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High surface area mesoporous CuO has been successfully used to construct biosensor

for enzymatic glucose sensing.
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A highly sensitive and selective non-enzymatic glucose
biosensor has been successfully constructed using high
surface area mesoporous CuO (108 m* g') templated by
mesoporous carbon. The glucose biosensor exhibits a low
detection limit of 0.23 pM at a signal-to-noise ratio of 3.

Introduction

The determination of glucose has received considerable attention
due to its wide applications in the fields of medicine,
biotechnology, and food industry.* Among the detection
techniques, including electrochemical detection,® colorimetric
detection,* fluorescent detection,’ as well as Surface-Enhanced
Raman Scattering (SERS) method,® electrochemical technique is
a promising tool for the construction of simple and low-cost
glucose biosensors owning to its unique advantages of high
sensitivity, good selectivity, and ease of operation.”® It is well
known that the conventional glucose biosensors based on glucose
oxidase (GOx) exhibit high sensitivity and selectivity for glucose
detection. However, these methods exhibit some serious
disadvantages, such as complicated and  multi-step
immobilization procedures, thermal and chemical instability and
high cost, limiting their wide applications.”'" To overcome these
problems, non-enzymatic glucose biosensors based on noble
metals (such as, Pt, Pd, Au) have been successfully developed.
Unfortunately, the high cost of the electrode materials still limits
their commercial applications on a large scale.'>"

Recently, much effort has been devoted for developing non-
enzymatic glucose biosensors based on low-cost transition metal
oxides, such as, CuO, NiO, C0;0,, Mn;0, etc.'*'"’ Among them,
CuO, an important p-type metal oxide semiconductor with
narrow band gap (1.2-1.9 eV), has been studied intensely for non-
enzymatic glucose biosensing because of its good
electrochemical activity, suitable surface charge and easily
tunable surface structure. Due to the good stability of CuO
materials than that of GO,, CuO-based non-enzymatic glucose
sensors are good candidates for in vitro monitoring of glucose,
which is also another reason for development of CuO-based
electrochemical glucose biosensors. Up to now, numerous non-
enzymatic glucose biosensors based on CuO-based materials
have been successfully fabricated. For example, the CuO-based
materials with various morphologies or structures, such as
nanoparticles,18 sandwich-structured,19 nanoﬂowers,zo
nanofibers,”! flowers and nanorods,?? and nanotube arrays23 have
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been used for fabrication of non-enzymatic glucose biosensors.
Additionally, recent research has shown that sensing
performances can be improved by using CuO-based hybrids as
sensing materials. Indeed, CuO-carbon nanotubes (CNTs),***
CuO-reduced graphene oxide (rGO),** CuO/TiO, hierarchical
nanocomposites,”’ Pt-doped CuO nanofibers,® and CuO-
mesoporous carbon® have been successfully used for fabrication
of non-enzymatic glucose biosensors. However, most of these
modified electrodes exhibit more or less drawbacks, such as high
cost, the use of complicated instruments for preparation of
nanofibers and the rigorous experiment conditions for preparation
of CNTs or rGO.

It is well known that surface area of electrocatalysts plays an
important role in sensing performances for electrochemical
detection and increasing the surface area of electrocatalysts has
been proven as an effective stagey for enhancing electrochemical
sensing properties.***' Since the first reported in 1992, ordered
mesoporous materials have received much attention due to their
excellent properties of high surface area, large pore volume as
well as uniform mesopores.*>** However, there are few reports
on development of non-enzymatic glucose biosensors using
mesoporous CuO with high surface area as sensing materials.**

In this work, a novel non-enzymatic glucose biosensor has
been successfully developed using high surface area mesoporous
CuO (108 m® g') as sensing materials. Most importantly,
mesoporous CuO exhibits good sensing performances including
high sensitivity and high selectivity, which are attributed to its
high surface area and open mesopores.

