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Abstract
A series of three-dimensional copper oxide (CuO) inverse opals anchored with carboxylated graphene quantum dots (CuO/
cGQDs) have been fabricated for non-enzymatic tracking of dopamine (DA). Heterostructures composed of various building 
blocks are promising to construct versatile biosensing platforms. The optimal CuO/cGQDs modified electrode demonstrates 
sensitivities of 243.45 μA mM−1 cm−2 (50 nM–1888.5 μM) with the practical detection limit as low as 0.5 nM in mimic 
physiological environment (at + 0.45 V vs. Ag/AgCl). The extraordinary tolerance to various interferents enables the practical 
detection of intracellular DA amount in human neural cells. On this basis, the proposed biosensor attains precise evaluation 
of antipsychotic drug effects on stimulated DA release. Particularly, it successfully spots fluctuation of DA in plasma and 
cerebrospinal fluid in murine model of Parkinson’s disease, which serves as a crucial tool to understand neuropathology and 
symptomatology of DA-related diseases. This study developed a reliable sensing platform and is expected to be applied to 
physiological and pathological studies.
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Introduction

Dopamine (DA) is a common catecholamine neurotrans-
mitter of optimum significance for regulating physiologi-
cal operation of central and peripheral nervous systems 
[1]. However, DA dysfunction is allied with occurrence of 
diverse neurological diseases like Parkinson’s disease (PD), 
senile dementia, epilepsy, schizophrenia and euphoria, etc. 
[2]. Moreover, DA detection is greatly hampered by the 
ultralow concentration in biofluid along with interference 
from co-existed ascorbic acid (AA) and uric acid (UA) [3]. 
Therefore, the rapid and precise determination and tracking 

fluctuating level of DA is of significance and desirable in 
fundamental pathophysiological research as well as in bio-
medical diagnosis and therapeutics.

For decades, it has been deeply investigated to monitor 
DA concentration by numerous approaches such as lumines-
cent approach, mass spectroscopy, and fluorescent strategy. 
However, these methods are expensive and they require com-
plicated preparation, specialized equipment, and time-con-
suming analysis [4]. Nowadays, electrochemical techniques 
take prevalence on account of their unparalleled merits 
including low cost, high efficiency, time-saving fabrica-
tion, and long-term recognition, which suit the detection of 
neurotransmitters perfectly [5]. Specially, DA can take few 
efforts to electrochemically realize direct oxidation or reduc-
tion at low potentials owing to the redox-active property 
[6]. Currently, most electrochemical biosensors investigate 
the sensing feasibility by testing human serum spiked with 
DA or neural cells (secreted DA upon K+ stimulation). Both 
methods are imperative to demonstrate brilliant DA monitor-
ing capability even in complex and dynamic environment. 
However, the DA determination in real pathological sam-
ples for DA-related diseases is rarely implemented, thus 
lack of the direct evidence to learn about neurological pro-
cesses of DA-related diseases in real complex pathological 
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environment. Recently, animal model of DA-related diseases 
is constructed as more intuitional tool to learn about symp-
tomatology and neuropathology of PD from the behavioral 
state and biofluid sample [7, 8]. Nevertheless, more biosen-
sors are still needed to investigate correlation between DA 
level fluctuations and specific behavioral activities in terms 
of real pathological model, which will definitely pave the 
way for recognition and long-term monitor of DA-related 
diseases.

In this regard, considerable amounts of efforts should be 
made to propose brilliant electrochemical monitoring strate-
gies for determining DA in biofluids with time-saving manu-
facturing, excellent sensitivity, and good selectivity. Transi-
tion metal oxides (TMOs) are promising candidate in terms 
of stable structure, electrocatalytic nature, and extraordinary 
sensitivity [9]. Among these semiconductor materials, cop-
per oxide (CuO), a simple p-type semiconductor, has been 
intensively investigated in DA determination owing to ade-
quate catalytic active sites as well as good electrochemical 
redox capability. However, the poor electron shuttling capa-
bility and weak interaction between analyte and interface 
oppose great restrictions to the biological feasibility for elec-
trochemical determination of CuO based DA sensor. In order 
to enhance the performance of CuO-based sensors, morphol-
ogy modulation and heterostructure construction are two 
general approaches. Morphology modulation contributes to 
vast specific surface area along with higher interaction rate, 
while heterostructure construction works on enhancing the 
catalytic capabilities of the electrocatalyst [10]. As for mor-
phology modulation, three-dimensional inverse opal (3DIO) 
suits perfectly to monitoring target analyte due to its high 
porosity, interconnected skeleton, and abundant active sites. 
However, when faced the complex background with trace 
DA concentration in biological environment, novel nanoma-
terial with extraordinary electroactive property and supreme 
affinity capability towards DA should be proposed.

