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A B S T R A C T

Pyrrole was electropolymerised in a 0.01M sulfonated β�cyclodextrin solution to generate an adherent poly-
pyrrole film doped with the anionic sulfonated β�cyclodextrin, PPy�SβCD. This polymeric material was used as
an electrochemical sensor for the detection of dopamine (DA), and compared with the sensing abilities of poly-
pyrrole doped with several more common anionic dopants. The sensing performance of the PPy�SβCD film was
significantly better, with a linear calibration curve extending to 50 μM, with a sensitivity of 0.90 μA μM�1 cm�2

and a detection limit of 1.0� 10�6 M. Excellent selectivity was achieved and no interference was observed from a
range of interference compounds, including ascorbic acid, uric acid, aspartic acid, acetylcholine, aminobutyric
acid, glutamic acid, glycine, histamine, acetaminophenol 5�hydroxytryptamine and 5�hydroxyindole acetic
acid. However, interference was seen with the structurally�related epinephrine (Ep) and
3,4�dihydroxyphenylacetic acid (DOPAC), with the oxidation of DA, Ep and DOPAC occurring at similar po-
tentials. The good selectivity in the presence of the other interference species was attributed to an interaction
between the cyclodextrin dopant and the protonated DA molecule which was evident when data were fitted to
Michaelis�Menten and Lineweaver�Burk kinetics.
1. Introduction

Dopamine (DA) is an important molecule in the catecholamine family
and plays a significant role in the central nervous, cardiovascular and
renal systems [1]. It is not surprising that the quantification of DA in
biological fluids is the topic of much attention. As DA is easily oxidised to
generate the dopamine�o�quinone, there is much interest in the devel-
opment of simple and efficient electrochemical sensors for the analysis of
DA levels. However, the electrochemical detection of DA is complicated
by the co�existence of a number of other redox active species, such as
ascorbic acid (AA) and uric acid (UA), which oxidise at similar potentials
to that of DA at most electrodes [2,3].

These issues have been partially resolved by using modified elec-
trodes and Nafion, a permselective membrane, has been commonly used
to repel the negatively charged ascorbate anion from the electrode sur-
face, enabling the detection of dopamine without significant interference
from the oxidation of ascorbate. In many cases, a Nafion layer is depos-
ited onto an electroactive material that is capable of oxidising DA, giving
rise to an outer layer with good selectivity properties [4–7]. This
approach is based on the ionic forms of DA and AA at physiological pH.
The AA exists in the anionic form, with a pKa of 4.10, while DA is in the
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cationic form, with a pKa of 8.87.
Alternatively, negatively charged layers can be formed, which also

serve to repel the anionic AA. For example, Zheng and Zhou [8] have
used dodecyl sulfate�modified carbon paste electrodes to selectively
sense DA in the presence of AA. Again, the selectivity was explained in
terms of a high density of negatively charged groups at the interface.
More recently, the electrochemical detection of DA was obtained using
positively charged sheets of Zn–NiAl layered double hydroxide with
negatively charged layers of reduced graphene oxide [9].

Graphene�based materials have also been used [10–12]. For
example, Shang et al. [11] have shown that multilayer graphene nano-
flake films can be used to discriminate between AA, DA and UA, with a
detection limit of 0.17mM for DA, while graphene modified over-
oxidised polypyrrole electrodes have been prepared and applied in the
electrochemical detection of dopamine [13]. Immobilised nanoparticles
have also been reported in the sensing of dopamine, for example,
Mathiyarasu et al. [14] used gold nanoparticles deposited at PEDOT to
selectively discriminate between AA, DA and UA. The AA, DA and UA
oxidation waves were observed at approximately �0.05 V, 0.16 V and
0.30 V (Ag|AgCl), respectively. Gold nanoparticles have also been com-
bined with polypyrrole and reduced graphene oxide for the ultrasensitive
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detection of dopamine [15].
Various polymeric films, such as polyaniline and polypyrrole, have

been used in the selective detection of DA in an excess of AA. In partic-
ular, polypyrrole shows permselective properties in the over�oxidised
state, as groups, such as> CO and –COO�, are generated providing
discrimination against the anionic AA [16,17]. Electropolymerised films
of 4�allyl�2�methoxyphenol (eugenol) have also been employed to
determine DA in an excess of AA [18]. The high selectivity and sensitivity
observed were explained in terms of charge discrimination, analyte
accumulation and a catalytic mediation of redox sites. In more recent
years, more complex polymeric composites have been employed,
including graphene decorated with zinc oxide�copper heterostructures
and polypyrrole nanofibers [19], graphene and polypyrrole 3D com-
posites [20], poly(ionic liquids) combined with polypyrrole and gra-
phene oxide nanosheets [21] and conducting polypyrrole hydrogels [22].

