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A high performance electrochemical biosensor
based on Cu,O-carbon dots for selective and
sensitive determination of dopamine in human
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A green and facile method was developed by synthesizing a cuprous oxide—carbon dots/Nafion

(Cu,O—-CDs/NF) composite film for highly sensitive and reliable determination of dopamine (DA). The

Cu,0O nanoparticles could improve the conductivity of the electrode, while the CDs with carboxyl groups

and the NF with sulfo groups could attract cations via the ion-exchange model and exclude anions by
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the electrostatic action. The proposed biosensor exhibited a low detection limit of 1.1 nM with a wide

linear range of 0.05-45.0 uM and acquired excellent sensitivity and selectivity for DA. Furthermore, the
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1. Introduction

In recent years, nanomaterials have made an important impact on
diverse science, engineering, and commercial sectors due to their
high catalytic activity, low cost, and good stability." Cuprous
oxide (Cu,0), as a p-type semiconductor, has drawn intense
interest in the past decade, not only for its unique properties but
also for its applications in various fields such as gas sensors,® solar
cells,” lithium ion batteries,® catalysis® and so on. As a star type of
material, Cu,O nanomaterials have been continually used as an
ideal material for fabricating electrochemical biosensors due to
their ultrahigh electrocatalysis capacity and surface area effect in
biosensing analysis.’” Due to the ‘zero-dimensional’ feature,
carbon dots (CDs) had become one of the hottest materials in
many fields, such as physics, chemistry, biological imaging and
electronics since their discovery in 2004."™** The advantages of
low toxicity, excellent biocompatibility, high chemical stability
and remarkable conductivity, which make it as a good electrode
material to construct various electrochemical platforms.* What's
more, the CDs also can be used as reducing agents,'>'® which can
directly reduce copper hydroxide to form Cu,0-CDs without
adding other reducers or stabilizers.

Belonging to the family of excitatory chemical neurotrans-
mitters, dopamine (DA) acts as one of the most significant
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Cu,O-CDs/NF/GCE also was applied to determine DA in human serum with satisfactory results and
showed good activity for more than two months.

catecholamines, which plays a pivotal role in the function of
human metabolism, cardiovascular, renal, central nervous and
hormonal systems.””® As known, electrochemical biosensors
have attracted tremendous efforts recently as a novel analytical
tool due to its selectivity, sensitivity, simplicity and rapid
response time.”*”* Due to DA's electrochemical activity, DA
detection is always attracting the intense interest in electroanal-
ysis, such as gold nanoparticles-reduced graphene oxide sheets-
indium tin oxide-coated glass (AuNPs-rGOS-ITO),"” copper
nanoparticles-multi-walled carbon nano-tubes/glassy carbon
electrode (Cu-MWCNT/GCE),"®* WO; nanoparticles," and so on.
In this work, a green and economical composite of Cu,O-CDs/
Nafion (NF) composite was utilized to construct a novel dopa-
mine (DA) biosensor. To the best of our knowledge, electro-
chemical detection of DA utilizing the Cu,O-CDs/NF based
hybrid film has not been published. The Cu,O nanoparticle could
increase surface area of the GCE, the CDs had carboxyl groups
and the NF had sulfo groups, they could attract cations via the
ion-exchange model and exclude anions by the electrostatic
action, which could improve the selectivity in the detection of
DA.**** Therefore, the Cu,O-CDs/NF composite provided an
excellent platform for sensitive, selective and reliable determi-
nation of DA. In addition, the modified electrode was applied to
detect DA content in the human serum with satisfactory results.

2. Experimental
2.1. Reagents and instrumentation

Glucose, ethanol, ascorbic acid, uric acid and dopamine were
purchased from Sinopharm Chemical Reagent Co., Ltd.

This journal is © The Royal Society of Chemistry 2015
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(Shanghai, China). Sodium hydroxide, oleic acid and copper
nitrate were purchased from Xilong Chemical Co., Ltd.
(Guangdong, China). Nafion was purchased from Sigma-Aldrich
Chem. Co. (USA) (5 wt% in mixture of lower aliphatic alcohols
and H,0). All the solutions were prepared with deionized water
(18.2 MQ).

All of electrochemical experiments were performed with CHI
660E electrochemical workstation (Shanghai Chenhua Instru-
ments Co., China). A conventional three-electrode system was
used in all electrochemical experiments, which consist a plat-
inum wire auxiliary electrode, a Ag|AgCl (saturated KCl) refer-
ence electrode and a bare or modified GCE as working
electrode, which. Scanning electron microscope (SEM) imaging
was performed on a S-4800 electron microscope (Hitachi, Ltd.,
Japan). TEM images were measured using a JEM-100CX electron
microscope from JEOL Ltd (Aichi Kariya, Japan). The surface
morphology of the Cu,0-CDs/NF film was characterized using
atomic force microscopy (AFM, CSPM5500, China). All experi-

ments were carried out at room temperature.

