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Abstract
Low level of dopamine (DA) in human brain may lead to neurological diseases, therefore, detection of DA is necessary. This
study aims to develop 2 types of DA biosensor, i.e., electrochemical and fluorescent biosensors based on conducting polymer and
quantum dot composite. The polyaniline/carbon quantum dots (PANi/CQDs) composite was prepared and characterized by UV–
Vis absorption spectroscopy, fluorescence spectroscopy, FT–IR spectroscopy, scanning electron microscopy (SEM) and X–ray
photoelectron spectroscopy (XPS). For electrochemical biosensor, the electrospun nanofiber film of PANi/CQDs was fabricated
on fluorine doped tin oxide (FTO)–coated glass substrate. Cyclic voltammetry and amperometry were performed to study the
electrochemical activity of the PANi/CQDs film toward detection of DA in neutral solution. The obtained film showed good
sensitivity for DA sensing with sensitivity of 8.025 nA.cm−2.μM−1 and linear range of 10–90μM (R2 = 0.99) with detection limit
of 0.1013μM. In addition, for fluorescent biosensor, the fluorescent intensity of PANi/CQDs in PBS solution was quenchedwith
increasing DA concentrations. The PANi/CQDs fluorescent biosensor presented the linear range of 0.1–100 μM (R2 = 0.94) with
detection limit of 0.0801 μM. The prepared PANi/CQDs composite can be promising candidate material for future use as DA
biosensor in real sample analysis.
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Introduction

Dopamine (DA) or 3,4–dihydroxyphenyl ethylamine is an
important neurotransmitter which located in the central ner-
vous system. Low level of DA in the central nervous is cause
of several neurological diseases such as Parkinson’s disease,
Alzheimer and Schizophrenia [1, 2]. Recently, detection of
DA by various analytical techniques, e.g., high–performance
liquid chromatography [3] and gas chromatography [4] had
been reported. However, the mentioned methods have some
disadvantages including requirement of expensive equipment
and high cost. Among the various analytical techniques used

for detection of DA, the electrochemical and optical sensors
have drawn much attention because of they are simple, fast,
low cost, high sensitivity, and selective methods [5–7]. The
graphene oxide (GO)modified glassy carbon electrode (GCE)
was recently prepared electrochemical detection of DA [8].
Furthermore, the fluorescent probe based on graphitic carbon
nitride (g–C3N4) for DA detection via fluorescent quenching
was also reported [9].

Conducting polymers had received much attention for use in
biomedical and sensing applications. Among the conducting
polymers, polyaniline (PANi), polypyrrole (PPy), polythiophene
(PTh) and their derivatives such as poly(3–aminobenzoic acid)
(PABA) or poly(3,4–ethylenedioxythiophene) (PEDOT) are the
common conducting polymers for sensing applications [10–12].
PANi and its derivatives are one of the most studied conducting
polymers because of their excellent stability and good electronic
propert ies [11, 12] , for example, the fabricated
cetyltrimethylammonium bromide (CTAB) functionalized
PANi and activated charcoal (CTAB–PANi/AC) sensor had
been reported for detection of DA and uric acid (UA) [13]. It
was found that the CTAB–PANi/ACmodified electrode showed
excellent electrocatalytic activity, stability, repeatability and
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reproducibility toDAandUA. In addition, PANi/carbonmaterial
composites are great deal of attentionmaterials. Carbonmaterials
such as reduced graphene oxide (rGO) and multi–walled carbon
nanotubes (MWCNTs) had been used for DA detection [14, 15].
The DA biosensor based on PANi–rGO nanocomposite showed
better catalytic activity and selectivity than PANi and rGO to-
ward the oxidation of DA.Moreover, for DA biosensor based on
PANi/MWCNTs, the presence of MWCNTs could improve
electrocatalytic activity of PANi electrode for DA detection. It
could be therefore concluded that the presence of carbon mate-
rials could enhance the sensing performance. In addition, for
other applications, composites of PANi and carbon materials
such as carbon nanofiber and carbon nanotubes were applied in
anti-corrosion [16, 17] and supercapacitor applications [18].
Carbon quantum dots (CQDs) are one class of carbon materials
with nanometer sizes which have been used in biomedicines,
optronics, sensors and catalytic applications due to their lumines-
cent properties, high chemical stability, low toxicity and biocom-
patibility [6, 19–21]. Moreover, CQDs have been used for de-
tection of DA owing to their fluorescent property and also low–
cost, sensitive and selective materials. The DA biosensors based
on CQDs doped with nitrogen and phosphorous [6] and carbon
dots–gold nanoclusters hybrid (CDots–AuNCs) [21] had been
reported. The CDots acted as the energy donor while AuNCs
acted as the acceptor in fluorescence resonance energy transfer
(FRET) process. The fluorescence quenching of CQDs occurred
when DA was oxidized to o–quinone which could accept elec-
trons on AuNCs surface [21]. In addition, conducting polymer/
CQDs composites had been studied in various fields because of
their unique physicochemical properties which led to various
potential applications, i.e., biosensors, chemical sensors and
supercapacitors [22–25].