Results and discussion

It is well known that CuO can be dissolved in NaOH solution
or HF solution, and thus no mesoporous CuO was obtained by
conventional nanocasting method using SBA-15 as hard template.
In the present work, mesoporous CuO was prepared using
ordered mesoporous carbon CMK-3 as hard template, where
three synthesis steps were carried out. Firstly, SBA-15 was
prepared using Pluronic P123 (EO»PO,gEO,, M = 5800) as soft
template and tetraethyl orthosilicate (TEOS) as silica source.”
Fig. S1 shows the small-angle X-ray diffraction (XRD) pattern of
SBA-15 after calcination. It is seen that the sample exhibits three
well resolved diffraction peaks, which are indexed as (1 0 0), (1 1
0) and (2 0 0) diffractions associated with p6mm hexagonal
symmetry, indicating the successful preparation of SBA-15.%
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Secondly, CMK-3 was prepared by using SBA-15 as hard
template and sucrose as carbon source.’’ Fig. S2 shows small-
angle XRD pattern of CMK-3 after calcination in N, at 900 °C for
4 h, which exhibits a strong diffraction peak, indicating the
successful preparation of mesoporous carbon materials.

10000
a

(100) b

20000

(002)(i11)
(200)/(111)

8000
25000

o008 20000 -

Intensity (a.u.)
Intensity (a.u)

4000 15000 1

10000
2000

60

2 Theta (degree) 2 Theta (degree)

140

(e}
[=%

120

100

Volume adsorbed (cm/g)
AVIAW (cm'ig)
°
8

04 06
Relative pressure (P/P))

T - T - T
08 1.0 5 10 15

Pore size (nm)

Fig. 1 (a) Small-angle XRD pattern, (b) wide-angle XRD pattern, (c) N,
adsorption-desorption isothermal and (d) pore size distribution curve of
mesoporous CuO thus obtained.

Thirdly, mesoporous CuO was prepared by the nanocasting
method using CMK-3 as hard template.”® Fig. 1a show the small-
angle XRD pattern of samples thus obtained, revealing a well
resolved diffraction peak at 20 of 1.23°, which indicates the
formation of mesoporous structure. Fig. 1b shows the wide-angle
XRD pattern of the mesoporous materials. It is seen that the
samples exhibit several diffraction peaks attributed to monoclinic
symmetry of CuO (JCPDS Card no. 48-1548).* Note that no
other peaks attributed to metal Cu, Cu(OH), or Cu,O are
observed, indicating the formation of pure phase of CuO.

The formation of mesoporous CuO materials was further
confirmed by N, isothermal. Fig. 1c shows the N, adsorption and
desorption isothermal of mesoporous CuO. It is seen that
mesoporous CuO exhibits a typical IV-type isotherm with a sharp
capillary condensation step at medium relative pressures and a
H1 hysteresis loop, suggesting the existence of mesopores, which
is in good agreement with ordered mesoporous CuO.”’ Fig. 1d
shows pore size distribution curve of mesoporous CuO,
indicating that the mesoporous CuO has a uniform pore structure
and narrow pore size distribution around 5.1 nm, which also
provides another piece of evidence to support the formation of the
mesoporous structure. The BET surface area and pore volume of
mesoporous CuO are 108 m? g and 0.16 cm® g”', respectively,
further confirming the formation of the mesoporous structure. All
these observations indicate that mesoporous CuO has been
successfully prepared by nanocasting method using CMK-3 as
hard template.

It should be noted that the surface area of mesoporous CuO in
this work is higher than that of previously reported CuO
materials, such as, hierarchical hollow mesoporous CuO
microspheres (51 m® g"),** CuO mesoporous nanosheet cluster
array (35.82 m* g'"),*' and mesoporous CuO microspheres (65.28
m® g").* The presence of mesoporous structure with high surface
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area could enhance the interaction between the CuO and glucose
molecules, possible improving the sensing performances for
glucose detection.