In this study, pyrrole was electropolymerised in the presence of sul-
fonated β�cyclodextrins, which served as the dopants, to give a simple
polypyrrole film coated electrode. This electrode exhibited good sensi-
tivity and selectivity, facilitating the oxidation of dopamine, but inhib-
iting the oxidation of AA, UA and a wide range of other interference
species. There are various publications describing the electrochemical
synthesis of polypyrrole doped with sulfonated β�cyclodextrins. Bidan
and co�workers [23] and Temsamani et al. [24] have elctrosynthesised
polypyrrole doped with sulfonated β�cyclodextrins, while Tamer et al.
[25] have prepared a three�dimensional network of branched fibres of
polypyrrole doped with sulfonated β�cyclodextrin through an interfacial
polymerisation process. These anionic cyclodextrin doped polypyrrole
films are particularly easy to prepare and they have been used to detect
and uptake viologens [26] and in the controlled release of dopamine
[27]. Also, polypyrrole has good biocompatibility properties [28] while
cyclodextrins are well known in the drug delivery field [29], making
these modified electrodes considerably more suitable for implantation
compared to some of the more complex electrodes. We have previously
shown that it is possible to detect DA at polypyrrole doped with a sul-
fonated β�cyclodextrin [30]. A more detailed study, where the compo-
sition of the solution phase, ionic strength, buffering action, and the
presence of a wide range of interference molecules together with the
mode of DA sensing, is now considered and discussed.

2. Experimental

All chemicals were obtained from Aldrich and were of analytical
grade reagents. The pyrrole monomer was distilled before use and stored
at �4 �C. The sβ�CD was purified using a Schlenk line by dissolving the
sample in a small volume of deionised water and then the sample was
dried at 70 �C under vacuum. All other chemicals were used without any
further purification.

The electrochemical data, including cyclic voltammetry, constant
potential amperometry and rotating disc voltammetry, were recorded
with a Solartron 1287 potentiostat. Platinum (99.99%, d¼ 3.0mm) disc
electrodes were used and these were combined with a high surface area
platinum wire, which served as the counter electrode, and a saturated
calomel electrode (SCE), as the reference, in a three electrode cell. An
EG&G, Model 636 ring disc glassy carbon (GC) electrode was used to
record the rotating disc voltammetry. The disc electrodes were prepared
by embedding the metal rod in epoxy resin which was supported in a
Teflon holder and electrical contact was achieved by threading a wire to
the other end of the rod. The exposed surfaces were polished using suc-
cessively smaller sizes of diamond paste to give a mirror�like finish. The
electrodes were then cleaned in an ultrasonic bath to remove any resi-
dues from polishing. The cyclic voltammograms were recorded at room
temperature in deoxygenated solutions at a scan rate of 100mV s�1. A
0.1M Na2SO4 or 0.1M NaCl supporting electrolyte with a pH of 7.0 was
used. All solutions were deoxygenated with nitrogen.

Electrochemical quartz crystal microbalance (EQCM) measurements
were performed with a CH instruments system, Chi440 EQCM. The
2

polymer was formed at a gold quartz crystal electrode supplied by
Cambria Scientific (0.203 cm2) with a platinum wire counter electrode
and a custom�made Ag|AgCl reference electrode. The oscillation fre-
quency was converted to mass using the well�known Sauerbrey equation
[31], Eq. (1). Here, Δf represents the observed frequency change, Δm
corresponds to the mass change and Cf is the sensitivity of the crystal,
which was found experimentally to be 7.9897� 108 Hz cm2 g�1. Thin
polymer films deposited to a final charge density of 1.2� 10�2 C cm�2

were employed to minimise viscoelastic effects.
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A 0.20M pyrrole solution was combined with 0.01M sulfonated
β�cyclodextrin and the sulfonated cyclodextrin doped polypyrrole
(PPy�SβCD) was formed at 0.80 V vs SCE until a fixed charge of
0.32 C cm�2 was passed, unless otherwise stated. No supporting elec-
trolyte was necessary, as the anionic cyclodextrin has a sufficiently high
conductivity (4.5mS cm�1 for a 0.01M solution). This ensured that the
polymer was only doped by the anionic cyclodextrin. For comparative
purposes, polypyrrole films doped with chloride (PPy�Cl), sulfate
(PPy�SO4) and dodecyl sulfate (PPy�SβDS) were synthesised at iden-
tical applied potentials and to the same final charge, but with the
appropriate salts in solution. Once the modified electrodes were formed,
they were cycled in the background electrolyte, between �0.10 V and
0.90 V vs SCE at 100mV s�1 for 10 cycles to ensure the release of any
pyrrole or oligomers bound within the polymer. Then, the modified
electrodes were rinsed with distilled water and transferred to the
DA�containing solutions.