Electrospinning technique has drawn much attention be-
cause of it is a simple method for producing fibers under high
voltage. The obtained small size, high porosity and high sur-
face area fibers provide benefits in various applications such
as tissue engineering, targeted drug release, scaffolds, biosen-
sors [26, 27]. However, in case of conducting polymers espe-
cially PANi, it is difficult to produce electrospun PANi fibers
due to the rigid backbone and insufficient elastic properties of
the PANi for electrospinning process [28]. The non–
conductive polymer is therefore blended for PANi fiber for-
mation, for example, the electrospun nanofibers of PANi
blended with polyacrylonitrile (PAN) for ammonia sensor
[29] and PANi blended with polystyrene for use as cholesterol
biosensor [30]. In addition, electrospun composite nanofibers
of silk fibroin/PAN/PANi/TiO2 were prepared for dye remov-
al application [31].

This study aims to develop DA biosensors i.e., electro-
chemical and fluorescent biosensors, based on PANi/CQDs
composite. The PANi/CQDs composite was characterized
byUV–Vis absorption spectroscopy, fluorescence spectrosco-
py, FT–IR spectroscopy, scanning electron microscopy

(SEM) and X–ray photoelectron spectroscopy (XPS).
Figure 1 represents schematic diagram of the developed DA
biosensors. For building up the electrochemical biosensor, the
electrospun nanofiber of PANi/CQDs composite was depos-
ited on fluorine doped tin oxide (FTO)–coated glass substrate
which also used as working electrode. The electrode was used
for detection of DA through cyclic voltammetry and
amperometry techniques at various concentrations of DA
(1–90 μM). The electrospun nanofiber PANi/CQDs compos-
ite film showed a good sensitivity toward DA sensing. In
addition, for fluorescent biosensor, the PANi/CQDs solution
was used for detection of DA through the fluorescent
quenching at various concentrations of DA (10 nM–
100 μM). The fluorescent intensity of PANi/CQDs composite
in PBS solution was recorded before and after addition of DA.
The PANi/CQDs showed a good sensitivity and selectivity
toward DA sensing. The PANi/CQDs composite is the prom-
ising candidate material for sensitive and selective sensing
platform which can be future developed for use in real sample
analysis.

Experimental

Materials

Polyaniline (PANi; viscosity–average molecular weight
higher than 15,000, Sigma–Aldrich), poly(acrylic acid)
(PAA; viscosity–average molecular weight of 450,000,
Sigma–Aldrich), citric acid (Pierce), urea (AJAX), phosphate
buffer saline (PBS) tablet (Sigma–Aldrich), D–glucose
(Sigma–Aldrich), dopamine (Sigma–Aldrich) and ascorbic
acid (Poch) were used as received without further purification.
The carbon quantum dots (CQDs) were prepared according to
previous study [32]. Fluorine doped tin oxide (FTO)–coated
glass substrate (Sigma–Aldrich) was cleaned before use as
working electrode.

