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A sensitive and selective electrochemical sensor for determination of dopamine (DA) was fabricated
based on 3,4,9,10-perylene tetracarboxylic acid functionalized graphene sheets, multi-wall carbon
nanotubes and ionic liquid modified glass carbon electrode and the properties of modified electrode
were characterized by scanning electron microscopy, transmission electron microscope and electro-
chemical impedance spectroscopy. The modified electrode showed excellent electrocatalytic activity
toward the oxidation of DA. Meanwhile, a possible reaction mechanism related to the oxidation of DA
was proposed. The differential pulse voltammetry was used for the determination of DA in the presence
of 500 uM ascorbic acid and 330 uM uric acid under the optimum conditions and a good linear
relationship between peak current and the concentration of DA was obtained in the concentration
range from 0.03 uM to 3.82 mM with a detection limit of 1.2 x107°M (S/N=3). Moreover, the
proposed method was successfully applied to determine DA in real sample and satisfactory results were
obtained. The results showed that the modified electrode exhibits an excellent catalytic activity, good
sensitivity, reproducibility and long-term stability.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Sensitive, selective, rapid, and cost-effective analysis of bio-
molecules is important in clinical diagnostics and treatment.
Carbon nanostructures, such as carbon nanotubes, carbon nano-
dots, and carbon nanofibers have been used for this purpose
(Liu et al., 2008a; Chen et al., 2007; Cao et al., 2007; Fu et al.,
2007; Hao et al., 2007). Recently, graphene-based nanomaterials
have attracted great attention for both fundamental science and
applied research. Graphene is a two-dimensional sheet of carbon
atoms bonded by sp? hybrid orbitals. This structural characteristic
is the reasons for the extraordinary properties of graphene, which
include a very large surface area, high electrical conductivity,
exceptional thermal and mechanical properties (Geim and
Novoselov, 2007). Because of their novel properties, graphene
sheets (GS) have received considerable interest for potential
applications in many fields, such as nanocomposites, field-effect
transistors, biosensors, and so on. It is noted that GS, which have a
high specific surface area, tend to form irreversible agglomerates
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or even restack to form graphite through strong m-m stacking and
van der Waals interaction (Li et al., 2008). Hence the prevention of
aggregation is a key challenge in the synthesis and processing of
bulk-quantity GS. Recently, it has been found that the functiona-
lization is an efficient method to improve their dispersibility and
solubility in aqueous solvent (Zhang et al., 2011; Liu et al., 2010;
Li et al., 2009; Hong et al., 2010). It is well known that carbon
nanotubes(CNTSs) are suitable materials for electrode modification
because of the high accessible surface area, low electrical resis-
tance, extremely high mechanical strength and stiffness, outstand-
ing charge-transfer characteristics and high chemical stability
(Fang et al.,, 2009; Guldi et al., 2005; Dai et al., 2006; Rodney
et al,, 2002). The application of CNTs in the fields of electroanalysis
and electrochemical biosensors had been reviewed. Generally,
CNTs can enhance the detection sensitivity and improve reversi-
bility as it can promote electron transfer.

On the other hand, ionic liquid (IL) have also received great
attention in the last few years due to their excellent properties
such as high ionic conductivity, good chemical and thermal
stability, negligible vapor pressure, wide electrochemical
windows and well biocompatibility. IL can be used as not only
the supporting electrolyte but also the modifier for the chemically
modified electrodes. The reviews about the application of IL in the
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fields of analytical chemistry or electrochemistry had been reported
(Pandey, 2006; Sun et al., 2007). Several groups had used different
kinds of IL in electrode modification for the design of new electro-
chemical sensors or as novel electrocatalytic materials. The studies
demonstrated that the presence of IL not only acted as a suitable
charge-transfer bridge to facilitate the electrode transfer rate but also
exhibited excellent electrocatalytic ability and good anti-fouling
ability (Sun et al,, 2009a,b; Shul et al., 2006; Choi et al., 2009).

