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a b s t r a c t

The graphene nanosheets and carbon nanospheres mixture (GNS–CNS) was prepared by electrolyzing
graphite rob in KNO3 solution under constant current, which was characterized by TEM, AFM, SEM, FT-IR,
XRD, XPS, TGA and UV–vis. The nano-mixture can keep stable in water for more than one month. Based
on this kind of mixture material, a novel electrochemical biosensing platform for glucose determination
was developed. Cyclic voltammetry of glucose oxidase (GOD) immobilized on GNS–CNS/GCE exhibited
a pair of well-defined quasi-reversible redox peaks at −0.488 V (Epa) and −0.509 V (Epc) by direct elec-
tron transfer between the protein and the electrode. The charge-transfer coefficient (˛) was 0.51, the
electron transfer rate constant was 2.64 s−1 and the surface coverage of HRP was 3.18 × 10−10 mol cm−2.
lucose oxidase
iosensors

The immobilized GOD could retain its bioactivity and catalyze the reduction of dissolved oxygen. The
glucose biosensor has a linear range from 0.4 to 20 mM with detection limit of 0.1 mM. Moreover, the
biosensor exhibits acceptable reproducibility and storage stability. The fabricated biosensor was further
used to determine glucose in human plasma sample with the recoveries from 96.83% to 105.52%. There-
fore, GOD/GNS–CNS/GCE could be promisingly applied to determine blood sugar concentration in the
practical clinical analysis.
. Introduction

Graphene, a new class of two-dimensional nanomaterials, has
ttracted a great deal of interest in recent years due to its unique
lectrical, thermal, and mechanical properties, which was widely
pplied in synthesizing nanocomposites and fabricating various
evices, such as capacitors (Du et al., 2010), transistors (Ihn et al.,
010) and solar cell (Hong et al., 2008), especially in electrochem-

cal biosensor. For instance, the direct electrochemistry of glucose
xidase (GOD) was realized on pure graphene nanosheets modified
lectrode (Wu et al., 2010a). Lu et al. successfully fabricated a H2O2
iosensor based on horseradish peroxidase, Nafion and single-layer
raphene nanoplatelet modified electrode (Lu et al., 2010). Though
he determination purpose of these biosensors have achieved, the
eak dispersibility of graphene in water and organic solvents lim-

ts their application to a certain degree, because the pure graphene
anosheets tend to aggregate to form graphite through strong �–�

tacking and van der Waal’s interaction (Shen et al., 2009). There-
ore, the graphene dispersion cannot stand for a long time and
raphene nanosheets will be precipitated within several hours. As
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a result, the dispersion needs to be ultrasonicated again before next
use.

For avoiding its aggregation, various methods have been devel-
oped. Lin’s group observed the direct electron transfer of GOD on
graphene–chitosan modified glassy carbon electrode (GCE), where
chitosan was used as dispersing agent for graphene (Kang et al.,
2009). Wang et al. investigated the direct electrochemistry of GOD
on graphene–CdS/GCE, in which work, the graphene nanocompos-
ites was dispersed in Nafion solution (Wang et al., 2011). Though
the trouble of difficult dispersibility has been solved, the dispersing
agents are no-conductivity, which will decrease the conductiv-
ity of graphene nanosheets. In order to enhance the dispersity of
graphene nanoshets without the aid of chitosan and Nafion, various
functionalized graphene nanosheets have been synthesized and
applied in biosensor. Niu’s group prepared polyvinylpyrrolidone-
protected graphene and used it as GOD immobilization matrix to
investigate the direct electrochemistry of GOD and glucose biosens-
ing (Shan et al., 2009). Zhang et al. synthesized polymeric ionic
liquid functionalized graphene nanosheets, which can well dis-
perse in water and promote the direct electron transfer of GOD
(Zhang et al., 2011).
Though the above functionalized graphene nanosheets can well
dispersed in water, they are synthesized by chemical reduction of
graphene oxide using hydrazine as reductive agent. It is well known
that hydrazine is highly toxic, and its use should be extreme care

