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Carbon dots and chitosan composite film based
biosensor for the sensitive and selective determination
of dopamine
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Feiming Li,a Wen Weng,ab Jiancong Ni,a Xiuxiu Baoa and Yi Lina

A simple, sensitive and reliable dopamine (DA) biosensor was developed based on a carbon dots (CDs)

and chitosan (CS) composite film modified glassy carbon electrode (CDs–CS/GCE). Under optimal

conditions, the CDs–CS/GCE showed a better electrochemical response for the detection of DA than

that of the glassy carbon electrode (GCE). The oxidation peak current (Ipa) of DA was linear with the

concentration of DA in the range from 0.1 mM to 30.0 mM with the limit of detection as 11.2 nM

(3S/N). The CDs–CS/GCE was applied to the detection of DA content in an injection solution of DA

with satisfactory results. m.cn
m

1 Introduction

Acting as a neuromodulator of ionotropic synapses, dopamine
(DA) sets a threshold for striatal activity, it is also involved in
some diseases and in drug addiction. In addition, DA is avail-
able as an intravenous medication, which acts on the sympa-
thetic nervous system, to produce effects such as increasing
heart rates and blood pressure.1–5 Hence, determination of DA
in vivo/vitro becomes increasingly important in clinical medical
practice. In recent years, several instrumental methods for DA
determination have been developed, such as high performance
liquid chromatography,6,7 ultraviolet-visible spectrophotom-
etry,8 capillary electrophoresis,9–11 uorescence spectrom-
etry12,13 and electrochemical methods14–26 etc. Moreover,
compared with other described methods, the direct electro-
chemical method for DA analysis, as a simple, rapid, and
sensitive alternative, is drawing increasing attention. Thus,
more and more materials have been used to modify the elec-
trodes to detect DA, such as graphene (GME),14 methoxypoly-
ethylene glycol (MPEG),15 hollow nitrogen-doped carbon
microspheres (HNCMS/GC),16 a Cu2O/graphene nanocomposite
(Cu2O/graphene),17 Au nanoparticle–polyaniline nano-
composite layers (AuNP/PANI),18 tetrabromo-p-benzoquinone
(TBQ/MCPE),19 a nanoporous morphology of a gold nanolm
(NPG/ITO),20 multiwalled carbon nanotubes (f-MWCNTs),21

polypyrrole and graphene (PPy/eRGO),22 a 3-amino-5-mercapto-
1,2,4-triazole self-assembled monolayer (TA-SAM),23 O-carboxy-
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methylchitosan (OCMCS),2,4 and carbon bre microelec-
trodes.25,26 Although most of these systems made many
contributions for the detection of DA, these modied materials
had either limitations with respect to sensitivity or the material
synthesis was sophisticated and expensive. Consequently, it
is highly desirable to develop a sensor that is not only
sensitive, selective and reliable but also simple, practical, and
economical in biological, pharmacological and toxicological
applications.

Carbon dots (CDs) are a class of ‘zero-dimensional’ carbon
nanomaterials that have recently received considerable atten-
tion because of their advantageous characteristics, such as
excellent water solubility, biocompatibility and good photo-
stability, these features make CDs especially useful for uo-
rescent biosensing or imaging.27,28 However, the exploration of
CDs as electrochemical sensors to monitor analytes with high
selectivity and sensitivity still remains at an early stage.29

Compared with other electrode modied materials, the elec-
trochemical research of CDs will gain more and more impor-
tance due to the low cytotoxicity, excellent biocompatibility,
simple synthesis, economy and remarkable conductivity.
Herein, we report a new quantitative method for rapid, simple
and sensitive determination of DA. It is aimed at the develop-
ment of a CS and CDs composite lm modied GCE for the
determination of trace amounts of DA with high sensitivity.
The CDs synthesized by microwaves have carboxyl and hydroxyl
groups.28 Therefore, this demonstrates that the hybrid lm
could signicantly enhance the redox response of DA, and
under optimal conditions good linearity was observed between
the differential pulse voltammetric peak current and the
concentration of DA in the range from 0.1 mM to 30 mM in pH
7.0 phosphate buffer solution.
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2 Experimental
2.1 Reagents and instrumentation