Dopamine (DA) is an important neurotransmitter in the mamma-
lian central nervous system. Low levels of DA may cause neurological
disorders such as schizophrenia and Parkinson’s disease (Liu et al.,
2005; Mo and Ogorevc, 2001). The accurate and rapid determination
of DA concentration in body fluid is a significant issue to conveniently
trace and diagnose the diseases. Ascorbic acid (AA) is well known for
its antioxidant property and usually coexists with DA in biological
samples, which concentration is several orders of magnitude higher
than that of DA, and have a similar oxidation potential (Yen et al.,
2002; Ali et al., 2007; Tang et al., 2008). Therefore, it is of importance
to develop a rapid, simple, sensitive sensor for the detection of DA
without interference by AA. Recently, different kinds of DA sensors
have been fabricated based on chemical modified electrodes, such as
polymer electrodes, self-assembled monolayer and carbon nanoma-
terial film electrodes (Codognoto et al., 2007; Lakshmi et al., 2009;
Rodriguez et al., 2008; Kalimuthu and Abraham, 2010; Liu et al.,
2008b; Zhu et al., 2009; Kim et al., 2010; Thiagarajan et al., 2009).
Graphene and CNTs have widely been used as ideal electrode
modified nanomaterials because they can provide more active sites
and are easier to fabricate. Several groups had used functionalized
graphene, CNTs or negatively charged polymer films to modify
electrodes to determination positively charged DA and to eliminate
the interference of AA (Hou et al., 2010; Deng et al., 2009; Zhao et al.,
2005; Wang et al., 2009; Balamurugan and Chen, 2007). Although the
electrochemical responses have been continuously improved, the
development of more reliable and efficient sensors for sensitive
analysis of DA still remains very challenging. Therefore, the choice
of material is essential and important to construct sensors with
excellent performances.

In this paper, 3,4,9,10-perylene tetracarboxylic acid functionalized
graphene sheets (PTCA-GS) were prepared by a simple synthetic
method. The modification of PTCA onto graphene sheets can not only
separate the graphene sheets and maintain inherent electronic
structure of graphene sheets but also provide a negatively-charged
-COOH, which made the resulting PTCA-GS composites disperse
well in solvents and provide more active sites. Meanwhile, by
combining the advantages of PTCA-GS, MCNT and IL, a novel and
more sensitive dopamine electrochemical sensor was fabricated
with PTCA-GS/MCNT/IL modified electrodes. Because of synergetic
effects of conductive functionalized graphene, MCNT and biocom-
patible IL, the direct electron transfer between DA and electrode
surface can be efficiently achieved. Most importantly, such mod-
ified electrode shows good electrocatalytic performance to DA with
high sensitivity and good stability. The sensitivity of the sensor
along with its improved selectivity might allow for its potential use
in the investigation and diagnosis of dopamine-related disease.

2. Materials and methods
2.1. Reagents

Natural graphite powder ( <20 pm) was purchased from Tianjin
Guangfu Research Institute (Tianjin, china). Multi-walled carbon
nanotubes (purity > 95%) was purchased from Shenzhen Nanotech
Port Company (Shenzhen, China). [BMIM][BF,] was purchased from
Lanzhou Institute of Chemical Physics (Lanzhou, China). 3,4,9,
10-perylenetetracarboxylic dianhydride (PTCDA, 97%), dopamine,

ascorbic acid and uric acid were ordered from Sigma-Aldrich
(USA). The 3,4,9,10-perylene tetracarboxylic acid (PTCA) solution
was made by hydrolyzing 3,4,9,10-perylenete-tracarboxylic dianhy-
dride (PTCDA) in an appropriate amount of 1.0 M sodium hydroxide.
Phosphate buffer solution (PBS) was prepared by mixing the stock
solution of 0.1 M NaH,PO,4 and 0.1 M Na,HPO,4 and adjusting the pH
with 0.1 M HsPO4 or 0.1 M NaOH. Unless otherwise stated, other
reagents were of analytical grade and were used as received.
All aqueous solutions were prepared with double distilled water.

