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Abstract The authors describe the fabrication of a nanocom-
posite consisting of reduced graphene oxide, zinc oxide and
silver nanoparticles by microwave-assisted synthesis. The
composite was further reduced in-situ with hydrazine hydrate
and then placed, along with the enzyme glucose oxidase, on a
glassy carbon electrode. The synergistic effect of the materials
employed in the nanocomposite result in excellent electrocat-
alytic activity. The Michaelis-Menten constant of the adsorbed
GOx is 0.25 mM, implying a remarkable affinity of the GOx
for glucose. The amperometric response of the modified GCE
is linearly proportional to the concentration of glucose in 0.1
to 12.0 mM concentration range, and the detection limit is
10.6 uM. The biosensor is highly selective, well reproducible
and stable.
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Introduction

Biosensors based on the direct electrochemistry of redox
enzymes/proteins have been investigated extensively up to
now [1, 2]. These biosensors not only can avoid expensive or
harmful mediators, but also have high selectivity and sensitiv-
ity. Furthermore, the mechanism of electron transfer for direct
electrochemistry of redox enzymes/proteins is intensive studied
[3, 4]. In the field of monitoring the glucose levels in serum or
urine, glucose biosensors based on the direct electrochemistry
of GOx are mainly used [5]. However, the direct electron trans-
fer (DET) between the GOx and electrodes is usually hindered
because the redox-active flavin adenine dinucleotide (FAD)
cofactors of GOx are deeply buried within the insulated pros-
thetic shells [6]. Intensive efforts have been devoted to retaining
the biological activity and promoting the direct electron transfer
behaviors of GOx by selecting suitable matrix [7, §].

The development of nanotechnology offers new horizons
for the application of nanomaterials in bioelectrochemical
analysis [7, 8]. Graphene is a two-dimensional nanosheet
composed of hexagonal arrayed sp hybridized carbon atoms
with one-atomic thickness [9]. Due to the unique structure,
it possesses numerous excellent properties such as fast
electron transportation, a high specific surface area, and
good biocompatibility, which result in promising applications
in electrochemical sensors [10]. It has been reported
that graphene modified electrode can be successfully applied
to detect glucose [11, 12].
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In addition, nanostructured metal oxides are known to have
unique ability to promote faster electron transfer kinetics be-
tween electrode and the active site of desired enzyme [8].
Among the metal oxide, ZnO have been exploited as a poten-
tial material for biosensing, due to its strong adsorption ability
(high isoelectric point ~ 9.5) [13], which is more favorable for
the immobilization of various redox active enzymes, such as
tyrosinase, uricase etc. [14, 15]. Compared to ZnO, doping
noble metals in ZnO [16, 17] offers an effective approach to
enhance the electrocatalytic activity of ZnO nanostructures,
which is crucial for their practical applications especially for
the construction of biosensor. The metal-ZnO nanostructures
built a favorable bridge for electron transportation between the
electrode and the detecting substrate.

The glucose biosensors based on GR [12], GR-ZnO [18],
ZnO [19], Ag-ZnO nanocomposites [20]Thave been reported,
but there are some problems in the above mentioned biosen-
sors, for example, some have the narrow detection range,
some have high detection limit, some have unsatisfactory sta-
bility, etc. To the best of our knowledge, no studies have been
reported about using Ag nanoparticles with tGO-ZnO nano-
sheets as an electrode material for glucose biosensors.

In the present work, the rtGOgra)-ZnO-Ag nanocomposites
are acquired by microwave-assisted method and then reduced in
situ by using 85 % hydrazine hydrate. The nanocomposites can
provide a favorable microenvironment for GOx to realize direct
electrochemistry. The synergistic effect of TGO i), ZnO, Ag
result in excellent electrocatalytic activity. The rGOgyya)-ZnO-
Ag modified electrode displays a series of excellent features
such as wide linearity, low detection limit and low Michaelis-
Menten constant (k¥ ). The selectivity, reproducibility, stabil-
ity of rGOmna)-ZnO-Ag modified electrode has also been
studied in detail. It is a worthwhile exploration for fabricating
other biosensor by using multi-components electrode materials.

