This yields a peak separation of 0.162 V which is indicative of qua-
si-reversible behaviour [52]. Randles–Sevcik analysis indicates that
DA oxidation is diffusion controlled at the bare gold electrode. At
the PEDOT/S-b-CD modified electrode, well defined redox behav-

iour was observed for the DA/OQ couple at 0.434/0.321 V,
DEP = 0.113 V, for 1.0 � 10�3 M DA.

At lower DA concentrations the redox peaks become less de-
fined (PEDOT/S-b-CD background current exhibits more influence)
with an IP,A/IP,C ratio >1.5 for all DA concentrations investigated.
The redox reaction of DA at the PEDOT/S-b-CD electrodes, there-
fore, is quasi-reversible. The shapes of the DA redox peaks are
adsorption-like and plots of IP vs. t are indeed linear. This diagnos-
tic plot reveals that the oxidation of DA at the PEDOT/S-b-CD/Au
electrode is under adsorption control [52]. A Randles–Sevcik plot
using the same data (Fig. S-4, SI) is linear below scan rates of
60 mV s�1 and so DA adsorption at the PEDOT/S-b-CD film can be
classified as weak.

The OQ has an electron deficient ring and an electron donating
amine group. If the amine group is deprotonated, a 1,4 Michael
addition can occur and this cyclisation reaction forms the leuco-
aminochrome (LAC) species. The apparent rate constants calcu-
lated for the catecholamine intracyclisation reactions are;
DA = 0.13 ± 0.05 s�1, NEP = 0.98 ± 0.52 s�1, EP = 87 ± 10 s�1, in
0.15 M sodium phosphate buffer, pH 7.4 [53]. The LAC is easily oxi-
dised, via a homogeneous electron transfer reaction with the OQ in
solution [54], to the aminochrome (AC) form. The reduction of AC
back to LAC is driven electrochemically and was observed at 0.0 V
as shown in Fig. 3. Therefore, due to experimental timescale, the AC
reduction peak is more pronounced at lower scan rates and be-
comes less prominent as the scan rate reaches 200 mV s�1. This
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Fig. 2. Voltammetric profile of PEDOT/S-b-CD/Au in 0.1 M NaCl, pH 5.8. (a) Typical voltammetric profile of the PEDOT modified electrode cycled in 0.1 M NaCl electrolyte,
pH � 5.8. Cycle numbers shown are 1, 2, 3, 5, 10, and 15. (b) Enlarged section of cycle 15 from (a), highlighting the current ‘trough’ centred at �0.4 V.

Fig. 3. 1 mM DA redox behaviour at bare and PEDOT/S-b-CD modified gold
electrodes. Comparison of the typical voltammetric responses of a bare and
PEDOT/S-b-CD gold electrode to a 1.0 � 10�3 M DA solution. Scan rate 100 mV s�1,
in supporting electrolyte 0.1 M NaCl, pH � 5.8. Electrode area = 0.0314 cm2.
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AC to LAC reduction peak was also observed at bare gold
electrodes.

PEDOT/S-b-CD promotes more facile oxidation of DA, when
compared to the bare gold electrode, with a slight cathodic shift
observed in DA oxidation potential. A recent literature publication
by Henstridge et al. show, through CV simulation, that a potential
shift may not necessarily be a catalytically driven process, but may
be caused by a change from planar diffusion to a thin layer diffu-
sion regime at modified surfaces [55]. When comparing bare gold
to PEDOT/S-b-CD modified electrode data, garnered using equiva-
lent scan rates, the DA oxidation peak currents are greatly en-
hanced (�1.5 times) at the modified electrode. Kumar et al. also
report a similar oxidation peak current enhancement (1.7 times)
for tetrabutylammonium perchlorate (TBAPC) doped PEDOT films
[19]. The authors propose a hydrophobic interaction between DA
and ‘reduced’ regions of the PEDOT/TBAPC film. Another possibility
in the mechanism of interaction between the DA and PEDOT is
inclusion in the S-b-CD cavity. This interaction may promote great-
er selectivity of the modified electrode and, consequently, may also
enhance signal separation in analyte solution mixtures. In solution
DA forms a 1:1 inclusion complex with CD [56,57]. We acknowl-
edge the possibility of the formation of an inclusion complex be-
tween the anionic b-CD and DA, where the aromatic ring on DA
‘sits’ into the S-b-CD cavity. Hydrophobic interactions, between
the DA aromatic ring and the S-b-CD cavity, could facilitate this
complexation. In a polymer matrix, however, access to the S-b-
CD cavity is likely to be hindered or blocked due to the random for-
mation of the polymer strands network. SAM of thiolated-CD’s
have been used to detect DA, with between 53.5% and 70% CD cov-
erage on the surface [58,59], yielding sensors with a high degree of
accessible CD sites. The number of CD active sites accessible to DA
in the PEDOT/S-b-CD used here is difficult to determine for two
main reasons; (i) the MW of S-b-CD is not accurately known and,
(ii) adsorption of analyte at the modified surface is not solely pro-
moted by the S-b-CD.

