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Abstract Poly(2-amino-5-(4-pyridinyl)-1,3,4-thiadiazole)
(PAPT) modified glassy carbon electrode (GCE) was fabri-
cated and used for the simultaneous determinations of do-
pamine (DA), uric acid (UA) and nitrite (NO2

−) in 0.1 mol
L−1 phosphate buffer solution (PBS, pH 5.0) by using cyclic
voltammetry and differential pulse voltammetry (DPV)
techniques. The results showed that the PAPT modified
GCE (PAPT/GCE) not only exhibited electrocatalytic activ-
ities towards the oxidation of DA, UA and NO2

− but also
could resolve the overlapped voltammetric signals of DA,
UA and NO2

− at bare GCE into three strong and well-
defined oxidation peaks with enhanced current responses.
The peak potential separations are 130 mV for DA–UA and
380 mV for UA–NO2

− using DPV, which are large enough
for the simultaneous determinations of DA, UA and NO2

−.
Under the optimal conditions, the anodic peak currents were
correspondent linearly to the concentrations of DA, UA and
NO2

− in the ranges of 0.95–380 μmolL−1, 2.0–1,000 μmol
L−1 and 2.0–1,200 μmolL−1 for DA, UA and NO2

−, respec-
tively. The correlation coefficients were 0.9989, 0.9970 and
0.9968, and the detection limits were 0.2, 0.35 and 0.6 μmol
L−1 for DA, UA and NO2

−, respectively. In 0.1 molL−1 PBS
pH 5.0, the PAPT film exhibited good electrochemical ac-
tivity, showing a surface-controlled electrode process with
the apparent heterogeneous electron transfer rate constant
(ks) of 25.9 s−1 and the charge–transfer coefficient (α) of
0.49, and thus displayed the features of an electrocatalyst.
Due to its high sensitivity, good selectivity and stability, the

modified electrode had been successfully applied to the
determination of analytes in serum and urine samples.
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Introduction

Dopamine (DA) is one of the important catecholamine
neurotransmitters in the mammalian central nervous system
[1, 2]. As a cholinergic drug, DA is widely applied to the
treatment of circulatory collapse syndrome caused by the
myocardial infarction, trauma, cardiac surgery or congestive
cardiac failure. The basal DA concentration in the extracel-
lular fluid of the central nervous system is about 0.1 μmol
L−1 [3], and the abnormal levels of DA may result in some
serious diseases such as parkinsonism [4, 5]. Uric acid
(UA), a primary end product of purine metabolism, is an-
other important compound present in urine and blood. The
typical concentrations of UA is in millimolar range (120–
450 μmolL−1) in blood and about 2 mmolL−1 in urine [6, 7],
and its abnormality can lead to some diseases like gout,
hyperpiesia, and Lesch–Nyhan disease [8, 9]. Nitrite is a
naturally occurring form of nitrogen in aquatic systems and
mainly present in the environment due to the wide use of
nitrogenous chemical fertilizers. It is known that excessive
nitrite in food and water can lead to many detrimental effects
on human health, especially for infants and pregnant wom-
en. Thus, many techniques have been used to detect nitrite,
including chemiluminescence [10], electrochemical analy-
ses [11, 12], flame atomic absorption spectrometry [13] and
spectrophotometry [14], etc. Also, it has been found that
nitrogen oxide (NO) can enhance or inhibit the release of
DA [15, 16] in the central nervous system, and NO can be
oxidized to nitrite (NO2

−) in biological circumstance. In
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healthy human subjects, NO2
− can be detected at levels of

0.50–3.6 μmolL−1 in plasma, ~15 μmolL−1 in respiratory
tract lining fluids, 30–210 μmolL−1 in saliva, and 0.40–
60 μmolL−1 in gastric juice [17]. Therefore, the develop-
ment of sensitive and selective biosensors for their simulta-
neous detection is highly desirable for analytical applications
and diagnostic researches. However, it is nearly impossible
to determine them simultaneously at bare electrodes due to
the weak and overlapped oxidation waves and the electrode
fouling caused by the adsorption of their oxidation products,
which can lead to the poor sensitivity and selectivity [18]. To
overcome these problems, various modifiers have been coat-
ed on electrode surfaces to construct the sensors for the
simultaneous detections of these species, such as carbon
nanotubes incorporated with the La(OH)3 nanorods [19],
single-walled carbon nanohorns [20], conductive polymer
[21], nanoparticles [22] and iron-doped carbon nano-
tubes [23]. Recently, Yuan and coworkers have fabricat-
ed the Au-nanoclusters incorporated poly(3-amino-5-
mercapto-1,2,4-triazole) film [24] and the lanthanum
multi-walled carbon nanotube nanocomposite film [25]
modified glassy carbon electrode using electrodeposition
method and used it for the simultaneous determinations
of ascorbic acid, DA, UA and nitrite with satisfactory
results.

