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ABSTRACT: The use of nanomaterials as an electroactive
medium has improved the performance of bio/chemical
sensors, particularly when synergy is reached upon combining
distinct materials. In this paper, we report on a novel
architecture comprising electrospun polyamide 6/poly-
(allylamine hydrochloride) (PA6/PAH) nanofibers function-
alized with multiwalled carbon nanotubes, used to detect the
neurotransmitter dopamine (DA). Miscibility of PA6 and PAH
was sufficient to form a single phase material, as indicated by
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC), leading to nanofibers with no beads onto which
the nanotubes could adsorb strongly. Differential pulse voltammetry was employed with indium tin oxide (ITO) electrodes
coated with the functionalized nanofibers for the selective electrochemical detection of dopamine (DA), with no interference
from uric acid (UA) and ascorbic acid (AA) that are normally present in biological fluids. The response was linear for a DA
concentration range from 1 to 70 μmol L−1, with detection limit of 0.15 μmol L−1 (S/N = 3). The concepts behind the novel
architecture to modify electrodes can be potentially harnessed in other electrochemical sensors and biosensors.

KEYWORDS: electrospinning, nanofibers, carbon nanotube, dopamine, sensor

1. INTRODUCTION

Dopamine (DA) is an important neurotransmitter of the
catecholamine family with strong influence on the central
nervous, renal, cardiovascular and hormonal systems.1

Abnormal levels of DA have been correlated with various
diseases, including Schizophrenia and Parkinson’s disease,
among others.2 Therefore, accurate methods to detect DA in
biological fluids are crucial to trace and diagnose diseases.3 Such
analytical methods should preferably be cheap and simple to
use, which has sparked research into electrochemical sensing,
for it can provide rapid response, low cost, simple operation,
high sensivity and good selectivity.4,5 Another stringent
requirement for detecting DA efficiently is to avoid interference
from uric acid (UA) and ascorbic acid (AA), whose oxidation
potentials are close to that of DA. To meet such requirements,
modified electrodes can be employed by exploiting nanoma-
terials.
In this paper, we add to the library of possible materials for

DA electrochemical detection by combining electrospun
nanofibers and carbon nanotubes. As we shall show, synergy
is achieved with this combination. Electrospinning is a versatile,
cost-effective method for producing nanofibers in 3D structures

with large surface area and high porosity,6,7 which can be used
for sensing.8−10 In this case, such nanofibers can be modified,
for example, with conducting polymers,11,12 metal oxides
nanoparticles,13 metal nanoparticles14 and carbon nanostruc-
tures15 as the carbon nanotubes (CNTs). CNTs are interesting
for their large surface-to-volume ratio and ability to promote
electron transfer reactions.16,17 Our approach is an alternative
to recent nonenzymatic dopamine electrochemical sensors
based on electrospun nanofibers,13,14,18,19 but with no need of
thermally treating the modified electrodes to increase electrical
conductivity. Such thermal treatment may affect negatively the
fibrous morphology of the nanofibers and consequently the
sensing ability.20 Here, the electrospun nanofibers were
obtained with polyamide 6 and poly(allylamine hydrochloride)
(PAH) and then functionalized with multiwalled carbon
nanotubes (MWCNTs). Indium tin oxide (ITO) electrodes
coated with these functionalized nanofibers were efficient to
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detect DA using differential pulse voltammetry (DPV), with no
interference from AA and UA.

2. EXPERIMENTAL SECTION
2.1. Materials. Polyamide 6 (PA6, Mw = 20 000 g mol−1),

poly(allylamine hydrochloride) (PAH, Mw = 15 000 g mol−1),
multiwalled carbon nanotubes functionalized with carboxylic acid
(MWCNTs), Triton X-100, dopamine (DA), uric acid (UA) and
ascorbic acid (AA) were purchased from Sigma-Aldrich. Formic acid
was purchased from Synth Chemical (Saõ Paulo, Brazil). All aqueous
solutions were prepared with double-distilled water and the chemicals
were used without further purification.
2.2. Electrospinning of PA6 and PA6/PAH Nanofibers. PA6

and PA6/PAH solutions were prepared by dissolving the polymers in
formic acid and stirred for 5 h at room temperature. PA6 solution was
prepared in concentrations of 20% (w/v), whereas the PA6/PAH
solution had 20% (w/v) PA6 and 30% (w/w) PAH. The electrospun
nanofibers were obtained by using an electrospinning apparatus at a
feed rate of 0.01 mL h−1 and an electric voltage of 25 kV. A working
distance of 10 cm was kept between the syringe and the metallic
collector. The inner diameter of the steel needle was 0.7 mm.
Nanofibers were directly electrospun onto indium tin oxide (ITO)
glass substrates to obtain modified electrodes. The substrates were
attached at the same position in all experiments with an optimal
collection time of 10 min. Control of the experimental conditions was
important to ensure reproducibility because the diameter and length of
nanofibers depend on the collecting time and other parameters
associated with electrospinning.
2.3. Adsorption of MWCNTs onto the Electrospun Nano-

