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A novel glucose biosensor was developed by immobilizing glucose oxidase (GOD) on a three-dimensional
(3D) porous cane vine (wisteria) stem-derived carbon (3D-CVS), which was firstly proposed as novel support
material for electrochemical biosensors using loaded biomolecules. Here, an integrated 3D-CVS electrode
was fabricated by loading GOD molecule onto a whole piece of 3D-CVS electrode for a glucose biosensor.
The morphologies of integrated 3D-CVS and 3D-CVS/GOD electrode were characterized by scanning
electron microscopy (SEM) and transmission electron microscopy (TEM). SEM results show the 3D
macroporous structure of the integrated 3D-CVS electrode. TEM results show that there are some
micro-holes and defects in the 3D-CVS electrode. Electrochemical behaviors and electrocatalytic
performance of integrated 3D-CVS/GOD electrode were evaluated by cyclic voltammetry and
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response of biosensors have been studied in detail. The glucose biosensor showed a wide linear range

DOI: 10.1038/¢9ra04008k from 0.58 UM to 16 mM, with a high sensitivity of 86.17 uA mM~! and a low detection limit of 0.19 pM.
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1. Introduction

The development of glucose detection techniques has attracted
great interest in recent years due to their expanding practical
applications in food and fermentation analysis, textile industry,
environmental monitoring, medical diagnosis,"” etc. Many
techniques have been used for monitoring glucose levels, such
as surface plasmon resonance,® near-infrared spectrometry,”
mass spectrometry,®'® electrochemiluminescence,' fluores-
cence,” colorimetry,” electrochemistry,"* etc. Compared with
the large-scale instruments with complicated operation,'>*®
electrochemical biosensors based on biomolecules immobi-
lized on an electrode surface are promising tools owing to their
high sensitivity, good selectivity, miniaturized compatibility,
easy operation and low cost. Great efforts have been devoted to
the immobilization of glucose oxidase (GOD) on an electrode
surface, which is one of the main factors affecting the perfor-
mance of glucose biosensors.””
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Furthermore, the glucose biosensor exhibited high selectivity, good repeatability and nice stability.

Over the past few years, nanomaterials with high electrical
conductivity, large specific surface area and good catalytic activity
have been introduced as support materials for the immobilization
of GOD molecules.**** Among various nanomaterials, graphene
has shown enormous potential for immobilization of GOD owing
to its large specific surface area, two-dimensional honeycomb
lattice and excellent electrical conductivity.?*** For example, Liu
et al. reported a novel highly efficient glucose biosensor by cova-
lently attaching amines of GOD to carboxyl groups of graphene
oxide sheets.” Shan et al also constructed a graphene-based
electrochemical glucose biosensor with a low detection limit.>®
However, graphene nanosheets were apt to aggregate after they
were dropped on the electrode surface due to strong van der Waals'
forces and w-m interactions between individual sheets.***
Accordingly, the performance of a graphene-based electrochemical
glucose biosensor could only be improved to some extent. Carbon
nanotubes (CNT), showing some better properties than graphene
such as the closely-packed structures could be suppressed appro-
priately. Thus this material has also been extensively employed for
immobilization of GOD.***" But this kind of material does not
contain nitrogen element which may affect its biocompatibility*>*
and it is also impossible to fabricate an integrated electrode with
three-dimensional structure to immobilize more enzymes. There-
fore, it still can not meet the present demand for high-
performance construction of glucose biosensors.

Herein, a novel electrochemical glucose biosensor is devel-
oped by using a low-cost and environmentally friendly 3D cane
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vine (wisteria) stem carbon materials (3D-CVS) as a new support
material for loading GOD molecules effectively. As shown in
Scheme 1, a whole 3D-CVS is used to fabricate integrated 3D-
CVS electrodes, thus retaining the complete 3D macroporous
structure, providing a large specific surface area, effectively
fixing a large number of GOD molecules, greatly improving
mass transfer. Some microporosities and defects in the 3D-CVS
electrodes greatly enhance the immobilization of GOD mole-
cules. Therefore, the 3D-CVS electrodes could be used to
immobilize GOD molecules better and the resulting biosensor
showed superior electrochemical performance with good
stability and reproducibility. It is the first time that the 3D-CVS
electrodes were used to immobilize biomolecules (e.g. GOD
molecules) for electrochemical biosensing.

