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Abstract We report a novel, highly sensitive, and selective
non-enzymatic glucose sensor fabricated by electrodepositing
Cu microdendrites onto single-walled carbon nanohorn
(SWCNH)-modified glassy carbon electrode. This sensor
combined the advantages of SWCNHs and Cu microdendrites
and exhibited high electrocatalytic activity toward glucose in
0.2 mol L−1 NaOH alkaline solution. Cyclic voltammetry and
amperometric current-time curve were used to investigate the
performance of the glucose sensor. We also optimize its prep-
aration and test conditions. At an applied potential of 0.35 V,
the oxidation peak current of glucose was good proportional
to glucose concentration in the range from 0.04 to
12.6 mmol L−1 with a detection limit of 17 μmol L−1 (S/N=
3). In addition, the sensor showed long-term stability and
good reproducibility and can resist the interference of coexis-
tent species efficiently.
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Introduction

In recent years, diabetes has attracted widespread attention
and become a public health problem that does not allow to be
ignored. As we all know, glucose is a kind of simple sugars
distributed in nature widely. It is the major source of energy of

living organisms and closely associated with metabolism.
Thus, it is important to maintain blood glucose level in a
reasonable range for human health, too high or too low both
causing a series of diseases. The glucose content in normal
human body is 3–8 mmol L−1 [1]. High blood glucose level
can lead to diabetes and other complications such as heart
diseases, kidney failure, and blindness [2, 3]. On the contrary,
it canmake people dizzy, weak, and insensible when the blood
glucose level is too low. Glucose is widely used in the fields of
biology, clinical diagnosis, environment, and food analysis. A
close monitoring of glucose concentration in human blood
plays a significant role in the diagnosis, treatment and control
of disease. At present, there are several methods proposed for
the determination of glucose [4], including high-performance
liquid chromatography [5], gas chromatography, spectropho-
tometry, optical techniques [6], capacitive detection [7], cou-
lometric measurement [8] and amperometric method [9, 10],
etc. Among these strategies, the amperometric method has
aroused people’s great interest because of its unique advan-
tages, such as high sensitivity, good selectivity, and low de-
tection limit. Amperometric glucose biosensors can be divided
into two types according to whether it uses glucose oxidase or
not. Electrochemical biosensors based on glucose oxidase
have the characteristics of high specificity and fast response.
However, the catalytic activity of glucose oxidase can be
easily affected by temperature, humidity, pH value, and toxic
chemicals [11–13]. In addition, glucose oxidase sensor is
restricted in practical applications because of its high cost,
poor stability, and easy poisoning. Therefore, it is essential to
develop good stability and high selective and sensitive non-
enzymatic electrochemical sensor for glucose determination.

Traditionally, bulky bare metal electrode was used to pre-
pare non-enzymatic glucose sensor, such as platinum, gold,
copper, and nickel. But it was restricted in applications be-
cause of its low sensitivity and poor selectivity. Nagy et al.
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reported a Cu electrode and studied electrochemical oxidation
of the as-prepared electrode towards glucose in alkaline solu-
tion [14]. In recent years, some nanomaterials with catalytic
properties were widely used in the preparation of non-
enzymatic glucose sensors [15]. The nanomaterials used to
build non-enzymatic glucose sensor mainly include carbon
nanotubes, transition metal nanoparticles, nanocomposite ma-
terials, and magnetic nanomaterials. Carbon nanotubes pos-
sess excellent advantages of high mechanical strength and
good conductivity and stability, and their surface can be
functionalized. However, some impurities are introduced in-
evitably, because metal catalyst is used during the production
of carbon nanotubes [16]. So, it must be disposed by concen-
trated acid before use in order to remove these metal particles,
but the procedure is complicated and the mechanical, elec-
tronic properties or chemical activity of carbon nanotubes may
be damaged [17]. In 1999, Iijima reported a new type of
carbon nanomaterial that is single-walled carbon nanohorns
(SWCNHs) [18]. SWCNHs are produced without using any
metal catalyst with a high purity of about 95 % and can be
used directly without purification. Also, SWCNHs possess
good electrical conductivity, great specific surface area, and
internal spaces. Due to these unique performances, SWCNHs
are used broadly in various fields since they arose, especially
in the field of sensor. According to literatures, the electro-
chemical sensors based on SWCNHs have detected a variety
of substrates [19–22]. SWCNHs loaded with metal nanopar-
ticles can catalyze many chemical reactions originating from
the synergistic effect of SWCNHs and metal nanoparticles.
Recently, dendritic materials receive significant attention in
catalysis and technological fields [23].

