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Abstract
Multiwalled carbon nanotubes coated with cobalt(II) sulfide nanoparticles were prepared and used for immobilization of glucose
oxidase (GOx) to obtain an electrochemical glucose biosensor. The nanocomposite was synthesized through an in-situ hydro-
thermal method and characterized by X-ray diffraction, scanning electron microscopy, transmission electron microscopy, and
electrochemical impedance spectroscopy. The results show that the nanocomposite possesses a large specific surface area and
apparently enhances the direct electron transfer between GOx and the surface of the electrode, best at a potential near −0.43V (vs.
SCE). The immobilized GOx retains its good bioactivity even at a high surface coverage of 30 pmol cm−2. Under the optimum
conditions. The biosensor exhibits a wide linear range (from 8 μM to 1.5 mM), a high sensitivity (15 mAM −1 cm−2), and a 5 μM
detection limit (at S/N = 3). The sensor is selective, acceptably repeatable, specific and stable.
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Introduction

The rapid and accurate glucose detection is of great signifi-
cance to diagnose and treat diabetes [1, 2]. There are many
methods for determination of glucose concentration, such as
high-performance liquid chromatography, spectrophotometry,
optical rotation, colorimetry, etc. Electrochemical biosensors

have been widely applied in many fields due to their high
sensitivity, fast analysis speed, high selectivity, simple instru-
ment operation as well as low cost [3, 4]. More and more
attention has been paid on the development of the third gen-
eration glucose biosensor through direct-electron-transfer
(DET) of cofactor flavin-adenine dinucleotide (FAD) of glu-
cose oxidase (GOx) on the electrode surface [5]. However, the
DET of oxidation of FADH2 or reduction of FAD of enzymes
at conventional electrodes is hard to realize [6]. This is be-
cause that the redox centers of GOx are deeply seated in the
cavity of enzyme molecules and not easily accessible for the
conduction of electrons from the electrode surface [7]. It has
been found that that nanostructured material-modified elec-
trode can accelerate the DET due to its electron mediated
function [8, 9]. In the past decades, carbon [10, 11], metal
[12, 13] and semiconductor nanomaterials [14, 15] have been
explored to promote the DET of GOx on the surface of the
electrode.

Carbon nanotubes (CNTs) have attracted interest in
electrochemical biosensor fields. This is due to their excel-
lent electrical conductivity, unique mechanical properties,
high specific surface area, fast electron transport, chemical
stability and strong adsorption ability [16]. Many studies have
shown that carbon nanotubes are quite useful for the
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immobilization of GOx and electron transferring process [17,
18], which can promote the direct electrochemistry of biomol-
ecules [19]. However, owing to the presence of a relatively
inert surface, it is almost inevitable that CNTs need to be
modified before they are used as carriers for electrochemical
biosensing [20]. According to previous researches, CNTs-
based hybrid composites have become more and more attrac-
tive because the functionalized materials may generate syner-
gy effect and enhance their performance in sensing application
[21, 22]. However, the poor solubility in most common sol-
vents of CNTs-based materials and their tendency to form
aggregates hindered the applications in fabrication of biosen-
sor device [23]. Therefore, the development of novel and ef-
ficient CNTs-based composite for DET-based electrochemical
biosensors is still a challenge.

Cobalt sulfide, as an important semiconductor
nanomaterial, has been applied in various fields due to its
unique magnetic, catalytic, and electrical properties as well
as its unique stoichiometric ratio (CoS, CoSx, CoS2, Co3S4,
Co9S8, etc.) [24, 25]. A new type of nanocomposite was syn-
thesized by assembling cobalt sulfide nanoparticles onto
multi-walled carbon nanotubes (CoS-MWCNTs) through in
situ hydrothermal method. To the best of our knowledge, the
preparation of electrochemical glucose biosensor using CoS-
MWCNTS nanocomposite to immobilize GOx has not been
reported so far. The nanocomposite has a large specific surface
area, high surface free energy, good biocompatibility, excel-
lent ability of immobilizing protein molecules. These proper-
ties further make the modified electrode have a special cata-
lytic ability to promote DET of the GOx on the surface of
electrode. As a result, the constructed electrochemical glucose
biosensor shows high sensitivity and low detection limit for
glucose, and can be successfully applied in the quantitative
detection of glucose at the potential of −0.43 V. The CoS-
MWCNTS nanocomposite provides a new alternative for the
preparation of electrochemical biosensors.