The polymer thickness was measured using a Tencor profilometer
(Tencor Veeco Dektac 6M Stylus Profilometer), while a Hitachi scanning
electron microscope was employed to study the morphology of the
polymer films. An Emitech K550x gold sputter coater was used to deposit
a thin gold layer prior to surface analysis.

3. Results and discussion

3.1. Formation of PPy�SβCD

The formation of PPy�SβCD from a solution containing 0.2M pyrrole
and 0.01M SβCD at 0.50 V vs SCE at platinum is shown in Fig. 1, where
the logarithm of the current is presented as a function of time, while a
typical charge�time plot recorded at a higher potential of 0.80 V vs SCE
is shown in the inset. A near steady�state current is observed within 30 s,
indicating efficient polymerisation at the relatively low potential of
0.50 V in the presence of the anionic cyclodextrins without the presence
of any other salts [26,27]. The charge�time plot recorded at 0.80 V vs
SCE shows a near linear increase in charge with increasing polarisation
times, which is again consistent with efficient polymerisation and the
deposition of conducting polymer layers. The surface morphology of
PPy�SβCD formed at 0.80 V vs SCE is shown in Fig. 1(b). Although the
typical globular structure is seen, a more structured and organised film,
that appears to have ridges and valleys, giving a ladder�like arrange-
ment is formed. This is consistent with the organised ladder doping
mechanism proposed by Ingram et al. [32] for polypyrrole doped with
aromatic polysulfonates, where channels were created within the poly-
mer matrix and also with a report by Temsamani et al. [24]. In this case,
polypyrrole was formed in the presence of perchlorate and SβCD and it
was concluded that the incorporated cyclodextrins provided a more
organised system.

The thickness of the PPy�SβCD films formed at 0.80 V to a final
charge density of 0.32 C cm�2 was estimated as 690� 50 nm using a
Tencor profilometer. The film thickness was also estimated using Fara-
day’s law, Eq. (2), where M corresponds to the molecular weight of
pyrrole, A represents the surface area, q is the charge, z is the number of
electrons transferred, while ρ, which represents the density, is taken as



Fig. 1. (a) Current�time plots recorded during the formation of PPy�SβCD at 0.50 V vs SCE in 0.2M pyrrole and 0.01M SβCD at Pt, inset shows the charge�time plot
recorded at 0.80 V vs SCE and (b) SEM micrograph of PPy�SβCD deposited to 1.5 C cm�2.
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1.5 g cm�3. In this case, the film thickness was estimated as 0.68 μm,
which agrees very well with the experimental measurements. This is
surprising given the larger size of the SβCD dopant where in many cases,
the simple expression shown in Eq. (2) fails to give a good estimate of the
film thickness with large dopants [33].

x¼ qM
ρAzF

(2)

3.2. Detection of dopamine at PPy�SβCD

Prior to the detection of DA, the PPy�SβCD films were cycled in the
background 0.1M Na2SO4 or 0.1M NaCl electrolytes. Once the polymer
is synthesised it is likely that the CD cavities contain some oligomers,
however when the polymer is cycled to 0.90 V vs SCE in the solution, the
oligomers will be oxidised and released. In Fig. 2 cyclic voltammograms,
recorded at 100mV s�1, are shown for PPy�SβCD cycled in 0.1M
Na2SO4 in the presence of 0.2 mM DA and compared with polypyrrole
doped with chloride, PPy�Cl, sulfate, PPy�SO4, and formed in the
presence of chloride anions with a neutral βCD, Fig. 2(a). The larger
dodecyl sulfate doped polymer, PPy�SDS, is compared with PPy�SβCD
in Fig. 2(b). In each case the polymers were formed at 0.80 V vs SCE and
to the same charge density of 0.32 C cm�2. The oxidation of DA is clearly
evident with a peak oxidation potential at 0.46 V vs SCE, while the cor-
responding reduction of the dopamine�o�quinone is observed with a
Fig. 2. Cyclic voltammograms recorded at 100mV s�1 in 0.2 mM DA in 0.1M Na2SO4

and _ _ _ PPy�SDS.
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peak potential at 0.27 V vs SCE. A clear difference in the ability of the five
modified electrodes to oxidise DA is seen. There is a significant increase
in the peak currents for the oxidation of DA for the PPy�SβCD system,
compared to the other modified electrodes. Furthermore, the redox re-
action at platinum (data not shown) gives a ΔEp value of 480mV, while
the peak separation of 190mV, typical of quasi�reversible behaviour, is
seen with the PPy�SβCD. This shows that the DA signal is from the
modified polymer and not the substrate material and that the sulfonated
β�cyclodextrin plays a role in the sensing of dopamine.