Conducting polymers have attracted considerable interest
in recent years because of their actual and potential appli-
cations in different fields, such as, the corrosion protection
[26], electrochromic materials [27], photocatalysis [28] and
sensors [29]. It is well-known that conducting polymers can
be synthesized by using chemical and electrochemical tech-
niques. The chemical polymerization technique is very use-
ful for obtaining large amounts of polymer while the
electrochemical procedure is more suitable for gaining
smooth polymers on substrate surfaces and investigating
the properties of polymers in situ. In addition, the electro-
polymerization procedure can produce thickness controlla-
ble, insoluble and uniform polymer films on the electrode
surfaces. Some conventional polymers, such as, polyacety-
lene [30, 31], polythiophene [32, 33], polypyrrole [34, 35]
and polyaniline [36, 37], have been studied extensively in
the past. The synthesis and characterization of new conduct-
ing polymers can enlarge the diversity of the materials with
special properties. Recently, thiazole-based conjugated pol-
ymers have attracted more and more attention because they
exhibit excellent selectivity and sensitivity towards the de-
tection of several biomolecules with stable voltammetric
response [38, 39]. And also, Yang’s research group has
studied the surface-enhanced Raman scattering spectrum
of APD on the silver surface, and the results explored that
the APT molecule with a tilted orientation anchored at the
silver surface and exhibited the sound anticorrosive effect
with an efficiency of 89.5 % [40].

Although several studies have been reported for the si-
multaneous determination of DA, UA and NO2

− [19,
23–25], the fabrication of an electrochemical sensor with
high sensitivity and selectivity is still one of the paramount
tasks for analytical chemists. In the present work, we found
that the electropolymerized poly(2-amino-5-(4-pyridinyl)-
1,3,4-thiadiazole) (PAPT) film on glassy carbon electrode
(GCE) surface not only showed good electrocatalytic activ-
ities towards the oxidation of DA, UA and NO2

− but also led
to the resolution of the overlapped voltammetric signals of
these species at bare GCE into three strong and well-defined
oxidation peaks with enhanced current responses. Thus, the
selective and simultaneous determinations of DA, UA and
NO2

− at the PAPT-modified GCE has been investigated in
detail, and also, the modified electrode has been used to
detect them in real samples.

Materials and methods

Reagents and chemicals

2-Amino-5-(4-pyridinyl)-1,3,4-thiadiazole (APT) was pur-
chased from TCI (Japan). DA and UAwere purchased from
Sigma (USA). Sodium nitrite (NaNO2) was purchased from
Shanghai Zhenxing Chemical Factory. Phosphate buffer
solutions (PBS, 0.1 molL−1) with various pH values were
prepared using 0.1 molL−1 Na2HPO4, 0.1 molL−1 NaH2PO4

and 0.1 molL−1 KCl. Twice-distilled water was used
throughout the experiments.

Apparatus

All electrochemical experiments were performed with a CHI
660C electrochemical workstation (Shanghai Chenhua).
The conventional three-electrode system includes a PAPT-
modified GCE as working electrode, a saturated calomel
reference electrode and a platinum wire auxiliary electrode.

Differential pulse voltammetry (DPV) experiments
employed a scan rate of 20 mVs−1, a pulse amplitude of
25 mV, a pulse rate of 0.5 s, a pulse width of 60 ms and a
quiet time of 2 s. The solutions were deoxygenated by
bubbling purified nitrogen, and a nitrogen atmosphere was
maintained over the solutions. All experiments were made at
room temperature (≈24 °C).

