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A B S T R A C T

A simple and efficient strategy was developed to fabricate CuO nanoparticles (CuO-NPs) with high surface area
by the direct pyrolysis of a metal-organic gel (MOG) precursor for constructing versatile catalytic interfaces.
Unexpectedly, the obtained CuO-NPs exhibited excellent electrocatalytic activity for glucose (Glu) oxidation
reaction. The linear range of glucose was from 5 μM to 600 with the detection limit of 0.59 μM. Additionally, the
CuO-NPs showed distinguished intrinsic peroxidase-mimicking activities, which can be further used as biomi-
metic nanozymes for sensitively and rapidly detecting cholesterol. A good linearity of cholesterol was performed
in the range from 1 μM to 15 μM with the detection limit of 0.43 μM. The as-prepared CuO-NPs could provide a
versatile catalytic platform for the application of electrochemical sensors and biomimetic enzyme catalytic
systems. This study proved the high potential of MOG-derived nanostructured transition metal oxides (TMOs)
with multiple complex functions.

1. Introduction

Substantial research efforts are directed toward the utilization of
nanomaterials in catalytic systems(Brahman et al., 2016; Chen et al.,
2018a; Hu et al., 2017b; Huang et al., 2017; Muench et al., 2017; Reddy
et al., 2018; Song et al., 2019; Suresh et al., 2018; Zheng et al., 2018).
However, to the best of our knowledge, nanomaterials with collective
catalytic properties such as high electrocatalytic activity and enzyme-
mimicking activities have rarely been reported. Among these available
nanocatalysts, transition metal oxides (TMOs) have received much at-
tention in the field of catalysis owing to their higher exposed metal
active sites(Chen, et al., 2018b; Ling et al., 2018; Natalio et al., 2012;
Tanaka et al., 2018; Xu et al., 2019). Copper oxide (CuO), an important
member of the TMOs family, is considered as a promising catalytic
material owing to its abundant active sites, chemical stability, low-cost
and environmental benignity(Ko et al., 2012; Poizot et al., 2000; Wang
et al., 2011). To date, different CuO nanomaterials fabricated by var-
ious methods including microwave synthesis (Foroughi et al., 2017;
Zheng et al., 2016), thermal oxidation (Guo et al., 2012; Huang et al.,

2014), templated synthesis (Yang et al., 2016), chemical etching
(Huang et al., 2015) have been reported to be used as electrocatalysts or
nanozymes. However, the unsatisfactory catalytic activities or the
complex synthesis of CuO nanomaterials limits their further applica-
tions in different fields. Clearly, it is still highly desirable to develop a
simple, efficient and cost-effective strategy for fabricating porous CuO
nanomaterials with the versatile catalytic properties of high electro-
catalytic activity and enzyme mimicking.

Metal-organic gel (MOG) is an emerging smart soft material that is
rapidly straightforwardly self-assembled from metal ions and organic
ligands through metal-ligand interactions and intermolecular forces(He
et al., 2018; Tam and Yam, 2013; Wu et al., 2019a). MOG have been an
increasing interest in the fields of separation (Jayaramulu et al., 2017;
Karan and Bhattacharjee, 2016), sensing (Li et al., 2018; Lin et al.,
2016), catalysis (He et al., 2017, 2018), drug delivery (Li et al., 2010;
Tan et al., 2016) and light-emitting diodes (Kamtekar et al., 2010; Sun
et al., 2006) due to their intrinsic and desirable characteristics of por-
osity, large surface area, low molecular weight and high thermal sta-
bility(Wang et al., 2017). More interestingly, other than their direct

https://doi.org/10.1016/j.bios.2019.111704
Received 25 June 2019; Received in revised form 22 August 2019; Accepted 13 September 2019

∗ Corresponding author.
∗∗ Corresponding author.
E-mail addresses: chengzhi@swu.edu.cn (C.Z. Huang), liyf@swu.edu.cn (Y.F. Li).

Biosensors and Bioelectronics 145 (2019) 111704

Available online 14 September 2019
0956-5663/ © 2019 Elsevier B.V. All rights reserved.