As integrating the advantages of graphene and carbon 
quantum dots simultaneously, the superior conductivity 
of graphene quantum dots (GQDs) can greatly accelerate 
the electron transfer to facilitate the whole electrocatalytic 
process [11]. Moreover, beyond superior biocompatibil-
ity and stability of the GQDs compared with other QDs, 
such as PbS and CdS, the specific π–π stacking interactions 
between DA and graphene make it suitable candidate for DA 
sensing [12, 13]. Until now, Aoun’s group has developed 
an electrochemical DA sensor modified by nitrogen-doped 
GQDs–chitosan (CS) nanocomposite, which attained excel-
lent sensitivity of 418 µA mM−1 cm−2 [14]. Huang’s group 
has constructed an ultrasensitive electrochemical DA sensor 
with modification of GQDs/multiwalled carbon nanotubes 
composite, possessing an ultralow detection limit of 0.87 
Nm [15]. With addition of GQDs, all these biosensors attain 
good electrochemical monitoring capacity, originating from 

its fabulous affinity towards DA and high carrier mobility. 
Nonetheless, combination of GQDs and CuO has not been 
investigated for the electrochemical determination of DA in 
living cell or biofluid samples.

In this work, as shown in Scheme 1, carboxylated GQDs 
(cGQDs) were anchored onto 3DIO CuO to construct a bril-
liant electrochemical sensor for accurate and real-time detec-
tion of DA in artificial biofluid, stimulated neural cells and 
even real pathological sample from animal model. The 3DIO 
CuO was chosen for its electrochemical redox capability and 
abundant active sites in porous structure, which served as 
biomarker recognizing part. The cGQDs was selected for 
its good conductivity, biocompatibility, and high affinity 
towards DA (carboxyl-amino and π-π stacking interactions); 
these properties could well compensate the shortcomings 
of CuO in DA detection. What’s important, the negatively 
charged (the zeta potential was approximately − 10.47 mV) 
CuO/cGQDs tended to interact with positively charged 
DA through electrostatic attraction, rather than negatively 
charged AA and UA which may cause negative repulsion. 
Together with the specific recognition of DA via carboxyl 
from cGQDs and amino from DA, the selectivity issues 
could be effectively enhanced. Due to superior biocompat-
ibility, it successfully recognized fluctuation for DA efflux 
from PC12 cells upon K stimulation with and without pre-
treatment of antipsychotic drug (haloperidol). Ultimately, 
animal model of PD was constructed to investigate the fea-
sibility for the biosensor to monitor DA fluctuation, which 
illustrated neurological processes of DA-related diseases in 
real complex pathological environment. The present study 
demonstrated promising potential for precise determination 
of DA for diagnosis and treatment on account of various 
DA-related neurological diseases.

Results and discussion

Characterization of CuO/cGQDs samples

The morphologies and microstructure of CuO/cGQDs were 
characterized by SEM and TEM measurements. As shown 
in Fig. 1A, the 3DIO CuO samples presented a long-range 
and well-ordered inverse opal structure, which was attrib-
uted to the ordered structure of the PMMA sphere templates 
(Fig. 1B) by self-assembly. Moreover, the average diame-
ters (450 nm) of the original PMMA sphere templates were 
larger than the void opal size (300 nm) of the 3DIO CuO 
scaffold, which indicated size shrinkage owing to calcina-
tion. The TEM image in Fig. 1C showed the inheritance of 
the typical porous morphology of 3DIO CuO samples even 
after being scraped from the glass. Figure 1D showed that 
the cGQDs were uniform small round dots with a relatively 
limited size in range of 1–2 nm. The image of CuO/cGQDs 
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nanohybrid was displayed in Fig. 1E and the selected area 
was amplified for a clearer presentation (Fig. 1F) owing to 
the rather small size of cGQDs. Accordingly, the porous 
structure of CuO and tiny dot of cGQDs were simultane-
ously spotted, which confirmed the successful fabrication of 
the CuO/cGQDs heterostructure. Furthermore, for HRTEM 
image in Fig. 1G–H, lattice fringes of 0.232 nm (111) and 
0.250 nm (002) respectively corresponded with the crys-
tallographic planes of CuO and cGQDs. Both interplanar 
spacings could be observed in the Fig. 1I, which provided 
solid proof for the assembly of CuO and cGQDs. All above 
analysis indicated that cGQDs were homogeneously intro-
duced onto the 3DIO CuO skeleton via electrostatic adsorp-
tion. Therefore, adequate surface area along with acceler-
ated electron transfer process was achieved by such unique 
nanostructure, which in turn led to enhancement of electro-
catalytic capability for sensitive electrochemical detection 
of DA.

Crystal phases of CuO/cGQDs composites were further 
examined by XRD patterns. As plotted in Fig. 2A, the (002) 
and (111) planes of cubic CuO (JCPDS#80-1917) were 
illustrated by two characteristic peaks situated at 35.2° and 
38.3° respectively. As for cGQDs (JCPDS#04-0784), the 
typical refraction peak at 26.3° was well indexed to the (002) 
planes and the peak centered at 13.7° was assigned to the 
additional functional groups of carboxyl [16]. Notably, in the 
XRD patterns for CuO/cGQDs, distinct diffraction peaks for 
cGQDs were extremely weak due to extremely low diffrac-
tion intensity and little cGQDs ratio [17]. In short, the XRD 

results mentioned above further demonstrated the successful 
integration of target cGQDs and CuO.