2.2. Synthesis of Cu,0-CDs composite and Cu,O-CDs/NF
composite film

The synthesis of CDs were synthesized follow previous report.*
Cu,0-CDs composite were synthesized by adding 100 upL
aqueous solution of Cu(NO3), (1.0 mol L") was added to 200 uL
aqueous solution of NaOH (1.0 mol L™"). After 20 min, 100 uL
CDs solution (8.0 mg mL™ ") was added to the above solution.
Then the mixed solution was kept at 90 °C for 30 min to yield a
stable purple solution of Cu,0-CDs. After that, the Cu,0-CDs/
NF composite film was carried out: 50.0 uL NF was added in
450.0 pL ethanol to forming homogeneous solution. Then
100.0 pL Cu,0-CDs solution was added in Nafion ethanol
solution with vigorous ultrasonication.

3. Results and discussion

3.1. Characterization of CDs, Cu,0-CDs and Cu,0-CDs/
NF/GCE

The TEM image of the CDs was shown in the Fig. 1A. It can be
seen that the sizes of CDs were ranging from 1.0 nm to 5.0 nm.
The Cu,0-CDs (Fig. 1B) was characterized by SEM with the sizes
ranging from 30.0 nm to 70.0 nm. The UV-vis spectrum of CDs
and Cu,O-CDs were shown in the Fig. 1C, the CDs had a strong
absorption band appear at 281 nm and. As known the absorp-
tion band of Cu,0 nanocubes (<100 nm) was range from 450 nm
to 490 nm.>” However, the Cu,O-CDs exhibited two character-
istic absorption peaks at 284 nm and 426 nm, due to the CDs’
impact, the peak of Cu,O had a blue-shift. The XRD (Fig. 1D)
was also showed the nanocompound of Cu,O-CDs were
formed. The XRD data of the three as-synthesized samples were
all in good agreement with those of Cu,O (JCPDS no. 65-3288),
the 5 typical peaks located at 29.70°, 36.41°, 42.25°, 61.27° and
73.54°, which were attributed to the (110), (111), (200), (220) and
(311) planes of cuprous oxide, respectively. No characteristic
peaks arising from Cu or CuO could be observed in the XRD
patterns, indicating that the products obtained via our synthetic
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routes consist of only Cu,O phase. In addition, a broad peak
located at 20.02° which indicated the CDs existed in the nano-
compound.®*® Furthermore, 3D AFM images of the bare GCE,
NF/GCE, CDs/NF/GCE and Cu,O-CDs/NF/GCE were shown in
Fig. 2. Fig. 2A showed that the bare GCE was relatively flat and
smooth with the average roughness of +1.22 nm, while after NF
(Fig. 2B) and CDs/NF (Fig. 2C) modification, the average
roughness increased to +1.73 nm and +2.51 nm, respectively.
However, for Cu,O-CDs/NF/GCE, an average roughness of
+10.42 nm was observed (Fig. 2D). From the AFM results, it was
also obtained that the largest height of Cu,0-CDs/NF/GCE was
determined to be 48.27 nm, which is obviously larger than the
bare GCE (5.25 nm), NF (8.03 nm) and CDs/NF (12.91 nm).
These results demonstrated that Cu,O-CDs/NF had been
anchored on GCE and improved the surface effect of the elec-
trode interface.

3.2. Cyclic voltammetric behavior of DA on the Cu,O-CDs/
NF/GCE

Fig. 3 showed the typical cyclic voltammograms (CVs) of DA on
the bare GCE (a), NF/GCE (b) CDs/NF/GCE (c) and Cu,O-CDs/
NF/GCE in 0.1 mol L™ " pH 7.0 PBS at the scan rate of 0.1 V
s *. Well resolved, defined and more enhanced anode current
peak is observed on Cu,0-CDs/NF/GCE compared to GCE,
NF/GCE, CDs/NF/GCE. The oxidation peak current intensity at
Cu,0-CDs/NF/GCE was increased 3.16 times, 2.08 times,
1.88 times higher than those obtained at GCE, NF/GCE and
CDs/NF/GCE, respectively. A possible reaction mechanism of
Cu,0-CDs/NF/GCE with DA was discussed that the Cu,O
nanoparticle could make the surface of the electrode more
conductive, the CDs had carboxyl groups and NF had sulfo
groups which could make it have good stability for sensitive and
selective determination of DA.