The third possible interaction mechanism, which we believe to
play the most significant role, is the occurrence of electrostatic
interaction or ion-pairing between the anionic sulphate groups
(degree of substitution �7–11) on S-b-CD and the cationic proton-
ated DA. Indeed either mode of DA-S-b-CD association, host–guest
or electrostatic, coupled to film hydrophobicity, may be the driving
force for the enhanced IP values for DA oxidation observed in CV.

The PEDOT/S-b-CD/Au electrode displays good sensitivity to-
wards DA with limit of detection ((LoD = 3.29r/m [60], where r
is the relative standard deviation of the background current and
m, the calibration line slope) calculated as 1.3 � 10�7 M, and limit
of quantification (LoQ = 3.04 � LoD) of 4 � 10�7 M, when using CV.
The DA oxidation peak is very well defined and ‘sits’ in the afore-
mentioned trough of PEDOT background current profile (Fig. 4).

3.3. Detection of ascorbic acid using cyclic voltammetry

The electrochemical oxidation of AA involves the net loss of two
electrons and two protons [61] and, at a bare gold electrode, this
potentially driven oxidation is irreversible (Scheme S-1.2, SI). At
pH values above the pKa value for AA (ca 4.5), the oxidation process
only involves the loss of one proton as AA exists as AH� not AH2

[62]. Typical voltammograms for the irreversible oxidation of
1.0 � 10�3 M AA, at a bare gold and a PEDOT/S-b-CD/Au electrode,
are shown in Fig. 5.

The oxidation currents generated at the modified electrode are
comparable to those generated at the bare gold. Cathodic shifts in
peak potential for AA oxidation at the modified electrode, when
compared to bare gold, range from ca 80–135 mV, depending on
sweep rate utilised. The anionic AA interacts with the polymer ma-
trix which promotes lower ascorbic acid oxidation potentials.

These peak shifts have been ascribed, elsewhere, to the affinity that
the AA anion has for ‘oxidised’ regions of the PEDOT film [6]. Inter-
estingly the AA oxidation peak appears in the anodic region after
the point where the PEDOT composite is fully oxidised. Positive re-
gions generated along the polymer may also promote interaction
with AA.

3.4. Simultaneous DA and AA detection using cyclic voltammetry

The response of a PEDOT/S-b-CD/Au electrode to varying con-
centrations of DA in the presence of 1.0 � 10�3 M AA is shown in
Fig. 6. The response at the bare electrode for a 1.0 � 10�3 M DA
concentration is included for comparative purposes. The striking
feature is the potential separation of the AA and DA oxidation
waves, as observed in the non-mixed AA and DA solutions. Peak
separation can be justified by the affinity that the film has for both
analytes at different potentials. The current increase for DA oxida-
tion at the modified electrode is consistent with the �1.5 times
magnitude increase (again after background correction) observed
for DA oxidation, when no AA was present. The concentration of
DA has no bearing on the AA oxidation peak, which remains at a
constant intensity.

We also observe excellent sensitivity towards DA, with the CV
linear region extending down to 1.0 � 10�6 M, in the presence of

E / V vs SCE
0.25 0.30 0.35 0.40 0.45 0.50

I /
 A

4.880e-5

4.882e-5

4.884e-5

4.886e-5

4.888e-5

4.890e-5

4.892e-5

4.894e-5

 1μM DA 
EP,OX ~ 0.38 

Fig. 4. Detection of 1 lM DA at the PEDOT modified electrode. 1 lM DA ‘sitting’ in
the PEDOT ‘trough’. Electrode area = 0.0314 cm2.