Glucose, glacial acetic acid, ascorbic acid and polyethylene
glycol-200 were purchased from Xilong Chemical Co., Ltd.
(Guangdong, China), phosphate buffer solution was from
Shanghai Kangyi Instrument Co., Ltd. (Shanghai, China),
chitosan, uric acid, serotonin, norepinephrine and dopamine
were obtained from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). All other reagents are analytical reagents.
Nanopure deionized and distilled water (18.2 MU) was used
throughout all experiments.

Electrochemical experiments such as cyclic voltammetry
(CV), electrochemical impedance spectroscopy (EIS) and differ-
ential pulse voltammetry (DPV) were carried out on a CHI 650D
electrochemical workstation (Shanghai ChenHua Instruments
Co., China). A conventional three-electrode system was used for
all electrochemical experiments, which consisted of a platinum
wire as the auxiliary electrode, an Ag/AgCl/saturated KCl as the
reference electrode, and a bare or modied GCE as the working
electrode. The pH measurements were carried out on a pHS-3C
exact digital pH metre (Shanghai Mettler-Toledo Instruments
Co., Ltd), which was calibrated with standard pH buffer solu-
tions. The uorescence spectra were recorded by a Varian Cary
Eclipseuorescence spectrophotometer with a 1.0 cmquartz cell
(Ex slit 10 nm, Em slit 10 nm). The UV-vis absorption was regis-
tered by mapada UV-1800PC (Shanghai China). The surface
morphology of the CDs–CS lm was observed with atomic force
microscopy (AFM, CSPM5500, China). Transmission electron
microscopy (TEM) was performed on a JEM-1230 electron
microscope (JEOL, Ltd., Japan) at 300 kV. A microwave oven
(Galanz) and an AE240 electronic analytical balance (Shanghai
Mettler-Toledo Instruments Co., Ltd) were used. All experiments
were conducted at room temperature. p
s
2.2 Synthesis of CDs

10.00 mL of polyethylene glycol-200 (PEG-200) and 2.0000 g of
glucose were mixed and dissolved in 3.00 mL of water to form a
pellucid solution. Then the mixture was put into a 540 W
microwave oven, two minutes later, a yellow CDs solution was
obtained.27 Lastly, the CDs were dialyzed for 24 h with the
dialysis membranes of 1000 cutoffs and diluted to 50.00 mL
with water, then stored at 4 �C ready for use.

ww.
Fig. 1 (A) TEM image of the CDs (B) UV-vis absorption spectra (Abs) and fluo-
rescence spectra (Ex, Em) of the CDs intensity.

w

2.3 Electrode preparation

The GCE was polished to a mirror-like surface with a 1.0 mm,
0.3 mm, and 0.05 mm a-alumina slurry, and then washed
successively with distilled water, ethanol and distilled water in
an ultrasonic bath, and dried in air before use.

Synthesis of the CDs–CS composite lm: 1 mL of 1.0% CS
solution was added to 3 mL of CDs solution with vigorous
ultrasonication. Then with a micro injector, 9.0 mL of the
mixture solution was cast on the surface of the GCE, and le to
dry in an oven at 60 �C for 30 min.
5418 | Analyst, 2013, 138, 5417–5423
3 Results and discussion
3.1 Characterization of CDs and CDs–CS/GCE

The morphology of the CDs was characterized by TEM (Fig. 1A),
typical UV-vis absorption spectra and uorescence spectra of
the CDs are shown in Fig. 1B. A strong absorption band appears
at 282 nm; the uorescence excitation and emission wave-
lengths appear at 344 and 432 nm. These values were consistent
with previous reports.27,30

AFM images of the bare GCE and the CDs–CS/GCE lm are
shown in Fig. 2. They show that the bare GCE surface is rela-
tively smooth with an average roughness of 1.13 nm (Fig. 2A)
whereas the average roughness of the GCE is 17.3 nm aer
modication by CDs–CS (Fig. 2B), where irregular round islands
appeared, which explains how the surface morphology changed
the roughness. This result demonstrated that the CDs–CS lm
was deposited on the GCE surface.