T



use, MOG have been recently employed as a novel attractive precursor
for the preparation of different nanomaterials. For instance, FexOy/ni-
trogen-doped carbon films derived from Fe-based MOG for enhanced
lithium storage(Yang et al., 2018). The carbonization of Cr-based MOG
in an inert atmosphere to produce nitrogen-doped porous carbon ma-
terial could be used for small biomolecular sensing(Shih et al., 2017).
Magnetic porous carbon was efficiently remove organic dyes by using
Fe-based MOG as a template(Wang et al., 2016). Nevertheless, despite
the above progress and achievements, nanostructured TMOs with high
surface area derived from MOG has rarely been reported. Therefore, it
is highly possible to prepare CuO nanostructures by using MOG as a
precursor due to its facile synthesis and the desirable characteristics of
large specific surface areas, porosities, stability and ultrahigh metallic
dispersion.

Herein, a simple and efficient stratege was developed to synthesize
CuO nanoparticles (CuO-NPs) with high surface area as a versatile
catalytic nanomaterial by thermal decomposition of Cu-based metal-
organic gel (Cu-MOG) precursor. As shown in Scheme 1, the CuO-NPs
showed high electrocatalytic activity for glucose (Glu) oxidation and
distinguished peroxidase-like catalytic activities. The versatile catalytic
functions of CuO-NPs could provide a promising platform for devel-
oping a bioanalysis and sensing system. Moreover, the strategy for the
utilization of MOG as a novel and potential precursor to prepare CuO
nanostructures with high surface area provided new promising appli-
cations of the rapidly growing MOG family.

2. Experimental

2.1. Synthesis of CuO-NPs

Firstly, Cu-MOG was synthesized rapidly by a one-step mixing
method. Briefly, 0.02 M CuSO4·5H2O and 1,3,5-tris(4,-carboxyphenyl)
(H3BTB) were mixed in an equal volume. Then blue gel was appeared
quickly. The as-obtained Cu-MOG was further freeze-dried to com-
pletely remove solvents. Subsequently, the dried Cu-MOG was heated to
500 °C for 1 h with a ramp of 2 °C min−1 in air. Finally, the color of the
final product changed from blue to black.

2.2. Electrochemical experiments for Glu detection

Firstly, glassy_carbon_electrode (GCE) were polished with 0.05 μm
alumina powder and washed in ethanol and H2O under ultrasound
conditions, respectively. Next, 7.0 μL of 1.0 mg mL−1 dispersion of
CuO-NPs aqueous solution was cast on the GCE (CuO-NPs/GCE) and
dried at room temperature. Cyclic voltammetry (CV) was measured in

0.1 M NaOH electrolyte at a scan rate of 50 mV s −1. To study the
change of electrocatalytic current with Glu concentration, the current-
time response of the CuO-NPs to successively add 100 μM Glu in 0.1 M
NaOH was investigated at an operating voltage of 0.55 V. The se-
lectivity for Glu oxidation were also performed under optimal experi-
mental conditions.

2.3. Biomimetic enzyme catalytic activity for detecting cholesterol

Stock solution of cholesterol (1 mM) was prepared in anhydrous
ethanol. In a typical method, 50 μL of 1.145 U·mL−1 cholesterol oxidase
(ChOx) were added to 0.1 mL different concentration of cholesterol
diluted with phosphate buffered saline (PBS, 0.5 mM, pH 7.4). Then the
mixture solution incubated at 37 °C for 1 h in the dark. Next, 100 μL of
Na2HPO4 buffer solution (20 mM, pH 4.0), 50 μL of CuO-NPs
(1 mg mL−1) solution, 100 μL of TMB (10 mM), and 600 μL deionized
water were mixed. Finally, the absorbance spectra was recorded after
incubating the mixture solution at 70 °C for 20 min.

2.4. Detection of glu and cholesterol in serum samples

Initially, the human blood acquired from healthy volunteers was
first treated by spin dialysis at 10000 rpm for 30 min. For the detection
of Glu in human serum, the current-time response of 100 μL of human
serum or a mixture of certain amount of Glu (1 mM, 2 mM and 4 mM) in
20 mL of 0.1 M NaOH solution at 0.55V was recorded. While detecting
cholesterol in human serum, the serum sample was diluted 50-fold with
0.5 mM PBS solution and adding cholesterol with different concentra-
tions (2 μM, 4 μM and 6 μM), which was incubated with ChOx for 1 h at
37°C. The subsequent procedures are consistent with the mentioned
above procedures for cholesterol detection.