Herein, we report a simple method to fabricate non-
enzymatic glucose biosensor-combined SWCNHs and Cu
microdendrites. SWCNHs were first dropped on the surface
of glassy carbon electrode. And then, Cu microdendrites were
electrodeposited on the above electrode by potentiostatic tech-
nique. The Cu/SWCNH-modified electrode shows high elec-
trocatalytic activity to glucose oxidation in alkaline solution,
and it exhibits the advantages of wide linear range, good
stability, and high selectivity for glucose detection.

Experimental

Materials

Single-walled carbon nanohorns (SWCNHs, dahlia-like) were
generously provided by Professor Zujin Shi in the
Nanocarbon Materials Chemistry Group of Peking
University (China). Dopamine hydrochloride and Nafion
were purchased from Sigma-Aldrich (China). Uric acid was
obtained from Sangon Biotechnology Co. Ltd. (China). L-
Cysteine, Cu(NO3)2, and NaOH were purchased from

Tianjin Bodi Chemical Co., Ltd (China), Tianjin Hongyan
Chemical Reagent Company (China), and Tianjin Beifang
Tianyi Chemical Reagent Factory (China), separately. All
other chemicals of analytical grade such as glucose, ascorbic
acid, ethanol, and KCl were supplied by Sinopharm Chemical
Reagent Co., Ltd. (China) without further purification.
Deionized water was used throughout the experiments.

Instruments

Electrochemical experiments were performed on a CHI760D
electrochemical workstation (Shanghai Chenhua, China) in a
conventional three-electrode cell. A saturated calomel elec-
trode (SCE) and a Pt wire were used as reference and counter
electrode, respectively. The working electrode was a bare
glassy carbon electrode (GCE, 3 mm diameter) or the modi-
fied glassy carbon electrode. Cyclic voltammetric measure-
ments were carried out under static condition, while ampero-
metric i-t curve measurements need stir to make molecule
spread evenly. All experiments were performed in NaOH
solutions at room temperature. Scanning electron microscopy
(SEM) images were recorded with a Hitachi S-3400N (Japan).
X-ray diffraction (XRD) was collected using an X’Pert Pro
diffractometer (PANalytical Co., Holland) using Cu Kα
radiation.

Preparation of oxidized SWCNHs

The oxidized SWCNHs were synthesized as our previous
report [24]. Typically, 40 mg SWCNHs was first dispersed
in 50 mL 30%H2O2 aqueous solution. Then, the mixture was
stirred at 100 °C and irradiated with an ultraviolet lamp for 2 h
finally. To obtain 2 mg mL−1 SWCNHs suspension, 4.0 mg
oxidized SWCNHs were dispersed in 2 mL deionized water
and sonicated for 30 min. After treated with H2O2 aqueous
solution, the dispersibility of SWCNHs was improved.

Fabrication of Nafion/Cu/SWCNH-modified electrode

Prior tomodification, the GCEwas polished successivelywith
1.0, 0.3, and 0.05 μm alumina slurry to obtain a clean surface.
After each polishing step, the electrode was rinsed with de-
ionized water and sonicated in deionized water and ethanol
alternately for three times. The processed electrode was dried
with N2 for the following usage. A 6 μL of SWCNHs sus-
pension was dropped on the surface of the glassy carbon
electrode and dried at room temperature to obtain a
SWCNH-modified GCE electrode. Then, potentiostatic tech-
nique was used to fabricate Cu/SWCNH-modified electrode:
a constant potential of −0.35 V was applied to the SWCNH-
modified electrode in a solution of 50 mmol L−1 Cu(NO3)2 for
15 min. In the end, 3 μL of 0.5 wt% Nafion was spread on the
surface of modified GCE electrode. So, the Nafion/Cu/
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SWCNHs/GCE-modified electrode was prepared and stored
at room temperature when not being in use.

Results and discussion

Morphological characterization and crystallographic analysis

The surface morphology of the prepared Cu/SWCNHs/GCE
was studied by means of SEM. Figure 1a displays the SEM
image of Cu/SWCNHs/GCE. A layer of three-dimensional
hierarchical dendritic Cu microstructures could be observed.
The SWCNH layer is crucial for the formation of the dendritic
structure. The SWCNH layer as a preformed matrix can adjust
the morphology of Cu deposits in the process of electrochem-
ical deposition. The obtained Cu microdendrites were further
characterized by XRD experiment to confirm the crystal
structures (Fig. 1b). The peaks are located at 43.5, 50.5, and
74.2°, which are indexed to the cubic Cu crystal planes of
(111), (200), and (220), respectively [23]. Particularly, the
intensity ratio (2.3) of the (111) to the (200) diffraction line
indicates that the deposited cupreous microstructure has the

tendency to grow with the surfaces dominated by the lowest
energy (111) facets. And no impurities could be detected in
this pattern.