3.2 Electrochemical properties of the CDs–CS/GCE electrode

The [Fe(CN)6]
3�/4� redox couple was used for electrode char-

acterization and the electrochemical response from the
Fe3+/Fe2+ redox couple could reect the conductivity of the
electrode interface. The electrochemical behaviors of different
modied electrodes were investigated in a 1.0 mM K3[Fe(CN)6]
and 0.1 M KCl mixed solution with cyclic voltammetry (CV), as
shown in Fig. 3A. At the bare GCE (a), a pair of redox peaks
appeared. Aer casting CS onto the GCE (b), the redox peaks
increased a little, which could be attributed to the affinity of
positively charged CS to negatively charged [Fe(CN)6]

3�/4�.
When the CDs–CS was xed onto the GCE surface (c), the
redox peaks increased obviously, which was due to the excel-
lent electrical conductivity of the CDs–CS present on the
electrode’s surface. In summary, the CDs–CS composite lm
has a large surface area and a high conductivity, which can
accelerate the electron transfer rate.

By investigating the CV of the CDs–CS/GCE in K3[Fe(CN)6]
solution with varied scan rates, the slope of the linear regres-
sion between the current and the square root of the scan rate
can be described by Randles–Sevcik’s equation.31

Ipa ¼ 2.69 � 105n3/2AC0Dv1/2

where Ipa refers to the anodic peak current, n is the electron
transfer number, A is the surface area of the electrode, D is the

.co
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Fig. 2 (A) AFM image of the bare GCE (B) AFM image of the CDs–CS/GCE.

Fig. 3 CV (A) and EIS (B) of 1.0 mM [Fe(CN)6]
3�/4� recorded on the bare GCE (a),

the CS/GCE (b) and the CDs–CS/GCE (c).

Fig. 4 CV of 0.2 mM DA recorded on the bare GCE (a), the CS/GCE (b) and the
CDs–CS/GCE (c) in a pH 7.0 phosphate buffer solution (scan rate: 0.1 V s�1).
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m
diffusion coefficient, C0 is the concentration of K3Fe(CN)6 and v
is the scan rate. For 1.0 mM K3Fe(CN)6 in the 0.1 M KCl elec-
trolyte: n¼ 1 and D¼ 7.6 mcm s�1 then from the slope of the Ipa–
v1/2 relationship, the microscopic areas were calculated. For the
bare GCE, the electrode surface was found to be 0.039 cm2 and
for the CDs–CS/GCE the surface was 0.094 cm2, which increased
nearly 2.3 times.

Electrochemical impedance spectroscopy (EIS) was further
used for the investigation of the modied electrodes, it can
exhibit the impedance changes of the modication processes.
The value of the electrode-transfer resistance (Ret) depends
on the dielectric and insulating features at the electrode–
electrolyte interface. Fig. 3B shows the EIS of different
electrodes in 1.0 mM [Fe(CN)6]

3�/4� and 0.1 M KCl solution. On
the GCE (a) the Ret value was 600 U. While on the CS/GCE (b) the
Ret value was decreased to 350 U, indicating that the presence
of CS on the electrode surface could accumulate more
[Fe(CN)6]

3�/4� and accelerate the diffusion of ferricyanide
towards the electrode surface. However, on the CDs–CS/GCE (c),
the Ret value was greatly decreased to 130 U, which could be
attributed to the presence of high conductivity CDs in the
composite lm that accelerated the electron transfer rate of
[Fe(CN)6]