3. Results and discussion

3.1. Characterization

Thermogravimetric (TG) analysis (Fig. S1) suggested that Cu-MOG
lost weight seriously at about 400 °C and had almost no more weight
loss with increasing temperature. From which it can be inferred that the
simultaneous formation of stable and pure CuO-NPs at temperatures
above 400 °C. Furthermore, scanning electron microscope (SEM)
images of Cu-MOG calcined at different temperatures in air indicated
that Cu-MOG precursor converted to CuO-NPs at 500 °C (Fig. S2a∼d).
The as-prepared Cu-MOG showed entangled fibrillar nature (Fig. S2a).
After the pyrolysis, SEM was used to reveal the morphological changes
of the Cu-MOG at different calcination temperatures for 1 h under air
condition. In the first temperature gradient of 300 °C, it was found that
the pyrolysis of Cu-MOG was not complete from its remaining fibrous
structure (Fig. S2b). When the temperature heated to 400 °C, it showed
that tiny nanoparticles formed nanofibers by ‘‘head-to-head’’ connec-
tion from the SEM image (Fig. S2c). Most of CuO-NPs had an average
size of ∼45 nm after calcined at 500 °C (Fig. S2d). Additionally, the
obtained CuO-NPs product had almost no mass loss from 25 °C to
900 °C, which also indicated that Cu-MOG was completely transformed
into CuO (Fig. S1).

X-ray diffraction (XRD) pattern of the final product showed that all
reflections in the 2θ range of 20–80°, are consistent with a pure CuO
polycrystalline phase (PDF 45–0937) (Fig. 1a). The high crystalline
structure of CuO-NPs was inferred from the strong and sharp peaks. In
addition, a significant amount of Cu and O species were determined by
X-ray photoelectron spectrometry (XPS) (Fig. S3a). The high-resolution
Cu 2p spectrum of CuO-NPs signaled with Cu 2p3/2 and Cu 2p1/2 peaks
at 934 and 954 eV, respectively (Fig. 1b). Moreover, the energy dif-
ference was ∼20 eV between the peaks of Cu 2p3/2 and Cu 2p1/2, in
agreement with the characteristics of CuO(Hu et al., 2017a; Martin
et al., 2013). Moreover, two strong shake-up peaks were observed at

Scheme 1. (a) The fabrication of the CuO-NPs. (b) Electrocatalytic activity and
(c) enzyme-mimicking activities of the CuO-NPs.
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higher binding energies than the main peaks, indicating the presence of
unfilled Cu 3 d9 shell, which was further confirmed the formation of
CuO(Liang et al., 2019; Sedighi et al., 2019).

The morphologies of CuO-NPs was characterized by SEM, trans-
mission electron microscope (TEM) and high-resolution TEM (HRTEM).
Solid spherical crystals were formed on a large scale, which showed the
transformation from nanofibrous Cu-MOG to nano-sized CuO-NPs after
the calcination route (Fig. 1c∼f). The d-spacings of the lattice fringes
were measured to be 0.275 and 0.252 nm, corresponding well to the
(−110) and (002) reflections of CuO from the lattice resolved HRTEM
image (Fig. 1g). The corresponding selected area electron diffraction
(SAED) pattern (Fig. 1h) showed multiple diffraction rings, which also
indicated the polycrystalline structure of CuO-NPs. Energy dispersive
spectroscopy (EDS) analysis (Fig. S3b) and elemental mapping analysis
(Fig. 1i) further confirmed that only Cu and O species were contained
and distributed homogenously across the entire architecture. The pre-
sence of Ni was due to the Ni grid support used in the EDS measure-
ment. The surface area and porous structures of CuO-NPs was in-
vestigated by nitrogen adsorption–desorption isotherm. It can be

classified as typical type IV curves with a hysteresis loop extending
within the high relative pressure range of 0.8–1.0, generally ascribed to
the mesoporous structure (Fig. S4).(Chen et al., 2012; Wang et al.,
2018) The average pore diameter was ∼2.5 nm, which was revealed by
the Barrett-Joyner-Halenda (BJH) method (inset). Furthermore, the
CuO-NPs exhibited a high Brunauer-Emmett-Teller (BET) surface area
of 20.16 m2 g−1 and a high pore volume of 0.11 cm3 g−1, which was
much higher than the reported CuO nanostructures (Hu et al., 2013;
Xiao et al., 2016; Yuan et al., 2012; Zeng et al., 2018; Zhang et al.,
2015).