In order to optimise the DA oxidation peak currents, the PPy�SβCD
films were formed with different pyrrole and SβCD concentrations, and at
different applied potentials and deposited to various final charges. While
the pyrrole and SβCD concentrations had little influence, the applied
potential and charge had a significant effect on the detection of DA. The
influence of the applied potential employed in the formation of the
polymer is illustrated in Fig. 3(a) and the influence of the charge, which
gives an estimate of the film thickness, is summarised in Fig. 3(b). It is
clear that the optimum current for the oxidation of DA is seen for for-
mation potentials between 0.60 V and 0.83 V vs SCE. The lower peak
currents observed when the polymer is formed at higher potentials are
associated with the over�oxidation of the polymer and the formation of a
more insulating polymer film [34]. At the lower applied potentials, be-
tween 0.40 V and 0.50 V vs SCE, the doping levels are lower and as the
oxidation of DA is connected to the presence of the SβCD, the lower
(a) at ▬ PPy�SβCD - - - - PPy�SO4, _ _ _ PPy�Cl, - _ - _ PPy�βCD (b) ▬ PPy�SβCD



Fig. 3. Peak current recorded at PPy�SβCD as a function of (a) applied potential employed in the formation of the polymer and (b) charge consumed during formation
of the polymer and cycled in 0.2 mM DA and 0.1M Na2SO4.

Fig. 4. (a) Cyclic voltammograms recorded at 100mV s�1 in 1.0 mM DA in
0.1M Na2SO4 at ▬ PPy�SβCD and at PPy�SβCD reduced at _ _ _ �0.25 V, ▬
�0.50 V and _ _ _ �1.0 V vs SCE, (b) EQCM mass�potential plot of PPy�SβCD
cycled in 0.1M NaCl at 50mV s�1.

C.C. Harley et al. Journal of Electroanalytical Chemistry 855 (2019) 113614
doping levels result in poor detection. Likewise, higher peak currents are
seen on initially increasing the charge and thickness of the polymer and
again this may be related to higher concentrations of the SβCD within the
porous polymer film. However, with increasing charge, these higher
oxidation currents are no longer observed and again this may be con-
nected to the formation of more insulating polymer films as the time
required for electropolymerisation increases. Indeed, similar over-
�oxidation effects were observed when the potential was cycled to
higher potentials in the voltammetry experiments and when the polymer
was polarised at 1.0 V vs SCE prior to the voltammetry measurements. A
clear decrease in the peak current was observed when the upper potential
limit was cycled to 1.0 V vs SCE, while a considerable change in the
reversibility of the reaction, with the peak potential separation, ΔEp,
reaching 300mV, was observed following a 10�min polarisation period
at 1.0 V vs SCE. Although overoxidised polypyrrole may have good
selectivity properties [16,17], over�oxidation of the PPy�SβCD film
gives rise to a more insulating polymer film.

The influence of the reduction of the PPy�SβCD film is illustrated in
Fig. 4 (a), where the voltammograms are compared for PPy�SβCD films
without any reduction and polarised at�0.25 V,�0.50 V and�1.00 V vs
SCE for 10min prior to analysis. It is clear that a prior reduction period
gives rise to lower peak currents. This behaviour can be explained in
terms of the cation�exchange properties of the PPy�SβCD films [26,34],
where the ingress of Naþ ions occurs at lower applied potentials. This is
illustrated in Fig. 4 (b), where the recorded mass change is shown as a
function of the applied potential as the PPy�SβCD is cycled from 0.60 V
to�0.80 V vs Ag|AgCl. Reduction of the polymer begins at about�0.20 V
vs Ag|AgCl and then the mass continues to increase as the potential is
lowered to give an overall mass increase of approximately 2.5 μg at
�0.80 V vs Ag|AgCl. Although some of these cations are removed on
oxidation of the polymer, there is evidence to show that not all the
incorporated cations are released on oxidation, giving rise to the
build�up of higher salt concentrations within the polymer [35]. These
events may reduce the interactions between the DA molecule and the
SβCD dopant. This observation is also consistent with variations in the
structure of polypyrrole as it is cycled to low potentials and reduced. For
example, Ingram et al. [32] have described polypyrrole doped with sul-
fonated naphthalene as a ladder�doped model where the rungs of the
ladder are held in place by the positively charged polypyrrole backbone.
This will provide an open porous surface, facilitating interactions be-
tween the DA molecules and the cyclodextrin dopants. However, on
reduction, the structure collapses and now access to the cyclodextrin
dopants is limited and this is consistent with the lower peak currents
observed in Fig. 4 (a).