dx.doi.org/10.1016/j.bios.2011.08.039
http://www.sciencedirect.com/science/journal/09565663
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nd minimized. The chemical process may also leave some residual
poxide groups on the reduced graphene oxide sheets, which leads
o some loss in electron mobility (Wang et al., 2009b). Recently,
onic liquid functionalized graphene nanosheets (IL-GNS) are pre-
ared by electrolyzing graphite rod at constant voltage of 15 V
sing ionic liquid as electrolyte (Liu et al., 2008). The prepared

L-GNS can readily form stable and homogeneous dispersions in
olar aprotic solvents such as N,N-dimethylformamide, dimethyl
ulfoxide, and N-methylpyrrolidone solution after a brief ultrasonic
reatment. However, it cannot longer disperse in water. Encour-
ged by the preparation of IL-GNS through electrolyzing graphite
od, we prepared the mixture of graphene nanosheets and carbon
anospheres (GNS–CNS) by electrolyzing graphite rob at constant
urrent of 1.0 A using KNO3 as electrolyte. With the presence of
arbon nanospheres, the obtained GNS–CNS can well disperse in
ater for more than 30 days. In addition, the preparation process

s “green” compared with hydrazine reduction, which is hardly
ny harm to people and environments. For confirming the appli-
ability of GNS–CNS in biosensor, the GOD/GNS–CNS/GCE was
abricated to investigate the direct electrochemistry of GOD. The
esults indicated that GNS–CNS possess excellent conductivity and
dsorptivity. And based on these properties, GNS–CNS can signifi-
antly promote the direct electron transfer of GOD. This biosensor
lso showed good electrocatalytic performance to glucose in O2-
aturated condition with wide linear range, low detection limit and
ood stability.

. Experimental

.1. Material and chemicals

Glucose oxidase (GOD, EC 1.1.3.4, Type X-S, 100 U/mg), flavin
denine dinucleotide (FAD) and d-glucose were purchased from
laddin (China). The stocked solution of GOD (7 mg/mL) was pre-
ared with 0.1 M phosphate buffer solutions (PBS, pH 7.0) and
ept in darkness at 4 ◦C. A stock solution of d-glucose (0.1 M) was
repared with double distilled deionized water (three-D water)
nd allowed to mutarotate at room temperature for 24 h before
easurements. Working solutions were freshly prepared before

se by diluting the stock solution with three-D water. Graphene
xide (GO) was synthesized by chemical oxidation of graphite
Kovtyukhova et al., 1999). Graphene nanosheets were synthesized
y chemical reduction of GO with hydrazine according to previ-
us report (Stankovich et al., 2007) and named as RGO. 0.1 M PBS
as prepared by mixing the stock solution of 0.1 M NaH2PO4 and

.1 M Na2HPO4, and the pH was adjusted by NaOH or HCl. High
urity graphite rods were purchased from the Qingdao Tennry car-
on Co, Ltd. (China). All chemicals were analytical reagent grade
nd used without further purification. All solutions were prepared
ith three-D water from quartz device.

Electrochemical experiments were performed with CHI660C
lectrochemical workstation (CH Instruments, Inc., USA) with a
onventional three-electrode cell. A bare or modified GCE (CHI104,
= 3 mm) was used as working electrode. A saturated calomel elec-

rode (SCE) and a platinum wire were used as reference electrode
nd auxiliary electrode, respectively. The electrolysis of graphite
ob was performed at WLS-5 digital constant-current power (Nan-
ing, China). The transmission electron microscope (TEM) image

as obtained at JEM-2100 TEM (Japan). The scanning electronic
icroscopy (SEM) was performed on a JEOL-1200EX SEM (Japan).