The morphology of the mesoporous CuO was characterized by
scanning electron microscopy (SEM). Fig. S3 shows the SEM
images of mesoporous CuO, revealing the samples are aggregates
with the size about several micrometers, which are consisting of
nanorods with the size of 300-500 nm. The corresponding high
magnification SEM (Fig. S3b) exhibits these nanorods are also
consisting of the nanoparticles below 100 nm.
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Fig. 2 Cyclic voltammograms (CVs) of bare GCE and CuO/GCE in the
absence and in the presence of 2 mM glucose in 0.1 M NaOH (scan rate:
0.05Vs™).

To demonstrate the electrochemical application of mesoporous
CuO, non-enzymatic glucose biosensors were constructed by
dropping the aqueous dispersion of mesoporous CuO on the
surface of GCE. The sensing performances of both bare GCE and
mesoporous CuO modified GCE (designated as CuO/GCE)
toward the oxidation of glucose were examined by cyclic
voltammetry (CV). Fig. 2 shows the CVs of bare GCE and
CuO/GCE in the absence and presence of 2 mM glucose in 0.1 M
NaOH. It is seen that bare GCE exhibits no obvious response
both in the absence and presence of glucose, indicating that bare
GCE exhibits no electrocatalytic activity toward electrochemical
oxidation of glucose. In contrast, CuO/GCE exhibits a broad
reduction peak at +0.56 V in the alkaline solution, which is
attributed to a Cu(I)/Cu(Ill) redox couple.”® However, the
corresponding oxidation peak of Cu(II)/Cu(IIl) redox couple is
not clearly observed, which may be overlaid by the oxidation
peak of water-splitting.”* Upon addition of 2 mM glucose,
CuO/GCE exhibits an obvious oxidation peak attributed to
irreversible oxidation of glucose at +0.60 V, indicating that
mesoporous CuO can catalyze oxidation of glucose. Fig. 3 shows
the schematic of modified electrode structure and the reaction
pathway during the non-enzymatic electrochemical oxidation of
glucose on the surface of the CuO/GCE in an alkaline medium.
All these observations indicate that mesoporous CuO exhibits
electrocatalytic ability toward oxidation of glucose and can be
used for fabrication of non-enzymatic glucose biosensor.
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Fig. 3 Schematic of modified electrode structure and the reaction pathway
during the non-enzymatic electrochemical oxidation of glucose on the
surface of the CuO/GCE in 0.1 M NaOH.

Fig. 4 shows the typical amperometric response curve of
CuO/GCE in 0.1 M NaOH solution on successive step-wise
change of glucose concentrations at the applied potential of +0.6
V. The inset of Fig. 4 shows the response curve of CuO/GCE
toward low concentrations of glucose ranging from 0.5 pM to 100
uM. Additionally, the amperometric response curves of
CuO/GCE to various concentrations of glucose were also
examined with applied potential of +0.5 V and +0.7 V,
respectively, as shown in Fig. S4a and Fig. S4b. It should be
noted that an obvious response was observed at CuO/GCE by
addition of 0.5 uM glucose, indicating the high sensitivity of this
glucose biosensor. When an aliquot of glucose was added into the
NaOH solution with stirring, CuO/GCE responded rapidly to the
substrate and the current rose steeply to reach a stable value. The
anode current of the sensor increased dramatically and achieved
95% of the steady state current within 2 s, revealing a fast
amperometric response behavior. In contrast, the sensors exhibit
no obvious response to low concentration of glucose with the
applied potential of +0.5 V and +0.7 V. Thus, the optimized
applied potential for amperometric response curve is +0.6 V.
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Fig. 4 Typical steady-state response of the CuO/GCE to successive
injection of glucose into the 0.1 M NaOH solution under stirring. The
inset was the response of the CuO/GCE toward the concentration of
glucose ranging from 0.5 pM to 100 uM (applied potential: +0.6 V).