2. Experimental section

2.1. Materials and reagents

Cane vine (wisteria) stems (CVS) were obtained from Meiling
Mountain (Nanchang, China) directly. Glucose oxidase (GOD,
EC 1.1.3.4,140 U mg ). Graphite powder (99.95%, 325 meshes)
was purchased from Aladdin Ltd (Shanghai, China). Potassium
ferricyanide (K3Fe(CN)g), potassium chloride (KCl), ascorbic
acid (AA), uric acid (UA), mannose, fructose, lactose, glucose,
etc., were obtained from Beijing Chemical Reagent Factory
(Beijing, China). All reagents were of analytical grade and used
as received. Phosphate buffer solutions (PBS, 0.2 M, pH 7.0)
were prepared with 0.2 M NaH,PO, and 0.2 M Na,HPO,. GOD
solution (65 uM) was prepared in 0.2 M PBS (pH 7.0). All solu-
tions were prepared with ultra-pure water purified by a Milli-
pore-Q System (18.2 MQ cm).

2.2. Apparatus

Cyclic voltammograms (CVs) and electrochemical impedance
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electrochemical workstation (CHI, China). A three-electrode
configuration was used with a platinum wire as the auxiliary
electrode, a saturated calomel electrode (SCE) as the reference
electrode, and a 3D-CVS/GOD electrode as the working elec-
trode. Effective surface areas (4.¢) of various 3D-CVS were esti-
mated before use based on the CVs in 0.1 M KCI solution
containing 5.0 mM Fe(CN)s>*~ at 50 mV s~* according to the
Randles-Sevcik equation as shown in Fig. S1 (ESIf). The
currents had been normalized based on the A.¢ Other CVs were
carried out in 10.0 mL of 0.2 M PBS (pH 7.0) at room temper-
ature. EIS was characterized at an open circuit potential in the
frequency range from 0.01 Hz to 105 Hz with amplitude 5 mV.
Scanning electron microscopy (SEM) analysis was carried out
using a XL30 ESEM-FEG SEM at an accelerating voltage of 20 kV
equipped with a Phoenix energy dispersive X-ray analyzer
(EDXA). Transmission electron microscopy (TEM) images were
recorded on a JEOL JEM-2100 microscope operated at an
acceleration voltage of 200 kv.

2.3. Preparation of integrated 3D-CVS/GOD electrodes

The 3D-CVS was prepared by carbonization of dried cane vine
stems in a high-temperature furnace (detailed steps are listed in
the ESI, Fig. S2 and Table S1f). Then the 3D-CVS was cut into
a cylindrical shape with the outside diameter almost equal to
the inside diameter of the tip of the treated pipette and
accordingly the cylindrical 3D-CVS could be firmly immobilized
in the treated pipette tip. The processed 3D-CVS was washed
with ethanol and ultra-pure water alternately, dried naturally,
and inserted into the treated pipette tip leaving about a 0.2 mm
long part outside. Then 1.0 g graphite powder and 0.25 g liquid
paraffin were mixed and homogenized carefully in an agate
mortar for 20 min. After that, the homogenized mixture was
packed into the upper part of the pipette tip to contact the end

spectroscopy (EIS) were carried out with a CHI750D of 3D-CVS. Here, about 0.2-0.3 mm of the bottom of the pipette
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Scheme 1 Schematic illustration of the fabrication and structure of the 3D-CVS/GOD electrode.
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tip had no homogenized mixture and accordingly the pasty
mixture did not flow out. Then, a copper wire was inserted into
the pipette tip to electrically connect it with the end of 3D-CVS
via graphite powder. After the homogenized mixture paste was
naturally dried at room temperature, the copper wire was
further immobilized by using parafilm or epikote as shown in
Scheme 1. Finally, a thin layer of transparent nail polish was
coated on the gap between the treated pipette tip and the 3D-
CVS to avoid the solution from entering the treated pipette
tip. The schematic structure of the 3D-CVS electrode was illus-
trated in detail in Scheme 1. The 3D-CVS electrode was
immersed into 65 tM GOD solution at 4 °C for 12 h. Finally, the
modified electrode was rinsed with ultra-pure water to remove
weakly bound molecules and stored at 4 °C for further use. The
resulting electrode was referred to as the 3D-CVS/GOD elec-
trode. The preparation procedure is also illustrated in Scheme
1.