Fabrication of electrospun PANi/CQDs composite fiber
film

The PANi/CQDs solution was prepared by dissolving PANi
(3%w/v), CQDs (1%w/v) and PAA (5% w/v) in mixed solvent
of DI water and chloroform (ratio of 7:3). The solution was
sonicated for 1 h and centrifuged at 4000 rpm for 1 h. The
obtained solution was freshly stirred for 1 h before use for
fabrication of electrospun PANi/CQDs fiber film. The opti-
mized electrospinning condition was the voltage of 15 kV,
feeding rate of 0.4 mL/h, distance between the syringe and
the collector (i.e., FTO electrode) of 15 cm and period time of
1 h. The obtained PANi/CQDs composite fiber film was fur-
ther used for electrochemical detection of DA.
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Characterization of PANi/CQDs composite

The various characterization techniques were employed to
characterize PANi/CQDs composite prior to use for DA bio-
sensor. Particle size analyzer (HORIBA SZ–100) was
employed to measure particle size of CQDs based on dynamic
light scattering (DLS) measurement. In addition, particle size
and surface morphology of CQDs were studied by transmis-
sion electron microscopy (TEM; JEOL JEM–2010). The X–
ray diffraction (XRD; Rigaku Smartlab) analysis was also
performed to confirm the formation of CQDs. The optical
properties were studied using UV–Vis absorption spectrosco-
py (UV–1800 Shimadzu) and fluorescence spectroscopy
(Synergy™H4). The structural confirmation was investigated
using FT–IR spectroscopy (Thermo Nicolet 6700
Thermoscientific) and X–ray photoelectron spectroscopy
(XPS; AXIS ultra DLD spectrometer). The surface morphol-
ogy of the electrospun fiber films was observed using a field
emission–scanning electron microscopy (FE–SEM; JEOL
JSM–6335F).

Electrochemical detection of dopamine

The electrospun PANi/CQDs composite fiber film fabricated
on FTO working electrode was connected to the 3–electrode
electrochemical cell with a computer control potentiostat
(eDAQ: ED410 e–corder 410). The reference electrode was
Ag/AgCl (in 3 M KCl) and counter electrode was platinum
wire. The sensing experiment was performed by adding vari-
ous concentrations of DA (10–90 μM) into PBS solution and
monitored using cyclic voltammetry with potential range of

−0.2 V to 0.8 V at scan rate of 20 mV/s. In addition, the
amperometric responses of the DA biosensor based on
electrospun PANi/CQDs composite fiber were obtained by
successive addition of various concentrations of DA (1–
90 μM) into PBS solution at constant applied potentials of
0.38 V. Cyclic voltammetry at various scan rates (20, 40,
60, 80, 100, 200, 300 and 400 mV/s) was performed using
90 μMDA in PBS solution under applied potential of −0.2 V
to 0.8 V. For selectivity experiment, ascorbic acid and glucose
were further employed in both cyclic voltammetry and
amperometry.

Fluorescence detection of dopamine

The PANi (0.10%w/v) and CQDs (0.020%w/v) composite
was prepared in PBS solution for detection of DA (10 nM–
100 μM). The fluorescence spectra were immediately record-
ed with an excitation wavelength at 360 nm after addition of
DA.