3�/4�. Hence, the appearance of CDs in the modied
lm could depress the resistance of the sensing platform in the
solid and solution system, thus an accelerated rate of electron
transfer of Fe(CN)6

3�/4� was obtained. This also strongly proves

www.sp
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that the CDs–CS composite lm could be a promising
electrochemical platform for sensing.n
3.3 Cyclic voltammetric behavior of DA on the CDs–CS/GCE

The electrochemical response of DA at the GCE, the CS/GCE
and the CDs–CS/GCE was examined using CV in a 0.2 mM DA
solution. As shown in Fig. 4, when the CDs–CS was xed on
the GCE surface, the redox peaks increased obviously,
beneting from the unique properties of the CDs and CS, the
CS backbone together with the CDs introduced an obviously
sensitized effect toward the electrochemical redox of DA.
Hence, this electrochemical platform based on CS and CDs
offers the enhanced determination sensitivity for DA. A
possible reaction mechanism of the CDs–CS/GCE with DA is
discussed, which is shown in Scheme 1. CS is a biological
cationic macromolecule with primary amines, and there are
diols, amine functional groups, and phenyl in the DA mole-
cules, therefore, the direct reaction between DA and CS might
not ocurr.32 However, the CDs synthesized by microwaves have
carboxyl groups with a negative charge, which not only
provides good stability but also enables interaction with the
amine functional groups in DA through electrostatic interac-
tion to recognize DA with high specicity.

.co
m.c
3.4 The diffusion coefficient of DA on the CDs–CS/GCE

Chronocoulometry was employed to determine the diffusion
coefficient of DA on the CDs–CS/GCE. Aer subtracting the
Analyst, 2013, 138, 5417–5423 | 5419
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Scheme 1 Schematic illustration of the strategy for DA detection.

Fig. 6 (A) CV of 0.2 mM DA on the CDs–CS/GCE in a pH 7.0 phosphate buffer
solution at various scan rates (a–j: 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0 V s�1).
(B) The relationships of Epa (a) and Epc (b) with log v.

Analyst Paper

Pu
bl

is
he

d 
on

 2
3 

M
ay

 2
01

3.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
St

el
le

nb
os

ch
 o

n 
20

/0
8/

20
13

 0
3:

40
:0

9.
 

View Article Online

m

background in the pH 7.0 phosphate buffer solution, the
charge (Q) on the CDs–CS/GCE against the time (t) can be
described by the following equation given by Anson:33

Q ¼ 2nFAcD1=2t1=2

p1=2
þQads

where A is the surface area of the working electrode, n is the
electron transfer number, D is the diffusion coefficient, Qads is
faradic charge, other symbols have their normal meaning. As
is described in Fig. 5, based on the slope of the linear rela-
tionship between Q and t1/2, the diffusion coefficient of DA
can be calculated to be 3.68 � 10�6 cm2 s�1, which illustrates
a relatively fast electrode reaction process of DA on the elec-
trochemical platform based on CDs–CS.
3.5 Effects of scan rate

The effect of the scan rate on the redox of DA was also
investigated. Fig. 6A reveals the CV of 0.2 mM DA at the CDs–
CS/GCE with different scan rates. The redox peak current
increased gradually with the increase in scan rate. As shown
in Fig. 6A, the redox peak current of DA increased linearly
with the square root of the scan rate in the range of 0.1–1.0 V
s�1, which indicated that the electro-redox of DA on the CDs–

w.sp
Fig. 5 (A) Chronocoulometry of 0.2 mM DA on the CDs–CS/GCE in a pH 7.0
phosphate buffer solution. (B) Linear relationship between Q and t1/2.