E / V vs SCE
-0.15 0.00 0.15 0.30 0.45 0.60 0.75

I /
 A

-1.5e-5

-1.0e-5

-5.0e-6

0.0

5.0e-6

1.0e-5

1.5e-5

2.0e-5

Bare Au

PEDOT/S-β-CD/Au

Fig. 5. Ascorbic acid oxidation at bare and PEDOT modified gold electrodes. Typical
voltammetric response of a 1.0 � 10�3 M AA solution at a bare gold and at a PEDOT/
S-b-CD modified gold electrode. Scan rate 100 mV s�1, supporting electrolyte 0.1 M
NaCl, pH 5.8, electrode area 0.0314 cm2.
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1.0 � 10�3 M AA. The slopes of the linear region obtained from the
highly reproducible CV generated calibration curves, of single ana-
lyte and mixed solutions, are very similar in magnitude. The cali-
bration curve slopes for DA only and DA/AA solution mixtures
were 0.069 ± 0.001 and 0.071 ± 0.002 A M�1, respectively (Fig. S-
5, SI).

3.5. Rotating disc electrode voltammetry

The behaviour of AA, DA and AA & DA mixtures at the PEDOT/S-
b-CD gold electrode were investigated at the RDE (RDE derived val-
ues in Table S-1, SI). Both AA and DA responses exhibit well defined
limiting currents, at all rotation speeds, enabling valid kinetic
parameters to be gleaned from the data. Forced solution convec-
tion generated by the RDE offsets the weak adsorption regime ob-
served using CV. Thus, the oxidation process is under mass
transport control at the RDE, generating well defined limiting cur-
rents, and so we can infer that electron transfer between AA, DA
and the film is not rate limiting (Fig. S-6, SI).

The data were obtained by monitoring the current response to
stepped increments in the rotation speed of the electrode while
an oxidative potential was being applied. When analyte oxidation
is controlled by mass transport to the electrode surface, the rela-
tionship between rotation speed and the limiting current obeys
the Levich equation. ILIM, denotes the limiting current; x, the rota-
tion speed; C, bulk analyte concentration; D is the diffusion coeffi-
cient, and n, F, and A, have their usual meanings [52].

ILIM ¼ 0:62nFAm�1=6D2=3C1=2

Limiting currents for AA and DA oxidation were obtained using
rotation speeds 250–3000 rpm, at a scan rate of 5 mV s�1. Levich
plots (ILIM vs. x1/2) were constructed for individual solutions and
AA/DA solution mixtures, and diffusion coefficients were calculated
from the slopes of each plot (Fig. S-7, SI). Typical Levich plots, con-
structed for oxidation of a range of AA and DA concentrations at
PEDOT/S-b-CD/Au, all have zero intercepts. RDE derived diffusion
coefficient values are similar in magnitude to the reported literature
values which range from 2.7 to 6.9 � 10�6 cm2 s�1 for DA [63–65]
and 6.5 � 10�6 cm2 s�1 for AA [66] at bare electrodes.

Kinetic parameters for analyte oxidation at the PEDOT/S-b-CD
modified electrodes were determined via Koutecky–Levich analy-
sis. Koutecky–Levich plots were constructed from oxidation data,

obtained at PEDOT/S-b-CD electrodes, for a range of AA concentra-
tions (Fig. S-8, SI). The condition required for Koutecky–Levich
analysis, in the absence of any mass-transfer effects, is that sub-
strate reaction kinetics be first order. Good steady-state responses
were recorded at all rotation speeds and analyte concentrations
investigated, with excellent reproducibility being achieved. The
Koutecky–Levich equation is given with the following symbol
meanings; C, is the surface coverage and, kME, is the heterogeneous
rate constant in the forward reaction [52].

ILIMð Þ�1 ¼ nFAkMECð Þ�1 þ 0:62nFAm�1=6D2=3C1=2
� ��1

We chose to omit surface coverage values in our calculations and let
ðC � kMEÞ ¼ k0ME. Derived values for k0ME at the PEDOT/S-b-CDmodified
electrodes for AA and DA fell within the ranges 0.032–0.059 and
0.042–0.066 cm s�1, respectively. The general feature of the Kou-
tecky–Levich plots, for AA and DA oxidation, is that both the slopes
and intercepts varied inverselywith respect to analyte concentration.
The values are quite similar inmagnitude indicating no greater affin-
ity of either analyte towards the PEDOT/S-b-CD composite. This re-
sponse is indicative of a reaction occurring homogeneously
throughout the polymer layer and, as the PEDOT film is thin, it be-
haves as an extension of the electrode into the bulk solution.