2.2. Apparatus

Electrochemical experiments were performed on a CHI-832
electrochemical workstation (CH Instruments, Shanghai Chenhua
Instrument Corporation, China). A three-electrode cell was employed,
consisting of a glassy carbon electrode (GCE) or a modified GCE as a
working electrode, saturated calomel electrode (SCE) and platinum
sheet respectively as the reference and auxiliary electrode.
All potentials are referred to the SCE. The electrochemical impedance
spectroscopy measurements were performed on a VMP2 multi-
channel potentiostats. Scanning electron microscopy (SEM) images
were determined with a JSM-6701 F field emission scanning electron
microscope (Japanese Electron Optics Company). Transmission elec-
tron microscope (TEM) images were obtained with a JEM 1200EX
transmission electron microscope opened at an accelerating voltage
of 80.0 KV (Japanese Electron Optics Company).

2.3. Synthesis of graphene and PTCA-functionalized graphene sheets

Synthesis of graphene: graphite oxide (GO) was synthesized
from graphite powder by a modified Hummers method. GS were
prepared by the chemical reduction of GO with hydrazine. Typi-
cally, GO (100 mg) was dispersed in 100 mL of deionized water and
the dispersion was sonicated using a KQ-250DE ultrasonic bath
cleaner until it became clear with no visible particulate matter.
Hydrazine monohydrate (1 mL) was then added to the dispersion
and the mixture was heated in an oil bath at 100 °C for 24 h. After
the completion of the reaction, the reduced graphite oxide was
collected by filtration, followed by washing with deionized water
several times to remove excess hydrazine. The final product was
dried in a vacuum oven at 80 °C for 24 h.

Synthesis of PTCA-GS: PTCA-GS was prepared by a simple
synthetic method. Typically, PTCA (7.4 mg) and GO (30.0 mg)
were dispersed in 25.0 mL water and then stirred at 40 °C for
24 h. Subsequently, hydrazine solution (0.5 mL) and ammonia
solution (0.5 mL) were added to the mixture and the reaction
mixture was held at 90 °C for 50 min under vigorous agitation.
Finally, the precipitation was filtered, washed with deionized
water for five times, and dried in a vacuum oven at 25°C.

24. Fabrication of PTCA-GS/MCNTJ/IL, MCNT/IL and PTCA-GS/IL
modified electrodes

Before the modification, GCE (3 mm) were carefully polished
to a mirror with 1.0 pm, 0.3 pm and 0.05 pm alumina slurry
in sequence, rinsed thoroughly with doubly distilled water between
each polishing step, finally sonicated in 1:1 HNOs, 1:1 ethanol, and
doubly distilled water, and dried under a nitrogen stream. And then
the electrode was immersed in 1.0 M H,SO4 and treated by cyclic
voltammetric scanning in the potential range of —1.0 to +1.0V
(vs. saturated calomel electrode, SCE) until a stable CV profile was
obtained. For the preparation of PTCA-GS/MCNT/IL/GCE, MCNT/IL/
GCE and PTCA-GS/IL/GCE, 10 mL of 0.1 mg mL~! PTCA-GS/MCNT
was first mixed with 50 pL of IL and sonicated for 2 h to form a
homogenous mixture. Then, 5 pL of the mixture was dropped on the
pretreated GCE with a microsyringe and dried for 24 h in air before
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use. MCNT/IL/GCE, PTCA-GS/IL/GCE were also fabricated for compar-
ison using similar process just using MCNT and PTCA-graphene
sheets instead of PTCA-GS/MCNT, respectively.

3. Results and discussion

3.1. Characterization of GS, PTCA-GS and PTCA-GS/MCNT/IL
composite film

The morphology of GS, PTCA-GS and PTCA-GS/MCNT/IL com-
posite film was characterized using SEM and TEM. Fig.1A and C

A

shows the surface morphology of GS and PTCA-GS, respectively.
It can be seen that the unfunctionalized graphene sheets tended
to restack with one another, remarkably reducing the useful
surface area. In addition, the lateral size of the nanosheets ranged
from several hundred nanometers to several micrometers in
length. As shown in Fig.1B, graphene sheets exhibited as ultrathin
transparent nanosheets and the transparent sheets were flake-
like with wrinkles. In contrast, the SEM (Fig. 1C) and TEM (Fig. 1D)
images of PTCA-GS show a more uniform surface topography.
Moreover, ultrathin transparent nanosheet of PTCA-GS show
three-dimensional network-like structure. The intergraphene
gaps are clearly less than 1 nm, and this porous structure could