Voltammetric characterization

The response of modified electrode to glucose was investigat-
ed using cyclic voltammetry. Figure 2 shows the cyclic volt-
ammograms (CVs) of (a) bare GCE, (b) Cu/GCE, (c) Nafion/
Cu/SWCNHs/GCE, and (d) Cu/SWCNHs/GCE in
0.2 mol L−1 NaOH solution containing 5 mmol L−1 glucose
with the scan rate of 50 mV s−1. As can be seen from CV a,
there was no obvious oxidation peak at bare GCE, indicating
that no glucose was oxidized in the potential range of 0.0–
0.6 V because of high oxidation overpotential. However, an
obvious oxidation peak appeared at 0.47 Vat Cu/GCE and the
peak current was 0.8 mA (CV b); this suggests that Cu can
catalyze the oxidation of glucose. Cu can transfer electrons
quickly and reduce the oxidation overpotential of glucose
observably in alkaline medium. Although there is no definite
conclusion about the oxidation mechanism, people generally
believe that it is related to the Cu(II)/Cu(III) redox couple
[25–28].When Cu/SWCNHs/GCEwas used as working elec-
trode as shown in CV d, the oxidation peak was at 0.42 Vand
the peak potential was 50 mV negative compared to Cu/GCE.
This may attribute to good electrical conductivity of
SWCNHs. And the peak current increased to 1.3 mA, which
was over 1.6-fold enhancement of that at Cu/GCE. It was
because the hyperbranched structures greatly enlarged the
surface coverage of the electrode and hence increased the
amount of effective reaction sites, which reflected the syner-
gistic effect of Cu microdendrites and SWCNHs. Nafion is a
kind of cation exchanger with sulfonic group and is widely
used in the modification of electrode surface to enhance the
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Fig. 1 a SEM image of Cu/SWCNHs/GCE. b XRD pattern of the Cu
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stability because of its unique good dispersity, biological
compatibility, the ability of ion exchange, and molecule rec-
ognition. Meanwhile, it can also improve the selectivity of
electrode in the detection of glucose [29]. The oxidation peak
current at Nafion/Cu/SWCNHs/GCE decreased compared to
that at Cu/SWCNHs/GCE, which is shown in Fig. 2 CV c, and
it is due to Nafion film blocking the electron transfer on the
surface of electrode.

Under the same experimental conditions, the Nafion/Cu/
SWCNHs/GCE shows remarkable response to the concentra-
tion changes of glucose (Fig. S1). As seen, the oxidation peak
current increased linearly with increasing glucose concentra-
tion. Therefore, glucose is effectively detected by oxidation on
the Nafion/Cu/SWCNHs/GCE.

Cyclic voltammograms of Nafion/Cu/SWCNHs/GCE in
0.2 mol L−1 NaOH containing 5 mmol L−1 glucose at different
scan rates (from 10 to 80 mV s−1) were recorded in Fig. 3.
Figure 3a shows that the oxidation peak current was increased
and the peak potential was shifted slightly towards the positive
direction with the scan rate increasing. Furthermore, as can be
seen from Fig. 3b, the peak current of glucose oxidation was
proportional to the square root of scan rate between 10 and
80 mV s−1. The linear regression equation was Ip (mA)=
7.9108ν1/2−0.3704 (V1/2 s−1/2), and its correlation coefficient

was 0.998, indicating a diffusion-controlled electrode process
in the electrochemical oxidation of glucose [30].

Optimization of glucose sensor

SWCNHs act as the carrier of Cu microdendrites, so their
amount can affect the morphology of the Cu deposits and the
oxidation peak current of glucose at the modified electrode.
The thickness of SWCNHs can be controlled by the volume of
SWCNHs suspension dropped on the electrode surface.
Figure 4 shows the amperometric responses of Nafion/Cu/
SWCNH-modified electrodes with different quantity of
SWCNHs (3 to 6 μL) to glucose oxidation in 0.1 mol L−1

NaOH containing 5 mmol L−1 glucose. The oxidation peak
current of glucose first increased and then decreased with
increasing volume of SWCNH suspension, and 6 μL was
the optimal volume. In the range of 3 to 6 μL, the current
response increased gradually, because SWCNHs increased the
surface area of electrode and more active sites could catalyze
the oxidation of glucose. When the volume of SWCNH sus-
pension was over 6 μL, the oxidation peak current decreased
continuously; this was because the SWCNHs on the electrode
surface had reached saturation, and excess SWCNHs would
increase the thickness of membrane layer and hinder electron
transfer.