3.3. Effects of pH and scan rate on DA detection at
Cu,0-CDs/NF/GCE

The effect of the pH of PBS on dopamine detection at
Cu,0-CDs/NF/GCE was examined by CVs, and the results were
shown in Fig. 4A. The results showed that the oxidation peak
currents of DA first increased as the pH increase from 5.0 to 7.0,
and then decreased as pH further increased from 7.0 to 9.0. The
oxidation peak current reached a maximum at pH = 7.0.
Therefore, the pH = 7.0 was used in the experiments to achieve
the highest sensitivity. At the same time, the oxidation peak
potential shifted negatively with the increase of pH value,
indicating that protons involved in the electrode reaction. A
good linear relationship between Ep, and pH was established by
fitting with a linear regression equation as Ep, (V) = —0.0574pH
+0.722(R* = —0.997, n = 5). The slope value of —57.4 mV per pH
showed that the electron transfer was accompanied by an equal
number of protons.?®

In order to further investigate the electrochemical behavior
of DA at the Cu,O-CDs/NF/GCE, Fig. 4B presents CVs of DA in
0.1 M PBS (pH 7.0) at the Cu,0O-CDs/NF/GCE at different scan
rate. The redox peak currents increases monotonically as scan
rate increases. Both of the anodic and cathodic peak currents
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Fig.1 (A) TEM image of CDs (B) SEM image of Cu,O-CDs, (C) the UV-vis spectra for CDs (a) and Cu,O—-CDs composites (b), (D) XRD pattern for

the obtained Cu,O-CDs.

follow a linear relationship with the scan rate in a range from
0.05 to 0.5 Vs~ ' (Fig. 4C), for anodic peak currents was Ip, (LA)
= —12.124v — 2.943 (R* = 0.997, n = 5). For cathodic peak
current was Ip. (1A) = 7.983v — 0.771 (R* = 0.995, n = 5). This
implied that the electrochemical oxidation of DA at the

Cu,0-CDs/Nafion/GCE was a surface-controlled process, but
not a diffusion-controlled process. In addition, the influence of
scan rate on the peak potential was also investigated by CVs. As
shown in the Fig. 4D, the anodic and cathodic peak currents
peak potential followed a linear relationship with the logarithm

Fig. 2 3D AFM images of bare GCE (A), NF/GCE (B), CDs/NF/GCE (C) and Cu,O-CDs/NF/GCE (D).
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Fig. 3 CVs of 0.1 mM DA recorded on bare GCE, NF/GCE, CDs/NF/
GCE and Cu,O-CDs/NF/GCE in the pH 7.0 phosphate buffer solution
(scan rate: 0.1V s™%).

of scan rate. The regression equations were Ej, (V) = 0.0442 log v
+0.357 (R* = 0.995, n = 5) and Ep. (V) = —0.0291 log v + 0.0367
(R* = 0.997, n = 5), respectively. The relationship between the
potential and scan rate could be described as following equations
by Laviron.*

/ 2.3RT
Epa—EO +m logl/ (1)
. 2.3RT
Ep=E' — =°"" logv @)
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RT
log ks = aclog(1 — ) + (1 — a)log a — log ~Fv

(I — a)anFAE,

- 23RT (3)

where a was the electron transfer coefficient, n was the number
of transfer electron, ks was the standard heterogeneous rate
constant, R, T and F had their usual significance. After making
computations: a = 0.603, n = 2.32, ks = 1.48 s~ . The value of k,
was bigger than some reported values,* indicating a fast elec-
tron transfer reaction on the Cu,O-CDs/NF/GCE.

3.4. Interference effect

As known that the oxidation peak potentials for ascorbic acid
(AA), uric acid (UA) and DA were very close to each other on a
bare GCE, hence, it was difficult to separate these compounds
due to their overlapping signals.*® Now, the problem could be
eliminated in this study. Using the Cu,O-CDs/NF/GCE as the
working electrode, the CDs had carboxyl groups and the NF had
sulfo groups could prevent anionic AA and UA from reaching
the electrode surface, which was in its anionic form at the
working electrode surface in the pH 7.0 phosphate buffer
solution, both AA (acidity coefficient, pK, = 4.10) and UA (pK, =
5.75) were negatively charged, but DA (pK, = 8.89) was positively
charged at physiological pH = 7.0.** As shown in Fig. 5, it could
be concluded that the presence of AA and UA did not interfere in
the DA determination.

Furthermore, other influences from common co-existing
substances were also investigated. When the relative error

Fig.4 (A) The relationship of the £, and I, against pH (scanrate: 0.1V s71); (B) CV of 0.1 mM DA on Cu,O—-CDs/NF/GCE in the pH 7.0 phosphate
buffer solution at various scan rates (a—j: 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0.45, 0.50 V' s™%); (C) the relationships of /,, and /pc with v (D)

the relationships of £, and Eg. with log v.