Materials and methods

Materials and reagents

Glucose oxidase (from Aspergillus niger, ≥100 Umg−1), D-(+
)-Glucose, and Nafion were supplied by Sigma-Aldrich
(http://www.sigma-aldrich.com). Multi-walled carbon nano-
tubes (MWCNTs, diameter: 10–20 nm, length: 5–15 μm)
were purchased from Shenzhen Nanotech Port Co., Ltd.
(China, http://www.nanotubes.com.cn). Cobalt(II) chloride
hexahydrate (CoCl2·6H2O, AR), thiocarbamide (CH4N2S,
AR), and ethylene glycol ((CH2OH)2, AR) were bought
from Sinopharm Chemical Reagent Co., Ltd. (China, https://
www.sinoreagent.com). The electrolyte is phosphate buffer
which being obtained by mixing 0.1 M Na2HPO4 with 0.

1 M NaH2PO4 solution. All other chemicals and reagents are
of analytical grade and commercially available. Distilled
water was used for all experiments.

Apparatus

Electrochemical measurements were carried out on a CHI
852C electrochemical workstation (Shanghai Chenhua Co.
Ltd., China). All measurements were carried out using a
three-electrode system. This system includes a modified
glassy carbon electrode (GCE) as working electrode, a satu-
rated calomel electrode (SCE) as reference electrode, and a
platinum sheet as auxiliary electrode. Cyclic voltammetry
and amperometric measurements were carried out in
10.0 mL of phosphate buffer. All pH values were measured
using an S-25 digital pH-meter with glass combination elec-
trode. Electrochemical impedance spectroscopy (EIS) analy-
s i s wa s pe r f o rmed on an Au to l ab PGSTAT30
(The Netherlands) using a solution of 0.10 M KCl containing
5.0 mM K3[Fe(CN)6]/K4[Fe(CN)6]. The amplitude of the ap-
plied sine wave potential is 5 mVand the frequency range was
from 0.05 to 10 kHz at a bias potential of 190 mV. Field-
emission scanning electron microscope (FESEM) used to
characterize the surface morphology of samples and modified
electrodes were obtained with a Zeiss Supra 55 scanning elec-
tron microscope (Germany) at an acceleration voltage of 5 kV.
Transmission electron microscopy (TEM) was conducted on a
FEI Tecnai G2 F30 S-TWIN field-emission transmission elec-
tron microscopy (USA) at an acceleration voltage of 300 kV.
X-ray diffraction (XRD) pattern was recorded on D8 Advance
X-ray diffractometer (Bruker Co., Germany) at room temper-
ature. Raman spectra were carried out on Renishaw Invia
Raman spectroscope.

Preparation of CoS-MWCNT nanocomposite

Firstly, 1.0 mmol CoCl2·6H2O (0.2379 g) and 4.0 mmol
CS(NH2)2 (0.3045 g) were dissolved in a mixed solvent
including 20 mL of distilled water and 5 mL of ethylene
glycol under vigorous stirring for 30 min. 15 mg of
MWCNTs were then dissolved into the above solution.
After ultrasonic dispersion for 1 h, the black suspension
was transferred into a 60 mL Teflon-lined stainless-steel
autoclave. The autoclave was tightly sealed and maintained
at 180 °C for 15 h. Then, the product was centrifuged and
washed three times with distilled water and absolute etha-
nol after being naturally cooled down to environmental
temperature. Finally, CoS-MWCNTs nanocomposite was
obtained under vacuum drying 12 h at 60 °C. For compar-
ison, the CoS samples were also prepared via a similar
synthesis process without adding MWCNTs.
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Preparation of the electrochemical enzymatic
biosensor