Raman spectroscopy is an important technology for iden-
tification of graphene [18]. In Fig. 2B, the Ag and Bg vibra-
tion modes of CuO were manifested by the Raman peaks 
centered at 270, 318, and 615 cm−1, which were simultane-
ously spotted in distinct spectrum of CuO and CuO/cGQDs 
nanohybrid [19]. Meanwhile, the peaks of D and G modes 
situated at 1392 and 1617 cm−1 were attributed to disordered 
sp3 defects and the sp2 C-C bond of carbon materials, which 
were spotted in the spectra of both cGQDs and CuO/cGQDs 
nanocomposite. However, the ID/IG ratio of CuO/cGQDs 
(1.02) was smaller than that of cGQDs (1.08), indicating the 
reduction of defects. This provided the target analyte with a 
smooth pathway and therefore enhanced catalytic activity of 
fabricated nanohybrids [20]. Moreover, compared with pris-
tine CuO and cGQDs, the change in position and intensity 
of characteristic peaks demonstrated successful formation 
of heterostructure rather than a simple physical mixture of 
CuO and cGQDs.

The vibrational modes of as-prepared CuO/cGQDs 
composites were further investigated by the FTIR depicted 
in Fig.  2C. Considering CuO sample, the unique band 
(503 cm−1) matched well with Cu-O elastic vibration [21]. 
To enhance adsorption capacity for cationic 3DIO CuO 
towards anionic cGQDs, CTAB (a cationic detergent) was 
introduced to provide cationic functional group for modifi-
cation of 3DIO CuO [22]. As for CTAB, the deformation 
of -CH2- and -CH3 groups was illustrated by the distinct 

Scheme 1   Schematic image of 
synthesis and sensing mecha-
nisms of the CuO/cGQDs nano-
composite. The Cu2+ precursor 
infiltrated PMMA templates 
was calcinated to attain 3DIO 
CuO, which was then modified 
by CTAB and integrated with 
cGQDs by mixing in solution 
sequentially. The detailed pro-
cess for decoration of electrode: 
the CuO/cGQDs nanohybrid 
and CS were coated onto the 
GCE/SPE step by step. The 
electrooxidation mechanism: 
DA was oxidized to DOQ by 
Cu(III), who turned to Cu(II)
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bands centered at 1478 cm−1; moreover, N-CH3 symmetric 
stretching vibrations (2846 cm−1) and C-CH2 asymmetric 
stretching (2910 cm−1) were spotted as well in the incor-
porated surfactants [23]. In the spectrum of cGQDs, the 
broad peak in spectrum of cGQDs at the range of 3200 to 
3600 cm−1 revealed the presence of different OH groups. 
Vibration of C–O was manifested by distinct bands at around 
1195 and 1397 cm−1; meanwhile, stretching of the C = C and 

C = O bonds was demonstrated through the characteristic 
bands centered at 1562 and 1723 cm−1, respectively [24]. In 
terms of CuO/cGQDs nanocomposite, characteristic bands 
for pristine CuO and cGQDs were presented in the spec-
trum, elucidating the successful assembly of such distinctive 
hybrid structure. Moreover, after the intergration of CuO 
and cGQDs, the shift for peak of C = O stretching vibra-
tion (1723 cm−1 to 1718 cm−1) confirmed that the periphery 

Fig. 1   Morphological characterization of CuO/cGQDs composites: 
(A, B) Typical SEM images of (A) PMMA and (B) 3DIO CuO; (C–
F) TEM images and (G–I) corresponding HRTEM images of (C, G) 

CuO, (D, H) cGQDs, and (E, F, I) CuO/cGQDs nanocomposite. The 
selected area in (E) is magnified as (F)
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carboxylic groups of the cGQDs had been converted into 
carboxylate groups. This analysis demonstrated that the 
interfacial interaction of CuO and cGQDs was achieved via 
Cu-O bonds [25].

XPS analysis explores the valance state and composition 
for surface elements of the material. In Figure S1, Br 3d 
peak (78 eV), C 1 s peak (284 eV), O 1 s peak (533 eV), 
and Cu 2p peak (941 eV) were included in the whole XPS 
spectra of CuO/cGQDs composite, further confirming 
the co-existence of CTAB modified CuO and cGQDs. As 
Fig. 2D presented, the main peaks for Cu 2p3/2 (933.6 eV) 
and Cu2p1/2 (953.7 eV) existed simultaneously in the char-
acteristic Cu 2p spectrum of CuO and its nanohybrid. Fur-
thermore, the typical shake-up satellite peaks appeared at the 
binding energy of 942.4 and 962.4 eV were assigned to Cu 
2p3/2 and Cu 2p1/2, respectively. Compared with the pristine 
CuO, the characteristic Cu 2p peak shifted towards lower 
binding energy side in its nanohybrid, which was assigned 
to the interfacial interaction between CuO and cGQDs. 
According to previous literature, there were three compo-
nents in the XPS spectrum of O 1 s (Fig. 2E): lattice oxygen 
(OCu), deficient oxygen (Ov), and adsorbed oxygen (Oads) 
species, with corresponding peak centered at 529.7, 531.3, 
and 534.1 eV, respectively [26]. Due to diverse and complex 
chemical surrounding of O, binding energy and proportion 
of each distinct peak changed to some extent in the CuO/