The catalytic performance of Cu microstructures for the
oxidation of glucose is affected by their size and morphology
[12, 23, 31]. Deposition time can control the amounts of Cu
deposits being deposited onto electrode surface, varying the
morphology of modified electrode. We investigated the elec-
trochemical behavior of prepared modified electrode with
different deposition time between 5 and 30 min towards
glucose; the results are shown in Fig. 5. The oxidation peak
current of glucose increased when the deposition time extend-
ed from 5 to 15 min. The surface density of Cumicrodendrites
increased with the extension of deposition time, which made
more effective reaction site catalyze glucose oxidation, so the
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current response increased. However, when the deposition
time was over 15 min, the peak current decreased with in-
creasing deposition time. This may result from the extension
of the deposition time which could thicken the Cu film and
damage the hierarchical dendritic Cu microstructures. Thus,
the amount of reaction active sites decreased and hence de-
creased the oxidation current. Thus, it can be seen that 15 min
was the optimal deposition time of Cu microdendrites. The
deposition process was characterized by SEM (Fig. S2).

Like deposition time, deposition potential can also affect
the size and morphology of Cu microstructures being depos-
ited onto electrode surface, and its selection is related to
overpotential. Deposition potential of Cu microstructures has
important influence on the current response of Nafion/Cu/
SWCNH-modified electrode for glucose detection [23].
Figure 6 shows the change of the oxidation peak current of

modified electrode in 0.1 mol L−1 NaOH solution containing
5 mmol L−1 glucose when the deposition potential was be-
tween −0.55 and −0.15 V. With increasing the deposition
potential from −0.55 to −0.35 V, the oxidation peak current
of glucose increased and reached a maximum at −0.35 V;
then, the current response decreased observably. Cu micro-
structures are easier to be deposited under a more negative
potential, so more Cu microstructures can catalyze glucose
oxidation. But if the deposition potential was too negative, the
oxidation peak current of glucose decreased; this may attribute
to deposition potential that changed the surface morphology
of Cu microstructures and lowered the catalytic efficiency.
Thus, −0.35 V was selected as the optimal potential to deposit
Cu microstructures.

According to literatures [4, 13], the electrocatalytic oxida-
tion of Cumicrostructures towards glucose must be performed
in alkalinemedium. Glucosemolecule is more easily absorbed
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on the surface of electrode in the presence of OH−, and it can
reduce the activation energy of glucose oxidation [32].
Dependence of the glucose sensor performance on the hy-
droxide concentration was studied in a series of NaOH solu-
tions of different concentrations between 0.05 and
0.30 mol L−1, as shown in Fig. 7. With the increase of
NaOH concentration, the oxidation peak current of glucose
increased gradually because glucose is more easily to be
oxidized in higher pH value [25] and the current response of
modified electrode was up to maximum in 0.2 mol L−1 NaOH
solution. Then, the concentration of NaOH solution continued
to increase from 0.2 to 0.3 mol L−1; the current response
decreased; this may be due to some other substances that react

with electrode materials and hinder glucose reaction [33]. So,
0.2 mol L−1 NaOH solution was chosen as the reaction medi-
um in the subsequent experiments.

Applied potential can affect the amperometric response of
the modified electrode to detect glucose significantly [4]. In
order to improve the electroanalysis performance of the glu-
cose sensor, we investigated the impact of applied potential on
the current response. Figure 8 shows that the response signal
of glucose oxidation increased with the applied potential
increasing, but the noise signal also increased at the same
time. When the applied potential was 0.35 V, the current
response was larger with a good signal/noise ratio. In addition,
some substances which were stable under low potential may
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react under high potential and affect the determination result.
Considering the above factors, we chose 0.35 Vas the applied
potential of amperometric current-time curve to detect
glucose.