Preparation of modified electrode

Glassy carbon electrode (GCE; diameter, 3.0 mm) was
respectively polished with 0.3 and 0.05 μm alumina slurry,
and then rinsed ultrasonically with ethanol and water for
several minutes, successively.
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Electropolymerization of APT on GCE was carried out
by 15 successive potential sweeps between −0.2 and 1.7 Vat
0.05 Vs−1 in 0.1 molL−1 H2SO4 solution containing 1 mmol
L−1 APT. To remove any physisorbed, unreacted materials
from the electrode surface, the electrode was rinsed with
ethanol and water and sonicated for 2 min in 0.1 molL−1

PBS pH 5.0. Then, the PAPT-modified GCE (PAPT/GCE)
was obtained and stored in 0.1 molL−1 PBS pH 5.0 at 4 °C
for use.

Results and discussion

Electropolymerization of APT on GCE

Figure 1 shows the potentiodynamic polymerization
(15 cycles) of 1 mmolL−1 APT in 0.1 molL−1 H2SO4

solution in the potential window from −0.20 to 1.70 V at
GCE. As can be seen, in the first cycle, APT shows a pair of
oxidation and reduction peaks located at 1.34 and 0.32 V,
respectively, and in the subsequent cycle, a new pair of
redox waves can be observed at 0.36 and 0.32 V. The
oxidation peak in the 1st cycle at 1.34 V is attributed to
the oxidation of the amine to a radical cation. It is known
that the oxidation of an amine group is usually observed
around 0.80 V for aniline and their derivatives [41] while
the presence of hetero-atoms (two N and one S atom) in the
APT ring may have shifted the oxidation potential of the
amine to 1.34 V, and the reduction wave at 0.32 V in the 1st
cycle is due to the electro-reduction of the formed electro-
active PAPT produced by the cross-reaction of the APT
radical cations. And, the pair of redox waves located at
0.36/0.32 V from the 2nd potential scan is due to the
oxidation and reduction of the formed PAPT produced by
the cross-reaction of the APT radical cations. On the other

hand, one can also see that the current response for the
oxidation peak at 1.34 V in the 1st cycle decreases with
the continuous scan. This is due to the rapid decrease of the
amount of APT radical cations in solution, resulted by the
cross-reaction/polymerization of the APT radical cations
into PAPT. While the peak current responses for the redox
waves at 0.36/0.32 V from the 2nd cycle increase gradually
with the continuous potential scan, this indicates that the
amount of PAPT on electrode surface increases gradually.
These typical electrochemical behaviors not only exhibit
clearly the occurrence of the electropolymerization of APT
but also show that the formed polymer is electroactive and
can be oxidized at a lower potential, which is necessary for
being used as an electrocatalyst. The proposed mechanism
for the electrochemical polymerization of the APT is illus-
trated in Scheme S1 in the Electronic Supplementary Mate-
rial, which is supported by the results reported by Ye and
coworkers [42].

Electrochemical behavior of the PAPT film

The cyclic voltammograms (CVs) of the PAPT film on the
GCE surface deposited by 15, 50 and 100 potential sweeps
in monomer-free 0.1 molL−1 H2SO4 are shown in Fig. 2a. It
can be seen from Fig. 2a that the PAPT shows a couple of
redox waves located at about 0.32/0.36 V, which is due to
the proton and electron addition and elimination reaction at
the –NH– sites in the PAPT structure. One can also find that
the oxidation and reduction peak currents increase gradually
with the continuous polymerization by potential scan from
15 to 100 cycles. These results not only suggest the forma-
tion of the electroactive PAPT on electrode surface but also
exhibit the gradual increasing amount of PAPT on GCE
surface with the increasing potential scan. However, in the
subsequent studies, we have used the 15-cycle-deposited
PAPT film-modified GCE because it showed the largest
peak potential separations and the highest sensitivities for
the simultaneous detections of DA, UA and NO2

− in their
mixture, as shown in Fig. S1 in the Electronic Supplemen-
tary Material.