Results and discussion

Characterization of PANi/CQDs composite

TEM image of the synthesized CQDs dispersed in water is
shown in Fig. 2a with average diameter of 11.8 ± 2.9 nm. The
DLS measurement indicated that average diameter of CQDs
was about 9–10 nm (result is not shown). The XRD pattern of
the obtained CQDs is shown in Fig. 2b. The CQDs exhibited a
broad peak at an angle of 2θ = 19.2° which indicated

Fig. 1 Schematic diagram
representing the developed
electrochemical sensor and
fluorescent sensor
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amorphous carbon in nature [33, 34]. The optical properties of
the CQDs and PANi/CQDs were examined by UV–Vis ab-
sorption spectroscopy and fluorescence spectroscopy. The ab-
sorption spectra of CQDs, PANi and PANi/CQDs in DI water
are shown in Fig. 3. The PANi showed absorption peak at
260 nm which corresponded to π–π* transition from the ben-
zene ring [35]. The CQDs represented absorption peaks at
291 nm and 343 nm which related to π–π* and n–π* transi-
tions from aromatic C=C bond and C=O bond, respectively
[36, 37]. The UV–Vis spectrum of PANi/CQDs composite
was mainly similar to PANi and CQDs which showing peaks
at 285 nm and 354 nm due to the π–π * transition in the
benzenoid ring and n–π* transition of C=O bond, respectively
[35, 37]. The absorption peak of n–π* transition of C=O bond
in PANi/CQDs composite was red shifted due to the interac-
tion of CQDs and polymer (PANi) matrix [32].

The fluorescence intensity is dependent on the excitation
wavelength [32]. The CQDs and PANi/CQDs solutions were
excited in the range of 340–380 nm which showed the emis-
sion fluorescence peaks in the range of 405–445 nm. The
maximum emission intensity was clearly observed at excita-
tion wavelength of 360 nm with an emission peak of 426 nm
as shown in Fig. 4. This excitation wavelength was selected
for performing fluorescent DA biosensor afterward. The

fluorescence intensities of CQDs were obviously high at all
excitation wavelengths. Furthermore, the fluorescence inten-
sities of PANi/CQDs composite were obviously observed to
be higher than that of the PANi which implied to the incorpo-
ration of CQDs into PANi. This circumstance could be ex-
plained as the nitrogen dopant in CQDs structure played im-
portant role to exhibit photoluminescence properties which
could enhance the emission of the CQDs by increasing the
fermi level and electrons in the conduction band. Moreover,
the direct recombination of excited electrons from the n–π*
transition of C=O and C=N groups can also lead to the emis-
sion of CQDs [32]. The blue shifting emission was also ob-
served with increasing excitation wavelength. This shifting
might be the result of the size distribution of the prepared
CQDs which led to the different energy trapping upon excita-
tion wavelength [38, 39].

FT–IR spectroscopy was utilized to analyze the functional
groups of PAA, PANi, CQDs and PANi/CQDs films. The
FT–IR spectra of PAA, PANi, CQDs and PANi/CQDs films
are shown in Fig. 5. The PAA represented the peaks at 1697
and 1450 cm−1 which were assigned to the stretching vibration
of COOH and bending vibration of COO, respectively [32].
The peaks of PANi at 2800–2900, 1556, 1453 and 1299 cm−1

Fig. 2 a TEM image and b XRD
pattern of CQDs

Fig. 4 Fluorescence spectra of PANi, CQDs and PANi/CQDs in PBS
solution at excitation wavelengths of 340–380 nm (EX340–EX380).
Inset shows the expanded fluorescence spectra of PANi

Fig. 3 UV–Vis absorption spectra of CQDs, PANi and PANi/CQDs in
DI water
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corresponded to the to –CH2 and –CH, C=C stretching of
quinoid rings, C=C stretching vibration of benzenoid rings
and C–N stretching of benzenoid unit, respectively [23, 40,
41]. The broad band at 3100–3500 cm−1 attributed to O–H
and N–H group in CQDs whereas the peaks at 1077 and
1655 cm−1 were assigned to C–N stretching and C=O
stretching of carboxylic group on the surface, respectively
[23, 36]. The FT–IR spectrum of PANi/CQDs composite film
showed the broad band of O–H, N–H and CH2 stretching at
around 3000 cm−1. The broad peak of C=O stretching in CQDs
and COOH of PAA was represented about 1695 cm−1 whereas
the peak of C–N stretching of PANi and CQDs was shown at
1032 cm−1. However, the presence of both PANi and CQDs in
the composite fiber film was not clearly observed. The another
characterization technique, i.e., XPS was then employed to
confirm the presence of PANi/CQD composite.

