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Abstract The article describes an electrochemical sensor for
simultaneous determination of dopamine (DA) and paraceta-
mol (PAT). It is based on the use of an electroactive polymer
(referred to as BPVCM) to functionalize multi-walled carbon
nanotubes. BPVCM is a branched amphiphilic photo-
sensitive and electroactive polymer that was obtained by co-
polymerization of a vinyl benzylcarbazole, maleic acid anhy-
dride, 4-vinylbenzylthiol and a vinylbenzyloxycoumarin.
BPVCM efficiently disperses MWCNT in aqueous solution.
The electropolymerization of the carbazole moieties of the
BPVCM enhances the current response. It also facilitates elec-
tron transfer in the MWCNT-BPVCM hybrid as evidenced by
cyclic voltammetry and electrochemical impedance spectros-
copy. A glassy carbon electrode modified with the nano-
composite displays outstanding electrocatalytic activity
towards DA and PAT. DA can be determined, best at a
working voltage of 0.2 V (vs. SCE), in the 5 to
1000 μM concentration range with a 2.3 μM detection
limit. PAT can be determined in parallel, at a working
voltage of 0.39 V (vs. SCE), in the same concentration
range with a 3.5 μM detection limit. This analytical
range of this method is wider than that of most alterna-
tive methods.
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Introduction

Dopamine (DA) is one of the main neurotransmitter in mam-
malian metabolism and it plays a vital physiological role in
our central nervous, renal, hormonal and cardiovascular sys-
tems [1]. The low concentration level of DA may cause neu-
rological disorders such as schizophrenia, Parkinson’s disease
and HIV infection. So it is of great clinical importance to
measure DA level for diagnosing these diseases.
Acetaminophen, N-acetyl-p-aminophenol or paracetamol
(PAT) is an important drug used for antipyretics and analgesics
against for reduction of fevers, headaches and other aches or
pains [2]. However, overdoses of PAT result in an accumula-
tion of toxic metabolites, and can be fatal. In addition, PAT is
known to interfere with the measurements of DA in the real
samples, so it is quite desirable to develop new materials
which can resolve the two competing signals of DA and
PAT. Several methods for determination of DA and PAT have
been employed such as high performance liquid chromatog-
raphy, mass spectroscopy, spectrofluorimetry and capillary
zone electrophoresis [3–17]. However, these methods suffer
from some disadvantages including time consuming, high
cost and the requirement for pretreatment step.

The electrochemical method has become a powerful tech-
nique because of simplicity, high sensitivity, low cost and short
measurement time. However, owing to the similar chemical
structures of DA and PAT, their redox peaks at unmodified
electrodes are quite close to each other, which leads to a poor
detection selectivity. Up to now, a wide range of nanomaterials
with good conductivity or electrocatalytic activity have been
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employed to modify electrode to determine DA and PATsimul-
taneously to solve these problems [5–10]. For example, Zhang
et al. prepared porous gold nanosheets modified glassy carbon
electrode (GCE) by one-step electrodeposition using N-
methylimidazole as a growth-directing agent, which displayed
individual and simultaneous differential pulse voltammetric de-
termination of dopamine and acetaminophen in the presence of
ascorbic acid [5]. Zirconium nanoparticles decorated reduced
graphene oxide has also been employed as an electrode mate-
rial for simultaneous sensing dopamine and acetaminophen [9].
But the detection range and detection limit of these nanocom-
posites modified electrode for DA and PAT still needs to be
improved. Therefore, it is still a challenge to explore novel
electrode materials for the simultaneous determination of DA
and PATwith wider linear range and lower detection limit.

Carbon nanotubes (CNT) have attracted a great deal of
attention due to their inherently outstanding electronic and
thermal conductivity, particularly for application in advanced
materials, including transistors, photovoltaic devices,
supercapacitors, solar cells and electrochemical sensors [18].
The electrodes modified with CNT have been proved to pos-
sess extraordinary properties over the non-modified electrodes
including highly effective surface areas, outstanding electrical
properties, high porosity and reactive sites [19, 20]. However,
extended van der Waals interactions between CNT lead to
aggregation into insoluble bundles which put a great obstacle
in its process ability. Although stable and homogenous CNT
dispersion have been achieved using polymer or surfactant as
dispersant [21–24], the electrical property of CNT was
sacrificed due to the presence of the insulating dispersant,
which is not suitable for application in electrochemical de-
vices considering the interfacial resistor [25, 26]. The CNT-
polymer modified electrodes have low sensitivity and limited
linear range because of the insulating properties of polymer.