he atomic force microscopy (AFM) measurement was performed
n DiMultimode (USA). UV–vis absorbance spectroscopy was per-

ormed using a UV-2450 spectrophotometer (Shimadzu Co. Japan).
ourier transform infrared (FT-IR) spectra were recorded with
icolet 380 spectrometer (Thermo Co., USA). X-ray photoelec-

ron spectroscopy (XPS) was performed on Rigaku D/Max-RB PHI
ctronics 30 (2011) 112–117 113

5000 C ESCA System (USA) using Al K� 1486.6 eV radiation at 300 W
(14 kV). The X-ray powder diffraction (XRD) measurement was
taken on a Rigaku D/max-IIB X-ray diffractometer (Japan) with
Cu K� radiation (� = 1.5418 Å). The thermogravimetric analysis
(TGA) was carried out at DTG-60A/60AH thermogravimetric ana-
lyzer (Shimadzu, Japan) under N2 atmosphere at a heating rate of
20 ◦C/min. All the measurements were carried out at room temper-
ature (25 ± 0.5 ◦C).

2.2. Preparation of GNS–CNS nano-mixtures

GNS–CNS nano-mixtures were synthesized according to pre-
vious report with modification (Lu et al., 2009). In brief, two
high-purity graphite rods as electrode were inserted into 50 mL
2.0 M KNO3 solution prepared with three-D water. After the con-
stant current of 0.2 A was applied to two graphite rods by WLS-5
model constant current meter for 2 h, the constant current was
changed to 1.0 A. The anode graphite rod began to corrode and a
lot of black precipitate appeared gradually at the bottom of the
reactor. Finally, the precipitate was taken out of the reactor after
3 h, washed thoroughly with a lot of water, and then dried at 60 ◦C
in oven for 6 h. The obtained products were named as graphene
nanosheets and carbon nanospheres nano-mixtures.

2.3. Preparation of GOD/GNS–CNS/GCE

A GCE was polished to a mirror-like with 0.3 and 0.05 �m alu-
mina slurry on micro-cloth pads, rinsed thoroughly with three-D
water between each polishing step, then washed successively with
three-D water, anhydrous ethanol and three-D water in an ultra-
sonic bath and dried in air before use. For preparation of modified
electrode, 3 mg/mL GNS–CNS dispersion was first prepared with
three-D water, followed by ultrasonication for 1 h. With a microin-
jector, 5 �L of GNS–CNS dispersion was deposited on the fresh
prepared GCE surface. After the solvent was evaporated, the elec-
trode surface was thoroughly rinsed with three-D water and dried
in the air. Then 5 �L GOD solution was dropped on the modified
electrode surface and dried under room temperature. Then the elec-
trode was rinsed with three-D water to remove the unimmobilized
GOD. The obtained electrode was named as GOD/GNS–CNS/GCE.
For control, GOD/GCE, GNS–CNS/GCE and FAD/GNS–CNS/GCE were
prepared using the similar procedure. The modified GCE was stored
at 4 ◦C in a refrigerator under dry conditions when not in use.

3. Results and discussion

3.1. Characterization of GNS–CNS

The morphologies of GNS–CNS were characterized by TEM
(Fig. 1). As can be seen in Fig. 1A–C, GNS–CNS contained graphene
nanosheets and carbon nanospheres (average diameter 100 nm).
Most carbon nanospheres were adsorbed on the surface and edge
of graphene nanosheets. Only little individual graphene nanosheets
were observed. The prepared GNS–CNS was also characterized by
SEM, AFM, IR, XRD, XPS, TGA and UV–vis (Fig. S1, supplementary
material).