Amperometric response of the sensor towards glucose

Under the optimized experimental conditions, amperometric
current-time curve was used to study the amperometric re-
sponse of non-enzymatic sensor towards glucose. Figure 9a
displays the current-time curve of Nafion/Cu/SWCNHs/GCE
in 0.2 mol L−1 NaOH solution with successive addition of
glucose. The current response increased rapidly with the

addition of glucose and reached a stable value within 4 s,
attributing to high electron transfer efficiency on electrode
surface. The oxidation peak current of glucose showed a good
linear relationship with its concentration in the range of 0.04–
12.6 mmol L−1, and the linear regression equation was I
(mA)=0.0066+0.0148c (mmol L−1) with a correlation coef-
ficient of 0.996 (Fig. 9b). The analytical performance of our
proposed Nafion/Cu/SWCNH sensor is comparable to or
better than that of other non-enzymatic glucose sensors. The
linear calibration range is larger than carbon nanotube paste
electrode (0.7–3.5 mmol L−1) [34]. CuO nanorod electrode
(0.004–8 mmol L−1) [35] and copper nanocubes modified
multi-wall carbon nanotube (MWCNT) array electrode (up
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to 7.5 mmol L−1) [12]. From calibration curve, the detection
limit of 17 μmol L−1 was obtained (S/N=3), which is lower
than that of 50 μmol L−1 at bimetallic PtM (M=Ru, Pd, and
Au)-carbon nanotube-ionic liquid composite film-modified
electrode [36], 160 μmol L−1 at NiO/MWCNT-modified elec-
trode [37]. Large specific surface area of modified electrode
makes more active sites absorb more glucose molecule to be
oxidized [12], resulting in a wide linear range. Due to the
content of glucose in normal blood which is between 3.0 and
8.0 mmol L−1, this non-enzymatic glucose sensor is expected
to be applied to detect glucose in human serum samples.

Selectivity, reproducibility, and stability

The ability of discrimination determinand and interfering
species is an important indicator to evaluate the performance
of sensor. Some oxidizable compounds such as uric acid,
ascorbic acid, dopamine, L-cysteine, and other carbohydrate
compounds such as lactose, fructose, and sucrose may coexist
with glucose in actual samples and affect the determination of
glucose. We studied the interference effect of 0.1 mmol L−1

interfering species on the response of 1 mmol L−1 glucose in
0.2mol L−1 NaOH solution. As shown in Fig. 10, there was no
obvious current response for uric acid, ascorbic acid, dopa-
mine, L-cysteine, α-lactose, D-fructose, and sucrose; thus, we
think that their interferences can be ignored, proving a good
selectivity of this glucose sensor. The Nafion membrane on
modified electrode surface was negatively charged, repelling
anion in solution because of electrostatic interaction, and it
can penetrate certain electroactive substances selectively. So,
Nafion can effectively eliminate the interference of anion,
improving the selectivity of modified electrodes [38].

The reproducibility and stability of the proposed sensor
were also investigated by measuring the current response of
5 mmol L−1 glucose in 0.2 mol L−1 NaOH solution. A relative
standard deviation of 0.6 % was obtained for 11 successive
measurements using the samemodified electrode, indicating a
good repeatability. We use the same procedure to modify the
same glassy carbon electrode repeatedly, and the 11 sensors
showed a good reducibility with a relative standard deviation
of 2.7 % to test 5 mmol L−1 glucose. Compared to its initial

measurement, the current response of the glucose only de-
creased 6 % after stored at room temperature for a month,
which revealed that the sensor has long-term stability.

Real sample analysis

To illustrate the feasibility of the Nafion/Cu/SWCNHs/GCE
in practical analysis, it was applied to detect glucose in human
serum utilizing the standard addition method. The sample
from one donor was diluted 50-fold by 0.2 mol L−1 NaOH
to ensure that the glucose concentration falls in the working
range of the calibration curve. The results are given in Table 1.
The result corresponded well with the value of 4.8 mmol L−1

measured by the spectrophotometric method in the hospital.
The results validate the potential of the Nafion/Cu/SWCNHs/
GCE to be used for routine blood glucose sensing.

Conclusion

In this paper, we proposed a novel non-enzymatic glucose
electrochemistry sensor using a constant potential technology
to electrodeposit Cu microdendrites onto SWCNH-modified
electrode and Nafion as stabilizer. The sensor combined the
characters of SWCNHs and Cu microdendrites and showed
good electrocatalysis towards glucose oxidation in alkaline
medium, overcoming the disadvantage of enzyme instability
and easy inactivation. Cyclic voltammetry and amperometric
i-t curve measurements showed that the non-enzymatic glu-
cose sensor has the attractive features of wide linear range,
low detection limit, high selectivity, and good stability and
reproducibility. Additionally, the Nafion/Cu/SWCNHs/GCE
can also be used as an amperometric biosensor for the routine
analysis of glucose in human serum sample.
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