To further investigate the electrochemical behavior of the
PAPT film on the electrode surface, the PAPT/GCE was put
into the APT-free 0.1 molL−1 H2SO4 solution for potential
scan at different scan rates (Fig. 2b). As can be seen, the
anodic peak current increases linearly with the increasing
scan rate (Fig. 2b, inset, top), which indicates that the
electrode reaction is a surface-controlled process, confirm-
ing that the PAPT on electrode surface is stable. Further-
more, it can be seen from Fig. 2b that, with the increasing of
scan rate, the anodic peak shifts to more positive potential
while the cathodic peak shifts to more negative potential.
The anodic and cathodic peak potentials are linearly depen-
dent on the logarithm of scan rates (υ) when υ>0.12 Vs−1,
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Fig. 1 CVs of GCE in 0.1 molL−1 H2SO4 solution containing 1 mmol
L−1 APT. Scan rate, 0.05 Vs−1
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this result is in agreement with Laviron’s theory [43]: a plot
of Ep versus log υ yields two straight lines with the slops of
−2.3RT/αnF for the cathodic peak and 2.3RT/(1 − α)nF for
the anodic peak (Fig. 2b, inset, bottom). So that α can be
estimated as 0.49 from the slope of the straight lines based
on Eq. (1). And, the average kinetic parameter ks025.9 s−1

can be obtained according to Eq. (2).

log
ka
kc

¼ log
a

1� a
or

ka
kc

¼ a
1� a

ð1Þ

log ks ¼ a log 1� að Þ þ 1� að Þ log a � log
RT

nFu

� a 1� að ÞnFΔEp

2:3RT
ð2Þ

Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) has been
employed to investigate the impedance changes of the elec-
trode surfaces in the modified process. EIS includes a semi-
circular part and a linear part; the semicircular part at high
frequencies corresponds to an electron transfer limited pro-
cess, and the linear part at low frequencies to a diffusion
process. The EIS results for GCE and PAPT/GCE at an open
circuit were shown in Fig. S2 in the Electronic Supplemen-
tary Material. To understand clearly the electrical properties
of the electrode/solution interfaces, the Randles equivalent
circuit (inset of Fig. S2) was chosen to fit for the obtained
impedance data [44]. In the Randles circuit, it was assumed
that the resistance to charge transfer (Rct) and the diffusion
impedance (W) were both in parallel to the interfacial ca-
pacity (Cdl). This parallel combination of Rct and Cdl gives
rise to a semicircle in the complex plane plot of Z″ against Z
′; the semicircular diameter equals the charge–transfer resis-
tance (Rct). This resistance exhibits the electron transfer
kinetics of the redox probe at electrode interface. As shown
in Fig. S2, the Rct is about 60 Ω for GCE. While after
modification with PAPT film, the Rct increases dramatically
to 1,000 Ω, indicating that the PAPT film hinders the charge
transfer. Meanwhile, the change of Rct value in the modifi-
cation process indicates that the PAPT film has been suc-
cessfully coated on the GCE surface.

Electrochemical oxidation of DA, UA and NO2
−

To investigate the electrocatalytic activity of PAPT/GCE
for the electrooxidation of DA, UA and NO2

−, the vol-
tammetric responses of DA, UA and NO2

− at GCE
(curve a) and PAPT/GCE (curve b) are shown in
Fig. 3a, b, c, respectively.

Firstly, we can see that there is a pair of well-defined
redox waves located at about 0.01/0.085 V on the CVs at
Fig. 3(a→c); this should be ascribed to the oxidation and
reduction of the electro-active PAPT on the GCE surface
because this couple of redox waves always appear in the
following electrochemical measurements, although there are
some small changes in the redox peak potential. However,
one can see that there is a big difference between this redox
potential and the results shown in Fig. 2, in which the PAPT/
GCE is potentially scanned only in the 0.1 molL−1 PBS pH
5.0. The detailed mechanism that the coexisted DA, UA and
NO2

− can lead to the negative shift of the redox potential of
PAPT cannot be given clearly at present; however, it is
rational to think that the oxidation and reduction of the
coexisted DA, UA and NO2

− can accelerate the electron
transfer between PAPT and electrode, and thus improve
the electrochemical behavior of PAPT. This phenomenon
has also been observed for the electrochemical behavior of
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Fig. 2 a CVs of PAPT/GCE deposited by 15 (a), 50 (b) and 100 (c)
potential cycles in 0.1 molL−1 PBS pH 5.0 at 0.05 Vs−1. b CVs of
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anodic peak currents vs. scan rates (top), and the variation of peak
potential vs. the logarithm of scan rate (bottom)
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poly(calconcarboxylic acid) (PCCA) [45], in which the re-
dox peak potential of PCCA only in 0.05 molL−1 H2SO4 is
0.3/0.4 V while when norepinephrine or UA coexisted, its
potential shifted negatively to 0/0.10 V.