Recently, we have reported the functionalization of
MWCNT with a branched amphiphilic photo-sensitive
and electroactive polymer (BPVCM), and the preliminary
results showed that resulted MWCNT-BPVCM compos-
ite has a significant improvement in the electrical prop-
erty [27]. A more detailed study about the change of the
electrical property of MWCNT-BPVCM nanocomposite
after the electro-polymerization of carbazole moieties is
described in this work. With the synergistic effect, the
resulted MWCNT-BPVCM composite was used to mod-
ify the glass carbon electrode (GCE) and demonstrated to
be an effective material for the fabrication of electro-
chemical sensor for the simultaneous determination of
DA and PAT. The electrochemical behavior of the fabri-
cated sensor (MWCNT-BPVCM-e/GCE) towards DA
and PAT was investigated by cyclic voltammetry (CV).
Two corresponding well-defined redox peaks with well
separated peak potentials and enhanced peak currents
were obtained which allowed the simultaneous detection

of DA and PAT with high sensitivity. More interestingly,
the interference of ascorbic acid (AA) is also effectively
avoided.

Experimental

Chemicals and reagents

Dopamine (DA), paracetamol (PAT) and ascorbic acid (AA)
were obtained from Shanghai Aladdin Reagent. Multi-walled
carbon nanotubes (10–20 nm in diameter, length of 10–
30 μm, > 95 wt%) were purchased from Chengdu Organic
Chemicals Institute, Chinese Academy of Sciences (http://
timesnano.cnpowder.com.cn). All the other chemical
reagents used were of analytical grade and used as received.
Prior to the analysis, the dopamine hydrochloride injection
(10 mg ·mL−1, Shanghai Harvest pharmaceutical Co., Ltd,
www.shharvest.com) and paracetamol tablet (0.3 g, Tianjin
Jiansheng pharmaceutical Co., Ltd, http://tjjs2015.tecenet.
com) were diluted with pH 7.0 (0.1 M PBS) solution. All
solutions were prepared with ultrapure fresh water from a
NW Ultra-pure Water System (Specific resistivity > 18.2
MΩ•cm, Heal Force, Hong Kong). The branched amphiphilic
photo-sensitive and electroactive polymer (BPVCM)was syn-
thesized from 9-(4-vinylbenzyl)-9H-carbazole (VCz), maleic
anhydride (MA), 4-vinyl benzyl thiol (VBT) and 7-(4-
vinylbenzyloxy)-4-methyl coumarin (VM) according to the
previous literature [27].

Apparatus

The surface morphology of the MWCNT-BPVCM-e/GCE
was observed using a Hitachi S-4800 field emission scanning
electron microscope (FESEM) operating at 1 KV.
Transmission electron microscopy (TEM) study was exam-
ined using a JEOL-2010 transmission electron microscope
(www.jeol.co.jp/cn/). Thermogravimetric analysis (TGA)
was performed under a nitrogen atmosphere using a thermo-
gravimetric analyzer (Mettler Toledo instrument, TGA/
1100SF, www.mtchina.com) operated at a heating rate of
10 °C ·min−1 from 25 to 600 °C. Electrochemical impedance
spectroscopy (EIS) (CHI 660C electrochemical analyzer,
Chenhua Corp., Shanghai, China) was used to investigate
the impedance properties of the MWCNT-BPVCM nanocom-
posite films. Cyclic voltammetry (CV) were carried out on a
Epsilon electrochemical workstation (BAS, USA, www.
basvs.com) using a three-electrode system. The glassy carbon
electrode (GCE, 3 mm diameter; Aida, Tianjin, China, www.
tjaida.cn) was used as the working electrode, a platinum wire
electrode (Aida) was used as the counter electrode and a sat-
urated calomel electrode (SCE, Aida) as the reference elec-
trode. All potentials applied to the working electrode were
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referred to SCE and all electrochemical detection experiments
were carried out at room temperature.

Preparation

Preparation of BPVCM functionalized MWCNT aqueous
dispersion

The BPVCM copolymer and MWCNT-BPVCM nanocom-
posite in aqueous solution was prepared as described previ-
ously [27]. Typically, pristine MWCNT (0.8–8 mg) were
added into 1 mL of DMF solution containing 2 mg of the
BPVCM polymer with the aid of sonication for 1 h. Then,
9 mL of deionized water was added dropwise at 0.1 mL ·
min−1 to induce the self-assembly of BPVCM copolymer
around MWCNT, leading to aqueous dispersion of
MWCNT-BPVCM.