B

Fig. 1. (A) SEM image of graphene sheets, (B) TEM image of graphene sheets, (C) SEM image of PTCA-functionalized graphene sheets, (D) TEM image of PTCA-
functionalized graphene sheets, (E) SEM image of PTCA-GS/MCNT/IL composite film and (F) TEM image of PTCA-GS/MCNT/IL composite film.
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significantly increase the effective electrode surface and facilitate
the diffusion of the analytes into the film. PTCA not only behave
as a modifier of graphene, altering their surface property and
preventing their possible agglomeration, but also act as a linkage
between graphene and the analytes. The SEM and TEM images of
the PTCA-GS/MCNT/IL composite film are shown in Fig.1E and F.
It can be seen that interwoven PCTA-GS and MCNT formed a layer
of well distributed and steady thin film under the high conduc-
tivity of IL. Moreover, a well-packed, highly ordered structure film
of PTCA-GS/MCNT/IL was formed during the drying process of the
PTCA-GS/MCNT/IL suspension mixture. The nanosized composite
film contained a large amount of open graphitic edge planes,
which may facilitate the improvement of the electrochemical
behaviors. Once deposited on the GCE surface, PTCA-GS, MCNT
and IL tended to form a uniform film on the GCE surface. The
uniform surface, along with the high conductivity of PTCA-GS,
MCNT and IL, provided a favorable environment for electroche-
mical tests of biomolecules, such as DA.

3.2. Electrochemical characteristics of the modified electrodes

Electrochemical impedance spectroscopy (EIS) was employed
to monitor the modifying process of electrode. Fig. 2 shows the
typical EIS results of different modified electrodes in 10.0 mM
[Fe(CN)g]> /4~ solution. By fitting the data using an appropriate
equivalent circuit, the charge transfer resistance (R.) of the bare
GCE was obtained as 2937 Q (curve a). After modification with IL,
the R decreased dramatically to 1786 Q (curve b), indicating the
presence of high ionic conductive IL could greatly enhance the
conductivity of the electrode and facilitated the electron transfer
between solution and electrode interface. After IL-modified GCE
was further modified with MCNT (curve c¢) and PTCA-GS (curve d)
respectively, the EIS exhibited very low interfacial R, and the R
values decreased significantly to 556.3 Q and 474.9 Q, which
demonstrated that the PTCA-GS/IL/GCE and MCNT/IL/GCE could
effectively improve the conductivity of the electrode and have
higher electrochemical activity than bare GCE and IL/GCE. While
on the PTCA-GS/MCNT/IL/GCE, a nearly straight line was obtained
with the R value close to zero (curve e), indicating the higher
conductivity. Though the surfaces of PTCA-GS and MCNT have a
quantity of negative change, it cannot totally hinder the diffusion
of high concentration (10 mM) of [Fe(CN)g]>~/#~ towards the
electrode surface. Moreover, these results also indicated that the
PTCA-GS, MCNT and IL were successfully modified on the surface
of GCE and promoted the electrode transfer.
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Fig. 2. Electrochemical impedance spectroscopy for (a) bare GCE, (b) IL/GCE,
(c) MCNT/IL/GCE, (d) PTCA-GS/IL/GCE, (e) PTCA-GS/MCNT/IL/GCE in the solution of
10.0 mM [Fe(CN)s]*>~/4~ and 0.1 M KCl with the frequencies swept from 10° to
0.1 Hz. Inset is the Randles circuit model for the modified electrodes. Rs: solution
resistance; R.: charge-transfer resistance; C: double-layer capacitance; Z,,: War-
bury resistance.