fibers. MWCNTs (0.5 mg mL−1) were dispersed in distilled water
(pH 5.0) containing 0.3% (w/w) of surfactant Triton X-100.
Ultrasonication at 20 kHz for 2 h was then applied for the dispersion
of MWCNT. The electrospun nanofibers deposited on ITO were
immersed into the MWCNT solution, rinsed with distilled water and
dried under ambient conditions. Various adsorption times for
MWCNTs were tested (1, 6, 12 and 24 h) to determine the best
dopamine electrochemical response and the time period of 24 h was
chosen for subsequent studies (see Figure S1 in the Supporting
Information).
2.4. Characterization and Electrochemical Measurements.

The morphology of the fibers was evaluated using scanning electron
microscopy (SEM, JEOL 6510) operating at 10 kV, with the fiber
diameter being estimated with an image analysis software (ImageJ,
National Institutes of Health, USA). In each experiment, the average
fiber diameter and distribution were determined by measuring 100
random fibers using representative micrographs. For MWCNT-surface
modified fibers, morphology was investigated using field-emission gun
scanning electron microscopy (FEG-SEM, JEOL-JSM 6701F).
Thermogravimetric analysis (TGA) experiments were performed on
a thermogravimetric analyzer (Q500 TA Instruments) under nitrogen
atmosphere, at a flow rate of 20 mL min−1. Samples in platinum pans
were scanned from room temperature to 600 °C at a heating rate of 10
°C min−1. Differential scanning calorimetry (DSC) studies were
performed on a calorimetric analyzer (Q100 TA Instruments) under
nitrogen atmosphere, at a flow rate of 20 mL min−1. The samples were
heated in aluminum pans from −80 to +250 °C at a heating rate of 10
°C min−1.
The electrochemical experiments were performed using a

PGSTAT30 Autolab electrochemical system (Metrohm) controlled
with GPES software. The ITO-PA6/PAH_MWCNTs electrodes were
used as working electrodes. A Pt foil and Ag/AgCl (3 mol L−1 KCl)
served as the counter (CE) and reference (RE) electrodes,
respectively. The experiments were conducted in a 0.01 mol L−1

phosphate buffer solution (pH 7.0) at room temperature. The
electrochemical measurements were carried out via cyclic voltammetry
(CV), differential pulse voltammetry (DPV) and electrochemical
impedance spectroscopy (EIS). The CV measurements were
performed over a potential range from 0.2 to 0.6 V at a scan rate of
50 mV s−1. The DPV measurements were carried out from 0.2 to 0.6 V

with a pulse amplitude of 50 mV, pulse width 0.4 s and pulse period of
0.5 s. EIS measurements were carried out in a 0.05 mol L−1

[Fe(CN)6]
3−/4− containing 0.1 mol L−1 KCl at a potential of 0.2 V

over the frequency range from 0.1 Hz to 100 kHz, using an amplitude
of 10 mV.

3. RESULTS AND DISCUSSION
3.1. Characterization of Electrospun Nanofibers.

Nanofibers with smooth surfaces without beads are required
to decrease the variability of morphology and thus warrant
reproducibility.21,22 The SEM image in Figure 1a indicates that

PA6 electrospun fibers contained a few beads along the fiber
direction, whose average diameter was 226 ± 82 nm. Therefore,
even under optimized conditions there is bead formation,
which is a common defect for electrospun nanofibers that
impair their use. Incorporation of 30% (w/w) PAH yielded
bead-free PA6/PAH fibers with smooth, regular surface
morphology, as shown in Figure 1b. The nanofiber diameter
also decreased sharply (88 ± 24 nm) because addition of PAH
increased the charge density in the solution, leading to smaller
and smoother electrospun fibers.23 These smaller diameters
allow for higher contents of active materials, e.g., MWCNTs
used here, to adsorb onto the fiber surface.
Miscibility of PA6 and PAH appears to be efficient with

formation of a single phase material, as shown by TGA and
DSC thermograms in Figure S2 in the Supporting Information.
Only one single thermal event was inferred for both TGA and
DSC, and the incorporation of PAH in the blend induced a