Secondly, it can be seen from Fig. 3a that DA shows a
broad and weak oxidation peak at 0.31 V at the bare GCE
(ΔEp00.14 V); however, a sharp and well-defined anodic
peak appears at 0.26 Vat the PAPT/GCE (ΔEp00.02 V). As
for the current response, it has about a 4.2-fold increase in
anodic peak signal at PAPT/GCE compared with that at the
bare GCE. The negatively shifted oxidation potential and

the improved peak current response exhibit that the PAPT-
modified GCE plays an excellent catalytic effect towards the
electrooxidation of DA. Figure 3b shows that at the bare
GCE, UA exhibits a sluggish and much smaller CV peak
response at 0.40 V while at the PAPT/GCE, UA shows a
sharp and strong oxidation peak with a greatly increased
peak current response, which is about a 4.2-fold increase in
comparison with that at bare GCE. This indicates that the
PAPT/GCE can catalyze the electrooxidation of UA. Also,
from Fig. 3c, one can see that at the bare GCE, NO2

− only
shows a small and broad oxidation peak at 0.94 V; however,
a sharp and strong oxidation peak appears at 0.86 V at
PAPT/GCE. More over, about 3.7-fold increase in peak
current at PAPT/GCE can be observed in comparison with
that at the bare GCE. The negatively shifted oxidation peak
potential and the increased peak current response show that
the PAPT/GCE exhibits an excellent catalytic effect on the
electrooxidation of NO2

−.

Voltammetric separation for the anodic waves of DA
and UA

It is known that the direct electrooxidation of DA and UA at
bare electrodes not only requires high overpotentials but
also their oxidation potentials are too closed to be distin-
guished. To investigate the potential application of the
PAPT/GCE for the voltammetric separation of DA and
UA, Fig. 4 shows the electrooxidation of 50 μmolL−1 DA
and 100 μmolL−1 UA in their mixture using DPV method.
Just as shown in Fig. 4, the bare GCE shows a broad and
overlapped oxidation wave for the oxidation of DA and UA
mixture (Fig. 4, curve a) while the presence of the PAPT
film on the GCE surface can resolve the small and overlapped
voltammetric response of DA and UA at the bare GCE into
two sharp and well-defined oxidation peaks at 0.20 and 0.32V
(Fig. 4, curve b), corresponding to the electrooxidation of DA
and UA, respectively. The separation between the two peak
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potentials is 0.12 V, which is large enough for the selective
and simultaneous determinations of DA and UA in their
mixture. Moreover, one can see that the anodic peak
current responses of DA and UA at PAPT/GCE increase
greatly compared with those at the bare GCE. The large
peak separation degree of DA and UA anodic peaks and
the greatly increased peak current responses allow us to
simultaneously determine these species in their mixture
with high sensitivity.

Influence of pH

The effect of electrolyte solutions with different pH values
on the electrochemical responses of DA, UA and NO2

− has
been studied. Figure S3 (Electronic Supplementary Material)

shows the influences of the solution pH values from 3.0 to
9.0 on the electrochemical responses of 50 μmolL−1 DA,
250 μmolL−1 UA and 500 μmolL−1 NO2

− at PAPT/GCE. It
can be seen from Fig. S3 that the peak currents of DA, UA
and NO2

− increase with the increasing pH value from 3.0 to
5.0 and reach a maximum at pH 5.0 then they decrease when
the pH value increases gradually. Considering the sensitivity
in sensing DA, UA and NO2

−, 0.1 molL−1 PBS pH 5.0 was
selected for detecting these species. On the other hand, one
can also see that all the anodic peak potentials for the electro-
oxidation of DA, UA and NO2

− shift negatively with in-
creasing pH; this indicates that protons take part in their
electrode reaction processes.

Selective determination of DA and UA

To investigate the practicality of PAPT/GCE for the
selective determination of DA and UA in their mixture,
Fig. 5a, b illustrates the DPV curves recorded at the
PAPT/GCE in solutions containing various concentra-
tions of DA in the presence of 150 μmolL−1 UA and
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different contents of UA in the presence of 20 μmolL−1

DA, respectively. Figure 5a shows that the peak current
response for the oxidation of DA increases linearly with
the increase of DA concentration while the peak current
for UA oxidation keeps nearly unchanged. This indi-
cates that the presence of UA does not interfere with
the response of DA oxidation thus the proposed method
can be used for the selective determination of DA in the
presence of UA. Similarly, it can be seen from Fig. 5b
that with the increasing UA concentration, the oxidation
current of UA exhibits a linear increase while the peak
response of DA keeps almost stable. This indicates that
the presence of DA does not interfere with the response
of UA oxidation, and thus, the proposed method can be
used for the selective determination of UA in the pres-
ence of DA.