3.6. AA and DA solution mixtures

At rotation speeds 61000 rpm the response at the PEDOT/S-b-
CD/Au electrodes to solution mixtures of AA and DA is highly
reproducible with separate well defined plateau regions for each
analyte (Fig. 7). The limiting currents obtained for each analyte
in the solution mixture correspond closely, but not exactly, to
those obtained in non-mixed solutions. At rotation speeds
61000 rpm the total current output in the mixed solution Fig. 7c,
equates to a simple summation of the individual currents in the
non-mixed voltammograms Fig. 7a and b.

At higher rotation speeds we do observe deviation from Levich
linearity (Fig. S-9, SI) due to the homogeneous catalytic reaction
between AA and dopamine-OQ (Scheme S-1.3, SI). This can be jus-
tified in that the solution near the polymer film/solution interface
are increasingly better mixed, thus the catalytic reaction is pro-
moted. In effect, the observed limiting currents for AA oxidation
decrease, while DA oxidation limiting currents increase, giving rise
to deviation from linearity in the Levich plots. Typical Levich plots
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Fig. 7. Simultaneous AA and DA detection at PEDOT modified gold using RDV. RDE
voltammetric response of PEDOT/S-b-CD/Au electrodes to; (a) 1.0 � 10�3 M AA, (b)
5.0 � 10�3 M DA, and (c) 1.0 � 10�3 M AA and 5.0 � 10�3 M DA solutions. Rotation
speed 250 rpm, scan rate 5 mV s�1. At rotation speeds 61000 rpm ILIM for the
solution mixtures are equal to the summation of ILIM of individual DA and AA
responses.
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were constructed for a range of DA concentrations in the presence
of 1.0 � 10�3 M AA. Limiting currents for AA oxidation and DA oxi-
dation were taken from the RDE data at E = +0.26 V and E = +0.75 V,
respectively. The catalytic reaction between AA and dopamine-OQ
was clearly observed, in particular and as expected, at lower DA
concentrations. Unfortunately determination of k0ME for DA, in
DA/AA solution mixtures, was deemed to be futile as the Kou-
tecky–Levich plot intercept values were negative.

The 1.0 � 10�3 M AA traces are all highly comparable at rotation
rates 61000 rpm, but subtle differences are observed when the Le-
vich plots are examined in more detail. When the Levich slopes
were plotted against DA concentration a linear relationship re-
sulted. Thus, the determination of unknown DA concentrations in
solution may be possible by extrapolation of the Levich slopes after
additional systematic characterisation/calibration of the sensor re-
sponse, to AA/DA mixtures, is carried out. This would indeed be a
helpful tool if the existing sensor was used to detect AA only. Once
the AA concentration was evaluated using rotation speeds up to
1000 rpm, comparison of the newly constructed Levich slope to
the AA Levich slopes (Fig. S-10, SI) would allow for the determina-
tion of unknown DA concentrations in solution.

3.7. Amperometry

When the anodic peak current response, for analyte oxidation,
wasmeasured under constant reaction conditions, it was found that

the amperometric current response variedwith the concentration of
supplied substrate C1. The constant conditions referred to are the
applied potential, Eapp, and the rotation speed of the electrode. Eapp,
was held at +0.50 V for AA, and at +0.75 V for the catecholamines, to
ensuremaximal oxidation of analyte at themodified electrode/solu-
tion interface. The substrate flowpatterns are governedby the rotat-
ing disc speed, which was set at 2500 rpm.

It was found that the steady state current (ILIM) varied with the
concentration of supplied substrate, this substrate being the injec-
tions of a series of aliquots of analyte to the cell solution. Low con-
centrations of the analyte were detected amperometrically
because PEDOT/S-b-CD/Au electrode background currents were
small, being reduced significantly via a polarisation period in elec-
trolyte, in the absence of substrate.

Typical amperometric responses obtained at a PEDOT/S-b-CD
modified electrode clearly depict the ILIM values obtained after
each injection of analyte, Fig. 8, insets (a–d).