The GCE was firstly polished with 0.3 and 0.05 μm alumina
slurry (Buhler) in turn, and rinsed thoroughly with distilled water
to remove residual alumina slurry. Then, it was sonicated in 1:1
nitric acid-water (v/v) solution, acetone and distilled water and
finally driedwith high purity nitrogen stream beforemodification
to prepare a pretreated GCE. Next, 1.0 mg of CoS-MWCNTs
was dispersed in 1.0 mL distilled water with ultrasonication, and
then 10.0 mg of GOx powder was added into the CoS-
MWCNTs suspension and stirred gently for 15 min. The resul-
tant suspension was subsequently dropped on the pretreated
GCE surface and dried at 4 °C in a refrigerator. Afterwards,
5.0 μL of 0.5% Nafion solution was dropped on the surface of
GOx/CoS-MWCNTs/GCE to finally obtain the GOx/CoS-
MWCNTs /Nafion electrode. When not in use, the enzyme bio-
sensor was stored in pH 7.0 PBS at 4 °C in refrigerator.

Results and discussion

Characterizations of the CoS-MWCNTs and glucose
biosensor

Field-emission scanning electron microscopy was used to in-
vestigate the surface morphology of the CoS samples and
CoS-MWCNTs composite (shown in Fig. 1). It can be clearly
seen from Fig. 1a that CoS shows a flower-like microsphere
with a diameter of 3 to 5 μm, which is made up of numerous

cross-linked nanoflakes with a smooth surface and a thickness
of about 20 nm. Compared with pure CoS microspheres, the
SEM image of CoS-MWCNTs composite (Fig. 1b) shows that
CoS nanoparticles uniformly grows on the wall of the
MWCNTs. The particle size of the CoS nanoparticles is much
smaller than that of pure CoS samples with a diameter of about
150 nm. Such a significant change should be ascribed to the
presence of oxygenous groups (such as C-O, C=O and O-
C=O) on the MWCNTs, which allows Co2+ to be selectively
and uniformly distributed on MWCNTs. In addition, the car-
bon nanotube as a carrier can inhibit the growth of the CoS
nucleus, thereby controlling the size of the CoS particles in the
nano level. TEM image of CoS-MWCNTs composite (shown
in Fig. 1c) also clearly reveals the structure of nanotubes sup-
ported CoS nanoparticles with a solid inner structure. In addi-
tion, the elemental distribution of the CoS-MWCNTs is fur-
ther investigated by EDX mappings. Figure 1d–g show the
homogeneous distribution of C, Co and S in the material,
confirming that CoS nanoparticles have good contact with
MWCNTs.

The crystal structure of CoS and CoS-MWCNTs samples
are investigated by powder X-ray diffraction (XRD). As
shown in Fig. 2a, the four diffraction peaks of CoS and
CoS-MWCNTs are located at 30.6, 35.3, 46.9 and 54.4°.
This can be indexed to the (100), (101), (102) and (110) planes
of the hexagonal crystal phase (JCPDS card No. 65–8977,
space group: P63/mmc), respectively. A diffraction peak of
CoS-MWCNTs at about 2θ of 26.0° is corresponded to the
(002) crystal plane of graphitized carbon. This indicates the
presence of several stacked multi-walled carbon nanotubes

Fig. 1 SEM images of pure CoS
microspheres (a), CoS-MWCNTs
nanocomposite (b); TEM image
of CoS-MWCNTs
nanocomposite (c); Annular dark-
field STEM image and the
corresponding EDX elemental
mappings of C, Co, and S in CoS-
MWCNTs nanocomposite (d-g)
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within the CoS-MWCNTs material. Raman spectroscopy was
used to analyze the microstructure of MWCNTs and CoS-
MWCNTs (Fig. 2b). ForMWCNTs, we can observe that there
are two characteristic peaks at 1351 and 1586 cm−1, which are
assigned to disordered (D) carbon and graphite (G) carbon
structure, respectively. The intensity ratio of ID/IG for CoS-
MWCNTs nanocomposite was calculated to be 1.09, slightly
lower than that of MWCNTs 1.23, suggesting that the CoS-
MWCNTs nanocomposite increases the graphitic crystallinity
in the carbon component due to the introduction of CoS.
Compared with the spectrum of MWCNTs, three other char-
acteristic peaks of CoS-MWCNTs at 479, 521 and 682 cm−1

can be ascribed to the typical Eg, F2g, and A1g vibration modes
of CoS [26], further confirming the presence of hexagonal
CoS nanoparticles and MWCNTs.