3.3. Electrochemical behavior of DA

The electrochemical behaviors of DA at the bare and modified
electrodes were investigated by cyclic voltammogram (CV) in
0.1 M PBS (pH 5.0) containing 110 uM DA. As shown in Fig. 3A, a
pair of small and unsymmetrical redox peaks appeared on the
bare GCE (curve a) with an anodic peak (Ep,) and a cathodic peak
(Epc) respectively at 0.397 and 0.196 V and peak-to-peak separa-
tion (AEp) was calculated as 201 mV, which indicated that the
direct electron transfer of DA on bare GCE was very slow and
irreversible. However, on the PTCA-GS/MCNT/IL/ GCE (curve d)
appeared a pair of well-defined redox peaks with E,, and Ej.
respectively at 0.229 and 0.288V and AE, was calculated as
59 mV, which indicated that a quasi-reversible electrochemical
reaction of DA took place and the redox reaction was very fast.
The peak current increased for about 2.4-fold larger than that on
the bare GCE. The higher redox currents and more negative
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Fig. 3. (A) The cyclic voltammograms of 110 M DA at the bare GCE (a), MCNT/IL/
GCE (b), PTCA-GS/IL/GCE (c), PTCA-GS/MCNT/IL/GCE (d); Typical cyclic voltammo-
grams of 50 uM DA in the presence of 125 uM AA (B) and in the absence of AA
(C) at the bare GCE (dotted line) and PTCA-GS/MCNT/IL modified electrode
(full line) in 0.1 M PBS (pH 5.0). Scan rate: 60 mV s~ 1.
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oxidation potential suggested that PTCA-GS/MCNT/IL/GCE had a
good electrocatalytic ability to the electrochemical reaction of DA.
The MCNT/IL/GCE (curve b) and PTCA-GS/IL/GCE (curve c) showed
a quite low anodic peak potential at 0.223 V, 0.226 V respectively.
The peak currents increased about 1.33-fold, 1.4-fold larger than
that on the bare GCE. The decrease of overpotential and the
increase of redox peak currents demonstrated that the MCNT/IL
and PTCA-GS/IL modified electrode could facilitate the oxidation
of DA greatly. Compared to bare GCE, MCNT/IL and PTCA-GS/IL
modified electrode, the PTCA-GS/MCNT/IL modified electrode
possessed high conductivity, larger surface areas, uniform struc-
ture, efficient catalytic activity and biocompatibility. The syner-
gistic effect of PTCA-GS, MCNT and IL in the composite film can
facilitate the electron transfer rate and increase the oxidation
signals significantly. The presence of IL not only promoted the
electron transfer but also exhibited excellent electrocatalytic
ability and good anti-fouling ability.

Fig. 3B and C shows cyclic voltammograms for the oxidation of
DA in the presence and absence of AA at the bare and modified
electrode. 50 uM DA and 125puM AA in 0.1 M PBS (pH 5.0)
showed an irreversible broad oxidation peak at 0.465V at the
bare GCE (Fig. 3B(b)). But at the PTCA-GS/MCNT/IL/GCE appeared
well-shaped redox peaks (Fig. 3B(a)) with a remarkable increase
in redox currents and negative shift of oxidation peak poten-
tial(0.309 V). Due to the strong electrostatic repulsion between
AA and PTCA-GS/MCNT/IL composite film, the electrochemical
oxidation of AA was inhibited seriously. Thus, no currents
response could be seen. In absence of AA, similar results were
observed (Fig. 3C). The current responses of DA in the absence and
presence of AA were approximately equal, which indicated that
oxidation of DA took place on the modified electrode without any
interference from AA. The extraordinarily electrocatalytic activity
of the modified electrode may be attributed to the high specific
surface area and excellent electron transfer ability of the PTCA-
GS/MCNT/IL film. Because PTCA and acid-pretreated MCNT intro-
duce more negatively charged (-COOH, -OH) without further
destroying the conjugation of graphene and MCNT. The PTCA-GS/
MCNT/IL composite film can concentrate the DA from solution
due to electrostatic attraction of the positively charged DA and
the negatively charged group. At the same time, the PTCA-GS/
MCNT/IL composite film can block the diffusion of AA by the
electrostatic repulsion of the negatively charged AA and the
negatively charged group. Therefore, the PTCA-GS/MCNT/IL mod-
ified electrode eliminated AA interference and increased the
selectivity and sensitivity. The determination of DA could be
achieved even in the presence of high concentration of AA.