The influence of the nature of the supporting electrolyte is summar-
4

ised in Fig. 5. The ionic strength has a clear influence on the peak po-
tential and this is shown in Fig. 5(a) where the peak potential is plotted as
a function of the ionic strength for sulfate and phosphate buffer solutions,
at a fixed pH of 7.0. While increasing ionic strength gives rise to lower



Fig. 5. (a) Influence of ionic strength on the peak potential in � sulfate and ○ saline/phosphate buffer and (b) influence of anions on the peak current in a 0.2mM DA
solution with an ionic strength of 0.1M.
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peak potentials, there is a significant difference between the peak po-
tentials in the sulfate and phosphate solutions. This is consistent with the
buffering action of the phosphate system which prevents significant
changes in the interfacial pH as the dopamine is oxidised. It is well
documented that the peak potential is dependent on the pH and increases
with decreasing pH values [36], consistent with the Nernst equation
expression, Eq. (3). In this analysis, DOQ represents the oxidised product,
dopamine�o�quinone.

E ¼ Eo þ 0:0591
n

log
½DOQ�½Hþ�2

½DA� (3)

In the absence of a buffering system, the interfacial pH will decrease
and this will result in local acidification within the diffusion layer at the
polymer interface and within the porous polymer matrix. Consequently,
higher peak potentials are observed. Indeed, on adding sulfate to the
phosphate buffer and maintaining the ionic strength fixed, identical peak
potential values were observed. For example, when 0.1M Na2SO4 was
added to a 0.1M PBS solution and compared with a solution made using
0.3M PBS, an identical peak potential of 0.38 V vs SCEwas observed. The
influence of the nature of the anions on the peak oxidation current at a
fixed ionic strength of 0.1M and at a pH of 7.0 is illustrated in Fig. 5(b).
In this case, the solutions that contain carboxylate groups give rise to
lower peak currents, while nearly identical currents are observed with
the chloride and sulfate�containing solutions. It is known that the
electrochemistry of DA is influenced by the presence of carboxylate an-
ions, and although this is poorly understood, it has been suggested that
the carboxylic anions form a product with the DA oxidation species [37].
The MES buffer gives the lowest peak current and this is probably related
to the low conductivity of this buffering system. These results clearly
illustrate that sulfate, chloride or a saline�based phosphate buffer system
is suitable for the detection of DA at the PPy�SβCD films.
Fig. 6. Calibration curve recorded using constant potential amperometry at
0.65 V vs SCE in a 0.1M NaCl solution.
3.3. Sensitivity studies

It is evident from Fig. 2 that the presence of the sulfonated cyclo-
dextrin as a dopant gives rise to a film with a relatively high capacitance.
The capacitance of the PPy�SβCD film is consistent with studies reported
by Suematsu et al. [38], who explained the high capacitance of poly-
pyrrole films doped with sulfonated naphthalene rings to the presence of
free sulfonate groups. As the sulfonated β�cyclodextrin is charged, with
7–11 negatively charge –SO3

– groups, then it is indeed possible that some
of these sulfonate groups are free, giving rise to the high capacitance of
this film. This large charging capacitance of the PPy�SβCD film, leads to
significant background currents in the cyclic voltammograms, making it
5

difficult to employ voltammetry to determine the sensitivity of the
sensor. However, these background currents can be minimised using
constant potential amperometry (CPA). In the CPA experiments, a con-
stant potential of 0.65 V vs SCE was applied and the current was recorded
until a steady state current (approximately 30min) was achieved in a
0.1M NaCl solution that was agitated by rotating the PPy�SβCD modi-
fied electrode at 2000 rpm. Then 50 μL aliquots of a DA stock solution
were added. The response time (taken as the time required for the current
to increase from 10% to 80% of its final value) was less than 2.1 s. A
typical calibration curve is shown in Fig. 6, where the linear region ex-
tends to 50 μM. The regression equation was Ip¼ 0.90 cDA, with a cor-
relation coefficient of 0.999. This gives a current to concentration ratio,
sensitivity, of 0.90 μA μM�1 cm�2. Using the linear calibration curve, the
limit of detection (LOD) was found to be 1.0� 10�6 M dopamine. This
was obtained using the expression Cm¼ 3Sb/m, where Cm is the detection
limit, Sb is the standard deviation of the blank response andm is the slope
of the linear calibration curve. Although this LOD value is not sufficient
for a viable in vivo DA sensor, that could follow the concentration vari-
ations of DA released from synaptic vesicles in the brain, it is sufficient to
detect DA in pharmaceutical products. Indeed, Ferreira et al. [39], used a
sensor with a limit of detection of 4.0� 10�5M in the analysis of DA in a
pharmaceutical mixture.
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3.4. Selectivity studies