CoS-MWCNTs nanocomposite was successfully synthe-
sized using in situ hydrothermal reaction and subsequently
employed to immobilize GOx to prepare electrochemical en-
zyme biosensor. Compared with the SEM image of CoS-
MWCNTs nanocomposite (Fig. 1b), the SEM image of
GOx-loaded CoS-MWCNTs shows a different surface mor-
phology after the immobilization of GOx molecules (Fig. 2c).
It can be clearly seen that enzyme molecules were uniformly
aggregated on the surface of CoS-MWCNTs, indicating the
successful immobilization of GOx.

The electrochemical impedance spectroscopy (EIS)
was used to characterize the interface properties of dif-
ferent modified electrode. As shown in Fig. 2d, all of
their Nyquist plots are constituted with a semicircular
arc at high frequency region and an inclined line at low
frequency region, which correspond to the electron-
transfer limited process and diffusional-limited process,
respectively. The semicircle at high frequency affects
the electron transfer kinetics of the electrode/electrolyte
interface, and its diameter corresponds to the charge
transfer resistance (Rct). It can be clearly observed that
the CoS/GCE shows a larger Rct than that of bare GCE,
demonstrating that the CoS film has formed on the sur-
face of GCE. It is worth noting that CoS-MWCNTs/GCE
exhibits relative lower Rct value than that of CoS/GCE.
This indicates that the presence of MWCNTs improves
the electrical conductivity and promotes the electron
transport kinetics of the CoS-MWCNTs. The Rct value
of GOx/CoS-MWCNTs/GCE shows a significant in-
creased Rct value after the modification of GOx molecu-
lar. The reason for the obvious change is that the protein
layer formed on the surface of the electrode hinders the
diffusion of ferricyanide probe toward the electrode sur-
face. This also indicates that the GOx is successfully
immobilized on the CoS-MWCNTs film.

Fig. 2 a XRD pattern and (b)
Raman spectra of pure CoS
microspheres and CoS-MWCNTs
nanocomposite, c SEM image of
GOx/CoS-MWCNTs and (d)
Nyquist plots of EIS for bare,
CoS, CoS-MWCNTs and GOx/
CoS-MWCNTs modified GCEs
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The electrochemical behavior of the glassy carbon
electrode (GCE) modified with GOx/CoS-MWCNT

To examine possibility of DET of GOx onto CoS-MWCNTs/
GCE, cyclic voltammograms (CVs) of different modified
GCEs in 0.1 M N2-saturated pH 6.0 phosphate buffer (scan
rate: 100 mV s−1) are examined in Fig. 3. The CV curves of
Nafion/GCE and Nafion/CoS-MWCNTs/GCE show no obvi-
ous peaks, which suggests that there is no electrochemical
redox process without enzymes. However, the Nafion/CoS-
MWCNTs/GCE shows higher background current compared
with Nafion/GCE, which may be attributed to the larger sur-
face area of CoS-MWCNTs nanocomposite [16]. Although
the CV curve of Nafion/GOx/GCE shows a pair of redox
peak, the current response is relatively weak. This is because
that it is difficult to transfer electrons to the electrode surface
due to deeply location of FAD of GOx molecule in the cavity
of enzymes. Compared with Nafion/GOx/GCE and Nafion/
GOx-CoS/GCE, GOx/CoS-MWCNTs modified electrode has
a pair of significant and well-defined redox peaks at −0.443 V
and − 0.396 V. This result suggests that CoS-MWCNTs can
reduce electrical contact between redox-active centers of en-
zyme and the electrode surface, and thus enhance the direct
electron transfer process [27]. The reduction peak current of
Nafion/GOx-CoS-MWCNTs /GCE is 2.2 times larger than
that of Nafion/GOx/GCE, which may be due to the larger
specific surface area and good conductivity [1].