Fig. 5 shows the calibration curve of the sensor for increasing
the concentrations of glucose from 0.5 uM to 3.6 mM. The
intensity of response toward the oxidation of glucose increased
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with increasing the concentrations of glucose, indicating that the
glucose biosensor thus constructed can be used for detection of
glucose at a wide concentration range. The insets in Fig. 5 show
the calibration curves for the low concentrations of glucose,
revealing that the biosensor exhibits good linear detection ranging
from 0.5 uM to 5 uM (» = 0.998) and 10 uM to 100 pM (r =
0.999), respectively. The detection limit is estimated to be 0.23
UM at a signal-to-noise ratio of 3. It should be noted that our
present sensing system gives a lower detection limit than those of
the biosensors for detection of glucose, such as CuO
nanoparticles (0.5 pM),'® sandwich-structured CuO (1.0 pM),"
CuO nanofibers (0.8 uM),*' CuO flowers and nanorods (4 pM),?
and CuO loaded SBA-15 (10 uM).** The performance of our
glucose sensor is also compared with those previously published
non-enzymatic glucose sensors based on CuO materials, as
shown in Table 1.
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Fig. 5 The calibration curve for the amperometric response of the
CuO/GCE. The insets were the calibration curve with the glucose
concentration increasing from 0.5 pM to 5 uM and 10 pM to 100 pM,
respectively (applied potential: +0.6 V).

It is well know that ascorbic acid (AA) and uric acid (UA) are
the most important interferences normally co-existing with
glucose in blood plasma. In the physiological sample, glucose
concentration (4-7 mM) is generally much higher than those of
interfering species.* Thus, interference tests were carried out by
adding 1.0 mM glucose in 0.1 M NaOH solution, followed with
additions of 0.1 mM AA, 0.1 mM UA and other possible
interference such as ethanol (10 mM). Fig. 6 shows the
corresponding response curve. It is seen that a strong oxidation
current is obtained by addition of 1.0 mM glucose, and no
obvious oxidation current is observed after addition of other
interferences, such as AA, UA and ethanol, indicating that the
glucose biosensor thus obtained based on mesoporous CuO
exhibits high selectivity toward electrochemical detection of
glucose.*® The relative standard deviation (RSD) of the
amperometric response to 0.1 mM of glucose at +0.6 V is 5.2%
for 5 successive measurements, indicating the good
reproducibility of CuO/GCE. Furthermore, the variation of the
amperometric response current at the CuO/GCE decreases to
about 94 % of its initial response current on the 5th day,

This journal is © The Royal Society of Chemistry [year]
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indicating the good stability of the glucose sensors thus obtained.
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Fig. 6 Interference test of CuO/GCE at +0.6 V in 0.1 M NaOH with 1
mM glucose in the presence of 0.1 mM AA, 0.1 mM UA, and 10 mM
ethanol.

Table 1 Comparison of analytical performance of our proposed glucose
sensor with other published non-enzymatic glucose sensors based on CuO
materials.

. Performances
Materials LOD Linear range Refs
CuO nanoparticles 0.5uM 5uM -2.3 mM [18]
Sandwich-structured CuO  1.0pyM 20 M -32mM  [19]
CuO nanofibers 0.8 uM 6 UM -2.5 mM [21]
CuO flowers and
nanorods 4 uM 4 uM -8 mM [22]
CuO-loaded SBA-15 10pM 50 M -20mM  [44]
0.5uM -5 uM;  This
Mesoporous CuO 0.23 uM 10 UM -100 uM work
10
Conclusion
A novel non-enzymatic glucose biosensor has been
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S

successfully fabricated using mesoporous CuO as sensing
materials, which were prepared by the nanocasting method using
CMK-3 as template. Our present study is important because it
provides a novel method for non-enzymatic detection of glucose
by using mesoporous metal oxides as sensing materials, which
also suggests the potential applications of the mesoporous CuO
for constructing efficient biosensing.
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