Studies on the selectivity of the sensor were carried out in the pres-
ence of a range of potential interference compounds which were added to
DA solutions at fixed concentrations. Cyclic voltammograms were
recorded in the mixed DA and interference solution and compared to the
corresponding pure DA solution. These data are summarised in Table 1,
where the peak current and peak potentials are shown for two DA con-
centrations in the presence and absence of the interference compounds.
The interference compounds included ascorbic acid (AA), uric acid (UA),
aspartic acid (Asp), acetylcholine (Ach), aminobutyric acid (GABA),
glutamic acid (Glu), glycine (Gly), histamine (HA), acetaminophenol
(ACOP) (paracetamol), 5�hydroxytryptamine (5�HT),
5�hydroxyindole acetic acid (5�HIAA), 3,4�dihydroxyphenylacetic
acid (DOPAC) and epinephrine (Ep). These compounds were selected as
they are all related in some way with the dopaminergic system. Indeed,
the analgesic actions of ACOP, more commonly known as paracetamol,
are also connected with the dopaminergic system, giving rise to an in-
crease in DA levels in the brain on administration. The values reported in
the table are averaged over at least five determinations. It can be clearly
(4)
seen that the DA oxidation peak current and peak potential are not
affected by the presence of AA or UA. Regardless of the concentration of
DA, there is no evidence of any change in the magnitude of the peak
oxidation current. The pKa value of UA is 5.4, while the pKa value of AA
is 4.10. At the pH of the experiment, AA will exist as an anion, while the
UA will again be predominantly in the anionic form. On the other hand,
DA is cationic. As the β cyclodextrin has 7 to 11 anionic –SO3

– groups as
pendants on the rim of the CD cavity, then it will provide a high local
Table 1
Peak current and peak potentials obtained using cyclic voltammetry recorded at
100mV s�1 in DA solutions in the absence and presence of interference com-
pounds (n¼ 5).

Solution/1.0 mM 7.0� 10�5 M DA 2.0� 10�4 M DA

jp/mA cm�2 EP/mV jp/mA cm�2 EP/mV

No Interference 1.89� 0.05 429� 2 2.21� 0.06 438� 2
AA (1mM) 1.89� 0.05 429� 3 2.21� 0.06 438� 2
AA (10mM) 1.89� 0.04 429� 3 2.20� 0.06 437� 2
UA 1.89� 0.03 429� 2 2.21� 0.06 438� 3
Asp 1.89� 0.05 429� 2 2.21� 0.05 437� 2
Ach 1.89� 0.04 429� 3 2.21� 0.06 438� 2
GABA 1.89� 0.05 429� 3 2.21� 0.05 438� 2
Glu 1.89� 0.04 429� 1 2.21� 0.07 438� 1
Gly 1.89� 0.06 429� 1 2.21� 0.05 438� 2
HA 1.89� 0.06 428� 3 2.20� 0.07 438� 2
ACOP 1.88� 0.03 428� 2 2.21� 0.06 438� 2
5-HT 1.89� 0.04 429� 4 2.21� 0.06 438� 2
5-HIAA 1.89� 0.03 429� 4 2.20� 0.06 438� 4
Ep 2.71� 0.07 473� 5 3.14� 0.08 476� 3
DOPAC 2.21� 0.06 450� 4 2.25� 0.09 470� 4

Abbreviations: AA (ascorbic acid), UA (uric acid), Asp (aspartic acid) Ach
(acetylcholine), GABA (aminobutyric acid), Glu (glutamic acid), Gly (glycine),
HA (histamine), ACOP (paracetamol), 5�HT (5�hydroxytryptamine), 5�HIAA
(5�hydroxyindole acetic acid), DOPAC (3,4�dihydroxyphenylacetic acid) and
Ep (epinephrine).
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negative charge. Furthermore, some of the –SO3
– pendants are likely to be

free and not involved in charge compensation giving an overall nega-
tively charged interface that attracts dopamine but repels the anionic UA
and AA.