Figure 1. SEM images of (a) PA6 and (b) PA6/PAH nanofibers.
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slight decrease in thermal stability. In the TGA thermogram the
maximum weight loss owing to complete decomposition
occurred at 440 °C for the blend, to be compared with 450
°C for PA6.24 Likewise, the melting temperature (Tm) taken
from the DSC curves decreased from 215 °C for PA6 to 204 °C
for the PA6/PAH nanofibers. The PA6/PAH nanofibers could
be efficiently covered with functionalized MWCNTs, as
confirmed with the FEG-SEM images in Figure 2. Adsorption

was strong since MWCNTs remained on the surface even after
washing. This implies that the MWCNTs are not simply lying
on the nanofiber surface. Instead, they are strongly attached to
the PA6/PAH nanofibers via H-bonding and/or electrostatic
interactions. H-bonding is expected between amide groups
(−NHCO−) from PA6 or amine groups (−NH) from PAH
and the carboxylic groups (−COOH) from the functionalized
MWCNTs.25,26 As for electrostatic interactions, PAH is fully
positively charged at pH 5, because its pKa is 8.7,

27 and can
interact with the partially negatively charged MWCNTs.
3.2. Electrochemical characterization of modified

electrodes. The cyclic voltammograms in Figure 3a show a
quasi-reversible one-electron redox behavior for all the
electrodes in [Fe(CN)6]

3−/4− solution, with peak separation
(ΔEp = Epa − Epc, where Epa and Epc are the anodic and

cathodic peak potentials, respectively) of 176 mV for ITO, 191
mV for PA6/PAH and 122 mV for PA6/PAH_MWCNTs.
Adsorption of PA6/PAH nanofibers caused electrode passiva-
tion, as expected, with the anodic peak current (Ipa) decreasing
from 193 to 177 μA. In contrast, when the ITO electrode was
coated with PA6/PAH_MWCNTs, the anodic peak current
(Ipa) increased to 262 μA. Furthermore, Ipc is even higher for
PA6/PAH_MWCNTs (247 μA) than for ITO (202 μA). The
highest Ipc and smallest ΔEp indicate that PA6/
PAH_MWCNTs presents faster electron transfer kinetics
between the redox probe solution and the electrode surface
when compared with bare ITO and ITO modified with PA6/
PAH nanofibers.13,14,28

This efficient electron transfer was confirmed in the Nyquist
plots in Figure 3b, whose data were analyzed using a Randle’s
equivalent circuit,29 shown in the inset. Rs is the electrolyte
resistance, C is the interface capacitance, Rct is the charge
(electron) transfer resistance and Zw is the Warburg impedance.
The semicircular region at high frequencies is related to an
interfacial charge-transfer process and its diameter corresponds
to the charge transfer resistance (Rct), whereas the linear region
at low frequencies is related to diffusion processes.30,31 Rct was
largest for the PA6/PAH modified electrode (214 Ω) because
the nanofibers hinder charge transfer to the ITO interface. For
the electrode coated with PA6/PAH_MWCNTs, Rct was only 3
Ω, even lower than that for bare ITO (55 Ω). The result from
EIS is consistent with the increased peak current [Fe-

Figure 2. (a) FEG-SEM image of PA6/PAH_MWCNTs nanofibers
and (b) magnified image of panel a.

Figure 3. (a) Cyclic voltammograms and (b) Nyquist plots of EIS of
ITO, PA6/PAH and PA6/PAH_MWCNTs in a 5 mmol L−1

[Fe(CN)6]
3−/4− solution with 0.1 mol L−1 KCl. The insets in panel

b are related to (i) the close view of PA6/PAH_MWCNTs curve and
(ii) the Randle’s equivalent circuit model for the impedance data.
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(CN)6]
3−/4− for the PA6/PAH_MWCNTs electrode and a

ΔEp that is even smaller than that for the ITO electrode, as
indicated in Figure 3a. The nanofibers provide good dispersion
for MWCNTs, thus leading to a large surface area for the
electrode and facilitating charge (electron) transfer compared
to bare (ITO) and PA6/PAH modified electrodes.32,33

3.3. Electrochemical Detection of DA. The favorable
electrochemical properties of the electrode coated with PA6/
PAH_MWCNTs point to a possible use in a sensor, which is
proven here for detection of dopamine (DA). Figure 4 shows a