Fig. S1A shows the electrochemical behavior of Nafion/
GOx-CoS-MWCNTs/GCE at different scan rates range from
10 to 300 mV s−1. As seen from the inset of Fig. S1A, both of
anodic peak current (Ipa) and cathodic peak current (Ipc) in-
crease with the increase of scan rate, and the potential of redox
peaks keep no obvious shift. The anodic and cathodic peak
currents displays a linear response to the scan rate, and the

linear regression equations are Ipa = 0.2996 + 0.0070v, R2 =
0.9411 and Ipc = −0.2273–0.0087v, R2 = 0.9696. The ratio of
Ipa/Ipc is close to 1, which indicates that the direct electro-
chemistry of GOx at CoS-MWCNTs/GCE is a quasi-
reversible surface-controlled process [28, 29]. What’s more,
the surface coverage (Г*) of the GOx molecules on the surface
of the Nafion/CoS-MWCNTs modified electrode can be ob-
tained according to the equation Г* = Q/nFA (where Q is the
charge consumed in the reaction, n is the number of electrons
transferred, F is the Farady constant, and A is the electrode
area). The Г* of GOxmolecules on the surface of Nafion/CoS-
MWCNTs modified electrode was calculated to be 2.97 ×
10−11 mol cm−2 from its integration of reduction peak at
100 mV s−1. The value is larger than those of 1.60 ×
10−11 mol cm−2 at GOx/SnS2/Nafion/GCE [15] and 9.8 ×
10−12 mol cm−2 at GOx/Au nanoparticles/carbon paste elec-
trode [12]. The logarithm of cathodic peak current versus the
logarithm of scan rate exhibits a linear relationship (inset b of
Fig. S1A). The linear regression equation is logIpc =
−1.5725 + 0.8182logv, R2 = 0.9894), and the slope is close to
the theoretical slope of the thin-layer electrochemical
behavior.

Cyclic voltammetric responses of Nafion/GOx-CoS-
MWCNTs/GCE is closely related to the pH of the solution.
Fig. S1B shows CVs of Nafion/GOx-CoS-MWCNTs/GCE
within pH range of 4.0 to 9.0, and both the anodic peak and
cathodic peak potentials shifted negatively with the increase
of solution pH. The formal potential has a linear relationship
with the solution pH (inset a of Fig. S1B), and the slope of
−48.1 mV/pH is close to the theoretical value of −58.6 mV
pH −1 reported previously [30]. This suggests that same-
proton coupled same-electron transfer participates in the pro-
cess of redox reaction according to Eq. 1. In addition, the
current response of redox peaks reaches the maximum at
pH 6.0 (inset b of Fig. S1B), demonstrating the optimal solu-
tion pH value for DET of immobilized GOx. To a certain
degree, the decreased proton concentration at higher pH value
results in a decrease in current response, while the decrease in
current response maybe result from lower biological activity
of the immobilized enzyme at lower pH value.

GOx FADð Þ þ 2e− þ 2Hþ↔GOx FADH2ð Þ ð1Þ

The mechanism of the determination of glucose

The mechanism of DET-based glucose detection is studied by
examining CVs of Nafion/CoS-MWCNTs/GCE and Nafion/
GOx-CoS-MWCNTs/GCE in nitrogen-saturated and air-
saturated pH 6.0 phosphate buffer with or without glucose.
As shown in Fig. 4a, whether in nitrogen- or air-saturated
PBS, no obvious peaks are observed at Nafion/CoS-
MWCNTs/GCE, and the peak current is almost unchanged