5420 | Analyst, 2013, 138, 5417–5423

ww

CS/GCE was a typical diffusion controlled process. Moreover,
with the increased scan rate, the redox potential of DA shied
positively. The relationship between the potential and the
scan rate can be described by the following equations by
Laviron:34

Epa ¼ E00 þ 2:3RT

ð1� aÞnF log v

Epc ¼ E00 þ 2:3RT

anF
log v

log ks ¼ alog ð1� aÞ þ ð1� aÞ log a� log
RT

nFv
� ð1� aÞanFDEp

2:3RT

where a is the electron transfer coefficient, n is the number of
transfer electrons, ks is the standard heterogeneous rate
constant, R, T and F have their usual signicance, Epa is the
oxidation peak potential and Epc is the reduction peak potential.
Generally, for an electrochemical reaction, the values of a and n
can easily be calculated from the slope of Epa vs. log v and Epc vs.
log v. The linear regression equations were Epa (V)¼ 0.0911 log v
(V s�1) + 0.372 (R ¼ 0.994) and Epc (V) ¼ �0.0578 log v (V s�1) +
0.0206 (R ¼ 0.995), which are shown in Fig. 6B. Aer making
computations: a ¼ 0.61, n ¼ 1.8, ks ¼ 0.14 s�1.

.co
m.cn
Fig. 7 The relationship of Epa (a) and Ipa (b) against pH (scan rate: 0.1 V s�1).

This journal is ª The Royal Society of Chemistry 2013
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3.6 pH effect

The effect of buffer pH on the current response of 0.5 mM
phosphate buffer solution on the CDs–CS/GCE was investigated
in a pH range from 5.0 to 9.0 by CV, the results are shown in
Fig. 7. The oxidation peak potential shied negatively with the
increase of pH value, indicating that protons were involved in
the electrode reaction. A good linear relationship between Epa
and pH was constructed with a linear regression equation of Epa
(V)¼�0.0612 pH + 0.732 (R¼�0.992). The slope value of�61.2
mV pH�1 shows that the electron transfer was accompanied by
an equal number of protons.23

At the same time, when the pH value increased from 5.0 to
7.0, the anodic peak current of DA increased. Nevertheless,
when the pH was beyond 7.0, the peak current conversely
decreased. This phenomenon was probably due to the dissoci-
ation of the phenolic moiety to produce the corresponding
anion. Therefore, considering the sensitive determination for
DA, a phosphate buffer solution of pH ¼ 7.0 was chosen for the
subsequent analytical experiments.
m.c

3.7 Interference effect

As we know, using a bare GCE, the oxidation peak potentials for
ascorbic acid (AA), uric acid (UA) and DA are very close to each
other and thus it is difficult to separate these compounds due to
their overlapping signals.35 This problem can be eliminated by
electrostatic attraction, since the CDs–CS lm, which is in its
anionic form at the working electrode’s surface in the pH 7.0
phosphate buffer solution, both AA (pKa ¼ 4.1) and UA (pKa ¼
5.75) are negatively charged, but DA (pKa ¼ 8.89) is positively
charged at physiological pH (7.0) (ref. 36 and 37). So, CDs–CS, as
a cationic exchanger at the GCE’s surface selectively attracts
cationic DA and allows them to pass through to the electrode’s
surface. Meanwhile, CDs–CS prevents anionic AA and UA from
reaching the electrode’s surface. As a result, AA and UA did not
exchange electrons with the electrode. As shown in Fig. 8, it
could be concluded that the presence of AA (A) and UA (B) did
not interfere in DA determination.

.sp
Fig. 8 CV of 0.2 mM DA with the different concentrations of AA, A: 0 mM (A),
2.0 mM (B), 20.0 mM (C), 30.0 mM (D); and UA, B: 0 mM (A), 2.0 mM (B), 20.0 mM
(C), 30.0 mM (D).