cGQDs composite. Especially the variation of corresponding 
Ov contents ([Ov/(Ov + OCu + Oads)] area ratios), which were 
calculated to be 37.1% and 53.0% for CuO and CuO/cGQDs 
species, demonstrating that the fabricated nanocomposite 
obtained more surface oxygen vacancies [10]. In this way, 
electron mediator-oxygen vacancies were enhanced and the 
charge transfer was accelerated, contributing to improved 
electrocatalytic capability and brilliant electrochemical 
sensing performance [27]. Finally, Fig. 2F showed the C 1 s 
spectra of CuO/cGQDs nanohybrid along with the pristine 
cGQDs sample to verify the existence of diverse functional 
groups. Integration of sp2 and sp3 carbons (C = C and C–C) 
was manifested by the peak centered at 285.2 eV, attributing 
to the graphitic structure of cGQDs. Moreover, the decon-
voluted peaks centered at 286.3 and 289.3 eV verified the 
presence of C–O and C = O bonds, respectively [28]. Inter-
estingly, in the CuO/cGQDs nanohybrid, the distinct peaks 
of C 1 s presented an apparent shift to lower binding energy, 
demonstrating decrease of electron density according to pre-
vious literature [29]. In such process, electrons were shut-
tled smoothly and rapidly from cGQDs to CuO through 
the interface and thus the whole electrocatalytic activity of 
CuO were accelerated. All above results demonstrated the 
successful formation of CuO/cGQDs heterostructure with 
a strong interaction and the inner theoretical elucidation of 
the improved redox and electron transfer capability.

Fig. 2   Surface properties of CuO/cGQDs nanocomposite compared 
to those of pristine CuO and/or cGQD samples: (A) XRD patterns, 
(B) Raman spectrum, and (C) FTIR patterns of CuO, cGQDs and 

CuO/cGQDs. (D–F) High-resolution XPS spectra of (D) Cu 2p, (E) 
O 1 s, and (F) C 1 s
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Electrochemical behavior investigation

Initially, electrochemical performance of the CuO/cGQDs 
nanocomposite was explored by cyclic voltammograms 
(CVs). As depicted in Fig. 3A, the CuO/cGQDs decorated 
electrodes attained higher current response compared with 
electrodes modified by pristine CuO or cGQDs even in the 
PBS. After injection of DA, higher current and apparent 
redox peaks were spotted in CV curves of all electrodes, 
especially CuO and CuO/cGQDs decorated electrodes owing 
to good redox capability of CuO. Moreover, electrodes 

coated with CuO/cGQDs nanocomposite obtained the 
highest oxidative and reductive current due to superior 
electron mobility of cGQDs. Taking this into account, CS/
CuO/cGQDs/GCE was applied as working electrodes for 
subsequent measurements to evaluate the electrocatalytic 
property of nanohybrid. Subsequently, optimization for the 
sensing performance was implemented by modulating the 
concentration ratio of CuO and cGQDs (Fig. 3B). When 
one portion of cGQDs attached on four portions of CuO, 
the peak current reached the maximum, indicating that the 
biosensor attained optimum synergistic effect towards DA 

Fig. 3   Electrocatalytic characters of the decorated electrodes: (A) CV 
curves of various electrodes with and without DA, respectively (bare 
CuO, bare cGQDs and CuO/cGQDs coated GCE). (B) CV curves of 
electrodes with different CuO/cGQDs ratios. CV tests were operated 
in 0.01  M PBS containing 0.5  mM DA. (C) EIS curves of various 
electrodes (bare GCE, CS coated, CuO coated, cGQDs coated, and 
CuO/cGQDs coated GCE) in 5  mM [Fe(CN)6]−3/−4 (1:1) + 0.1  M 
KCl; (D) Amperometric response towards increasing DA concentra-
tion for bare CuO, bare cGQDs and CuO/cGQDs coated GCE; (E) 
Calibration plots for exact current versus increasing DA concen-

trations according to (D); (F) LOD investigation by amperometric 
response towards subsequent additions of 0.1  nM DA for CS/CuO/
cGQDs/GCE; (G) Amperometric response towards different concen-
trations of DA for CS/CuO/cGQDs/GCE; (H) Calibration plots for 
exact current versus increasing DA concentrations according to (G); 
(I) Selectivity investigation by amperometric response of CS/CuO/
cGQDs/GCE towards 0.01  mM DA along with 0.1  mM interfer-
ing elements, all amperometric response were tested in 0.01 M PBS 
at + 0.45 V vs. Ag/AgCl
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oxidation. The result elucidated the dominant role of CuO 
in the process of DA oxidation. Moreover, higher portions 
of CuO in such system promoted the electrocatalytic activity 
via higher affinity and recognition capabilities, which was 
in consistence with previous literature [30]. Meanwhile, as 
an auxiliary role, cGQDs could improve interfacial reac-
tion rate through π–π stacking interactions between DA and 
cGQDs as well as accelerated electron mobility, lubricat-
ing the electrochemical sensing for DA determination [12]. 
However, overdense packing of cGQDs may in turn increase 
the resistance of charge transfer and consequently hamper 
the interactions between sensing material and the target mol-
ecules. As a result, CuO and cGQDs at the mass ratio of 4:1 
was deemed as the best ratio and applied in the further elec-
trochemical research towards DA determination. Figure S3A 
presented the CV curves of the sensor towards detection of 
DA at various concentrations. As the concentration of DA 
increased from 200 to 500 μM, the oxidation peak current 
enhanced gradually and a well-defined anode peak was situ-
ated roughly at + 0.45 V vs. Ag/AgCl. The results indicated 
that CuO/cGQDs nanohybrid was a suitable candidate for 
the sensitive determination of DA.