Experimental
Reagents

GOx (>100 u'mg "), glucose (MW: 198.17), chitosan (CS),
dopamine (DA, >98 %, MW: 189.64), L-ascorbic acid (AA,
>99 %, MW: 176.12) and uric acid (UA, >99 %, MW: 168.11)
were purchased from Sangon-Biotech Co., Ltd. (http:/www.
sangon.com/). Graphite powder, zinc acetate dihydrate
(Zn(CH;5COO0),-2H,0), silver nitrate (AgNOs) and hydrazine
hydrate (85 %) were purchased from Sinopharm Chemical
Reagent Co., Ltd. (http:/www.sinoreagent.com.cn). Phosphate
buffers were prepared by mixing the solutions of 0.2 M
KH,PO, and 0.2 M Na,HPO,. Other chemicals were of
analytical-reagent grade without further purification. All the
solutions were prepared using double distilled water.
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Apparatus

All electrochemical experiments were carried out on a
CHI660E electrochemistry workstation (Shanghai CH
Instrument Company, China). A three-electrode system was
used with a saturated calomel electrode (SCE) as the reference
electrode, a modified glassy carbon electrode (GCE) as the
working electrode and a platinum wire as the counter elec-
trode. The structure and morphology of rGO-ZnO-Ag were
characterized by a DSADVANCE X-ray diffractometer, a
Renishaw InVia laser micro Raman spectrometer, a JSM-
6700F scanning electron microscope and a JEM-200Ex trans-
mission electron microscope, respectively.

Preparation of CS-rGO-Zn0O-Ag nanocomposites

Graphene oxide (GO) [21] and rGO-ZnO-Ag [22] nanocom-
posites were obtained by microwave-assisted method accord-
ing to the previously reported by our group. The detailed prep-
aration process of GO is given in the Electronic Supplementary
Material (ESM). The preparation of rGO-ZnO-Ag includes
the following steps: Firstly, under stirring, GO suspension
was added into the mixed solution of Zn (CH3;CH,COO) ,
and AgNOs;. Then, NaOH solution and ethanol was added
into the mixed solution. The mixture was then placed in a
microwave reactor and treated for 30 min with a power of
120 W. Finally, the rtGO-ZnO-Ag was acquired. CS solution
was prepared by adding 10 mg CS flakes into 10 mL 1 %
acetate buffer and stirred for 10 min. 10 mg of the synthe-
sized rGO-ZnO-Ag powder was dispersed into CS solution
by mild ultrasonication for 2 h to form homogeneous
suspensions. Finally 1.0 mg'mL™" of CS-rGO-ZnO-Ag
suspension was prepared.

Fabrication of GOX/CS-rGOpa)-ZnO-Ag/GCE
electrodes

A bare glassy carbon electrode was polished to mirror-like
with 0.3 and 0.05 pm alumina slurry, then sequentially soni-
cated in double distilled deionized water, anhydrous ethanol
for 3 min. After the electrode was dried in nitrogen, 5 uL CS-
rGO-ZnO-Ag (1.0 mg:mL™") suspension was dropped on the
surface of the cleaned GCE and dried naturally in the air. The
obtained electrode was noted as CS-rGO-ZnO-Ag/GCE. The
CS-rGO-ZnO-Ag/GCE was immersed in 85 % hydrazine hy-
drate, and then heated at 60 °C for 1.5 h. After that, the elec-
trode was rinsed with 0.1 M phosphate buffer and double dis-
tilled water, respectively. The obtained electrode was noted as
CS-rGOa-Zn0O-Ag/GCE. 5 uL GOx (6 mg-mL ") solution
was spread onto the surface of the CS-tGOpa)-ZnO-Ag/GCE
electrode and then the electrode was left inside a refrigerator
(4 °C) overnight. The prepared GOx/CS-rGOypa)-ZnO-Ag/
GCE was stored at 4 °C when not in use. The whole process
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Scheme 1 Schematic illustration of CS-rGOgypia)-ZnO-Ag composites modified GCE electrode

of biosensor preparation is outlined in Scheme 1. For compar-
ison, GOx/GCE, CS-rGOua)-ZnO/GCE, GOx/CS-
1GOp1114)-ZnO/GCE, CS-rGOqyp1a)-Zn0O-Ag/GCE were pre-
pared using a similar procedure. All of the modified electrodes
were stored at 4 °C in refrigerator when not in use.