The current response to each addition is rapid and sharp, with
steady-state behaviour, i.e. 100% ILIM, attained in less than 4 s, irre-
spective of aliquot concentration, for all of the analytes investi-
gated. We observed clear and reproducible analytical signals for
1 lM aliquot additions of AA and the catecholamines. The con-
structed calibration curves all exhibit excellent linearity and, thus,
oxidation currents of all analytes detected at the PEDOT/S-b-CD/Au
electrodes are first order with respect to concentration (Fig. 8a–c).
The reproducibility of results was also very high and this is
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Fig. 8. Amperometry calibration curves for dopamine, ascorbic acid, epinephrine and norepinephrine. Typical amperometry plots (insets) and corresponding calibration
curves detailing the response of PEDOT/S-b-CD/Au electrodes to aliquot additions of various analyte concentrations. Aliquots represent the concentration added to the
solution and not total solution concentration. Plots represent: (a) DA; 8 lM aliquot additions, Eapp = +0.75 V, (b) AA; 8 lM aliquot additions, Eapp = +0.5 V, (c) EP; 4 lM aliquot
additions, Eapp = +0.75 V, and (d) NEP; 4, 20 and 40 lM aliquot additions, respectively, Eapp = +0.75 V. Rotation speed set to 2500 rpm; gold working electrode
area = 0.1257 cm2. Correlation coefficients: (a–d) r2 > 0.999.
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reflected in the small deviation (all <6%, nP 3) in the calibration
curve slopes.

3.8. Detection of ascorbic acid and dopamine in human urine

The presence of twice the normal concentration of catechola-
mines in urine is used as a diagnostic test for human pheochromo-
cytomas [67] and paragangliomas [68] type neuroendocrine
tumours. The performance of the PEDOT/CD sensors was assessed
in real human urine samples, obtained from healthy volunteers.
Samples of urine were diluted (1:50) using 0.1 M NaCl, spiked with
AA and DA standard solutions, and their recoveries were obtained.
Uric acid (UA) was tested as an interferent and was found to oxi-
dise at potentials more anodic than that of DA, ca +0.52 V (Fig. S-
11, SI).

Fig. 9 shows a typical voltammograms of the spiked urine
samples with accompanying summary of recovered analyte
concentrations.

AA and DA peaks are oxidised at the same potentials as ob-
served in the analyte standards. Uric acid is observed at ca
+0.52 V and is not an interferent. Very little sensor sensitivity
was lost and calibration curves returned regression lines with an
average slope (n = 5) of 0.072 ± 0.002 A M�1. Using this equation
the DA and AA concentration recoveries were determined. In the
presence of 1 mM AA the calculated LoD and LoQ for DA, in human
urine samples, were 1.8 � 10�7 and 5.7 � 10�7 M, respectively.

4. Conclusions and future work

In conclusion, the results presented in this paper show PEDOT/
S-b-CD modified gold electrodes to be effective sensors for the
simultaneous detection of AA and the dopamine. We obtained a
LoD of 1.8 � 10�7 M for DA in spiked human urine samples. Pa-
tients with neuroendocrine tumours excrete elevated levels of cat-
echolamines in urine [69] which can be comfortably detected by
the PEDOT/S-b-CD sensor. The LoD reported here compares favour-
ably to those reported previously, for CD modified electrodes,
which range from 10�7 to 10�5 M in non-biological solutions
[58,59,70–72], and 10�7 M in biological samples [73,74]. Recently
graphene-CD composites have shown to be promising new materi-
als in sensor construction, capable of DA detection in the 10�8/
10�9 M range [75,76] but have yet to be tested in biological sam-
ples. Simultaneous quantification of AA and catecholamines in
real-time is a technique that is currently highly desirable to help
promote our understanding of biological disorders. The PEDOT/S-
b-CD sensor offers a cheap, easily fabricated, and reliable electrode
for use in DA and AA quantification in human urine samples.

Acknowledgments

The authors thank Enterprise Ireland, National Development
Plan, and the European Union for funding this body of research
(EI/PoC/2007/142 and EI/TD/2008/142).

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jelechem.2011.12.020.