According to a previous study [31], it could be extrap-
olated that two electrons and protons were produced and 
flowed towards the conduction area of the sensor base during 
the electrochemical oxidation of DA. Therefore, the fabri-
cated electrodes obtained enhanced anodic peak current, as 
illustrated in Scheme 2.

Briefly, conversion from DA to dopamine-o-quinone 
(DOQ) was in accordance with valence change of Cu 
(from Cu(III) to Cu(II)). Moreover, owing to the follow-
ing reasons, greatly electroactive process occurred on the 
interface of the CuO/cGQDs modified electrode. First, 
CuO presented favorable electrochemical redox capabil-
ity for catalytic activity; meanwhile, the continuous 3DIO 
structure provided vast surface area, which lubricated the 
diffusion of target analyte and thus fully interacted with 
sensitive materials. Second, the analysis for the XPS spectra 

of O 1 s confirmed that the CuO/cGQDs nanocomposite 
attained more deficient oxygen on the interface, which 
enhanced electron mediator-oxygen vacancies. In this way, 
the accelerated charge transfer led to improving electro-
catalytic capability and therefore obtained improved elec-
trochemical sensing performance [27]. Third, besides fast 
shuttling capability, the cGQDs endowed the nanocompos-
ite with high affinity and recognizing capability owing to 
the π–π stacking interactions between DA and graphene 
as well as connection between carboxyl form cGQDs and 
amino from DA [12]. Ultimately, integration of CuO and 
cGQDs produced numerous heterojunctions at the interface, 
which performed as catalytically active layer and electron 
transport booster to yield robust and smooth oxidation for 
DA towards DOQ. As a result, accurate and ultrasensitive 
determination of DA was achieved with promising potential 
for biological application.

CV experiments at different scan rates were implemented 
to explore the inner kinetics of the electrochemical oxidation 
of DA on the surface of the CuO/cGQDs/GCE. As the Fig-
ure S3B demonstrated, with the scan rate increasing, gradu-
ally increased oxidation peak current was spotted and the 
oxidative peak potential centered away from 0.45 V vs. Ag/
AgCl further. Moreover, as presented in the Figure S3C, the 
current density of oxidation and reduction peak was directly 
proportional to square root of scan rate with the correlation 
coefficients (R2) value of 0.9900 and 0.9986 for the rela-
tionship, which indicated that diffusion mechanism suited 
perfectly for the DA oxidation during the electrochemical 
sensing process. Such controlled approach contributed to 
accelerated electron transfer activity, which was conducive 
to the electrochemical determination of DA.

Subsequently, the electrochemical impedance spectros-
copy (EIS) technique worked as clear illustration for inter-
face characteristics of various electrodes. The Nyquist plots 
of various materials modified GCE in surrounding contain-
ing [Fe(CN)6]3−/4− were presented in Fig. 3C. The Nyquist 
plot was composed only of a straight line and semi-circle 

Scheme 2   The electrooxidation 
mechanism: DA was oxidized 
to DOQ by Cu(III), who turned 
to Cu(II)
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in the low and high frequencies domain, respectively. The 
straight line indicated fast charge-transfer kinetics and 
slower mass transfer. The higher frequencies semicircle 
diameter correlated closely to electron transfer limitation 
(Rct), which depended on charge-transfer resistance. Moreo-
ver, to determine the actual Rct value for every plots, a sim-
ple equivalent circuit was applied as measurement model 
in the inset of Fig. 3C. The solution resistance (Rs), charge 
transfer resistance (Rct), and double layer capacitance (Cdl) 
were clearly revealed in such circuitry. An obviously linear 
plot was attained using bare GCE (63.8 Ω) due to brilliant 
electrical conductivity. After coated with CS, the diameter 
of the semicircular plot increased obviously (1.1 kΩ) owing 
to high electron-transfer resistance of CS. Furthermore, the 
Rct values decreased as following: CuO/GCE (262.3 Ω), 
cGQDs/GCE (150.4 Ω), and CuO/cGQDs/GCE (83.5 Ω), 
indicating that CuO/cGQDs nanocomposite may exhibit 
superior electrochemical performance for vast electrode 
surface area along with accelerated charge transport.