Electrochemical measurement

All experiments were carried out at the ambient temperature in
0.1 M phosphate buffer as the supporting electrolyte. The cyclic
voltammetric measurements were recorded from —0.1 to 0.8 V
at a scan rate of 100 mV-s . The differential pulse voltammetry
measurements for glucose detection were performed from —0.2

to —0.8 V with a pulse amplitude of 50 mV and width of 50 ms
in the air-saturated solutions.

Results and discussion
Characterization

Figure 1a shows the XRD spectra of rGO-ZnO-Ag compos-
ites (I) and rGOpi1a)-ZnO-Ag compositesn (II). The charac-
teristic diffraction peaks at 20 of 31.7°, 34.4°, 36.3°, 47.4",
56.57, 62.7°, 66.2°, 67.8" and 68.9" are assigned to (100),
(002), (101), (102), (110), (103), (200), (112) and (201) plane

Fig. 1 a XRD spectra of rGO-
ZnO-Ag (I) and rGOypiay-ZnO-
Ag composites (II), b The Raman
spectra of GO (I) rtGO-ZnO-Ag
(I1) and rGOy1Ay-ZnO-Ag
composites (III), ¢ SEM images
of rGO-ZnO-Ag composites, d
TEM images of rGO-ZnO-Ag
composites
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Fig. 2 The cyclic voltammograms of GCE (I), GOx/GCE (II), CS-
I'GO([]HA)-ZHO/GCE (IH), GOX/CS-I‘GO(]H[A)-ZHO/GCE (IV), CS-
rGO(HHA)-ZHO-Ag/GCE (V) and GOX/CS-TGO(HHA)-ZHO-Ag/GCE
(VT) in phosphate buffer (0.1 M, pH 7.4) at the scan rate of 100 mV-s™"

of ZnO with a hexagonal (wurtzite) ZnO phase (JCPDS 36-
1451). The three small peaks at 20 of 38.1°, 44.3" and 64.4°
correspond to (111), (200) and (220) planes of face-centered-
cubic (FCC) metallic Ag (JCPDS 04-0783). The diffraction peaks
for rGO are not observed, which may be related to the low
amount and low diffraction intensity. ZnO and Ag nanoparti-
cles coexist whether it reduced by hydrazine hydrate or not.

Figure 1b shows the Raman spectra of GO (I), rGO-ZnO-
Ag (II) and rGOpa)-ZnO-Ag(III). It is well known that GO
exhibits two characteristic peaks of D band at 1350 cm™ ' and
G band at 1594 cm ' The G band s attributed to the in-plane
vibration of sp> bonded carbon atoms while the D band sug-
gests the presence of defects within the hexagonal graphite
structure [23]. It was found that the intensity ratio of the D
to G band (Ip/Ig) increased from 0.8583 of GO to
(0.9835 + 0.0139) of rGO composite, which indicated GO
was partly reduction in microwave reaction. As shown in
Fig. 1b (II), the Ip/I; increased to 1.0249 which indicates that
the rGO in the composites is further deoxidized by 85 % hy-
drazine hydrate. Therefore, it can be inferred that the conduc-
tivity is improved.

Figure 1c shows the SEM images of rGO-ZnO-Ag nano-
composites. As can be seen from SEM, the flower-like ZnO

microstructures are assembled by many interleaving nano-
sheets which have the uniform thickness. The surfaces of
ZnO sheets are not very smooth, there are some particles
and pits on the surface of ZnO sheets, the particles may be
Ag nanoparticles. Figure 1d shows the TEM images of rGO-
Zn0O-Ag nanocomposites. We can find that rGO sheets, ZnO
sheets and Ag nanoparticles all exist in rtGO-ZnO-Ag nano-
composites. Ag nanoparticles are distributed on the whole
ZnO nanosheets. Obviously, the rGO sheets and Ag nanopar-
ticles are attached on the surface of ZnO nanosheets, which
confirms the perfect preparation of these ternary composites.