Preparation of MWCNT-BPVCM nanocomposite modified
GCE

The bare GCE was carefully polished with 0.5 μm Al2O3

powder and polishing cloth, and then rinsed by sonication in
ethanol and ultrapure fresh water, finally dried at the room
temperature. 5 μL of MWCNT-BPVCM dispersion was
dropped on a pretreated bare GCE surface and dried in nitro-
gen atmosphere at 25 °C.

The obtained MWCNT-BPVCM film was then electro-
chemically cross-linked using CV. CV experiments were
carried out on an Epsilon electrochemical workstation
using a three-electrode system from a solution of 0.1 M
LiClO4 dissolved in acetonitrile. The MWCNT-BPVCM/
GCE was used as the working electrode. Electrochemical
cross-linking of MWCNT-BPVCM nanocomposite film
was accomplished by repeatedly cycling the electrode po-
tential between the potential range of 0 to 1.5 V for 20
cycles at a potential scan rate of 100 mV · s−1 [28]. The
highly cross-linked nanocomposite film was thoroughly
washed with ultrapure fresh water and was dried before
its analysis (Fig. 1).

Results and discussion

Choice of Materials

To achieve an efficient dispersing effect for MWCNT,
branched polymers BPVCM was synthesized considering
their attractive features such as the multiple end groups,
improved solubility and lower solution viscosity. In addi-
tion, the amphiphilic copolymer containing coumarin
groups can undergo crosslinking under UV-irradiation
and encapsulate MWCNTs in the crosslinked copolymer

micelles, which have been demonstrated to improve the
stability of the obtained MWCNT suspension [27].
Furthermore, the reported polymer dispersants used to dis-
perse MWCNT were normally insulate and led to the de-
crease of electrical conductivity of MWCNT, which is
quite disadvantageous for its application in electrochemi-
cal device. So electroactive polymers are more desirable
to modify carbon nanotubes. Based on the above consid-
erations, a branched amphiphilic copolymer with photo-
sensitivity and electroactivity has been designed and pre-
pared here through simple one-pot free-radical polymeri-
zation and successfully been employed to noncovalently
disperse MWCNT. Maleic anhydride (MA), 7-(4-
vinylbenzyloxy)-4-methyl coumarin (VM), vinylcarbazole
(VCz) and 4-vinylbenzyl thiol (VBT) were employed as hy-
drophilic, photosensitive, electroactive, and chain transfer
monomers, respectively. 4-vinylbenzyl thiol (VBT) contain-
ing a polymerizable vinyl group and a chain transferring/
initiating thiol group was used as chain transfer monomer,
which can initiate the chain transfer/initiating reaction and
produce the branched macromolecules [27].

Characterization of MWCNT-BPVCM nanocomposite

The surface morphology of MWCNT-BPVCM nanocom-
posite was analyzed by TEM. The TEM image of pris-
tine MWCNT (Fig. 2a) depicts tubular structures of di-
ameter ranging from 10 to 20 nm. For MWCNT-BPVCM
nanocomposite, a great number of uniform spherical mi-
celles were observed wrapping along the sidewalls of
MWCNT which matched the outer of MWCNT in the
range of 80–120 nm (Fig. 2b). This observation demon-
strates the successful functionalization of MWCNT by
BPVCM, which leads to debundling and well-separated
MWCNT.

The amount of BPVCM modified to the surface of
MWCNT, defined as the ratio of the mass of the
immobilized BPVCM to that of the MWCNT-BPVCM
nanocomposite, was estimated from TGA (Fig. S1). As
shown in Fig. S1, MWCNT-BPVCM exhibited major
weight loss in the temperature range of 300–500 °C due
to the degradation of BPVCM adsorbed onto the sidewalls
of MWCNT, and the amount of BPVCM in the composite
is about 40 wt.%. The inset of Fig. S1 shows the disper-
sion behavior of pristine MWCNT and MWCNT-BPVCM
in water (the concentration of MWCNT is 0.08 mg ·mL−1)
after 30 days. MWCNT without BPVCM entangled and
precipitated at the bottom of the sample bottle, while
BPVCM functionalized MWCNT exhibited black-
colored ink-like dispersion and no precipitation was ob-
served, which vividly confirmed the improved stability of
the dispersion.
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Electrochemical impedance spectra and cyclic
voltammograms of MWCNT-BPVCM/GCE
with different concentration of MWCNT