XPS measurement was further performed to study the chem-
ical composition of the films. The XPS spectra of the PANi,
PAA, CQDs and PANi/CQDs films are presented in Fig. 6.
The survey spectra in Fig. 6a represented the peaks of C1s,
N1s and O1s at ~285 eV, 400 eV and 532 eV for PANi,
CQDs, and PANi/CQDs film. In case of PAA, only C1s and
O1s peaks were observed. For PANi, the presence of oxygen
was probably associated with contamination produced during
the preparing process. This contamination could be also caused
by the environmental contact and water adsorption upon storage
[42, 43]. The high resolution C1s and N1s spectra of CQDs film
are shown in Fig. 6b. The C1s peaks at binding energy of
284.9 eV, 285.6 eV, 287.1 eV and 289.0 eV were contributed
to C=C or C–C, C–OH or C–O–C, C–O or C–N and O–C=O,
respectively. For N1s peaks, the C–N and N–H or C=N func-
tional groupswere shown at 400.2 eV and 402.1 eV, respectively
[37, 42, 44, 45]. The high resolution C1s and N1s spectra of the
PANi film were presented in Fig. 6c. The XPS spectrum for C1s
indicated the presence of benzenoid structure in PANi, i.e., C–N
orC=N at 284.9 eV andC–N+ or C=N+ at 285.8 eV. The peak of

cationic specie of nitrogen (=NH+–) was also observed at
399.6 eV. The nitrogen contribution at 401.7 eV can be assigned
to positively charged nitrogen (N+) which representing the for-
mation of the protonated nitrogen specie [42, 45]. The high res-
olution spectra of the PANi/CQDs film are presented in Fig. 6d.
The C1s peaks at 284.2 eV, 285.2 eV, 286.9 eV and 289.0 eV
were assigned to C–C or C=C, C–N or C=N, C–O or C–N, C–
N+ or C=N+, C–OH or C–O=C, C–O and C=O, respectively, of
PAA, PANi and CQDs. The N1s peak at 400.0 eV and 401.8 eV
were assigned to C–N and N–H or C=N or N+ from PANi and

Fig. 6 XPS a survey spectra and high resolution spectra of b CQDs, c
PANi, d PANi/CQDs and e PAA films

Fig. 5 FT–IR spectra of PAA, PANi, CQDs and PANi/CQDs films
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CQDs. Moreover, PAA was blended with PANi/CQDs for
manufacturing electrospun fiber in this study. The C1s high res-
olution spectrum of PAA is shown in Fig. 6e. The peaks at
284.7 eV, 285.2 eV, 286.5 eV and 289.0 eV were assigned to
C–C, C–O, C=O and O–C=O species, respectively [44, 45].
From XPS survey spectra, the atomic percentage of nitrogen in
CQDs, PANi and PANi/CQDs films were calculated to be
8.14%, 2.08% and 2.49%, respectively. The higher percentage
of nitrogen in PANi/CQDs film than that of the PANi film indi-
cated the presence of CQDs in the electrospun PANi/CQDs fiber
film [32].

It is difficult to obtain the PANi or other conducting poly-
mer fibers by electrospinning method due to their rigid back-
bones. In addition, their high degree of aromaticity lead the
elastic properties of the solution insufficient for
electrospinning [27, 29]. Therefore, PAA as a non–
conductive polymer was selected for blending with PANi/
CQDs for formation of electrospun fiber in this work.
Surface morphology of the obtained PANi and PANi/CQDs

electrospun fibers was examined by FE–SEM as shown in
Fig. 7. It can be seen that the surfaces of PANi and PANi/
CQDs fibers were uniform and smooth. The average diame-
ters of PANi and PANi/CQDs fibers were calculated to be
120 nm and 320 nm, respectively. The increasing of PANi/
CQDs fiber size was due to the addition of CQDs in PANi to
form PANi/CQDs composite [46].