3.2. Electrochemical performance

The electrocatalytic behavior of CuO-NPs towards Glu oxidation
was evaluated. As the concentration of Glu increased, the anodic cur-
rents were gradually enhanced (Fig. 2a), corresponding to irreversible
Glu oxidation, which demonstrated the significant electrocatalytic ac-
tivity of CuO-NPs to Glu. Glu oxidation appeared in the range of
0.30–0.70 V, which was ascribed to the conversion of Cu (II) to Cu (III)

Fig. 1. (a) XRD pattern, (b) high-resolution Cu 2p spectra of CuO-NPs. Morphology and structural characterization of CuO-NPs: (c, d) SEM images, (e, f) TEM images,
(g) HRTEM image, (h) SAED pattern and (i) EDS mapping images.
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(Ling et al., 2018; Wu et al., 2010). The CuO/CuOOH redox couple is
formed by the oxidation of CuO to CuOOH, which can catalyze the
oxidation of Glu(Dong et al., 2015; Ling et al., 2018). The catalytic
process was as follows for Glu oxidation.

CuO + OH− → CuOOH +e− (1)

CuOOH +e− + glucose → CuO + OH− + gluconolactone (2)

The electrochemical performances of the different electrodes were
also compared by CV in the absence and presence of Glu (Fig. S5a). It
was obvious that one stable and strong oxidation peak occurred in the
presence of Glu for CuO-NPs/GCE, which demonstrated that the cata-
lytic oxidation of Glu mainly resulted from the active site of CuO.
Furthermore, the conductive properties of CuO-NPs was evaluated by
the electrochemical impedance spectroscopy (EIS) (Fig. S5b). It was
obvious that the charge transfer resistance (Rct) of CuO-NPs/GCE was
lower than that of GCE and MOG, implying the good conductive
properties of CuO-NPs.

Prior to nonenzymatic Glu sensing, the optimum working potential
was investigated by the successive addition of Glu at various potentials
from 0.45 V to 0.65 V (Fig. S6a), which indicated that 0.55 V was sui-
table for detecting Glu. As observed, the current-time response of the
CuO-NPs to successively add Glu (Fig. 2b). Moreover, the electro-
catalytic current was good linear to the Glu concentration from 5 μM to
600 μM with the equation I (μA) = 0.3633 + 0.0776C (μM),
R2 = 0.9983. The detection limit was 0.59 μm at S/N = 3 (Fig. 2c) with
a sensitivity of 1098.37 μA mM−1 cm−2. The new electrochemical
sensor had significant sensitivity and lower detection limits compared
with most previously reported sensors for nonenzymatic detection of
Glu (Table 1).

Amperometric selectivity for detecting Glu was evaluated by the
addition of other interfering species including ascorbic acid (AA), do-
pamine (DA), uric acid (UA) and fructose, mannitose, galactose and

cholesterol. The current responses of Glu showed notable increase,
whereas these interfering species produced a minimal current response
(Fig. 2d). The observations suggested the excellent sensitivity and se-
lectivity of CuO-NPs to electrocatalytic oxidation of Glu. A good sta-
bility of the as-prepared CuO-NPs for Glu detection was demonstrated
(Fig. S6b). Additionally, to confirm its feasibility for practical applica-
tions, we investigated the spiked recoveries of Glu by adding a certain
amount of standard solution of Glu to the serum samples. Table S1
showed the corresponding recovery values recovery of 96–107%, de-
monstrating that the method was suitable for detecting Glu in human
serum samples.

3.3. Peroxidase-mimetic activity of CuO-NPs

Development of biomimetic enzymes mimicking the native enzyme
attracts growing interest(Lin et al., 2018; Liu et al., 2012; Wu et al.,
2019b; Yao et al., 2018). To test the catalytic activity CuO-NPs as en-
zyme mimics, we researched the enzyme-mimicking catalytic activity of
CuO-NPs in the TMB-H2O2 system. The as-synthesized CuO-NPs dis-
played obvious absorbance for the oxidation of TMB in the presence
H2O2, while other control groups showed a weak absorbance peak (Fig.
S7). This result demonstrated that CuO-NPs displayed excellent perox-
idase-mimetic catalytic activity. Therefore, we suggest that the CuO-
NPs–TMB–H2O2 system could be applied as colorimetric assay platform
for analyzing the substrates of H2O2-generating oxidases, such as cho-
lesterol. Prior to analyze cholesterol, the experimental conditions, in-
cluding reaction time, pH, temperature, CuO-NPs concetrations and the
dose of ChOx (1.145 U·mL−1) were optimized (Fig. S8a∼e). Under the
optimal assay conditions, the standard curve for cholesterol was con-
structed within the concentration range from within the wide range of
1 μM–15 μM with the detection limit of 0.43 μM (S/N = 3)
(ΔI = 0.00706C+ 0.01218, R2 = 0.994; ΔI is the change of absorbance