Evaluation of the electrochemical performance
of modified electrode

To inspect the direct electrochemical behavior of GOx
adsorbed on the CS- 1GOypa)-ZnO-Ag/GCE, the cyclic volt-
ammograms of GCE, GOx/GCE, CS-rGOpia)-ZnO/GCE,
GOx/CS-rGOq11a)-ZnO/GCE, CS-rGOt11a)-Zn0O-Ag/GCE
and GOx/CS-rGOpa)-ZnO-Ag/GCE electrodes in phos-
phate buffer(0.1 M, pH 7.4) at the scan rate of 100 mV-s '
are displayed in Fig. 2. The bare GCE (Curve I), CS-
I'GO(HHA)-ZI’IO/ GCE (Curve III) and CS-I'GO(HHA)-ZHO-Ag/
GCE (Curve V) with no GOx do not show any electrochem-
ical features in the cyclic voltammograms, indicating that
there is no redox reactions on the electrodes in the investigated
potential range. The GOx/GCE (Curve II) still shows no elec-
trochemical signal owing to the poor immobilization of GOx
on the GCE surface. However, a pair of redox peaks occurs in
the cyclic voltammogram (Curve IV) of GOx/CS-rGOa)-
ZnO/GCE which is ascribed to the facilitated redox reaction of
FAD/FADH, couple in GOx on the electrode surface,
although it is very weak. Remarkably, GOx/CS-rGOypa)-
Zn0O-Ag/GCE exhibits a pair of stronger redox peaks as seen
from Curve V1. It is suggested that Ag plays a synergy role in
facilitating the electron transfer and CS-rGOypa)-ZnO-Ag
composites have assisted DET from the active site of GOx
to electrodes. In the microenvironment of CS-rGOypa)-

Fig. 3 a The cyclic
voltammograms of GOx/CS-
rGO(HHA)—ZnO—Ag/GCE at
various scan rates in phosphate
buffer (0.1 M, pH 7.4), From
curve I to VIII corresponding to
100, 150, 200, 250, 300, 350,
400, 450 mVs ', b Relationship
between scan rate and the
cathodic and anodic peak currents
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Zn0O-Ag, GOx can easily react with electrode, which can
eventually amplify the DET signal of GOx [24]. Moreover,
it exhibits a well-defined wave around —0.513 V (vs. SCE)
with 38.5 mV separation between the oxidation and reduc-
tion peaks at 100 mV-s ', indicating that the prosthetic
FAD groups of GOx still retain their bioactivity after the
adsorption process [25]. Herein, the CS-rGOypa)-ZnO-Ag
nanocomposite can be very effective in facilitating the
electron transfer between active sites of GOx and the un-
derlying GCE.

Figure 3a shows cyclic voltammograms of the GOx/CS-
rGOpa)-ZnO-Ag/GCE electrode at scan rates of 100, 150,
200, 250, 300, 350, 400 and 450 mV-s . With the increase of
the scan rate, both the anodic and cathodic peak currents in-
crease linearly (Fig. 3b). These electrochemical characteristics
indicate that the reaction is a surface-controlled process. At the
same time, the ratio between the anodic and cathodic peak
currents and E° (the formal potential) of the adsorbed GOx
keep almost unchanged. This shows that the electron transfer
between GOx and GCE can be easily performed in the pres-
ence of CS-rGOpay-ZnO-Ag composites and it is a typical
quasi-reversible process [26]. According to the Laviron for-
mula k; = mnFV/RT when nAE,<200 mV [27], where m is a
parameter related to the peak-to-peak separation, # is the num-
ber of electrons involved in the electrochemical process, F is
the Faraday constant, v is the scan rate, R is the molar gas
constant and 7T is the thermodynamic temperature, AE, is
the peak-to-peak separation, the average electron transfer rate
constant (k;) of GOx adsorbed on CS-rGOgpa)-ZnO-Ag/
GCE is estimated to be about (2.85 + 0.04) s~'. This value is
higher than those for GOx assemble on graphene (2.68 s ')
[28] and GOx on poly (methylene blue) doped silica nano-
composites (2.44 s~') [29]. This implies that the CS-
GOy a)-ZnO-Ag nanocomposites can facilitate to the elec-
tron transfer between GOx and electrode.