Electrochemical impedance spectroscopy (EIS) provides use-
ful information on the impedance changes of the modified
electrode surface to characterize the stepwise construction
process of the sensor [29]. The impedance spectrum normally
included a semicircle portion at higher frequencies and a linear
portion at lower frequencies. The semicircle portion at higher
frequencies corresponds to the charge transfer resistance (Rct),
and the linear portion at lower frequencies corresponds to the
diffusion process. Fig. S2A shows representative impedance
spectra of MWCNT-BPVCM/GCE with different concentra-
tion of MWCNT in 0.1 M KCl containing 5 mM Fe(CN)6

3−/4

−. As shown in Fig. S2A, as the concentration of MWCNT
(0.08–0.80 mg ·mL−1) in MWCNT-BPVCM increased, the
Rct decreases obviously. This could be explained by the fact

that the higher concentration of MWCNT in the MWCNT-
BPVCM composite, the more amount of MWCNT is dropped
on the surface of GCE, and thus the better the electrical prop-
erty of the MWCNT-BPVCM hybrid film. The improved
electrical performance can be further demonstrated by CV.
As presented in Fig. S2B, we can see clearly an increase in
the amperometric response and a decrease in the peak-to-peak
separation between the cathodic and anodic peaks of the redox
probe with increasing the concentration of MWCNT, further
demonstrating that moreMWCNTcan accelerate the access of
the redox probe to the electrode surface.

Effect of electropolymerization of carbazole units
of MWCNT-BPVCM nanocomposite on the GCE

Carbazole is an electro-active unit that readily electro-
polymerize to form large conjugate structure [28]. So, for
MWCNT-BPVCM composite, the electropolymerization of
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carbazole creates a π-conjugated conductive network contain-
ing both inter- and intramolecular cross-linkages between the
pendant carbazole units (the inset of Fig. S3) on the surface of
MWCNT and thus enhance the electrical properties of
MWCNT-BPVCM nanocomposite. The electrochemical
cross-linking of the carbazole moieties was recorded using
0.1 M LiClO4 as supporting electrolytes in ACN as shown
in Fig. S3. The anodic peak potential of the nanocomposite
is 1.30 Vafter the first electropolymerization cycle and it shifts
to 1.25 Vafter twenty cycles, which is related to an increase in
conjugation as the chains grow thus facilitating the oxidation
reaction. And there is nearly no change about the anodic peak
potential after twenty cycles which confirms the complete
electropolymerization of carbazole units.

The impedance spectra of MWCNT-BPVCM/GCE before
and after electropolymerization (MWCNT-BPVCM/GCE and
MWCNT-BPVCM-e/GCE) have been investigated and
discussed in our previous work [27]. Bare GCE presents a
small semicircle domain with the value of 600±15 Ω (Rct).
After modified by the MWCNT-BPVCM nanocomposite, the
Rct increased to 2000±50 Ω. [27]. The large Rct value for
MWCNT-BPVCM should be attributed to the presence of the
insulating BPVCM. In contrast, after electropolymerization,
theMWCNT-BPVCM-e/GCE presented nearly a linear portion
with a significantly reduced Rct (450±20Ω) which is quite
similar to that of pristine MWCNT. The almost four times
decreased Rct demonstrated that electropolymerization of car-
bazole has created a conductive network of nanocomposite on
the surface of electrode which formed high electron conduction
pathways between the electrode and electrolyte. This result
obviously confirmed that the MWCNT-BPVCM nanocompos-
ite after electropolymerization improved the conductivity of the
hybrid film. And the electrical properties of a bare GCE,
MWCNT-BPVCM nanocomposite modified GCE before and
after electropolymerization were further compared by CVusing
Fe(CN)6

3−/4− as probe. Compared to MWCNT-BPVCM nano-
composite before electropolymerization, the composite after
electropolymerization (MWCNT-BPVCM-e) showed an al-
most two-fold increase in the peak current response. And a
decrease in the peak to peak separation between the cathodic
and anodic waves of the redox probe from 200 to 100 mV was
also observed, further confirming the improved electrical
properties.