3.2. Dispersion of GNS–CNS in water

It is reported that pure graphene nanosheets cannot disperse
in water and precipitation of agglomerated nanosheets can be
clearly observed through strong �–� stacking and van der Waal’s

interaction in aqueous solution (Deng et al., 2010). For proving
that the dispersion of GNS–CNS in water is superior to graphene
nanosheets, the dispersion of GNS–CNS was investigated. As can
be seen in Fig. 2A, GNS–CNS can easily be suspended in water after
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Fig. 1. TEM images of GNS–CNS, in which, (A) carbon nanospheres; (B) graphe

ltrasonication for 1 h and result a homogeneous black aqueous
olution. Such homogeneous suspension is fairly stable and no sign
f coagulation of the mixture can be observed even after more than
0 days storage (Fig. 2B). The superior dispersibility of GNS–CNS can
e explained as two main reasons. One is that the edge of graphene
anosheets contain hydroxyl and carboxyl, those hydrophilic group
an promote the dispersibility of GNS–CNS. In the electrolysis pro-
ess, the water can be oxidized to form strong oxidants of hydroxyl
•OH) and oxygen radicals (•O), which can attack the graphite edge
lanes to generate hydroxylation or carboxylation of graphite (Lu

t al., 2009). The corrosion process occurs initially at edge sites,
rain boundaries, or defect sites and takes place before the expan-
ion of the graphite electrode. In addition, NO3

− can be reduced at

ig. 2. Photographs of GNS–CNS dispersed in water (1 mg/mL) after ultrasonication
h (A) and stand for 30 days (B).
osheets; and (C) carbon nanospheres was absorbed on grapheme nanosheets.

cathode to form NO2
− and OH− (Bergmann and Rollin, 2007). After

that, the H+ or OH− or NO2
− or NO3

− in solution can intercalate the
interlamination of graphite anode to make it expandation. Finally,
some expanded graphite precipitate as graphene sheets or carbon
nanospheres with some hydroxyl and carboxyl. The other reason is
carbon nanospheres, which was adsorbed on the surface and edge
of graphene nanosheets to prevent the aggregation of graphene
nanosheets. Though polyvinylpyrrolidone-protected graphene
(Shan et al., 2009) and ionic liquid functionalized graphene (Zhang
et al., 2011) synthesized by chemical reduction of graphene oxide
can also disperse in water and keep stable for months, it must be
highlighted that GNS–CNS preparation by electrolysis is very sim-
ple and easy compared with the preparation process of the above
functionalized graphene. We think that the simple process and
the excellent dispersibility in water can increase the application
of GNS–CNS in biological and chemical analysis.

3.3. UV–vis spectra of GOD in GNS–CNS dispersion

Though comparing the UV–vis spectra of GOD in GNS–CNS
dispersion and FAD–GNS–CNS dispersion, the conclusion can be
achieved that the GOD can keep its natural structure in the mixture
(Fig. S2, supplementary material).

3.4. Direct electrochemistry of GOD immobilized on the GNS–CNS
film

Cyclic voltammetry (CV) was employed to evaluate the perfor-
mance of the fabricated biosensor. The direct electrochemistry of
GOD immobilized on the GNS–CNS/GCE was investigated in 0.1 M
nitrogen-saturated PBS (pH 7.0). As shown in Fig. 3a and c, no
peak is observed at bare GCE and GNS–CNS/GCE, which indicated
that GNS–CNS was electrochemically silent in this potential win-
dow. Same to GCE and GNS–CNS/GCE, the redox peaks were not
obtained at GOD/GCE (curve b), suggesting that no direct electron
transfer of GOD occurred at the bare GCE. However, a pair well-
defined redox peaks were observed at GOD/GNS–CNS/GCE (curve
d) with the oxidation peak potential (Epa) of −0.488 V and the

reduction peak potential of −0.509 V with the peak-to-peak sep-
aration (�Ep) of 21 mV at 100 mV/s. The ration of the cathodic to
anodic current is 1.05, indicating a reversible direct electrochemical
oxidation/reduction. The �Ep obtained in this work is lower than
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Table 1
Performance comparison of the resulting biosensor for the direct electrochemistry of GOD and glucose detection with other biosensors.

Sensor �Ep (mV) � (mol cm−2) Linear range (mM) LOD (mM) Km (mM) Ref.