Electrochemical detection of dopamine

In this study, the electrospun PANi/CQDs fiber was employed
for fabrication of an electrochemical DA biosensor. The
electrospinning is convenient method for producing fiber un-
der a high applied voltage between a metal needle and a col-
lector. The polymer solution is jetted from the metal needle to
deposit on FTO electrode as a collector [27]. The employed
electrospinning condition was optimized prior to fabricate the
DA biosensor. Cyclic voltammetry was performed to study
the electrochemical activity of PANi and PANi/CQDs toward

Fig. 7 FE–SEM images of a
PANi and b PANi/CQDs
electrospun fibers

Fig. 8 Cyclic voltammograms of
a PANi/CQDs and b PANi to-
ward detection of 10–90 μM DA
in PBS solution c cyclic voltam-
mograms of PANi and PANi/
CQDs for detection of 90 μMDA

183    Page 6 of 12 J Polym Res (2020) 27: 183



various concentrations of DA (10–90 μM) at scan rate of
20 mV/s and potential range of −0.2 V to 0.8 V in neutral
PBS solution. The cyclic voltammograms of PANi and
PANi/CQDs for detection of DA (10–90 μM) are shown in
Fig. 8a and b, respectively. The current responses of both
electrodes increased with increasing concentrations of DA.
For comparison, the cyclic votammograms of PANi and
PANi/CQDs toward detection of 90 μM DA are shown in

Fig. 8c. The current response of PANi/CQDs upon detection
of DA was obviously higher than that of PANi due to the
abundant surface functional groups, i.e., hydroxyl, carboxyl
and amine groups, of CQDs could interact with the DA mol-
ecule through π–π stacking and hydrogen bonding interac-
tions [6, 19].

As seen in Fig. 8, the anodic peaks of cyclic voltammo-
grams for DA sensing were observed at 0.38 V. The constant
applied potential for the amperometric experiment at 0.38 V
was therefore selected. The amperometric responses of PANi
and PANi/CQDs in PBS are shown in Fig. 9. The current
responses of PANi and PANi/CQDs were increased upon suc-
cessive addition of DA (1–90 μM) due to the oxidation of DA
on PANi and PANi/CQDs surfaces was increased. This situ-
ation could be explained as the increasing of π–π interaction
between phenyl structure of DA and benzenoid structure of
PANi [47]. Moreover, the hydroxyl, carboxyl and amine
groups of CQDs could interact with DA through π–π stacking
and hydrogen bonding interactions [6].

The current response of PANi/CQDs was slightly higher
than that of PANi. The sensitivity of electrochemical DA bio-
sensor was calculated from slope of amperometric curve (μA)
and concentration of DA as shown in the inset of Fig. 9 [48].
The sensitivities of PANi and PANi/CQDs were calculated to
be 7.587 and 8.025 nA.cm−2.μM−1, respectively, with limit of

Fig. 9 Amperometric responses of PANi and PANi/CQDs film with
successive addition of 1–90 μM DA to PBS solution at 0.38 V

Fig. 10 Cyclic voltammograms a PANi/CQDs b PANi cCQDs performed in 90 μMDA in PBS solution at different scan rates and d linear relationship
between ip vs. ν

1/2
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detection (LOD) of 0.2089 μM for PANi and 0.1013 μM for
PANi/CQDs and linear range of 10–90 μM (R2 = 0.99). The
LOD was calculated from the slope of the above mentioned
curves and the standard deviation of amperometric responses
of PBS blank solution. The sensitivity and LOD were ob-
served to be enhanced for PANi/CQDs electrode. The results
of cyclic voltammetry and amperometry demonstrated that the
CQDs could improve the electrocatalytic activity of PANi
towards detection of DA. The cyclic voltammograms for de-
tection of 90 μM DA in PBS solution under applied potential
range of −0.2 V to 0.8 V at different scan rates using different
electrodes with linear relationship plots of anodic current peak
height (ipa) and cathodic current peak height (ipc) versus
square root of the scan rate (ν1/2) are shown in Fig. 10. The
linear relationship confirms the diffusion control at the elec-
trode surface. The electrochemical surface area (A) of CQD,
PANi and PANi/CQDs electrodes was calculated from
Randles-Sevcik equation at the angular coefficient of the lin-
ear plots of current peak height (ip) versus v