3.4. Optimization of condition

3.4.1. Effect of accumulation potential and time

Accumulation can improve the amount of adsorption of DA at
the electrode and enhance its oxidation signal, which resulted in
an improvement of the sensitivity. Fig. STA shows that the peak
current of DA rapidly increased with increasing accumulation
time and then decreased with the further increase, and the
maximum peak currents was obtained at 60 s. The peak current
of DA at 60s was about 3-times larger than that without
accumulation. Therefore, the accumulation time of 60s was
chosen as the optimum value for further experiments. Fig. S1B
shows the effect of accumulation potential on the CV peak current
of 100 uM DA after 60 s accumulation. The peak current slightly
increased and then decreased as the potentials shifted negatively
from 0.6 to —0.3 V. The maximal peak current was observed at
0.2 V. Therefore, 0.2 V was applied as the optimal accumulation
potential.

3.4.2. Effect of the solution pH

Proton is always involved in the electrochemical reaction of
organic compound and exerts significant impact on the reaction
speed. Therefore, the effect of pH was investigated by CV in 0.1 M
PBS over the range from pH 3.0 to 8.0. Plots of peak current
against pH are shown in Fig. S2A. It is apparent that the highest
peak currents were obtained at pH 5.0, when pH > 5.0 the anodic
and cathodic peak currents decreased with increasing pH. There-
fore, pH 5.0 was chosen for the subsequent analytical experi-
ments. Fig. S2B shows the anodic and cathodic peak potentials
shifted linearly to negative direction with the increasing pH
values from 3.0 to 8.0, suggesting the involvement of proton in
the electrode reactions. The relationship between the anodic and
cathodic peak potentials and the solution pH could be fit to the
equation of E,, (V)= —0.06694 pH+0.5434 (R=0.9924) and E,c
(V)=-0.06551 pH+0.4565 (R=0.9980), respectively. The pH
effect on E,, and E,. demonstrated that the number of electrons
and protons involved in the DA oxidation process was equal.
Therefore, the probable reactions of DA on PTCA-GS/MCNT/IL/GCE
were described as Scheme 1.

3.4.3. Effect of potential scan rate

Fig. S3 shows the CV of PTCA-GS/MCNT/IL/GCE in 0.1 M PBS
(pH 5.0) containing 100 pM DA with scan rate ranging from 30 to
500 mV s~ .. The relation between redox peak currents and the
scan rate predicted a hybrid kinetic process. At lower scan rates
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)
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Scheme 1. Possible reaction process of DA on the electrode



230 X. Niu et al. / Biosensors and Bioelectronics 41 (2013) 225-231

(from 30 to 200 mV s~ '), both the oxidation and reduction peak
currents were linearly proportional to the square root of scan rate.
The regression equations was ip, (HA)=—-4.9364v (mV'/?
s~ 12)-0.9606 and i, (pA)=2.8014v (mV'2s~12)11,0137,
with a correlation coefficient of 0.9961 and 0.9915, respectively.
It suggested that the electrochemical redox behavior of DA at the
PTCA-GS/MCNT/IL/GCE surface was a diffusion-controlled pro-
cess. Whereas at higher scan rates (from 230 to 500 mV s~ 1),
the redox peak currents increased linearly with the increase of
scan rate and the regression equations were ip, (LA)=—0.0111 v
(mVs~1)—12.4036 and i,(nA)=0.0155v (mVs~!)+10.5496,
with a correlation coefficient of 0.9907 and 0.9954, respectively.
It indicated that the electrochemical oxidation of DA was typical
adsorption controlled process. These phenomena suggested that,
at low scan rates, DA can easily permeate through PTCA-GS/
MCNT/IL film to reach the surface of the electrode by diffusion
only. However, at high scan rates, there was not enough time for
diffusion of DA through the PTCA-GS/MCNT/IL film, and the
electrochemical oxidation process was an absorption behavior.
It could be concluded that the reaction occurs not only at the
outer surface of electrode but also at reactive sites within the
adsorbed assembly.