Laponite/GOD/GCE 19d 2.66 × 10−11 10–1900 10 – Shan et al. (2010b)
GOD–graphene–chitosan–CdS/GCE 16c – 2.0–16.0 0.7 1.6 Wang et al. (2011)
Graphene/AuNPs/GOD/chitosan/Au – – 2.0–10.0 0.18 – Shan et al. (2010a)
Nafion/GOD-MC-FDU-15/GCE 27 – 0.1–1 0.09 – Wang et al. (2009a)
GOD/PPMH/GCE 64 8.50 × 10−11 0.05–4 0.05 0.64 Oztekin et al. (2011)
CS-GOD-CdS/ACNTs-Ptnano electrode 59a 8.0 × 10−10 0.4–21.2 0.0468 11.86 Yang et al. (2008)
GOD/CILE 56 6.69 × 10−11 0.1–800 0.03 2.47 Shangguan et al. (2008)
GOD-graphene-chitosan/GCE 80 1.12 × 10−9 0.08–12 0.02 4.4 Kang et al. (2009)
GOD/Cys/AuNPs/ITO 213 – 0.01–4.8 0.015 12.1 Wang et al. (2008)
GOD-graphene/GCE 27b 1.3 ± 0.3 × 10−10 0.1–10 0.01 – Wu et al. (2010b)
GOD/SWCNT-Chitosan/GCE 37 1.3 × 10−10 1–10 0.01 – Zhou et al. (2008)
Pt/GOx-PVA – – 0.1–37 0.01 12.8 Guascito et al. (2011)
GOD/CNx-MWNTs/GCE 7 7.52 × 10−10 0.02–1.02 0.01 2.2 Deng et al. (2009)
GOD/poly(ViBuIm+Br−)-Graphene/GCE 59f 1.45 × 10−11 0.8–20 0.267 2.4 Zhang et al. (2011)
GOD/BCNTs/GCE 26e 1.94 × 10−9 0.05–0.3 0.01 0.2 Deng et al. (2008)
Nafion-CNTs-CdTe-GOD/GCE 50 8.77 × 10−11 – – 0.651 Liu et al. (2007)
Graphite nanosheet-Nafion-GOD/GCE 28 – 0.2–1.4 – – Fu et al. (2009)
GOD/GNS–CNS/GCE 21 3.18 × 10−10 0.4–20 0.1 0.12 This work

a 59 mV at 200 mV/s, our work is 25 mV at 200 mV/s.
b 27 mV at 40 mV/s, our work is 13 mV at 40 mV/s.
c 16 mV at scan rate 50 mV/s, our work is 15 mV at 50 mV/s.
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d 19 mV at 150 mV/s, our work is 22 mV at 150 mV/s.
e 26 mV at 30 mV/s, our work is 11 mV at 30 mV/s.
f 59 mV at scan rate 200 mV/s, our work is 25 mV at 50 mV/s.

ome previous reports (Table 1), suggesting a faster electrode trans-
er between the electrode and the redox centers of GOD molecules.
t must be highlighted that the �Ep obtained in this work is
maller than that at GOD/graphene/GCE and other graphene based
lectrode (GOD–graphene–chitosan/GCE, GOD/poly(ViBuIm+Br−)-
raphene/GCE and GOD–graphene–CdS/GCE), indicating that
arbon nanospheres can further improve the electron transfer rate
n the base of graphene.