Further evidence for the significance of the charge was obtained by
selecting molecules that are predominately anionic or cationic. Aspartic
acid and glutamic acid are both electroactive and predominately anionic
at the pH of the experiment. Both aspartic acid and glutamic acid are
amino acids and depending on the pH of the solution, they can exist in
different forms, as shown in Eq. (4), which in this case represents the
aspartic acid. Both amino acids will exist in the zwitterionic form at a pH
of 7.0 where the carboxylic groups are ionised to give a polar structure
that is predominately anionic. Oxidation of these amino acids was
observed at a bare platinum electrode between 0.40 and 0.70 V vs SCE,
while a reduction wave was observed centred at 0.23 V vs SCE. These
potentials are similar to those at which DA is oxidised at the PPy�SβCD
film, Fig. 2. However, as shown in Table 1 there is no evidence of any
interference from the oxidation of these anionic species at the PPy�SβCD
film. Again, this can be attributed to the negative charge provided by the
–SO3

� pendants.
Histamine, acetylcholine and 5�hydroxytryptamine are cationic at
the pH of the experiment, and again there is no evidence of any inter-
ference from these molecules, as shown in Table 1. Although these
molecules may be attracted to the negatively charged cyclodextrin, they
are not detected at the PPy�SβCD film at the concentrations shown in the
table. However, some interference was seen with 5�hydroxytryptamine
using higher DA concentrations of 0.5 mM and 1.0mM. When epineph-
rine (Ep), which will exist as a positively charged species at the pH of the
experiment as the pKa value is approximately 9.8, is added to the
DA�containing solution interference is observed, Table 1. These results
obtained with the histamine and Ep show that while charge plays a sig-
nificant role, the structure of the molecule is also of significance. Ep is
closely related to the structure of DA, being a catecholamine, while the
structure of histamine, although possessing a protonated amine, is very
different. The interference observed with Ep is shown more clearly in
Fig. 7, where it is seen that the level of interference is more significant at
the lower DA concentrations, indicating competition between the DA and
Ep molecules. Similarly, DOPAC, which has a structure that is similar to
DA, gives rise to significant interference, with a clear increase in the
oxidation current and the oxidation peak potential.
3.5. Mode of detection

It is clear from the results presented that the PPy�SβCD film gives
reasonably good sensitivity and very good selectivity and this is con-
nected to the SβCD dopant. In order to determine if the oxidation of DA at
the PPy�SβCD film was under diffusion control or an adsorption process,
voltammograms were recorded at different scan rates and the peak cur-
rents arising from the oxidation of DA were recorded. It is evident form
Fig. 8 that the Randles�Sevcik equation, Eq. (5), is satisfied, giving a
linear relationship between the peak current density and the square root
of the scan rate. In this analysis, jp is the peak current density, n is the
electron stoichiometry, D is the diffusion coefficient, v is the scan rate and
Co is the concentration. This linear relationship is consistent with a



Fig. 8. Peak current (oxidation of DA) plotted as a function of the square root of
scan rate and inset shows a plot of the logarithm of peak current as a function of
the logarithm of scan rate.

Fig. 7. Peak current density as a function of the DA concentration in the
absence (grey) and presence (black) of 1.0 mM Ep.
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diffusion�controlled process and the diffusion coefficient of DA was
calculated as 3.6� 10�6 cm2 s�1. Indeed, on plotting the logarithm of the
current as a function of the logarithm of the scan rate, a linear plot with a
gradient of 0.5 was obtained, as illustrated in the inset of Fig. 8, indi-
cating a pure diffusion�controlled process.

jp ¼
�
2:69� 105

�
n3=2D1=2v1=2Co (5)

The potential interactions between DA and the PPy�SβCD film were
probed by fitting the data to Michaelis�Menten kinetics, which is sum-
marised in Eqs. (6)–(8). The enzyme (E) binds to a substrate (S) to form a
complex (E�S), which then dissociates to generate the free enzyme and
the product (P), Eq. (6). In Eq. (7), the rate of substrate conversion, V, is
related to the maximum rate of substrate conversion, Vmax, the substrate
concentration, [S], and Km, which gives the Michaelis�Menten constant.
A linear transformation of the Michaelis�Menten equation gives the
Lineweaver�Burk equation, Eq. (8).

(6)

V ¼ Vmax½S�
Km þ ½S� (7)

1
V
¼ 1
Vmax

þ Km

Vmax½S� (8)