Amperometric measurements were further operated to 
investigate the catalytic performance of CuO/cGQDs modi-
fied electrodes. To begin with, the working potential was set 
as 0.45 V vs. Ag/AgCl since the oxidative current reached 
anode peak at 0.45 V vs. Ag/AgCl in CV curve of the pre-
pared CuO/cGQDs/GCE (purple curve in Fig. 3A). There-
fore, the chronoamperometry tests for modified electrodes 
were implemented in PBS containing increasing DA amount 
at + 0.45 V vs. Ag/AgCl (Fig. 3D). The correlated calibra-
tion plots were illustrated in Fig. 3E and the related data 
were calculated and summarized in Table S1, which exhib-
ited essential sensing parameters (sensitivity, linear range 
and so on) of the current electrodes. According to curves and 
table above, it was intuitional and reasonable to make com-
parison of sensing performance for pristine CuO, pristine 
cGQDs, and CuO/cGQDs nanocomposite. The amperomet-
ric response of bare GCE and its calibration plot were also 
recorded as presented in Figure S4A&B, which convinced 
that the nanocomposite coated one attained better sensing 
performance. In consistence with the result in CVs (Fig. 3A), 
CuO/cGQDs nanocomposite attained enhanced monitoring 
effect compared to pristine CuO and cGQDs, owing that 
the heterostructure presented good synergistic capability for 
recognizing and shuttling activity. Moreover, according to 
Fig. 3E, the CuO/cGQDs modified sensor showed excellent 
sensitivity of 243.45 µA mM−1 cm−2 along with the theoreti-
cal detection limit of 6.9 nM (signal-to-noise ratio (S/N) = 3) 
in the broad linear range of 0.05–1888.5 μM. Specifically, a 
practical low LOD of 0.5 nM was attained by amperomet-
ric measurement, as visualized in Fig. 3F , indicating the 
excellent electrocatalytic ability of the prepared sensor. To 
continue, the modified electrodes possessed excellent preci-
sion owing that addition of same amount DA in another way 
made no significant difference in linear range and sensitivity 

(Fig. 3G, H and Figure S4C, D). Meanwhile, several pre-
vious typical DA biosensors were outlined to evaluate the 
exact monitoring performance of the CuO/cGQDs modified 
electrode in this work. As shown in Fig. 4 and Table S2, the 
supposed biosensor was prominent for its good sensitivity, 
comparable linearity range, and a relatively lower LOD [6, 
32–38], which indicated the excellent electrocatalytic activ-
ity towards DA along with enhanced electrical conductivity 
of such heterostructure. Furthermore, this investigation defi-
nitely lay solid foundation for its promising implementation 
in real-time DA determination, especially for neurological 
diseases with abnormal DA fluctuation.

Specificity, repeatability and stability were necessary 
parameters for implementing the DA sensor during bio-
medical studies. The selectivity of the prepared sensor 
was evaluated by amperometry test operated in PBS with 
the successive additions of DA and some commonly coex-
isted interferences such as hydrogen peroxide (H2O2), glu-
cose (Glu), sucrose (Suc), L-DOPA, acetylcholine (Ach), 
epinephrine (EP), AA, and UA. As Fig. 3I suggested, the 
sensor possessed good specificity as DA obtained a sig-
nificant current response compared with other biological 
compounds at the implemented potential. It might be elu-
cidated that the negatively charged (the zeta potential was 
approximately − 10.47 mV) CuO/cGQDs tended to interact 
with positively charged DA through electrostatic attraction 
rather than negatively charged AA and UA which may cause 
negative repulsion. Moreover, the cGQDs may account a lot 
for recognition of DA via interaction between carboxyl from 
cGQDs and amino from DA, which also explained the better 
affinity to DA than other neurotransmitters such as L-DOPA, 
Ach, and EP. Next, the repeatability test was operated by 
applying a single CuO/cGQDs modified electrode for five 

Fig. 4   Sensing performance comparison for the fabricated sensor: the 
LOD and linear range of previous electrochemical DA sensors com-
paring with the CuO/cGQDs based sensor
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times to monitor 100 μM of DA in PBS solution (0.01 M) 
and attained relative standard deviation (RSD) of 0.84% 
(Figure S5A). The same operation was implemented on five 
electrodes to evaluate the reproducibility, which gained RSD 
of 1.04% (Figure S5B). Note that there was no presence 
of carryover effects on account that the sensor performed 
nearly instantaneous response to changing DA concentra-
tion and maintained activity after several operational times 
(Figure S5C). As for reversibility evaluation, the electrode 
was put in 100 μM and 5 μM DA solutions alternately (each 
internal was 30 min), during which the current response 
displayed reversible changes even after five cycles (Fig-
ure S5D). Eventually, the operational stability was evalu-
ated by attaining the continuous current response to 100 μM 
DA for 10 h, indicating an average variation of 10% as the 
Figure S6A presented. Furthermore, the response to 100 μM 
of DA (5 weeks) was constantly recorded to assess the stor-
age stability of the prepared sensor. The CuO/cGQDs modi-
fied electrodes attained an RSD of 1.08% and the current 
response maintained as high as 97.2% level after 5 weeks 
(Figure S6B). All characteristic sensing capacity investiga-
tions above confirmed that such electrochemical biosensor 
suited perfectly to detection of DA in biological samples.