For confirming that whether the direct electron transfer is
esult from the reduction of FAD linked to the protein or by the
eduction of free FAD molecules released from the enzyme, the
V of FAD/GNS–CNS/GCE was also investigated in the same con-
itions. As can be seen in curve e (Fig. 3), FAD/GNS–CNS/GCE
resented a different electrochemical behavior compared with
OD/GNS–CNS/GCE. The oxidation and reduction peaks for
AD/GNS–CNS/GCE were observed at −0.464 and −0.520 V, respec-
ively. The �Ep was 56 mV, which was much higher than that at
OD/GNS–CNS/GCE (21 mV), indicating that GOD adsorbed in the
NS–CNS undergoes a more reversible electron transfer process

ith higher electron transfer rate than that of free FAD adsorbed on
NS–CNS. It is well known that the active redox center of GOD (FAD)

s deeply embedded in a protective protein shell, which makes the

ig. 3. Cyclic voltammograms of GCE (a), GOD/GCE (b), GNS–CNS/GCE (c),
OD/GNS–CNS/GCE (d) and FAD/GNS–CNS/GCE (e) in N2-saturated PBS 0.1 M (pH
.5). Scan rate: 100 mV/s.
direct electron communication with electrodes extremely difficult.
However, according to the above results, it can be concluded that
GNS–CNS can provide a unique microenvironment for the direct
electrochemistry of GOD and facilitate direct electron transfer pro-
cess between the GOD and electrode substrate. In conclusion, the
redox waves should be ascribed only to GOD, which is character-
istic of reversible electron transfer process of redox active center
(FAD) in the GOD (Liu et al., 2005). Moreover, the formal potential
(E0′

p ) of GOD is −0.498 V, which is closed to the value of −0.492 V for
free FAD in our work, further confirming that the GOD molecules
retain its bioactivity on the modified electrode surface.

It has been reported that the direct electron transfer of GOD is a
two-electron and two-proton reaction (Kang et al., 2009). There-
fore, the pH effect was investigated. Fig. 4A showed the cyclic
voltammograms of GOD/GNS–CNS/GCE in 0.1 M PBS with differ-
ent pH. The maximum values of the redox peak currents were
obtained at pH 7.0, therefore, this pH was chosen as the optimal
pH condition. Moreover, a negative shift of the redox peak poten-
tials was observed with increasing pH from 4.0 to 10.0. The formal
potential of the redox peak was proportional to the pH with the
liner regression equation of E0′

p = −0.054 pH − 0.13 (R = 0.9972,
Fig. S3, supplementary material). The slope of 54 mV/pH is closed
to the theory value of 57.6 mV/pH for a reversible coupled with
two-proton and two-electron transfer electrochemical process (Liu
et al., 2005), indicating that two-electron and two-proton involve
in the redox process of GOD at GNS–CNS/GCE surface.

The effect of scan rate on the direct electrochemistry of
GOD was also investigated by cyclic voltammetry. As shown in
Fig. 4B, the redox peak current increased with increasing scan
rate from 20 to 1000 mV/s. The redox peak current and scan
rate showed linear relationship from 20 to 500 mV/s, indicating
an adsorption-controlled process in the selected scan rate range
(Fig. S4, supplementary material). The corresponding regression
equations can be expressed as Ipa = −0.032v + 0.49 (R = 0.9985) and
Ipc = 0.024v + 0.25 (R = 0.9968). The relationship between the peak
potential (Ep) and the logarithm value of scan rate (log v) was also
investigated (Fig. S5, supplementary material). With increasing the

scan rate, the oxidation peak potential shifted positively and the
reduction peak potential shifted negatively. When v > 200 mV/s,
the Epa and Epc were linearly dependent on the log v with the
regression equations of Epa = −0.05 log v − 0.54 (V, V/s, R = 0.9934)



116 H. Yin et al. / Biosensors and Bioele

Fig. 4. (A) Cyclic voltammograms of GOD/GNS–CNS/GCE in N2-saturated 0.1 M PBS
at different pH. (B) Cyclic voltammograms of GOD/GNS–CNS/GCE in N2-saturated
0.1 M PBS (pH 7.0) at different scan rates. a–r: 20, 40, 60, 80, 100, 150, 200, 250, 300,
350, 400, 450, 500, 600, 700,800, 900 and 1000 mV/s.