3. Results and discussion

3.1. Characterization of 3D-CVS/GOD electrodes

SEM was firstly employed to investigate the morphology of 3D-CVS
and 3D-CVS/GOD electrodes. As shown in Fig. 1A-C and S3,f The
3D-CVS was cylindrical and many macropores appeared in it,
revealing the hollow structure inside. Their diameters were esti-
mated to be about 2.5 pm which is much smaller than previously
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reported.>** At the same time, it could be seen from Fig. 1B and C
that the material also had ultra-thin lamellar structure. Moreover,
the TEM image clearly revealed many black and white spots on the
3D-CVS electrode (Fig. 1D), which indicated microporous struc-
tures and some defects in the graphite nanosheets. These above
special structures may useful for proton transport and catalytic
performance of electrodes. Energy disperse spectroscopy (EDS)
mapping images were also used to characterize the 3D-CVS (Fig. 1E
and F), and the C, N elements uniformly appeared on it, which was
consistent with the results of EDS (Fig. S5T), indicating the elec-
trode had good biocompatibility. Magnified SEM images (Fig. 1G
and H) showed that when GOD molecules were assembled on the
3D-CVS electrode, the lamellar structure becomes smooth
(Fig. 1G), and the diameters of holes in the 3D-CVS also decreases
(Fig. 1H). At the same time, S elements also could be seen on the
surface of the electrode by EDS mapping images (Fig. 1I). These
above results clearly demonstrated the successful immobilization
of GOD molecules on the 3D-CVS electrodes.

3.2. Electrochemical behaviors of 3D-CVS/GOD electrodes

The EIS had been a popular tool to monitor the electrode assembly
process due to its immediate and sensitive response to the elec-
trode surface changes.* Fig. 2 shows the EIS of the 3D-CVS/GOD
electrode (curve a) and the 3D-CVS electrode (curve b) in 5 mM
Fe(CN)s®>~"*~ containing 0.1 KCI as the supporting electrolyte. The

Fig. 1
CVS/GOD. (I) EDS mapping images of the 3D-CVS/GOD.

This journal is © The Royal Society of Chemistry 2019

(A-C) SEM images of 3D-CVS and (D) TEM image of 3D-CVS. (E and F) EDS mapping images of the 3D-CVS. (G and H) SEM images of 3D-
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Fig. 2 EIS of the 3D-CVS/GOD electrode (curve a) and the 3D-CVS

electrode (curve b) in 5.0 mM Fe(CN)g> /" containing 0.1 KCL. Inset is
the equivalent circuit. Frequency range is 0.01-10 kHz.

inset shows a Randles equivalence circuit model which was chosen
to fit the impedance data.*® In the Randles circuit, the resistance to
charge transfer (R.) and the diffusion impedance (W) were both
assumed to be in parallel to the interfacial capacity (Cq). The
parallel structure of R, and Cq gave rise to a semicircle in the
complex plane plot of Z;;,, against Z.. The R of the 3D-CVS elec-
trode (50 Q, curve b) was extremely small. After the GOD was
coated on the 3D-CVS electrode surface, an obvious increase of R
(168 Q, curve a) was observed (fitting results of the impedance
spectra are listed in Table S2, ESIT). It might be ascribed not only to
hindrance of the GOD molecule layer to Fe(CN),>~*~ but also to
electrostatic repulsion between Fe(CN),> ™~ and negatively
charged GOD molecules.”” Therefore, the increase of R also
indicated that the successful immobilization of GOD molecules on
the surface of the 3D-CVS electrode.

Fig. S4At shows the CVs of the 3D-CVS/GOD electrode in
0.2 M N,-saturated PBS with pH from 6.0 to 8.0 at a scan rate of
100 mV s~ . The formal potential (E® = (Ep, + Epc)/2) displayed
a linear relativity to pH with a slope of —60.5 mV per pH (R =
—0.998) (Fig. S4B¥). This value was very close to the theoretical
value of —58.6 mV per pH for the two-electron and two-proton
transportation process of FAD/FADH, redox couples in the
GOD.*® The effect of the potential scan rate on the electro-
chemical performance of the 3D-CVS/GOD electrode was shown
in Fig. S4C.1 The redox peak current increased linearly as the
potential scan rate increased from 50 to 1000 mV s
(Fig. S4Dt), indicating a quasi-reversible surface-controlled
electrochemical process. The surface coverage (I, in mol
ecm™?) of GOD on the 3D-CVS electrode could be determined
based on Faraday's law:*

nFQv  n?F*AI'*v

= 4RT = TaRT (1)