1/2 [49]. Table 1
represents the calculated electrochemical surface area of both
anodic (Aanodic) and cathodic (Acathodic) scans of different
electrodes.

Furthermore, the selectivity experiment of PANi/CQDs
electrode was performed by amperometric method and cyclic
voltammetry toward common interferences, i.e., glucose (Glc)
and ascorbic acid (AA). The amperometric response at 0.38 V
and cyclic voltammogram of PANi/CQDs with successive
addition of DA, Glc and AA into PBS solution are shown in
Fig. 11. The current responses of PANi/CQDs electrode to-
wards detection of DA were obviously higher than that of the
responses of the interferences. The AA could perform the
electrochemical oxidation toward detection of DA at 0.2–
0.4 V, however, AA could form negatively charge in neutral
PBS solution which led to electrostatic repulsion between the

negatively charged oxygen functional groups (COO−) of PAA
and CQDs at pH 7 [50]. For detection of glucose, the PANi/
CQDs could not respond toward addition of Glc due to the
absence of glucose oxidase catalyst for glucose detection [51].
The results implied that the developed electrochemical DA
biosensor based on electrospun PANi/CQDs composite fiber
film presenting high selectivity.

Fluorescence detection of dopamine

It is well–known that CQDs exhibit fluorescence properties
[19, 22]. We therefore employed PANi/CQDs composite for
detection of DA in this study. As we observed in Fig. 4, the
fluorescence intensities of PANi were very low with noise
signal therefore the PANi would not be chosen for detection
of DA. The fluorescent DA biosensor based on PANi/CQDs
composite was used for detection of DA (10 nM–100 μM) in
neutral PBS solution. Figure 12 shows fluorescence spectra of
PANi/CQDs composite upon detection of DA and interfer-
ences at excitation wavelength of 360 nm. The maximum
emission peaks were located at about 442 nm. The fluores-
cence quenching was observed after adding the substances
into PBS solution. As shown in Fig. 12a, the fluorescent in-
tensity of the PANi/CQDs decreased gradually with the in-
creasing of DA concentrations (10 nM–100 μM). The PANi/
CQDs fluorescent biosensor presented the the linear range of
0.1–100 μM (R2 = 0.94) with detection limit of 0.0801 μM.
The quenching mechanism of CQDs could be explained as the
oxidized DA or dopamine–quinone could quench the fluores-
cence of CQDs. As the result, the higher concentration of DA
therefore led to more quenching effect of CQDs. In addition,
hydroxyl, carboxyl and amine groups of CQDs could interact
with DA through π–π stacking and hydrogen bonding inter-
actions [6]. PANi could also interact with DA through π–π
interaction between phenyl structures of DA and PANi [47].
These interactions led to enhancement the quenching effect of
CQDs in PANi/CQDs composite toward detection of DA. The
fluorescence spectra upon detection of DA using CQDs and
PANi/CQDs are shown in Fig. 12b. Upon sensing with
100 nM DA, the PANi/CQDs composite showed more fluo-
rescence quenching than CQDs. The selectivity of the PANi/
CQDs was investigated by sensing with Glc and AA as

Table 1 Electroactive areas (A, in mm2) of different electrodes,
calculated from the CV scans performed in 90 μM DA in PBS solution

CQDs PANi PANi/
CQDs

Aanodic 0.962 1.12 1.127

Acathodic 0.652 0.714 0.848

Fig. 11 Electrochemical
responses of PANi/CQDs bio-
sensor a amperometric response
with successive addition of DA,
AA and Glc at 0.38 V and b cy-
clic voltammograms toward de-
tection of 90 μM of DA, AA and
Glc in PBS solution
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represented in Fig. 12c. The fluorescence quenching was ob-
viously seen after adding DAwhereas the quenching could be
slightly observed upon adding both Glc and AA. These results
implied that the PANi/CQDs composite represented the great

potential and ability for DA detection by fluorescence
quenching.