Cyclic voltammograms of DA and PAT at MWCNT-
BPVCM nanocomposite modified GCE

With the synergis t ic effect of MWCNT and the
electropolymerized BPVCM, the resulted MWCNT-BPVCM
composite modified electrode was employed for the simulta-
neous determination of DA and PAT. The electrochemical be-
havior of DA and PAT on MWCNT-BPVCM modified elec-
trode was investigated by CV. Fig. 3 shows the cyclic

voltammograms of 100 μM DA and PAT on MWCNT-
BPVCMmodified GCE before and after electropolymerization.
For comparison, the responses of DA and PAT on bare GCE
were also provided. As shown in Fig. 3, the peaks of DA and
PAT on bare GCE are indistinguishable and overlap with each
other. With the modification by MWCNT-BPVCM, the peak
current of DA and PAT increased greatly and the peak-
potential separation between the oxidation peak potential (Epa)
and the reduction peak potential (Epc) becomes smaller. But the
peaks of DA and PAT are still inseparable. In contrast, after
electropolymerization, two well-defined redox peaks cor-
responding to DA and PAT with well separated peak
potentials were obtained. The anodic peak potentials for
DA and PAT were at 220 mV and 415 mV, and their
cathodic potentials were at 165 mV and 330 mV respec-
tively, indicating an anodic peak potential separation
(Epa) of 195 mV and an cathodic peak potential separa-
tion of 165 mV, which was favorable for the simulta-
neous detection of DA and PAT. In addition, the peak
currents of DA and PAT are also significantly enhanced,
which are almost three times higher than the same elec-
trode before electropolymerization, demonstrating the im-
proved sensitivity. We also investigated the electrochem-
ical behavior of DA and PAT on pristine MWCNT mod-
ified GCE for comparison. It should be pointed out that
the peak currents of DA and PAT on MWCNT-BPVCM-
e/GCE are five times higher than that of pristine
MWCNT/GCE (Fig. 3), although similar two correspond-
ing well-defined redox peaks were observed for
MWCNT/GCE.

The good electroanalytical response of DA and PAT at
the MWCNT-BPVCM-e/GCE can be attributed to the
following reasons. Firstly, the electropolymerization of
carbazole moieties provides a conductive polymeric net-
work on the surface of MWCNT, which enhances the
electrical conductivity of MWCNT-BPVCM for more
than four times as discussed in the EIS results. As a

Fig. 3 Cyclic voltammograms (CVs) of 100 μM DA and PAT at a bare
GCE, MWCNT/GCE and MWCNT-BPVCM/GCE and MWCNT-
BPVCM-e/GCE in 0.1 M PBS with scan rate of 100 mV · s−1
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result, the electron transfer between analytes and electrode
was accelerated. Secondly, the carboxyl groups in BPVCM
have a strong interact with the amino group of DA and the
amide group of PAT, which improve the attraction of DA and
PAT toward the electrode and enrich the concentration of the
analytes around the electrode (Fig. S5). Thirdly, in contrast to
the pristine MWCNT which tend to aggregate into bundles
with poor uniformity on the surface of the GCE, the
MWCNT-BPVCM composite shows a debundling and well-
separated morphology (Fig. S4C and D), providing a big sur-
face area which increases the contact area of the analytes to-
ward the electrode surface.

Effect of scan rate on the electrochemical response of DA
and PAT

The effect of scan rate on the anodic peak current (Ipa) and the
cathodic peak current (Ipc) of DA and PAT at the surface of
MWCNT-BPVCM-e/GCE by CVwas studied in 100 μMDA
and PAT in pH 7.0 PBS in the range of 25–400 mV· s−1 in
order to investigate the mechanism of electron transfer and
electrode reaction (Fig. S6A). As shown in Fig. S6B and C,
Ipa and Ipc of DA and PAT vary linearly with the scan rate for
both analytes, which confirms the adsorption controlled

process for electro-oxidation of DA and PAT on the surface
of MWCNT-BPVCM-e/GCE.