This equation could be transferred as the following
expression:

= = @)
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I is the surface coverage, which represents the concentration of
electroactive substances on the surface of the electrode. Where
Q was the charge consumed in CVs (Q = 4.67 x 10~ °, the value
is obtained by calculating the average value of the integral
electric quantity of the redox peak of GOD), n was the electron
transfer number (n = 2 for the direct electron transfer of GOD
which had been proven by the above result), F was the Faraday
constant (F = 96 493 C mol " (ref. 39)) and A.¢ was the effective
surface area of the electrode (Fig. S1t). The calculated I' value of
the 3D-CVS/GOD electrode was 3.55 x 10~ '° mol cm ™2, which
was much higher than the theoretical molecular monolayer
surface coverage (2.86 x 10~ "> mol cm ?).*® The principle of
calculating the surface coverage of monolayer*** is mainly
based on the maximum cross-sectional area of the modified
protease, and the molar number of protease molecules
arranged on the surface of 1 ecm” electrode (excluding any
stacking). The corresponding formulas are as follows:

ro = L) (3)
Here I’y represents the surface coverage of the monolayer, M; is
1 cm?, M, is the largest cross-sectional area of protease, for GOD
is about 58 nm?, N, is Avogadro constant, its value is 6.021 X
10”2, Therefore, the theoretical monolayer surface coverage of
glucose oxidase is 2.86 x 10~ "> mol cm ™2,

The large I' might be ascribed to the 3D porous structure
integrated with the 3D-CVS electrode, which provides a large
specific surface area to effectively immobilize a large number of
GOD molecules. Moreover, some microporosities and defects in
the integrated 3D-CVS electrode might also enhance the
immobilization of GOD molecules.

At a scan rate of 100 mvV s, AE, = 45 mV and nAE, = 90 mV
< 200 mV, the electron transfer coefficient (o) was determined
to be 0.5. The electron-transfer rate constant (k) could be esti-
mated based on Laviron theory:*

K = mnFulRT (4)

where n was the electron transfer number (n = 2), F was the
Faraday constant (F = 96 493 C mol '), v was the scan rate, R
was the gas constant (R = 8.314 ] mol ' K '), T was the
temperature in kelvin (7= 298 K) and m was a constant which
relates to AE,,. The K, was calculated to be 2.30 s~ for the 3D-
CVS/GOD electrode, larger than that of the previously re-
ported  gelatin-multiwalled  carbon  nanotube/GOD/
glutaraldehyde/GCE of 1.08 s ' (ref. 28) and GOD/PDDA/
multi-walled carbon nanotube (MWCNT)-AuNP/GCE of 1.01
s 1.5 The experimental results indicated that the 3D-CVS
electrode could effectively promote the electron transfer of
GOD molecule. Fast electron transfer might be attributed to
the special 3D porous and layered structure of the 3D-CVS
electrode, which effectively improves the electrolyte diffu-
sion between GOD and the electrode surface to facilitate
rapid electron transfer. The good electrical conductivity of
the 3D-CVS electrode®® and the uniform distribution of GOD
molecules on the 3D-CVS electrode further enhance the
electron transfer.

This journal is © The Royal Society of Chemistry 2019
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3.3. Electrocatalytic properties of 3D-CVS/GOD electrodes

In order to explore the electrochemical properties of the 3D-CVS/
GOD electrode, the CVs of various electrodes including glass
carbon/GOD (GC/GOD) electrode, carbon paste/GOD (CP/GOD)
electrode and 3D-CVS/GOD electrode were investigated in 0.2 M
PBS (pH = 7.0) containing 0.0, 5.0 and 10.0 mM glucose,
respectively (Fig. 3A-C). As shown by curve a in Fig. 3C, the CVs of
3D-CVS/GOD exhibited an obvious cathodic peak and a dis-
appeared anodic peak in the presence of O,, indicating a typical
electrocatalytic reduction of O,.* With the increase of glucose
concentration, the cathodic current of the electrode decreases
gradually, indicating that the oxygen in the solution is consumed.
Therefore, the glucose could be catalytically oxidized into gluco-
nolactone by GOD on the 3D-CVS/GOD and the generated GOD
(FADH,) could be oxidized into GOD (FAD) by O,. The possible
mechanism could be shown by the following equations.*®*”