Simultaneous determination of DA and UA

To investigate the possibility of PAPT/GCE for the simulta-
neous determinations of DA and UA, the current responses
of these species by simultaneously changing the concentra-
tions of DA and UA in a mixture have been measured
(Fig. 6). As can be seen, the peak currents for the electro-
oxidation of DA and UA increase proportionally with their
concentrations. The linear relationships between the oxida-
tion peak currents ip,a (microampere) and the concentrations
c (micromole per liter) of DA and UA are: ip,a00.102+
0.158cDA (r00.9998) and ip,a01.016+0.023cUA (r0
0.9997), respectively. The linear ranges for the simultaneous
determinations of DA and UA are 0.95–74 and 2.5–
600 μmolL−1, respectively. The detection limits for detect-
ing DA and UA are 0.15 and 0.3 μmolL−1 (S/N03),
respectively.
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Voltammetric separation for the anodic waves of DA, UA
and NO2

−

Figure 7 shows the electrooxidation of 350 μmolL−1 DA,
350 μmolL−1 UA and 150 μmolL−1 NO2

− in their mixture
by using DPV method. It is obvious that the bare GCE
(Fig. 7, curve a) only gives a broad and overlapped anodic
peak for DA and UA, and an inconspicuous anodic peak for
NO2

−. While at the PAPT/GCE, three sharp and well-
defined oxidation peaks at 0.26, 0.39 and 0.77 V (Fig. 7,
curve b) are observed, corresponding to the electrooxidation
of DA, UA and NO2

−, respectively. Moreover, the peak
current responses of DA, UA and NO2

− are notably im-
proved compared with those at the bare GCE. The large
peak separations of the anodic peaks for these three com-
pounds and the increased current responses allow us to
simultaneously determine these species in their mixture with
high sensitivity.

Selective determination of DA, UA and NO2
−

The selective determination of DA, UA and NO2
− at PAPT/

GCE in their mixture has been investigated when the con-
centration of one species changed, and those of the other
two species keep constant; the results are shown in Fig. 8.

Figure 8a shows that the peak current of DA increases with
the increasing DA concentration while the peak current of
UA and NO2

− keeps nearly unchanged. Similarly, Fig. 8b, c
shows that the peak current responses of UA and NO2

−

increase with the increasing of their concentrations while
the peak currents of the other two compounds keep nearly
stable. This indicates that the presence of the other two
species does not interfere with the response of the other
species, therefore, the PAPT/GCE can be employed for the
selective determination of DA, UA and NO2

− in the pres-
ence of the other two species.

Simultaneous determination of DA, UA and NO2
−

Figure 9 shows the DPV results of different concentrations
of DA, UA and NO2

− in a mixture at PAPT/GCE in 0.1 mol
L−1 PBS pH 5.0. It can be seen from Fig. 9 that the peak
current responses of DA, UA and NO2

− increase with the
rising of their concentrations, and the peak currents are
linearly proportional to the concentrations of DA, UA and
NO2

− in the ranges of 0.95–380, 2.0–1,000 and 2.0–
1,200 μmolL−1, respectively. The linear relationships be-
tween the peak currents ip,a (microampere) and concentra-
tions c (micromole per liter) of DA, UA and NO2

− are: ip,a0
0.678+0.0261cDA (r00.9989), ip,a00.0965+0.0059cUA (r0

Table 1 Analyses of urine sam-
ples (n06)

aMean value (n06)
bRelative standard deviation

Sample Detecteda (μM) Added (μM) Founda (μM) RSDb (%) Recovery (%)

Urine 1 Uric acid 19.7 25.0 43.4 2.6 97.1

Dopamine – 20.0 20.2 3.3 101.0

Nitrite – 35.0 34.3 2.5 98.0

Urine 2 Uric acid 20.3 20.0 41.8 2.7 103.7

Dopamine – 15.0 14.9 3.1 99.3

Nitrite – 45.0 45.4 2.2 100.8

Urine 3 Uric acid 19.5 15.0 33.6 2.5 97.4

Dopamine – 10.0 10.2 2.8 102.0

Nitrite – 55.0 54.7 2.1 99.5

Table 2 Analyses of serum
samples (n06)

aMean value (n06)
bRelative standard deviation

Sample Detecteda (μM) Added (μM) Founda (μM) RSDb (%) Recovery (%)