Simultaneous CV determinations of DA and PAT
and interference study in the presence of excess AA

The excellent electrocatalytic activity of MWCNT-BPVCM-e
toward DA and PATallow us to simultaneously detect DA and
PAT by CV. The utilization of the MWCNT-BPVCM-e/GCE
for the simultaneous determination of DA and PATwas dem-
onstrated by simultaneously changing the concentrations of
DA and PAT (Fig. 4a). When the concentrations of both two
species increased synchronously, their peak currents increased
accordingly. The peak current is linearly related to both DA
and PATconcentration over two concentration ranges, DA: 5–
300 μM, 300–1000 μM and PAT: 5–150 μM, 150–1000 μM
(the inset of Fig. 4a). The detection limit of DA and PATwas
estimated to be 2.3 μM and 3.5 μM, respectively. The linear
equations were as the follows: DA: (Ipa = 0.245 c + 0.847,
R2 = 0.9947, 5–300 μM) and (Ipa = 0.055 c + 55.35,
R2 = 0.9903, 300–1000 μM), PAT: (Ipa = 0.314 c - 0.736,
R2 = 0.9959, 5–150 μM) and (Ipa = 0.031 c + 42.31,
R2=0.9904, 150–1000 μM). The slopes of the equations were
0.245 and 0.055 μA ·μM−1 of DA and 0.314 and 0.031 μA ·

Fig. 4 a Simultaneous determination of DA and PAT at the MWCNT-
BPVCM-e/GCE. Cyclic voltammograms with different concentrations of
DA and PAT, the concentrations ranged from 0 to 1000 μM (0, 5, 10, 25,
50, 75, 100, 125, 150, 200, 250, 300, 400, 500, 600, 800, 1000 μM) in

0.1 M PBS. Scan rate: 50 mV · s−1. Inset: plots of the anodic peak current
as a function of DA and PATconcentrations. b CVs of DA and PATat the
MWCNT-BPVCM-e/GCE in the presence of 500 μM AA and 0–
1000 μM DA and PAT in 0.1 M PBS. Scan rate: 50 mV · s−1

Fig. 5 Cyclic voltammograms of
a 0–800 μM DA in the presence
of 500 μM AA and 100 μM PAT
and b 0–800 μM PAT in the
presence of 500 μM AA and
150 μM DA in 0.1 M PBS at the
MWCNT-BPVCM-e/GCE. Scan
rate: 50 mV · s−1
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μM−1 of PAT, respectively. The decreased slopes for both DA
and PAT are assumed to be a result of gradual changes in the
peak currents of DA and PAT due to the adsorption controlled
process transformed to the diffusion controlled process at the
electrode surface. Similar phenomenon has been reported by
Wang in previous literature [31].

In order to study the effect of interferences, CVs of DA and
PAT in the presence of AAwere investigated in 0.1 M pH 7.0
PBS. As shown in Fig. 4b, AA shows a very weak peak
current at about 0 V on MWCNT-BPVCM-e/GCE which is
quite separated from the peaks of DA and PAT and thus does
not affect the determination of DA and PAT, even the concen-
tration of AAwas more than dozen times than that of DA and
PAT. The above results showed that the MWCNT-BPVCM-e/
GCE has a good selectivity for DA and PAT and the presence
of AA did not interfere with the detection of DA and PAT. The
possible reason of anti-interference of the MWCNT-BPVCM-
e/GCE toward AAmay be that the negatively charged carbox-
ylate group of BPVCM outside theMWCNT repels AA anion
and provides a transport channel only for DA and PATcations,
since DA and PAT bear negative charge while AA bears pos-
itive charge in 0.1 M pH 7.0 PBS. Some workers have report-
ed that the functionalization of MWCNT with negatively
charged polymer improved the anti-interference from AA
[32–35]. Fig. S5 shows a scheme of the possible explanation
for good anti-interference of MWCNT-BPVCM-e/GCE to-
ward AA.

Moreover, in order to further study anti-interferences of the
MWCNT-BPVCM-e/GCE, we control one variable while
keep the other constant. For example, keeping the concentra-
tions of AA and PAT constant, the CVs characterization is
performed to investigate the peak current response of DA in
the presence of AA and PATat the MWCNT-BPVCM-e/GCE
electrode (Fig. 5a). The oxidation peak current density in-
creases with increasing DA concentration, while the responses
of AA and PA remain almost unchanged, which demonstrates
that AA and PAT have no interfering effect on the detection of
DA. And Fig. 5b shows that the presence of AA and DA also
has no interfering effect on the detection of PAT. All the

results strongly imply that the excellent electrocatalytic activ-
ity of MWCNT-BPVCM-e/GCE can be used to simultaneous
determination of DA and PAT in the interference of AA.