Fig. 3 Cyclic voltammograms for (a-e) bare GCE, Nafion/CoS-
MWCNTs/GCE, Nafion/GOx/GCE, Nafion/GOx/CoS/GCE and
Nafion/GOx/CoS-MWCNTs/GCE in N2-saturated 0.1 M pH 6.0 PBS at
a scan rate of 100 mV s−1
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with the addition of glucose. In contrast with the situation
mentioned above, a pair of clear and well-defined redox peaks
at Nafion/GOx-CoS-MWCNTs/ GCE are observed in both
nitrogen-saturated solution and air-saturated solution (shown
in Fig. 4b). Nevertheless, it can be observed that the reduction
peak current is larger in air-saturated PBS compared with the
corresponding peak in N2-saturated PBS. This demonstrates
that GOx (FADH2) produced by electrochemical reaction can
electrocatalyze the reduction of dissolved oxygen to form
GOx (FAD) and hydrogen peroxide [12]. With the decrease
of dissolved oxygen, hydrogen peroxide would increase grad-
ually in the process of electrocatalysis. The above phenome-
non can be interpreted according to Eqs. (1) and (2).

GOx FADH2ð Þ þ O2→GOx FADð Þ þ H2O2 ð2Þ
Glucoseþ GOx FADð Þ→GOx FADH2ð Þ þ Gluconolactone ð3Þ

In the presence of dissolved oxygen, the reduction peak
current of Nafion/GOx-CoS-MWCNTs/GCE decreases

gradually with the increase of glucose concentration, which
is caused by electrocatalytic reaction. Such electrocatalytic
reaction inhibits the enzyme-catalyzed reaction between
GOx (FAD) and glucose according to following Eq. (3).
Therefore, the continuous addition of glucose leads to a de-
crease in the concentration of GOx (FAD), thereby causing the
gradually decrease of reduction current. The results above
suggest that the Nafion/GOx-CoS-MWCNTs/GCE can be
used as a biosensor to sense glucose.

Performance of the biosensor

Figure 5a shows the amperometric response curve at
Nafion/GOx-CoS-MWCNTs/GCE on the successive addi-
tion of different concentrations of glucose solution to
10 mL of pH 6.0 air-saturated PBS at an optimal voltage
of −0.43 V. The enzyme biosensor reaches 96% of steady-
state current just within the time of 5 s. Obviously, the
peak current responses increase with the increase of

Fig. 4 Cyclic voltammograms of
(a) Nafion/CoS-MWCNTs/GCE
and (b) Nafion/GOx-CoS-
MWCNTs/GCE in 0.1 M
pH 6.0 N2-saturated PBS and air-
saturated PBS including 0, 0.5
and 1.0 mM glucose at a scan rate
of 100 mV s−1

Fig. 5 a Typical steady-state response of the Nafion/GOx-CoS-MWCNTs/GCE on successive addition of glucose into air-saturated 0.1M pH 6.0 PBS at
the applied potential of −0.43 V, and (b) calibration plot of Nafion/GOx-CoS-MWCNTs/GCE for glucose
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glucose content. The calibration plot (Fig. 5b) of the bio-
sensor displays a linear range from 0.008 to 1.5 mM for
glucose accompanied by a correlation coefficient of
0.9975 and a high sensitivity of 14.96 ± 0.5 mA·M−1·
cm−2. The detection limit is calculated to be 5 μM at a
signal-to-noise of 3. The present glucose biosensor is
compared with other glucose biosensors reported in recent
literatures, including the detection potential, the sensitivi-
ty, the detection limit and linear range, which are listed in
Table 1. By contrast, it is found that the biosensor based
on Nafion/GOx-CoS-MWCNTs/GCE shows satisfactory
performance parameters, which is superior to many other
biosensors reported previously. The excellent assay per-
formance of the glucose biosensor is ascribed to the large
specific surface area and good conductivity of the CoS-
MWCNTs composite.

Reproducibility and stability

The precision of the biosensor was investigated in detail
by the current response of the same modified electrode in
PBS solution containing 0.1 mM glucose. Under the same
conditions, five repetitive measurements were conducted
with the Nafion/GOx-CoS-MWCNTs/GCE with a relative
standard deviation of 2.0%. Then, under the optimized
conditions, five enzyme electrodes produced repeatedly
were investigated by measuring 0.1 mM glucose, and
the relative standard deviation is 6.5%, suggesting good
fabrication reproducibility. The Nafion/GOx-CoS-
MWCNTs/GCE can be stored in an environment of 4 °C
when not in use. The current response of the enzyme
electrodes reduced by 7.0% after 30 days, indicating the
acceptable storage stability of the Nafion/GOx-CoS-
MWCNTs/GCE.