This journal is ª The Royal Society of Chemistry 2013

www
In addition, other inuences from common co-existing
substances were also investigated. When the relative error (Er)
exceeded 5%, each matter was considered as an interfering
agent. It was found that most ions and common substances at
high concentration only caused a negligible change: Na+, K+,
Cl�, NO3

�, SO4
2� (>500 fold), Ca2+, Zn2+, Mg2+, Pb2+ (200 fold),

lysine, cysteine, glucose (150 fold), serotonin (100 fold) and
norepinephrine (10 fold). The results indicate the CDs–CS/GCE
exhibits good selectivity for DA detection.
3.8 Calibration plot and limit of detection

By using the more sensitive differential pulse voltammetry
(DPV) as the detection method, the CDs–CS/GCE was
further used for the DA detection. Under optimal
conditions, the oxidation peak current of DA increased with
its concentration in the range from 0.1 mM to 30 mM with
typical DPV shown in Fig. 9, which had a linear regression
equation of Ipa (mA) ¼ �0.0212C (mM) � 0.04611 (R ¼ 0.996).
The detection limit was calculated as 11.2 nM, which was
lower than some previous reports (Table 1), which illustrates
that the CDs–CS/GCE has good sensitivity and a wide linear
range. The electrode was put into a vacuum drying oven at
25 �C, and DA samples were determined every 48 hours.
Fig. 10 shows that the electrode has a wonderful stability
aer two weeks.

om
.cn
3.9 Application of the probe

In order to evaluate the applicability of the proposed method
to the determination of DA in pharmaceutical preparations, we
examined this ability by differential pulse voltammetric
determination of DA concentration in an injection solution
based on the repeated differential pulse voltammetric
responses (n ¼ 5) of the diluted analytes and the samples that
were spiked with a specied concentration of DA. Using the
standard addition method, measurements were made of DA
concentrations in the pharmaceutical preparations and of
the recovery rate of the spiked samples. The results are listed
in Table 2.
Fig. 9 (A) DPV of DA with increasing concentration (from a to h: 0.1, 1.0,
5.0, 10.0, 15.0, 20.0, 25.0, 30.0 mM). (B) The relationship of Ipa with the concen-
tration of DA.

Analyst, 2013, 138, 5417–5423 | 5421
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Table 1 Comparison of the analytical performances of different modified
electrodes

Electrode
Linear range
(mM)

Detection limit
(mM) References

GME 4.0–100 2.64 14
MPEG 2.0–140 0.0468 15
HNCMS/GC 3.0–7.5 0.02 16
Cu2O/graphene 0.1–10 0.01 17
AuNP/PANI 3.0–20 — 18
TBQ/MCPE 10–100 — 19
NPG/ITO 1.5–27.5 1.5 20
f-MWCNTs 3.0–300 — 21
PPy/eRGO 0.1–150 0.023 22
TA-SAM 1.5–100 0.5 23
OCMCS 0.06–7.0 0.0015 24
CDs–CS/GCE 0.1–30 0.0112 This work

Fig. 10 CV of 0.2 mM DA recorded on the CDs–CS/GCE with increasing time
(from A to G: 0, 48, 96, 144, 192, 240, 288 h).

Table 2 Results of determination of DA in its injection solution

Sample (mM) Found (mM) Spiked (mM)
Total found
(mM)

Recovery
(%)

10 9.96 5.0 15.01 101.0
10 10.01 5.0 14.98 99.4
10 9.95 5.0 14.97 100.4
10 10.03 5.0 15.01 99.6
10 9.97 5.0 14.92 99.0
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4 Conclusions

In this study, an electrochemical method was developed and
successfully applied for the determination of DA. Under optimal
conditions, the CDs–CS/GCE showed better electrochemical
response towards the detection of DA than the GCE, a linear
relationship between the oxidation peak current of DA and its
concentration can be obtained in a range from 0.1 mM to
30.0 mM with the limit of detection as 11.2 nM (3S/N). The CDs–
CS/GCE was applied to the detection of DA content in injection
solutions of DA with satisfactory results.
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