Table 1 shows the electrochemical parameters for determina-
tion of DA and PAT compared with the earlier papers. It can be
seen that this work presents a wider linear response range and a
higher upper detection limit than previously reported nanocom-
posites modified electrodes for the detection of DA and PAT.

Interference study

The interference of some other substances for detection of DA
and PAT is also studied by recording CVs in 0.1 M PBS (pH
7.0) in the presence of 100 μM DA and PAT. In addition to
ascorbic acid, other interferents that normally co-exist with
DA and PAT in human blood serum or urine have been inves-
tigated. A relative error of less than ±5% is normally regarded
as the criterion for interference. The common inorganic ions
such as 100-fold Na+, K+, Cl−, CH3COO

− and CO3
2− have no

interference with DA and PAT detection. For organic com-
pounds, 50-fold glucose, lactose, sucrose, urea, and lysine
hardly cause interference. However, it should be noted that
cysteine and glutathione have a great interference for the de-
tection of DA and PAT. The presence of equal equivalent
cysteine and glutathione led to not only great changes in the
peak current but also a noticeable shift in the peak potential
(Fig. S7). The possible reason is still under investigation.

Real sample analysis

The MWCNT-BPVCM-e/GCE was utilized for the simulta-
neous determination of DA and PAT in pharmaceutical prep-
arations. The DA and PATconcentrations were determined by
the calibration method through averaging six repeated mea-
surements at optimum conditions. The analytical results are
summarized in Table 2. The good recovery and relative stan-
dard deviation (RSD) results of DA in injections and PAT in
tablets imply that the modified electrode can be applied to the

Table 1 Comparison of
previously reported modified
electrode with nanocomposite
material for the detection limits
and linear ranges of DA and PAT

Modified electrode Detection limit
(μmol L−1)

Linear range (μmol L−1) Reference

DA PAT DA PAT

MWCNT-BPVCM-e 2.28 3.48 5–300, 300–1000 5–150, 150–1000 Present work

Pyrolytic carbon 2.3 1.4 18–270 15–225 [10]

ERGO/ZrO2 NA NA 9–237 9–231 [9]

graphene 2.64 NA 4–100 NA [14]

Porous gold nanosheets 0.28 0.23 2–298 3–320 [5]

MWCNT/Q/Nafion 4.72 NA 50–500 NA [30]

NA not available
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determination of DA and PAT in the pharmaceutical
preparations.

Reproducibility and stability
of the MWCNT-BPVCM-e/GCE

The reproducibility of the MWCNT-BPVCM-e/GCE was
evaluated by CV studies with five independently modified
GCE under the same experimental conditions. The result
showed an acceptable precision with RSD (relative stan-
dard deviation) of 4.13 % and 3.65 % respectively for
100 μM DA and PAT concentration measurements. The
repeatability of the electrode was also investigated, where
the RSDs were 2.6 % for DA (n= 5) and 3.2 % for PAT
(n= 5) using the same electrode. In order to investigate the
long-term stability of the proposed sensor, the MWCNT-
BPVCM-e/GCE was stored in the air at 25 °C over
2 weeks. The modified GCE retained about 92.6 % of
the initial response of DA and PAT, indicating the excel-
lent storage stability of the MWCNT-BPVCM-e/GCE.

Conclusions

An electrochemical sensor was successfully applied for
the simultaneous determination of DA and PAT using
BPVCM functionalized MWCNT. BPVCM is a branched
amphiphilic photo-sensitive and electroactive polymer,
which can efficiently disperse MWCNT in aqueous solu-
tion. The electropolymerization of the carbazole moieties
of the BPVCM leads to higher electrocatalytic activity
towards the electrooxidation of DA and PAT. DA and
PAT can be determined at working potentials of typically
0.21, and 0.39 V (vs. SCE) in the 5 to 1000 μM con-
centration range with detection limits of 2.3 and 3.5 μM,
respectively. In addition, the interference of AA was ef-
fectively avoided. The presence of 50-fold glucose, lac-
tose, sucrose, urea, and lysine hardly cause interference.
But cysteine and glutathione have a great interference for
the detection of DA and PAT. Furthermore, the practical-
ity of the prepared sensor was evaluated by sensing DA

and PAT in the pharmaceutical preparations with good
recovery results. This analytical range of BPVCM-
MWCNTs appears to be wider compared to other mate-
rials reported in literatures, which can be considered as
promising material for future applications in electro-
chemical sensing.
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