The effect of different pH at GOx immobilized CS-
rGOpa)-ZnO-Ag nanocomposites modified electrode is in-
vestigated. As seen from the Fig. 4a, both the anodic and the
cathodic peak potentials shifted negatively with the increase

2.2
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Fig. 5 The peak current change vs. glucose concentration. Insert: peak
current change vs. glucose concentration

of pH from 6.8 to 8.0. It means that the H" exchange partic-
ipated in the electrochemical reaction of GOx [30]. The max-
imum current response occurred at pH 7.4. Consequently,
phosphate buffer of pH 7.4 was employed in the subsequent
glucose detection. The relationship between the E® and pH
value is shown in Fig. 4b. The plots exhibits a linear relation-
ship with a slope of =59.4 mV-pH ', being close to the ex-
pected value of =59 mV-pH . It indicates that two protons
participate in the electron transfer process.

Electrochemical detection of glucose
at the GOx/ CS-rGO(HH A)-ZnO-Ag/ GCE

Figure 5 shows a plot of the peak current change (Al,) before
and after glucose introduction against the glucose concentra-
tion (Cglucose)- The differential pulse voltammograms of GOx/
CS-rGO(pa)-ZnO-Ag/GCE in air-saturated phosphate buffer
(0.1 M, pH 7.4) with different glucose concentration is shown
in Fig. S1. The peak current decreased when the glucose con-
tent was increased. Obviously, the Al, value rises when the
Calucose Value increased in Fig. 5. It can be found that these data
were fitted well to an empirical saturating model. As shown in
the inset of Fig. 5, the cgjucose/ Al displays a linear response
with respect to cgiycose OVer the range of glucose concentration

Fig.4 apH values study of GOx/ 30 0.51
CS-GO111a)-Zn0-Ag/GCE s{a S os0] P
electrode in phosphate buffer 20
(0.1 M, pH 7.4) at the scan rate of = 0.491
100 mV-s~', b Plot of E® vs. pH ] / g 048
values 104 o
<s S 0.471
3 L]
=l ¢ 0.46 !
5] E 0.45-
104 0.444
15 0.43-
20 T T 1 T 0.42 T T T T T T T
-0.8 -0.6 -0.4 -0.2 0.0 68 7.0 72 74 76 78 8.0
E/V vs.SCE pH
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Table 1 Comparison of different
modified electrodes for glucose
determination

Electrode Kipp Liner range Detection limit Reference
GOX/TiO,-graphene/GCE - 0.0-8.0 mM - [32]
Graphene-CdS-GOD/GCE 1.6 mM 2.0-16 mM 70 uM [33]
AuNPs/GOD-MWCNTs-PVA/GCE - 0.5-8.0 mM 20 uM [34]
GOx/Au-chitosan/GCE 3.5 mM 0.05-1.3 mM 13 uM [35]
GOx/CS-rGOg114)-ZnO-Ag/GCE 0.25 mM 0.1-12.0 mM 10.6 uM This work

from 0.1 to 12.0 mM. The regression equation was Cgjucose/
Al, = 0.4485¢C41ucose T 0.2519 with a high correlation coeffi-
cient of 0.999 and the detection limit (at signal-to-noise of 3)
was estimated as 10.6 uM. The apparent Michaelis-Menten
constant (kif? ) which indicates the enzyme-substrate ki-
netics can be used to estimate the biological activity of the
immobilized enzyme. According to the Lineweaver-Burke
equation, 1/v = 1/Vpat kP /(Vinax[ST) [31], where v is the
reaction rate after the addition of glucose, S is the bulk
concentration of the substrate, and V.., is the maximum
reaction rate of enzyme, the corresponding plot yielded an
apparent kP value of 0.25 mM, which was much lower than
the glucose biosensors reported in the literature (Table 1). The
small kP value indicates that the immobilized enzymes pos-
sess high enzymatic activity.