Serum 1 Uric acid 11.3 10.0 20.8 2.5 97.7

Dopamine – 20.0 19.8 2.7 99.0

Nitrite – 50.0 50.4 2.5 100.8

Serum 2 Uric acid 13.0 15.0 27.5 3.2 98.2

Dopamine – 20.0 20.9 2.8 104.5

Nitrite – 70.0 67.5 2.7 96.4

Serum 3 Uric acid 20.2 20.0 40.8 2.3 101.5

Dopamine – 20.0 19.7 2.9 98.5

Nitrite – 130.0 132.3 3.1 101.8
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0.9970) and ip,a00.181+0.0076cNO2− (r00.9968), respec-
tively. The detection limits for detecting DA, UA and
NO2

− are 0.2, 0.35, and 0.6 μmolL−1 (S/N03), respectively.
Compared with the other related studies on the simultaneous
detections of DA, UA and NO2

−, as shown in Table S1 in
the Electronic Supplementary Material, the present method
exhibits large peak potential separations, high sensitivities,
and wide linear ranges.

Interferences, stability and reproducibility

For investigating the anti-interference ability of the PAPT/
GCE, several co-existing substances were selected. No sig-
nificant interference for the detection of DA (15 μmolL−1),
UA (30 μmolL−1) and NO2

− (45 μmolL−1) was observed
from the following compounds (micromole per liter): NaCl
(500), KCl (500), CaCl2 (500), MgSO4 (500), ZnCl2 (500),
glucose (350), NH4

+ (300), L-cysteine (300) and ascorbic
acid (250). The stability of the PAPT film-modified GCE
was also tested. When the modified electrode was kept in
0.1 molL−1 PBS pH 5.0 at room temperature after voltam-
metric measurements, the current signals kept nearly stable
in the first 2 days and decreased about 3.1 %, 2.5 % and 2.4 %
of its initial responses for DA, UA and NO2

− after another
2 weeks, indicating the good stability of the modified elec-
trode. To study the reproducibility of the PAPT/GCE, repeti-
tive measurements had been carried out for simultaneous
detections of 200 μmolL−1 DA, 400 μmolL−1 UA and
500 μmolL−1 NO2

− in their mixture. The results of 15
successive measurements showed relative standard devi-
ations of 2.6 %, 3.2 % and 2.9 % for DA, UA and
NO2

−, respectively. The precision at renewed surface of
the PAPT/GCE was also investigated, which showed the
relative standard deviations of 2.3 %, 2.7 % and 3.3 %
for the determinations of 200 μmolL−1 DA, 400 μmol
L−1 UA and 500 μmolL−1 NO2

−, respectively. These
results indicated the high selectivity, good stability and
reproducibility of the PAPT/GCE.

Sample analysis

Human urine and serum samples were selected as real
samples for analysis using the standard adding method. All
samples were diluted (100 times for urine and 20 times for
serum) with 0.1 molL−1 PBS pH 5.0. In order to ascertain
the correctness of the results, the diluted samples mentioned
above were spiked with certain amounts of DA, UA and
NO2

− and then were detected. The results were presented in
Tables 1 and 2, respectively. The recovery rates of the
samples ranged between 96.4 % and 104.5 %, indicating
that the proposed method could be effectively used for the
determination of DA, UA and NO2

− in real samples.

Conclusions

In this work, PAPT film-modified GCE has been fabricated
by using electrochemical oxidation of APT at GCE. The
PAPT/GCE not only can improve the electrochemical
behaviors of DA, UA and NO2

− with negatively shifted
oxidation overpotentials and enhance the peak current
responses, showing the electrocatalytic activities towards
the electrooxidation of DA, UA and NO2

−, but it also can
resolve the overlapped oxidation peaks of these species into
three sharp and well-defined anodic waves with large peak
separations. Thus, the modified electrode can be used for the
simultaneous determinations of DA, UA and NO2

− with
good sensitivity, selectivity and high electrocatalytic activi-
ty. The proposed method has been applied for detecting DA,
UA and NO2

− in real samples with satisfactory results.
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