Fig. 2. (a) CV of the CuO-NPs/GCE with different concentrations of Glu. (b) Current–time response of the CuO-NPs/GCE to continuous additions of various amounts
of Glu. (c) Electrocatalytic current vs. different concentration of Glu. (d) Amperometric response of CuO-NPs/GCE with addition of 100 μM of Glu, 5 μM of the
following interfering species (AA, DA, UA, fructose, mannitose, galactose and cholesterol), and 100 μM Glu.
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value and C is the cholesterol concentration, μM) (Fig. 3a). The pro-
posed cholesterol sensor based on the CuO-NPs compared favorably to
the behaviors of most reported assays (Table 2).

The selective detection of cholesterol was investigated. As expected,
these interferences exhibited negligible responses compared to choles-
terol except DA (Fig. 3b), which demonstrated that high selectivity of
the CuO-NPs based colorimetric system. The obvious minus effect of DA
was probably caused by the spontaneous oxidation of DA by dissolved
oxygen in water(Bisaglia et al., 2007; He et al., 2017; Zhuang et al.,
2019). As shown in Figs. S8f and a good stability of the CuO-NPs for
cholesterol was also displayed. Furthermore, the routine analysis was
also performed to verify the reliability of this method by investigating
the spiked recoveries of cholesterol in human serum. Different con-
centrations of standard solution of cholesterol were mixed with the
diluted serum samples, respectively. The acceptable recovery rates of
92–109% were obtained (Table S2), which demonstrated that the
method was applicable to detect cholesterol in serum samples.

4. Conclusion

In summary, we successfully reported a facile and efficient strategy

to prepare CuO-NPs as versatile catalysts by thermal calcination MOG
precursor. The as-synthesized CuO-NPs with high specific surface areas,
porosities and abundant exposed metal active sites could be successfully
used as electrocatalysts and biomimetic nanozymes, which showed high
sensitivity and selectivity for the detection of Glu and cholesterol.
Consideration the limitations of in vitro testing, the further interesting
path to examine the cytotoxicity of the CuO-NPs and develop CuO-NPs
capable of monitoring intracellular biomolecules is also worthwhile
exploration. Furthermore, it is believed that the strategy of MOG de-
rived CuO-NPs would show high potential for the development of more
advanced functional nanostructured TMOs in biocatalysis, bioassays,
and nano-biomedicines.
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Table 1
Comparison of different electrochemical sensors for glucose.

Electrode material Linear range (μM) Detection limit (μM) Sensitivity (μA ·mM−1 cm−2) Reference

CuxO/PPy/Au 20–8000 6.2 232.22 Meng et al. (2013)
Co3O4 UHMSA 0.1–5 1.84 102.77 Ding et al. (2016)
NiO/Fe2O3 1–450 1.03 1437 Jana et al. (2018)
NiO/Fe2O3 1–10 1.29 378 Fu et al. (2016)
Ni/Co phosphate 2–4470 0.4 302.99 Shu et al. (2018)
GF/AuNS – 1.15 1045.9 Peng et al. (2018)
GPL-FePc-CH 1000–20000 6. 18.11 Han et al. (2019)
CuO-NPs 5–600 0.59 1098.37 This work

Fig. 3. (a) The linear standard curve for cholesterol determination. (b) Selectivity for detecting cholesterol. The concentration of cholesterol and interfering sub-
stances were 15 μM.

Table 2
Comparison of assay performance of different methods for cholesterol.

Materials Detection method Linear range (μM) Detection limit (μM) Reference

MnO2 Fluorescence 1–300 0.33 Han et al. (2019)
RGO/AuNP/luminol CL 0.71–11.43 0.55 Lin et al. (2017)
CSPPy-g-C3N4H+ Amperometric 20–5000 8 Shrestha et al. (2017)
ChOx/PtNPs/PANI/MEA Amperometric 1000–12000 440 Gao et al. (2019)
G/Ti(G)-3DNS/CS/ChOx PEC 50–8000 6 Komathi et al. (2016)
MoS2-GSSG NSs Colorimetric 5.36–800 5.36 Yin et al. (2018)
BNNS@CuS Colorimetric 10–100 2.9 Zhang et al. (2017)
CuO-NPs Colorimetric 1–15 0.43 This work

CL: Chemiluminescence.
PEC: Photoelectrochemical.
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