a
r
t
f
t
c
c
1

l

w
o
s
k
(
G
w
t
i
t
i
s

o
v
a
(

nd Epc = 0.053 log v − 0.45 (V, V/s, R = 0.9844). According to Lavi-
on theory (Laviron, 1979a) that a plot of Ep versus log v yields
wo straight lines with slopes of −2.3RT/˛nF and 2.3RT/(1 − ˛)nF
or reduction peak and oxidation peak, respectively, the charge-
ransfer coefficient, ˛, can be calculated to be 0.51. In order to
alculate the value of apparent heterogeneous electron transfer rate
onstant (ks), the following Laviron equation was used (Laviron,
979a):

og ks=˛ log(1 − ˛)+(1 − ˛) log ˛− log
RT

nFv
−˛(1 − ˛)nF�Ep

2.3RT
(1)

here ˛ is the electron transfer coefficient, n is the number
f electron, �Ep is the separation of the redox peak, v is the
can rate. Taking ˛ = 0.51, n = 2, v = 100 mV/s and �Ep = 21 mV,
s was calculated to be 2.64 s−1. According to Laviron equation
Laviron, 1979b), Ip = n2F2A� v/4RT, the surface coverage (� ) of
OD on GNS–CNS/GCE is calculated to be 3.18 × 10−10 mol cm−2,
hich is two orders higher than that of 2.86 × 10−12 mol cm−2 at

he bare GCE (Liu and Ju, 2003). The � obtained in this work
s higher than some of previous reports (Table 1). Based on it,
he conclusion can be summarized that GNS–CNS can effectively

mprove the immobilization amount of GOD on the electrode
urface.

The effect of the immobilization amount of GNS–CNS and GOD
n the direct electrochemistry was also investigated by cyclic
oltammetry. The optimal immobilization amount for GNS–CNS
nd GOD are 3 mg/mL (5 �L) and 7 mg/mL (5 �L), respectively
Figs. S6 and S7, see supplementary material).
ctronics 30 (2011) 112–117

3.5. Detection of glucose based on direct electrochemistry of GOD

The above investigation demonstrated that the direct electro-
chemistry of GOD can be realized on GOD/GNS–CNS/GCE. It has
been reported that glucose is the substrate of GOD, which can cat-
alyze glucose to from gluconolactone in the O2-saturated condition,
which can lead to increase the reduced form of GOD and decrease
its reduction peak current (Deng et al., 2009; Yang et al., 2011).
Based on this, the concentration of glucose can be determined.
Therefore, the direct electrochemistry of GOD was carried out in
pH 7.0 PBS containing saturated-O2 and different concentration
of glucose. For comparison, the direct electrochemistry of GOD in
N2-saturated PBS was also performed. As can be seen in Fig. 5A,
a pair of redox peaks was observed in both N2 and O2-saturated
PBS. However, the reduction peak current of GOD in O2-saturated
solution was obviously larger than that in N2-saturated solution,
which can be attributed that the electrochemically formed GOD
(FADH2) electrocatalyzed the reduction of oxygen, leading to the
decreased concentration of GOD (FADH2) (Wang et al., 2011). When
glucose was added into the O2-saturated solution, the reduction
peak current of GOD decreased, which can be ascribed to that the
addition of glucose triggered the GOD-catalyzed oxidation reac-
tion for glucose in the presence of O2 and decrease the oxidation
form of GOD (FAD). Therefore, the oxidation peak current of GOD
decreased. For further proving that catalytic activity of the pre-
pared electrode, the CV of GOD/GNS–CNS/GCE in 0.1 M pH 7.0 PBS
containing different concentration of glucose with N2 saturation
was investigated. The results indicated that the redox peak cur-
rent of GOD almost did not change before and after addition of
glucose with the same concentrations to Fig. 5A (Fig. S8, see supple-
mentary material). This result further confirmed that the catalytic
activity of GOD only existed in the presence of O2, which should
act as enzymatic reaction medium. With changing the glucose
concentration from 0.4 to 20 mM in O2-satureated pH 7.0 PBS, a
linear relationship between the change of the reduction peak cur-
rent of GOD and the glucose concentration can be obtained with
the regression equation of �Ipc = 0.017c + 0.12 (R = 0.9909, Fig. 5B).
The detection limit is 0.1 mM (S/N = 3). The determination per-
formance of GOD/GNS–CNS/GCE was compared with other GOD
biosensor and the results were shown in Table 1. It can be seen
that GOD/GNS–CNS/GCE showed a rational linear range and relative
low detection limit. The apparent Michalis–Menten constant (Km)
was calculated to be 0.12 mM according to the Lineweaver–Burk
equation (Kamin and Wilson, 1980), which is smaller than some
previous reports (Table 1). The smaller Km value indicates that
the immobilized GOD possesses higher enzymatic activity and the
GOD/GNS–CNS/GCE exhibits a higher affinity for glucose.