These equations were employed by setting V to the current density, j,
and consequently Vmax is equal to jmax. The DA oxidation current density
was obtained from amperometry measurements at a fixed potential of
0.65 V vs SCE with rotation of the electrode at 2000 rpm. It is evident
from Fig. 9 that the data obey the Michaelis�Menten and Line-
weaver�Burk equations. However, the Michaelis�Menten curve does
not approach a true jmax even at DA concentrations of 1.0mM. The
Michaelis constant, Km, and the maximum current, jmax, were estimated
as 1.53� 10�3 M and 1.17� 10�3 A cm�2, respectively, indicating a
weak interaction between DA and the PPy�SβCD film. Using the Line-
weaver�Burk relationship, the Km and jmax were estimated as
6.34� 10�4 M and 5.89� 10�4 A cm�2, respectively. Again, these values
indicate a weak binding interaction between PPy�SβCD and DA. This is
consistent with the formation of a weak inclusion complex between DA
and the SβCD dopant where the hydrophobic ring of DA is included
within the cyclodextrin cavity and the protonated amine group is
maintained outside the cavity and electrostatically attracted to the
anionic sulfonated groups on the rim of the cyclodextrin cavity [40].
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This analysis is consistent with the good selectivity. However, selec-
tivity is not achieved with molecules that have structures that are similar
to dopamine, suggesting that these structurally related molecules also
bind weakly with the SβCD. To test this hypothesis, rotating disc vol-
tammetry was used to probe the potential interactions between
epinephrine and SβCD in solution. Typical voltammograms are shown in
Fig. 10, where the rotating disc voltammograms were recorded in a
0.5 mM Ep solution in the absence and presence of added SβCD. There is
a clear reduction in the limiting currents with increasing SβCD concen-
trations. This suggests that Ep forms an inclusion complex with SβCD and
the concentration of free Ep is reduced. In addition, as the concentration
of SβCD increases and equilibrium is shifted in favour of the inclusion
complex, the nowmuch larger Ep:SβCD inclusion complex species diffuse
at a slower rate giving a reduction in the apparent diffusion coefficient of
Ep. It is also evident that the half�wave potentials increase with
increasing concentrations of SβCD, indicating that the Ep is more difficult
to oxidise when included in SβCD. Using the Levich equation, Eq (9), the
apparent diffusion coefficients, D, were evaluated and are plotted as a
function of the SβCD concentrations in the inset in Fig. 10. In this anal-
ysis, JL is the limiting current, n corresponds to the number of electrons
transferred, A represents the surface area of the electrode, D is the
diffusion coefficient of the analyte (representing both the free and
included molecule), ω is the rotation speed, v is the kinematic viscosity
and C is the concentration of analyte. The value of the ratio, Dc/Df, is
0.42, whereDc corresponds to the diffusion coefficient with a large excess
of SβCD and Df represents the diffusion coefficient of the free Ep. This is
in very good agreement with ratios found in the literature for the
complexation of ferrocenes with neutral cyclodextrins [41].

JL ¼ð0:62ÞnFAD2=3ω1=2v�1=6C (9)

The complex formation constant, K, between Ep and the SβCD was
determined using Eq. (10). Here, F is the Faraday constant, R is the gas
constant, T is the temperature, (E1/2)app and (E1/2)f are the half�wave
potentials in the presence and absence of the SβCD, respectively. K is the
complex formation constant and Dc andDf are the diffusion coefficients in
the presence and absence of the SβCD, respectively. A complex formation
constant of 194.18� 6.10 was determined using Eq. (10), which in-
dicates the formation of a weak complex. A slightly higher value of
331.28� 5.85 was obtained with DA [40]. Using a similar approach,
there was no change in the apparent diffusion coefficients of AA or UA in
the presence of a large excess of SβCD, lending support to the idea that
the selective oxidation of DA at the PPy�SβCD is related to weak in-
teractions between DA and the SβCD dopant.



Fig. 9. (a) Michaelis plot of the current recorded at 0.65 V vs SCE as a function of dopamine concentration and (b) corresponding Lineweaver�Burk plot.

Fig. 10. Rotating disc voltammograms recorded at a GC electrode at 900 rpm in
a phosphate buffer solution, pH¼ 7.0 with 0.5mM Ep and with ▬▬ ▬▬ ▬▬ no added
SβCD ▬▬ 2.5 mM SβCD, - - - 5 mM SβCD, ▬10mM SβCD and ����� 20mM SβCD.
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4. Conclusions

Polypyrrole doped with a sulfonated β�cyclodextrin was formed at
0.80 V vs SCE in a 0.2M pyrrole and 0.01M cyclodextrin solution. This
polymer has good sensitivity in the detection of DA. A linear calibration
curve was obtained giving a detection limit of 1.0� 10�6 M and a
sensitivity of 0.90 μA μM�1 cm�2. Excellent selectivity for the detection
of dopamine was also achieved in the presence of several interference
species, such as ascorbic, uric, aspartic and glutamic acids, and the
cationic histamine, acetylcholine and 5�hydroxytryptamine. However,
interference was observed with the structurally�related epinephrine and
DOPAC. These results are consistent with a weak binding interaction
between DA and the cyclodextrin dopant, which may indicate that the
formation of a weak inclusion complex, favours the selective oxidation of
DA in the presence of several interference compounds.
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