3.5. Selective determination of DA in the presence of AA and UA

The differential pulse voltammetry (DPV) was used for the
determination of DA in the presence of 500 pM AA and 330 pM UA
under the optimum conditions. The voltammograms of solutions
with different concentrations of DA are shown in Fig. 4. The peak
currents were proportional to DA concentration in the range of
0.03 uM-3.82 mM with a detection limit of 1.2 x 10~° M (S/N=3).
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Fig. 4. DPVs for various concentrations of DA in the presence of 500 uM AA in the
range of 0.03 tM-3.82 mM (from a to n) in 0.1 M PBS. Inset: Corresponding linear
calibration curve of peak current vs. DA concentration. Pulse amplitude: 50 mV,
pulse width: 50 ms, pulse period: 0.2 s.

Table 1
Comparison of different modified electrodes for DA determination.

The linear relationship was described as: I (pA)=-6.5501—
0.0150 ¢ (uM) (R=0.9982, RSD=1.15, N=13)

A comparison of the PTCA-GS/MCNT/IL modified electrode
with other reported modified electrodes for DA detection in the
presence of AA is listed in Table 1. It can be seen that the proposed
method was fairly sensitive and has a large linear range and low
detection limit.

3.6. Stability and reproducibility of the modified electrode

The stability of the modified electrode was evaluated. After
two-week storage at 4 °C, 97.5% of the initial current signal was
obtained and after four-week storage, 95.2% signal remained,
indicating that the prepared electrode had excellent long-term
stability. Meanwhile, the reproducibility of this modified elec-
trode was investigated and the relative standard deviation (RSD)
of the sensor response to 0.78 mM DA was 2.69% for fifteen
successive measurements. When five modified electrodes from
the same fabrication procedure were prepared and used for the
determination of DA solution, and the RSD was 3.9%. These results
indicated that the biosensor had good detecting and fabrication
reproducibility, and excellent long-term stability.

3.7. Analytical applications

In order to evaluate the validity of the proposed method, the
modified electrode was applied to determine DA in Dopamine
Hydrochloride Injection (10 mg mL~!). The sample was diluted
10-times with double distilled water and then appropriate
amounts of the sample were transferred to an electrolytic cell
for the determination using DPV. The analytical results are shown
in Table S1. It can be seen that DA in the sample could be
satisfactorily detected with a recovery of 97.8%-103.5%, and the
RSD (n=5) was less than 3.0%.

4. Conclusions

A novel and simple strategy for the sensitive detection of DA at
PTCA-GS/MCNT/IL modified electrode was presented in this paper.
The experimental results demonstrated that the PTCA-GS/MCNT/IL
modified electrode exhibited excellent electrocatalytic activity
towards the oxidation of DA with good sensitivity, wide linear
range and low detection limit. Meanwhile, the proposed method
was successfully applied to the determination of DA in Dopamine
Hydrochloride Injection with satisfactory results. Functionalized
graphene may offer a promising platform for developing highly
sensitive and stable electrochemical biosensors.

Electrodes pH Linear range (M) Detection Limit (M) Reference
Boron-doped CNT/GCE* 7 2.0x1078-75%x10"° 1.4x107° Deng et al. (2009)
MCNT-IL-Gel /GCE 7 1.0x107%-1.0x 1074 1.0x 107 Zhao et al. (2005)
GS/DMF/GCE 7.4 40x1075-1.0x10°* 2.64x10°° Kim et al. (2010)
GS/CS/GCE 7 50x1076-2.0x 10 - Wang et al. (2009)
MCNT-poly(DBA)/GCE 74 1.0x1077-7.0x 1075 1.0x 108 Zhou et al. (2010)
EDTA-GS/Nafion/GCE 7.2 20x1077-25x107° 1.0x10°8 Hou et al. (2010)
PTCA-GS/MCNT/IL/GCE 5 3.0x1078-3.8x 103 12x107° Present work

* GCE: glassy carbon electrode; CNTs: carbon nanotubes; MCNTs: multi-wall carbon nanotubes; IL: ion liquids; GS: graphene sheets; DMP:
dimethyl formamide; CS: chitosan; poly(DBA): poly(3,5-dihydroxy benzoic acid); PTCA-GS: 3,4,9,10-perylene tetracarboxylic acid functionalized

graphene sheets.
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