Table 2 shows the comparison of some previous CQDs–
based works for detection of DA. It can be concluded from the

Fig. 12 Fluorescence quenching of PANi/CQDs with addition of a various concentrations of DA, b fluorescence quenching of PANi/CQDs and CQDs
with addition of 100 nM DA and c 10 μM of DA, AA and Glc

Table 2 Summary of fluorescent
and electrochemical biosensors
for detection of DA

Types of sensor Linear range
(μM)

Limit of detection
(μM)

Sensitivity Ref.

Fluorescent biosensor
N, P doped CQDs 10–500 0.021 – [6]
CDs/TYR 0.206–131.8 0.06 – [7]
CDots–AuNCs 0.005–0.180 0.0029 – [21]
CDs/CuNCs nanohybrids 0.1–100 0.032 – [52]
N–CQDs 0.1–200 0.05 – [53]
PANi/CQDs 0.1–100 0.0801 – This

work
Electrochemical biosensor
MoS2–PANi/rGO/GCE 5.0–500 0.70 – [54]
GCE modified with
CQDs

0.19–11.81 2.7 9.3 (mA μM−1) [55]

AuNPs@PANi/GSPE 1–100 0.86 – [56]
Fe–Meso–PANi 10–300 9.8 0.2693(μA/μM) [57]
GO–PANi/GCE 1–14 0.5 – [58]
PANi/CQDs 10–90 0.1013 8.025

(nA.cm−2.μM−1)
This

work

Abbreviation: N, P doped CQDs nitrogen and phosphorous doped carbon quantum dots, CDs/TYR carbon
dots/tyrosinase, CDots–AuNCs carbon dots–gold nanoclusters hybrid, CDs carbon dots, CuNCs copper
nanoclusters, N–CQDs Nitrogen-doped carbon quantum dots, rGO reduced graphene oxide,MoS2 molybdenum
disulfide, GCE glassy carbon electrodes, GSPEs graphite screen-printed electrodes, AuNPs gold nanoparticles,
Fe–Meso–PANi Fe ion-exchanged mesoporous polyaniline, GO graphene oxide
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results of electrochemical and fluorescence DA biosensors
based on PANi/CQDs composite that the developed DA bio-
sensors presented the ability for detection of low concentra-
tion of DA with good sensitivity and high selectivity.
Detection of low concentration of DA is importance because
low level of DA can be used to indicate the neurological
diseases [59]. Therefore, development of DA biosensor is
necessary for detection of DA at low concentration.

Conclusions

The electrochemical and fluorescent DA biosensors based on
PANi/CQDs composite were successfully developed for de-
tection of low concentration of DA. The PANi/CQDs com-
posite was prepared and characterized prior to use for building
up the DA biosensors. For electrochemical biosensor, the
electrospun fiber film of PANi/CQDs composite was fabricat-
ed on FTO substrate which also used as working electrode for
electrochemical detection of DA. The electrochemical detec-
tion of DA was performed using cyclic voltammetry and
amperometry at various concentrations of DA (1–100 μM).
The obtained electrospun PANi/CQDs fiber film exhibited
good selectivity and high sensitivity toward DA sensing. For
fluorescent biosensor, the PANi/CQDs solution was used for
detection of various concentrations of DA (10 nM–100 μM)
through fluorescent quenching. The PANi/CQDs composite
showed a good sensitivity toward DA sensing. The PANi/
CQDs composite is the promising candidate material for sen-
sitive and selective detection of DA which becomes a sensing
platform for future use in real sample analysis.
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