prominent redox pair for cyclic voltammogram of the PA6/
PAH_MWCNTs electrode in 0.05 mmol L−1 DA in a
phosphate buffer solution (pH 7.0). No such peaks appear
for the ITO and PA6/PAH electrodes, indicating that the
electrochemical reaction only occurs at the electroactive
MWCNTs sites. The dopamine electrochemical behavior has
been proposed to occur via the electron transfer-chemical
reaction-electron transfer (ECE) mechanism, which consists in
a sequence of electrochemical (E) and chemical (C) reactions,
as shown in Scheme 1S (Supporting Information).34−36 The
first step involves DA oxidation to dopaminequinone (DAQ),
which reacts chemically generating leucodopaminechrome
(LDAC). The latter is then oxidized to dopaminechrome
(DAC). Therefore, a pair of redox peaks should be observed at
pH = 7.0,34 and indeed Figure 4 shows two well-defined peaks
owing to dopamine detection using the PA6/PAH_MWCNTs
electrode. The anodic and cathodic peaks are centered at 0.22
and 0.15 V, respectively, with Ipa = 5.5 μA and Ipc = 1.4 μA,
while ΔEp was 59 mV. They are assigned to oxidation of DA to
DAQ (anodic peak) and reduction of DAQ back to DA
(cathodic peak).35 Ipc is much smaller than Ipa, which indicates
that these dopamine electrochemical reactions are irreversible
at this electrode. The electrochemical process at the PA6/
PAH_MWCNTs interface is diffusion controlled, as demon-
strated in subsidiary experiments in which the scan rate was
varied from 20 mV s−1 to 300 mV s−1. Figure S3 in the
Supporting Information shows that both cathodic and anodic
peak currents increased linearly with the square root of the scan
rate.
To verify whether the PA6/PAH_MWCNTs electrode was

as efficient in detecting DA as similar sensors, we employed

differential pulse voltammetry (DPV), which is advantageous
for reaching higher sensitivity by eliminating the non-Faradaic
currents that occur in cyclic voltammetry.30 The DPV curves in
Figure 5 show increasing oxidation peak current at approx-

imately 174 mV with DA concentration. The anodic peak arises
from conversion of DA to dopamine-o-quinone,15 with the
current increasing linearly with DA concentration in the range
from 1 to 70 μmol L−1, as displayed in the inset. The linear
regression equation is I (μA) = 0.158[DA] (μmol L−1) + 2.472
(R2 = 0.992). The limit of detection reached, 0.15 μmol L−1 (S/
N = 3), is similar or even better than some recent results
reported in the literature, which are listed in Table 1. Therefore,
the nanofibers functionalized with carbon nanotubes (PA6/
PAH_MWCNTs) are a suitable platform for DA electro-
chemical detection.
Two potential interfering molecules for dopamine in

biological environments are ascorbic acid (AA) and uric acid
(UA). We verified that DA can be detected in the presence of
AA and UA by performing two types of experiment. In the first,
depicted in Figure 6a, we noted that AA gives a negligible signal
even when the concentration used (0.1 mmol L−1) was higher
than that typically found in human serum (0.08 mmol L−1

level).43 If AA is added simultaneously with UA to a DA-
containing sample, again no signal arises from AA, while
separate peaks were observed for DA and UA. The second
experiment varied DA concentrations for a fixed UA
concentration, and again full separation of the corresponding
peaks was possible, as indicated in Figure 6b.
We tested the reproducibility of the PA6/PAH_MWCNTs

electrode by performing repeated voltammetric experiments
with solutions containing 50 μM DA. For ten successive
measurements, the relative standard deviation (RSD) was 2.3%
for a given electrode, while it increased to 6.6% when three
nominally identical electrodes were used. These low RSDs
confirm the electrode reproducibility. In addition, electrode
stability was studied by measuring the CV curves for 0.05 mmol
L−1 DA in PBS during 100 cycles at a scan rate of 50 mV s−1.
Figure 7 shows that the current assigned to DA oxidation is
82% of the initial value after 100 cycles, thus suggesting good
electrode stability owing to an efficient adsorption of
MWCNTs on the PA6/PAH nanofibers.

Figure 4. CV curves of 0.05 mmol L−1 DA on the surfaces of ITO,
PA6/PAH and PA6/PAH_MWCNTs in 0.01 mol L−1 PBS solutions
(pH 7.0). Scan rate: 50 mV s−1.

Figure 5. DPV curves for different concentrations of DA (1, 5, 10, 20,
30, 40, 50, 60 and 70 μmol L−1) on PA6/PAH_MWCNTs in 0.01 mol
L−1 PBS (pH 7.0). Inset: linear relationship between the peak current
and DA concentrations.
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4. CONCLUSION
We fabricated a simple, highly sensitive electrochemical
dopamine sensor by functionalizing electrospun polyamide 6/
poly(allylamine hydrochloride) (PA6/PAH) nanofibers with
multiwalled carbon nanotubes. The as-prepared electrode
displayed a good detection limit of 0.15 μmol L−1, high
reproducibility and high stability. This sensor may be employed
in the selective determination of dopamine in the presence of
interfering substances such as ascorbic acid and uric acid. The
successful application of this electrode indicates that modified

electrospun composite nanofibers provide a new platform for
designing sensors to determine dopamine sensitively and
selectively.
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