The possible interference species on the detection of glu-
cose, such as uric acid and ascorbic acid, were studied. The
results showed that 0.5 mM uric acid and 0.1 mM ascorbic acid
did not cause any interference to 1.0 mM glucose determina-
tion. The detection reproducibility of the glucose biosensor was
investigated by successively detecting 1.0 mM glucose for 5 times,
the relative standard deviation (RSD) was 4.88%, demonstrat-
ing a good reproducibility. The fabrication reproducibility for six
GOD/GNS–CNS/GCE was investigated by comparing the oxida-
tion peak current of 1 mM glucose. The RSD is 4.74%, indicating
an acceptable reproducibility. The fabrication reproducibility of
GOD/GNS–CNS/GCE was also investigated by comparing the redox
peak current of GOD in the absence of O2 and glucose. The RSD is
4.34% and 5.01% for oxidation peak current and reduction peak cur-
rent for six electrodes fabricated independently, respectively. The

stability of GOD/GNS–CNS/GCE was evaluated by examining the
cyclic voltammetric peak currents of GOD after continuously scan-
ning. It was found that the peak current almost remained 98.87%
of the initial response after 100 cycles, indicating the excellent
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ig. 5. (A) Cyclic voltammograms of GOD/GNS–CNS/GCE in nitrogen-saturated (a)
.0 (g), 8 (f), 16 (e), 24 (d), 28 (c) and 32 mM (b) glucose at 100 mV/s. (B) Calibration

tability in PBS. Moreover, the stability was also investigated by
toring the modified electrode in pH 7.0 PBS at 4 ◦C. The cyclic
oltammetry were performed every 7 days. After being stored
or 14 days, the reduction peak current only decreased 9.26% for
.0 mM glucose, suggesting the acceptable stability.

.6. Determination of glucose in human plasma sample

It is well known that a diagnostic criterion for diabetes is fasting
lood glucose higher than 7.0 mM and/or postprandial blood glu-
ose higher than 11.0 mM. Therefore, the linear range (0.4–20 mM)
or glucose determination in our work is suitable for blood glu-
ose concentration determination. For achieving it, 1 mL human
lasma sample was added into 9 mL PBS, then, the cyclic voltamme-
ry was performed. The concentration of glucose was determined to
e 6.12 mM with RSD of 4.18%. The recoveries are between 96.83%
nd 105.52% for three times determination.

. Conclusion

In this work, the graphite rod was electrolyzed in 2 M KNO3
queous solution. The obtained electrolysis products (GNS–CNS)
ere used as matrix for GOD immobilization. The investigations

eveal that GNS–CNS can provide a unique microenvironment for
OD to maintain its bioactivity and facilitate the electron transfer
etween GOD and electrode. Based on this, the direct electrochem-

stry of GOD was realized. The glucose determination was achieved
y the decrease of the reduction peak current of GOD in the O2-
aturated PBS with addition of glucose. The biosensor showed
ood determination performance when compared with previous
eports.
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