Feasibility investigation

The sensing operation at biofluid and cellular level was con-
ducted to confirm the practicability for DA determination. 
Initially, feasibility for DA detection was tested in a more 
complicated surrounding like artificial blood, FBS, and arti-
ficial urine. In such particular environment including diverse 
proteins and ions, it was a challenge for the biosensor to 
monitor DA accurately. Before measurement, dilution was 
implemented for the artificial biofluid and subsequently it 
was spiked with three different concentrations of DA. Inter-
estingly, the sensor conducted brilliant response to different 
amount of DA, which matched well with the actual addi-
tion with the recovery of 100.1–101.6%, 99.8–102.0%, and 
99.6–101.3% for artificial blood, FBS, and artificial urine 
respectively (Table S3-S5). These explorations demonstrated 
the promising clinical feasibility of the CuO/cGQDs modi-
fied sensor for detecting DA at abnormal level in biological 
fluids, particularly in blood and urine. Furthermore, such 
anti-interference capability provided promising feasibil-
ity for conversion to point-of-care treatment (POCT) plat-
form, which was prominent in future medical research and 
application.

Recognizing fluctuation of DA at cellular level was 
imperative on account that abnormal DA level was allied 
with occurrence of several neurological diseases like Par-
kinson’s disease and euphoria. Moreover, according to pre-
vious record, potassium ions (K+) fluctuation in the central 
nervous system would lead to secretion of DA, contributing 

to neurological disorders [39]. Therefore, for the exquisite 
illustration of dopaminergic neurotransmission, it was rea-
sonable to track the K+-induced DA efflux of neural cells 
such as PC12 cells. As shown in Fig. 5A, as the extracellular 
K+ levels increased, the cell membrane would depolarize 
and Ca2+ channels would open, which in turn elevated the 
intracellular Ca2+ level and therefore evoked the efflux of 
DA [40]. Moreover, calcium channel antagonist (CdI2) was 
applied to pretreat the PC12 cells to confirm the significant 
role of Ca2+ channel during K+-stimulated secretion of DA. 
As shown in Fig. 5B, the voltage-dependent calcium chan-
nels (VDCC, a special transporting channel modulated by 
change of membrane potential) were blocked by CdI2 and 
therefore the conduction and exocytosis of DA was impeded. 
The real-time measurement was implemented in PBS under 
gently stirring. As demonstrated in Fig. 5D, no fathomable 
signal was attained from PC12 cells without inducement of 
K+ at the working potential. After K+ was injected continu-
ously, amperometric current significantly increased, indicat-
ing the exocytosis of DA from PC12 cells. Furthermore, the 
little decrement in current response after initial two injec-
tions of K+ might be elucidated by decreased DA vesicle. 
Ultimately, with K+ inducement after CdI2 pretreatment, the 
cells generated nearly no obvious current signal, verifying 
the involvement of Ca2+ channel for DA efflux after the K+ 
inducement.

On account that the abnormal levels of DA in neural 
cells were correlated with neurological diseases, dopamin-
ergic drugs had been emphasized as optimum therapeutic 
methods. As for schizophrenia, the dominant treatment was 
performed by antipsychotic drugs, which modulated dopa-
minergic functions by impeding DA receptor activities and 
thus limiting K+-evoked DA secretion. As shown in Fig. 5C, 
haloperidol (D2 receptors antagonist), once it binded to D2 
receptor (D2R) on a plasma membrane, the conduction 
of DA and exocytosis of DA were hampered [41]. In this 
regard, haloperidol (0–10 μM) were initially incubated with 
PC12 cells and K+ (50 mM) was applied subsequently. As 
displayed in Fig. 5E, the level of DA release decreased with 
the increasing amount of haloperidol, indicating that antip-
sychotic drugs may inhibit intracellular DA secretion from 
PC12 cells. The results convinced that haloperidol was able 
to affect the intracellular DA level, which was in consistence 
with the previous report [42]. Therefore, the sensor success-
fully evaluated the efficacy of antipsychotic drugs upon DA 
secretion, which could provide brilliant assessing protocol 
for management of DA-related diseases.

Subsequently, the biocompatibility of CuO/cGQDs nano-
composite was explored by culturing PC12 cells with media 
containing the nanohybrid. As presented in Figure S7, there 
was no significant changes in microscopic structure after 
pretreatment with CuO/cGQDs. Moreover, CCK-8 assay 
was subsequently implemented to verify the cytotoxicity of 
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the nanohybrid. Figure 5F demonstrated the survival rate 
after CuO/cGQDs were added to culture solution of PC12 
cells for 24 h. With CuO/cGQDs concentration increased 
(0.025–0.1 mg mL−1), cells viability was decreased from 
98.5 to 85.3%. These results confirmed the good biocompat-
ibility of the nanosystem of CuO/cGQDs and the promising 
practicability of the supposed biosensor for DA detection 
at a cellular level. Moreover, this indicated the possibility 
to apply such nanocomposite for in situ sensing of DA with 
little cell toxicity.