Table 1 gives the comparison of analytical parameters of
the reported biosensors, including the Michaelis-Menten con-
stant, the linear range and the detection limit. It is found that
the GOx/CS-rGOuna)-ZnO-Ag/GCE biosensor exhibited
satisfactory detection limit and Michaelis-Menten constant.
The reasons might be attributed to the synergistic effect of
rGOmpa), ZnO, Ag result in excellent electrocatalytic activity,
which can enhance the access chance of the GOx and glucose.

The selectivity, reproducibility and stability
of the biosensor

We examined the selectivity of the GOx/CS-rGOyy1ya)-ZnO-
Ag/GCE by measurement of several common electroactive
contaminants in blood: dopamine (DA), ascorbic acid (AA)
and uric acid (UA). As shown in Fig. S2, the changes of peak

current caused by 1.0 mM dopamine, 1.0 mM ascorbic acid
and 1.0 mM uric acid accounted for 9.69 %, 5.63 % and
5.42 % of that derived from 0.5 mM glucose, respectively,
in phosphate buffer (pH 7.4). It proves that the developed
biosensor had an acceptable selectivity.

Under the optimized pH = 7.4 conditions, 0.5 mM glucose
in air-saturated phosphate buffer was measured by the
same modified electrode for 5 times. The relative standard
deviation (RSD) of the peak current was only 4.6 %,
which demonstrates that the biosensor has a good repro-
ducibility. Furthermore, 0.5 mM glucose in air-saturated
phosphate buffer was measured by five modified elec-
trodes. The RSD of the peak current was 6.7 %, revealing
an acceptable repeatability. Additional experiments were car-
ried out to test the stability. After the electrode was stored for
7 days at 4 °C in fridge, it still retain 89.6 % of its original
response, which suggests that GOx/CS-rGOgypya)-ZnO-Ag/
GCE electrode has good storage stability.

Detection of glucose in blood serum samples

In order to illustrate the practical usage of this biosensor, it was
applied to detect glucose in blood serum samples with no
pretreatment. All of the concentrations of glucose determined
are in the linear response range. As can be seen from Table 2,
the results are satisfactory and in accordance with those
measured by the biochemical analyzer in the hospital. The
recovery rates of the glucose solution added to blood serum
samples were from 93.6 to 102.5 %. These results indicated
the reliability of this biosensor for glucose determination in
real samples. This sensor was used to detect the glucose in the

Table 2 Determination of

glucose in blood serum samples Serum  biochemical Determined ~ RSD  Relative Glucose  Glucose found”  Recovery
sample  analyzer value  value® (%) Deviation  added (mM) (%)
(mM) (mM) (o) (mM)
1 431 412+0.12 278 441 1.0 0.981 + 0.0032 98.1
2 4.68 483 +0.19 4.06 3.21 1.0 0.936 £ 0.0070  93.6
3 3.72 356019 511 —4.30 1.0 0.989 + 0.0056 989
4 3.06 327+0.08 261 6.86 1.0 1.025 £ 0.0061  102.5

# Average value from three determinations
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serum samples without dilution, which can be more accurate
to reflect the real situation in the serum samples.

Conclusions

In summary, a biosensor for monitoring glucose was fabricat-
ed by immobilization GOx on rGOa)-ZnO-Ag modified
glassy carbon electrode. The rGOgyp1a)-Zn0O-Ag nanocompos-
ites offered a favorable microenvironment for the direct electro-
chemistry of GOx. The adsorbed GOx displays a pair of well-
defined quasi-reversible redox peaks at a potential of —0.513 V
(vs. SCE). Due to the synergistic effects of tGOp4), ZnO and
Ag, the GOX/CS-1GOpy14)-ZnO-Ag/GCE showed a broad lin-
ear measuring range(0.1-12 mM), low detection limit(10.6 M)
and low Michaelis-Menten constant(0.25 mM). Moreover, it
also had acceptable reproducibility, stability, selectivity and
determined glucose in human serum with satisfactory result.
Maybe it is a worthwhile exploration for fabricating other
biosensor by using multi-components electrode materials.
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