Glucose + GOD (FAD) — gluconolactone + GOD (FADH,)(5)

GOD (FADH,) + O, —» GOD (FAD) + H,0, (6)
In total:
Glucose + O, oop gluconolactone + H,O, (7)
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Simultaneously, it could be seen that the cathodic current at
the 3D-CVS/GOD electrode (Fig. 3C) exhibited the regular
decrease with the addition of glucose, while the CP/GOD elec-
trode (Fig. 3B) showed an irregular change at the investigated
potential range, and the peak current response toward the 5.0 to
10.0 mM of glucose was only 1/3 that of the 3D-CVS/GOD elec-
trode (Fig. 3D). The ability of 3D-CVS/GOD electrode to enhance
electrocatalytic activity might have originated from the
nitrogen-doped porous architecture, which enables a large
number of GOD molecules to be firmly immobilized on 3D-CVS
and effectively maintain their biological activity. As shown in
Fig. 3A, no obvious cathodic and anodic current appeared at the
GC/GOD electrode due to the lack of defects and active sites to
catalyze the reduction of O,. Furthermore, it was difficult to
immobilize GOD on the smooth surface of the GC electrode,
which resulted in a poor response toward glucose accordingly.**

3.4. Voltammetric detection of glucose

To further illustrate the relationship between the electro-
catalytic current and the concentration of glucose, DPV
measurements were performed in 0.2 M PBS (pH 7.0) in the
voltage range from —0.6 to —0.2 V (Fig. 4A). The sharp and
well-defined reduction peak currents decreased with the
successive addition of glucose. At the same time, the reduc-
tion potential remained steady. The calibration curve (inset

B sl
o 0
£
O 1504
g_ c
= -300- b~
—
450
a
-Gw L) L] L] L] L] L]
07 06 05 04 03 02
Potential/V

3D-CVS/GOD

CP/GOD

Fig. 3 CVs of the (A) GC/GOD, (B) CP/GOD and (C) 3D-CVS electrode in 0.2 M O,-saturated PBS (pH 7.0) in the presence of glucose: (a) 0 mM,
(b) 5 mM and (c) 10 mM. (D) Comparison of the peak current response of CP/GOD and 3D-CVS electrode in 0.2 M O,-saturated PBS in the

presence of glucose: 5 mM to 10 mM.
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(A) DPV of the 3D-CVS/GOD electrode in 0.2 M O,-saturated PBS (pH 7.0) in the presence of glucose with different concentrations. Inset:

relationship between glucose concentration and current signal for the 3D-CVS/GOD electrode. (B) Comparison of DPV response of 3D-CVS/
GOD in 0.2 M O,-saturated PBS in the presence of glucose and other interfering substances.

of Fig. 4A) fitted to determine the relationship between the
peak current and the concentration of glucose was described
by I, (A) = —2356.46 + 86.17C (mM) in the concentration
range of 0.58 uM to 16 mM with R = 0.9993, and the sensi-
tivity was estimated to be 86.17 pA cm~> mM . The detection
limit was calculated to be 0.19 uM (S/N = 3). To exhibit the
advantages of proposed biosensor, the analytical perfor-
mances of developed biosensor were compared with other
glucose sensors in Table 1. The results showed that the
designed biosensor of the carbon material exhibited a wide
linear range and a high sensitivity toward glucose detection.
As mentioned above, some defects and microporosities in the
3D-CVS electrode could adsorb GOD molecules well. The 3D
porous structure of 3D-CVS might improve the mass transfer
and provide a large specific surface area, thus effectively
loading a large number of GOD molecules. The good elec-
trical conductivity of 3D-CVS electrode and uniform distri-
bution of GOD molecules further enhanced the electron
transfer. Therefore, the biosensor we studied has good
conductivity. The synthesis of carbon materials is always very
complex, compared with 3D-CVS, which is a natural and
simple material. As could be seen, the comparison of
analytical performance of our proposed glucose biosensors

with selected ones that have been proposed by others in
earlier publications in Table 1 perhaps don't have a very
clearly significant advancement. However, it is possible that
further treatment by N-doping or fabricating a lot of poros-
ities or defects in the 3D-CVS electrode should improve the
performance of our developed biosensor.