References

[1] E.A. Luna, D.G. Vander Velde, R.J. Tait, D.O. Thompson, R.A. Rajewski, V.J. Stella,
Carbohydr. Res. 299 (1997) 111.

[2] A. Balamurugan, S.-M. Chen, Anal. Chim. Acta 596 (2007) 92.
[3] L. Groenendaal, G. Zotti, P.H. Aubert, S.M. Waybright, J.R. Reynolds, Adv. Mater.

15 (2003) 855.
[4] R. Schweiss, J.F. Lubben, D. Johannsmann, W. Knoll, Electrochim. Acta 50

(2005) 2849.
[5] C. Lagrost, J.C. Lacroix, S. Aeiyach, M. Jouini, K.I. Chane-Ching, P.C. Lacaze,

Chem. Commun. (1998) 489.
[6] V.S. Vasantha, S.-M. Chen, J. Electroanal. Chem. 592 (2006) 77.
[7] C. Lagrost, K.I. Chane Ching, J.-C. Lacroix, S. Aeiyach, M. Jouini, P.-C. Lacaze, J.

Tanguy, J. Mater. Chem. 9 (1999) 2351.
[8] V.S. Vasantha, R. Thangamuthu, S.-M. Chen, Electroanalysis 20 (2008) 1754.
[9] W. Saenger, Angew. Chem., Int. Ed. Engl. 19 (1980) 344.
[10] J. Szejtli, Pure Appl. Chem. 76 (2004) 1825.
[11] R.J. Waltman, J. Bargon, A.F. Diaz, J. Phys. Chem. 87 (1983) 1459.
[12] R.D. O’Neill, Analyst 119 (1994) 767.
[13] R.S. Kelly, R.M. Wightman, Brain Res. 423 (1987) 79.
[14] P. Capella, B. Ghasemzadeh, K. Mitchell, R.N. Adams, Electroanalysis 2 (1990)

175.
[15] J. Luthman, M. Friedemann, P. Bickford, L. Olsen, B.J. Hoffer, G.A. Gerhardt,

Neuroscience 52 (1993) 677.
[16] D.M. Zhou, H.X. Ju, H.Y. Chen, J. Electroanal. Chem. 408 (1996) 219.
[17] J.P. Lowry, R.D. O’Neill, Electroanalysis 6 (1993) 369.
[18] J.P. Lowry, K. McAteer, S.S. El Attash, A. Duff, R.D. O’Neill, Anal. Chem. 66 (1994)

1754.
[19] S. Kumar, J. Mathiyarasu, K.L.N. Phani, Y.K. Jain, V. Yegnaraman, Electroanalysis

17 (2005) 2281.
[20] S. Kumar, J. Mathiyarasu, K.L.N. Phani, V. Yegnaraman, J. Solid State

Electrochem. 10 (2006) 905.
[21] K.R. Temsamani, H.B. Mark Jr., W. Kutner, A.M. Stalcup, J. Solid State

Electrochem. 6 (2002) 391.
[22] N. Izaoumen, D. Bouchta, H. Zejli, M. El Kaoutit, A.M. Stalcup, K.R. Temsamani,

Talanta 66 (2005) 111.
[23] M. Radjaipour, H. Raster, H.M. Liebich, Eur. J. Clin. Chem. Clin. Biochem. 32

(1994) 609.
[24] N.T. Buu, O. Kuchel, J. Lab. Clin. Med. 90 (1977) 680.
[25] N.T. Buu, M. Angers, D. Chevalier, O. Kuchel, J. Lab. Clin. Med. 104 (1984) 425.
[26] K. Vuorensola, H. Siren, J. Chromatogr. A 895 (2000) 317.
[27] L. Bert, F. Robert, L. Denoroy, B. Renaud, Electrophoresis 17 (1996) 523.
[28] E. Szoko, T. Tabi, J. Pharm. Biomed. Anal. 53 (2010) 1180.