The occurrence of PD and its treatment were in consist-
ency with DA fluctuation. Thus, animal models of PD were 
used to understand dopaminergic neurotransmission of PD 
and investigate the monitoring feasibility of such DA bio-
sensor. Reserpine was utilized to construct PD model owing 
to its inhibitory effect on vesicular monoamine transporter, 
which consequently causes decreased vesicular DA stores in 
the striatum [43]. Afterwards, co-administration of L-DOPA 
and benserazide was implemented to alleviate the symptoms 
of PD (including akinesia, rigidity, etc.) temporarily. Fig-
ure 6A clearly plotted the whole process of animal study and 
Figure S8 presented the image for CSF collection from the 
citerna magna using micropipette. In this experiment, after 
injection of reserpine, the mice demonstrated characteristic 
behavioral state such as tremor and bradykinesia, which was 

not spotted in the normal group. However, such symptoms 
disappeared when the mice were treated with L-DOPA and 
benserazide. Then the changing DA level in plasma and 
CSF was monitored by CuO/cGQDs modified SPE instead 
of GCE owing to low volume testing fluid. In this regard, 
the sensing performance of CuO/cGQDs modified SPE was 
first investigated in PBS, as Figure S9 illustrated, the CV 
plot verified that the supposed composite possessed brilliant 
redox capability and the oxidative peak situated at 0.35 V, 
which was chosen as the working potential for following 
chronoamperometry tests. Figure S10 exhibited chrono-
amperograms along with correlated calibration plots for the 
exactly modified electrode with the excellent sensitivity of 
7450 (0.1–1 nM) and 390 (1–500 nM) μA mM−1. On this 
basis, the variation of DA level in the prepared plasma sam-
ple was spotted as shown in Fig. 6B, the reserpine induce-
ment led to a clear decrease and L-DOPA/benserazide treat-
ment latter contributed to an increment in the current signal, 
respectively. The similar condition happened to investigation 
of CSF samples except a little higher current response for all 
groups (Fig. 6C). The current intensity difference of plasma 
and CSF might be assigned to the exact physiological func-
tion of CSF in nervous systems, which enabled the enrich-
ment of neurotransmitter such as DA. Hence, this sensor 
could spot DA fluctuation in biofluid such as plasma and 

Fig. 5   Feasibility investigation for neural cell using the modified 
electrodes. (A) Scheme for mechanism of K+-induced DA secretion 
from PC12 cell (open Ca2+ channels). (B) Scheme for the mechanism 
of CdI2-hampered DA secretion of PC12 cell (block VDCC and then 
impede DA exocytosis). (C) Scheme for the mechanism of haloperi-
dol-influenced DA secretion of PC12 cell (bind to D2R and impede 
DA exocytosis). (D) Efficacy investigation of K+ and CdI2 for DA 

efflux of PC12 cells in 0.01 M PBS. The control group was not pre-
treated with K+ and CdI2. (E) Efficacy investigation of haloperidol for 
DA efflux of PC12 cells. The control group was not pretreated with 
haloperidol. (F) Biocompatibility investigation of CuO/cGQDs nano-
composite: cell viability was measured for PC12 cells pretreated with 
and without CuO/cGQDs

Microchim Acta (2022) 189:382382   Page 10 of 13



1 3

CSF, showing brilliant potential in recognition and long-
term monitor of DA-related diseases.

Conclusion

In this work, a facile homogeneous CuO/cGQDs based elec-
trochemical biosensor was developed for DA determination 
in artificial biofluid, stimulated neural cells and even real 
pathological sample from animal model. The adopted 3DIO 
structure with continuous microstructure provided vast sur-
face area; meanwhile, the QDs with superior conductivity 
accelerated the electron transfer. As a result, the target ana-
lyte diffused rapidly and contacted with the sensing materi-
als easily, contributing to brilliant electrocatalytic capability 
and splendid detecting performance. The prepared biosen-
sor could distinguish DA in neutral environment containing 
as low concentration as 0.05 nM DA and in existence of 
interferences (AA, UA, H2O2, Glu, and Suc), demonstrat-
ing excellent sensitivity and selectivity of our method. The 
obtained sensor successfully achieved detection of DA from 
complex matrix such as artificial blood, FBS, and artificial 
urine, avoiding troublesome sample preparation as other 
sensing method. Moreover, it also did well in real-time 

and in-situ determination DA efflux from PC12 upon K+ 
stimulation, which provided smart strategy for diagnosis of 
DA-related neurological disorders. In this regard, we further 
investigated the efficacy of antipsychotic drugs using the 
prepared sensor and found that the expression of intracel-
lular DA dropped as the drug concentration increased. In 
this way, the biosensor could be implemented as evaluation 
tool for management of psychiatric diseases. Ultimately, as 
an intuitional tool to learn about symptomatology and neuro-
pathology of DA-related diseases, animal model of PD was 
constructed to investigate the feasibility for the biosensor 
to monitor DA fluctuation in plasma and CSF. All in all, 
this study put forward insightful protocol for the physiologi-
cal and pathological study as well as clinical diagnosis and 
treatment correlated to various neurological and psychiatric 
diseases.
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Fig. 6   Feasibility investigation for animal model using the modi-
fied electrodes: (A) Scheme for animal study model of PD: ① the 
normal group, ② the only reserpine induced group, ③ the reserpine 
induced group following with treatment of L-DOPA and benserazide. 
The blood and CSF of each group were collected for electrochemi-

cal measurement. (B) Amperometric response of DA in CSF of the 
control, only reserpine-induced, and reserpine followed by L-DOPA-
treated mice. (C) Amperometric response of DA in plasma of the 
control, only reserpine-induced, and reserpine followed by L-DOPA-
treated mice
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