3.5. Repeatability and stability of the biosensor

The repeatability of biosensor was investigated by successively
detecting 5.0 mM glucose for 6 times, and the RSD was about
3.52%, indicating a good repeatability. The current responses
were checked daily up to 14 days, and the current response was
still retained 96.9% (Fig. S61) value of the initial response. The
results indicated that the 3D-CVS/GOD electrode showed good
repeatability and stability.

3.6. Interference and glucose detection in human blood serum

Some possibly coexisting materials such as some carbohy-
drates, AA and UA were used to test the selectivity of the glucose
biosensor. The 3D-CVS/GOD electrode was first kept in a stirred
0.2 M O,-saturated PBS (pH 7.0) at scan rate of 100 mV s~ " and
then a 2.0 mM glucose solution was added. After that, 6.0 mM

Table 1 A comparison of the performance of various GOD-based glucose biosensors

Sensitivity

Glucose sensors Linear range (mM) Detection limit (uM) (MAcm > mM ) Reference
GOD@TiO2/FePc-CNTs 0.05-4.0 30.0 65.3 48
GOD/Mn-doped ZnS QDs” 0.01-0.1 and 0.1-1.0 3.0 — 49
GOD/ERGO’-MWCNTs? 0.01-6.5 4.7 7.95 50
GOD/PVA®-Au-pphTEOS" 1.0-8.0 0.7 43.22 51
4-Amino thiophenol/AuNP/GOD-HRP/MUAg—MCHh/Au 0.0165-10.0 5.4 41.78 52
GOD/CNTs 0.04-1.0 20.0 2.4 53
GOD/Ag-Pdop’@CNTs 0.05-1.1 17.0 3.1 54
GOD/graphene-chitosan 0.08-12.0 20.0 37.93 55
GOD/CVS electrode 0.00058-16 0.19 86.17 In this work

“1Iron phthalocyanine. ” Quantum dots. © Electrochemically reduced graphene oxide. ¢ Multiwalled carbon nanotubes. ¢ Polyvinyl alcohol.
J Partially prehydrolyzed tetraethyl orthosilicate. & 11-Mercaptoundecanoic acid. ” 6-Mercapto-1-hexanol. ! Polydopamine.
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AA, 6.0 UA mM, 6.0 mM sucrose, 6.0 fructose and 6.0 mM
mannose were added sequentially. The results indicated that
the possibly coexisted materials have no obvious interference
for the detection of glucose as shown in Fig. 4B. Hence, a highly
selective response to glucose was obtained without the use of
a permselective membrane or enzymatic peroxidation.

In order to evaluate the practical application of the devel-
oped biosensor in clinical analysis, the 3D-CVS/GOD was
utilized to detect glucose in human serum samples. As shown in
Table S3,T different amounts of glucose were added into human
serum samples for recovery tests. The test results from five
repeated experiments showed acceptable recoveries between
98.95% and 101.19% and the RSD was lower than 3.21%. The
results indicated that the developed method was reliable and
applicable in real human sample analysis.

4. Conclusion

In summary, a promising glucose biosensor based on GOD
molecules immobilized on the 3D-CVS electrode was success-
fully achieved. The results proved that the integrated 3D-CVS
electrode could be used to effectively load a large number of
biomolecules for electrochemical biosensing. The 3D porous
structure obviously improved the mass transfer. The excellent
conductivity was favorable for electron transfer between
biomolecules and electrode surface. Some defects and micro-
porosities formed in the 3D-CVS electrode resulted in a good
adsorption of GOD molecules. The CVs results showed a pair of
well-defined redox peaks corresponding to the electron transfer
of GOD, which indicated that the direct electron transfer
between GOD and the 3D-CVS electrode could be achieved. With
wide linear range, high sensitivity and good selectivity, the new
designed biosensor might be used for the detection of glucose
concentrations in practical samples. Moreover, it is possible to
fabricate other analogous enzyme electrode based on the inte-
grated 3D-CVS electrode.
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