0.500.250
0.0000150

0.0000175

0.0000200

0.0000225

AA 

DA 

UA 

E / V vs SCE 

I 
/ A

  
Urine 
Sample

Spiked 
μM 

Detected 
μM 

Recovery 
(%) 

RSD 
(%) 

1 DA 1 0.98 98 2.0 
   AA 1000 1002 100 3.6 
2 DA 2.5 2.54 102 1.4 
   AA 1000 1009 101 2.9 
3 DA 10 10.2 102 1.8 
   AA 1000 990 99 3.1 
4 DA 50 51.2 102 3.4 
   AA 1000 982 98 2.6 

Fig. 9. Detection of AA and DA in human urine at the PEDOT modified electrode and summarised analyte recoveries. Typical electrochemical response of PEDOT/CD/Au
electrode in Human Urine samples spiked with 1 mM AA and the following DA concentrations; black trace = 1 � 10�6, red trace = 2.5 � 10�6, green trace = 1 � 10�5 and blue
trace = 5 � 10�5 M. Human Urine samples were diluted, 1:50, with 0.1 M NaCl. Electrode area = 0.0314 cm2. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

36 J.J. Colleran, C.B. Breslin / Journal of Electroanalytical Chemistry 667 (2012) 30–37



[29] M.A. Fotopoulou, P.C. Ioannou, Anal. Chim. Acta 462 (2002) 179.
[30] A.M. Hansen, J. Kristiansen, J.L. Nielsen, K. Byrialsen, J.M. Christensen, Talanta

50 (1999) 367.
[31] E.C.Y. Chan, P.Y. Wee, P.Y. Ho, P.C. Ho, J. Chromatogr. B 749 (2000) 179.
[32] A.T. Wood, M.R. Hall, J. Chromatogr. B 744 (2000) 221.
[33] J. Chen, Y.P. Shi, J.Y. Liu, J. Chromatogr. A 1003 (2003) 127.
[34] Y.S. Wang, D.S. Fice, P.K.F. Yeung, J. Pharm. Biomed. Anal. 21 (1999) 519.
[35] T. Kawada, T. Yamazaki, T. Akiyama, T. Sato, T. Shishido, M. Sugimachi, M.

Inagaki, J.J. Alexander, K. Sunagawa, J. Chromatogr. B 714 (1998) 375.
[36] B. Marcela, K. Jiri, C. Czech, Chem. Commun. 65 (2000) 1677.
[37] L. Yurag, R.A. Whittington, J. Chromatogr. B 772 (2002) 267.
[38] N. Unceta, E. Rodriguez, Z.G. Balugera, C. Sampedro, Anal. Chim. Acta 444

(2001) 211.
[39] E. Hollenbach, C. Schulz, H. Lehnert, Life Sci. 63 (1998) 737.
[40] B.A. Patel, M. Arundell, K.H. Parker, M.S. Yeoman, D. O’Hare, J. Chromatogr. B

818 (2005) 269.
[41] L. Zhang, N. Teshima, T. Hasebe, M. Kurihara, T. Kawashima, Talanta 50 (1999)

677.
[42] C. Fu-Nan, Z. Ying-Xue, Z. Zhu-Jun, Chin. J. Chem. 25 (2007) 942.
[43] Enz F. Lisdat, U. Wollenberger, A. Makower, H. Hortnagl, D. Pfeiffer, F.W.

Scheller, Biosens. Bioelectron. 12 (1997) 1199.
[44] A.L. Ghindilis, A. Makower, C.G. Bauer, F.F. Bier, F.W. Scheller, Anal. Chim. Acta

304 (1995) 21.
[45] F. Robert, L. Bert, L. Denoroy, B. Renaud, Anal. Chem. 67 (1995) 1838.
[46] S. Parrot, V. Sauvinet, V. Riban, A. Depaulis, B. Renaud, L. Denoroy, J. Neurosci.

Methods 140 (2004) 29.
[47] G. Sonmez, P. Schottlan, J.R. Reynolds, Synth. Met. 155 (2005) 130.
[48] V. Syritski, K. Idla, A. Opik, Synth. Met. 144 (2004) 235.
[49] B. Lindholm-Sethson, T. Tjarnhage, M. Sharp, Electrochim. Acta 40 (1995)

1675.
[50] S.N. Eliseeva, D.V. Spiridonova, E.G. Tolstopyatova, V.V. Kondratiev, Russ. J.

Electrochem. 44 (2008) 894.
[51] M.D. Hawley, S.V. Tatawawadi, S. Piekarski, R.N. Adams, J. Am. Chem. Soc. 89

(1967) 447.
[52] A.J. Bard, L.R. Faulkner, Electrochemical Methods: Fundamentals and

Applications, second ed., Wiley, New York, 2001.
[53] E.L. Ciolkowski, B.R. Cooper, J.A. Jankowski, J.W. Jorgenson, R.M. Wightman, J.