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 The anode current peak (A) and zeta-potential (B) of 0.1 mM DA with the different concentrations of AA and UA: 0 mM (a), 10.0 mM (b),

50.0 mM (c) and 80.0 mM (d).

Fig. 6
tionship of the I, with the concentration of DA.

(E;) exceeded 5%, each matter was considered as an inter-
fering agent. It was found that most ions and common
substances at high concentration only caused negligible
change: Na*, K*, NO; ™, Cl~, SO,>~ (>200 fold), Ca®*, Zn>*, (100
fold), lysine, cysteine and glucose (60 fold), the results indi-
cated the Cu,O-CDs/NF/GCE exhibited good selectivity for DA
detection.

(A) DPVs of DA with increasing concentration (from a to l: 0.05, 1.0, 5.0, 10.0, 15.0, 20.0, 25.0, 30.0, 35.0, 40.0, 45.0 uM). (B) The rela-

3.5. Calibration curve

The calibration curve of DA on Cu,O-CDs/NF/GCE was inves-
tigated by differential pulse voltammetrys (DPVs) (Fig. 6A). It
was found that under optimal experimental conditions the peak
current increases with DA concentration, and the oxidation
peak current (I,,) has a good linear relationship with DA
concentration in the range of 0.05-45.0 uM. As shown in Fig. 6B,

Table 1 Comparison of the analytical performances on different modified electrodes

Electrode Linear range (uM) Detection limit (nM) References
Fe;0, nanoparticle-decorated reduced graphene oxide 0.02-5.80 6.5 32
Nitrogen-doped carbon nanofiber 1.0-200 500 33
N-doped carbon quantum dots 0-1000 1.0 34

Gold nanoparticles/over-oxidized polypyrrole nanotube 0.025-2.5 10 35
Multiwalled carbon nanotubes/electroactive amphiphilic copolymer 0.5-20, 200-1000 200 36
micelles

Three-dimensional nitrogen-doped graphene 3.0-100 1.0 37

Gold nanoparticles/tryptophan-functionalized graphene nanocomposite 0.5-411 56 38
Magnetite nanorods/graphene 0.01-100.55 7.0 39

WO; nanoparticles 0.1-600 24 19
Cu,O-CDs/NF 0.05-45.0 1.1 This work
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Table 2 Results of determination of DA in human serum (n = 5)

Human serum  Spiked (uM) Found (uM) Recovery (%) RSD (%)
Sample 1 5.0 5.33 106.6 3.6
Sample 2 10.0 10.96 109.6 3.2
Sample 3 15.0 14.93 99.5 1.9
Sample 4 20.0 18.88 94.4 2.8
Sample 5 25.0 25.32 101.3 2.4

the linear regression equation was described as I, (nA) =
—0.0773Cps — 2.301(R* = 0.998, n = 5), giving a detection limit
of 1.1 nM (S/N = 3). The detection limit was calculated as
1.1 nM, lower than some previous reports (Table 1) which had
been published on RSC Advances and other published in
2015,%% indicating that Cu,O-CDs/NF/GCE had good
sensitivity. The stability of the Cu,0-CDs/NF/GCE was also
examined, the Cu,0-CDs/NF/GCE was put into a vacuum
drying oven at 25 °C, after one week the amperometric
responses 99.2% remained against its initial value, 96.5% one
month later and 91.3% two months later. The intra- and inter-
assay measurements had been also done, and all the experi-
mental errors was under 2%, which indicated the reproduc-
ibility for the preparation of electrodes was satisfactory. The
excellent characteristics demonstrated the feasibility of its
practical application.

3.6. Sample analysis

In order to evaluate the applicability of the proposed method to
the determination of DA in real samples, the utility of the
developed method was tested by determining DA in human
serum (the sample preparation and adequate dilution steps as
described earlier).* The results were summarized in Table 2.
The recovery rates of the samples ranged between 99.4% and
103.8%, which indicated that the presence of AA, UA and some
other substances, such as glucose and sodium chloride did not
interfere with the determination of DA. Therefore, the proposed
method could be effectively used for the direct determination of
DA in real samples.

4. Conclusions

In this study, we have demonstrated a simple combustion
method to prepare Cu,O-CDs with remarkable conductivity by
using CDs directly reduce copper hydroxide. Then it was used as
working electrode for sensitive and selective determination of
DA with the detection limit of 2.2 nM, which are superior to
those measured for other metal oxide nanoparticles based
working electrode. Due to high yield and efficiency of this
method, it may potentially be applied on the scale of industrial
production. At the same time, the Cu,O-CDs/NF/GCE also was
applied to the detection of DA content in human serum with
satisfactory results, and the biosensor could keep its activity for
at least two months.
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