Interference study and determination of glucose
in human serum samples

Several common electroactive interferants such as ascorbic
acid (AA), p-acetamidophenol (AP), uric acid (UA) were cho-
sen to examine the selectivity of the Nafion/GOx-CoS-
MWCNTs/GCE at −0.43 V applied potential. As shown in
Fig. 6, an obvious current response was observed when
0.1 mM glucose was added to phosphate buffer (pH 6.0).
However, there is no significant change in peak current upon
the continuous addition of 0.1 mM AA, 0.1 mM AP and
0.1 mM UA. Then, 0.1 mM glucose was injected again into
the above solution, the current appears again and the response
value is very similar to the value obtained in the absence of an
interfering substance. The results above demonstrate that the
glucose biosensor based on CoS-MWCNTs nanocomposite
possesses high selectivity toward glucose.

To evaluate the practical application of the glucose biosen-
sor, the glucose level in human serum samples was analyzed

Table 1 Comparison of analytical performance between Nafion/GOx-CoS-MWCNTs/GCE and other modified electrodes

Electrode Applied potential (V) Sensitivity (mA M−1 cm−2) Detection limit (mM) Linear range (mM) Reference

GOx/CoS-MWCNTs/Nafion/GCE −0.43 14.96 0.005 0.008–1.5 This work

GOx/CNTs-chitosan/GCE +0.40 7.36 – 0–7.8 [31]

GOx/SnS2/Nafion/GCE −0.45 7.6 0.01 0.025–1.1 [15]

GOx/Pt-CNT/GCE −0.1 – 0.055 0.16–11.5 [32]

GOx/G-CdS/GCE −0.335 1.76 0.7 2.0–16 [33]

GOx/CNT–AuNPs–ZnS
HSs/GCE

+0.50 – 0.01 0.02–7.0 [34]

GOx-Ag-ZnO HNPs/GCE – 18.7 0.005 0.01–1.5 [35]

CNTs: carbon nanotubes

G: graphene

AuNPs: Au nanoparticles

HSs: hollow spheres

HNPs: Hybrid nanorods

Fig. 6 Amperometric response of the Nafion/GOx-CoS-MWCNTs/GCE
to 0.1 mM glucose, 0.1 mM AA, 0.1 mM AP and 0.1 mM UA in pH 6.0
PBS solution at the applied potential of −0.43 V
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by the present enzyme electrode. Human serum samples were
received from Yangzhou Friendship Hospital without any
sample pretreatment except a dilution step. When the glucose
concentration in human serum samples was more than
1.5 mM, the serum samples were diluted properly using phos-
phate buffer (pH 7.0). Subsequently, the results tested by the
present method are compared with the values from
the hospital. The test results for human serum samples are
shown in Table S1, and the relative errors between two
methods are no more than 7.4%, suggesting that the
biosensor can measure glucose accurately in the tested real
samples.

Conclusion

An electrochemical glucose biosensor was developed by
immobilizing GOx on CoS-MWCNTs nanocomposite modi-
fied glassy carbon electrode. CoS-MWCNTs nanocomposite
provides a large specific surface area and a favorable biolog-
ical microenvironment for the direct electrochemistry of GOx.
A pair of redox peaks is obtained from the cyclic voltammo-
gram of Nafion/GOx-CoS-MWCNTs/ GCE, corresponding to
a quasi-reversible surface-controlled process with the same-
proton and the same-electron transfer. CoS-MWCNTs nano-
composite not only retains the bioactivity of the immobilized
enzyme but also promotes the DET between GOx and
the electrode surface. The immobilized GOx retains high af-
finity and sensitivity to glucose. The enzyme biosensor ex-
hibits wide linear range, high sensitivity, low detection limit,
good reproducibility and stability for the detection of glucose.
The biosensor can be applied to the determination of glucose
in human serum samples. This work provides an effective
material for immobilization of proteins and the development
of biosensors.
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