Am. Chem. Soc. 114 (1992) 2815.
[54] E.L. Ciolkowski, K.M. Maness, P.S. Cahill, R.M. Wightman, D.H. Evans, B. Fosset,

C. Amatore, Anal. Chem. 66 (1994) 3611.

[55] M.C. Henstridge, E.J.F. Dickinson, M. Aslanoglu, C. Batchelor-McAuley, R.G.
Compton, Sens. Actuators, B 145 (2010) 417.

[56] G. Hendy, C.B. Breslin, J. Electroanal. Chem. 661 (2011) 179.
[57] M. Palomar-Pardave, G. Alarcon-Angeles, M.T. Ramirez-Silva, M. Romero-

Romo, A. Rojas-Hernandez, S. Corona-Avendano, J. Incl. Phenom. Macrocycl.
Chem. 69 (2011) 91.

[58] R.K. Shervedani, S.M. Siadat-Barzoki, M. Bagherzadeh, Electroanalysis 22
(2010) 969.

[59] A. Fragoso, E. Almirall, R. Cao, L. Echegoyen, R. Gonzalez-Jonte, Chem.
Commun. (2004) 2230.

[60] J. Inczedy, T. Lengyel, A.M. Ure, IUPAC Compendium of Analytical
Nomenclature (Definitive Rules 1997), third ed., Blackwell Science, New
York, 1998 (Chapter 18).

[61] X. Han, J. Tang, J. Wang, E. Wang, Electroanalysis 13 (2001) 1093.
[62] M.E.G. Lyons, W. Breen, J. Cassidy, J. Chem. Soc., Faraday Trans. 87 (1991) 115.
[63] R.E. Sabzi, S. Zare, K. Farhadi, G. Tabrizivand, J. Chin. Chem. Soc. 52 (2005)

1079.
[64] E.V. Mosharov, L.-W. Gong, B. Khana, D. Sulzer, M. Lindan, J. Neurosci. 23

(2003) 5835.
[65] S.H. Duvall, R.L. McCreery, J. Am. Chem. Soc. 122 (2000) 6759.
[66] P. Karabinas, D. Jannakoudakis, J. Electroanal. Chem. 160 (1984) 159.
[67] D.T. Marc, J.W. Ailts, D.C. Ailts Campeau, M.J. Bull, K.L. Olson, Neurosci.

Biobehav. Rev. 35 (2011) 635.
[68] G.A. Kaltsas, G.M. Besser, A.B. Grossman, Endocr. Rev. 25 (2004) 458.
[69] F. Canizaries Hernandez, M. Sanchez, A. Alvarez, J. Diaz, R. Pascual, M. Perez, I.

Tovar, P. Martinez, Clin. Biochem. 33 (2000) 649.
[70] G. Alarcon-Angeles, B. Perez-Lopez, M. Palomar-Pardave, M.T. Ramırez-Silva, S.

Alegret, A. Merkoci, Carbon 46 (2008) 898.
[71] N. Izaoumen, L.M. Cubillana-Aguilera, I. Naranjo-Rodríguez, J.L. Hidalgo-

Hidalgo de Cisneros, D. Bouchta, K.R. Temsamani, J.M. Palacios-Santander,
Talanta 78 (2009) 370.

[72] U.E. Majewska, K. Chmurski, K. Biesiada, A.R. Olszyna, R. Bilewicz,
Electroanalysis 18 (2006) 1463.

[73] A. Abbaspour, A. Noori, Biosens. Bioelectron. 26 (2011) 4674.
[74] J. Li, X. Wu, Y. Yu, S. Le, J. Solid State Electrochem. 13 (2009) 1811.
[75] L. Tan, K.-G. Zhou, Y.-H. Zhang, H.-X. Wang, X.-D. Wang, Y.-F. Guo, H.-L. Zhang,

Electrochem. Commun. 12 (2010) 557.
[76] Y. Yu Zhang, R. Yuan, Y. Chai, W. Li, X. Zhong, H. Zhong, Biosens. Bioelectron. 26

(2011) 3977.

J.J. Colleran, C.B. Breslin / Journal of Electroanalytical Chemistry 667 (2012) 30–37 37


