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The  direct  electrochemistry  of glucose  oxidase  (GOx)  was  successfully  realized  on  electrochemically
reduced  graphene  oxide  and  silver  nanoparticles  (RGO/Ag)  nanocomposite  modified  electrode.  The  fab-
ricated nanocomposite  was  characterized  by  field  emission  scanning  electron  microscope  and  energy
dispersive  spectroscopy.  The  GOx  immobilized  nanocomposite  modified  electrode  showed  a pair  of  well-
defined redox  peaks  with  a  formal  potential  (E◦) of −0.422  V,  indicating  that  the  bioactivity  of  GOx  was
eywords:
educed graphene oxide
ilver nanoparticles
irect electron transfer
lucose oxidase
lucose biosensor

retained.  The  heterogeneous  electron  transfer  rate constant  (Ks) of GOx  at the  nanocomposite  was  cal-
culated  to  be  5.27  s−1, revealing  a fast direct  electron  transfer  of  GOx.  The  GOx  immobilized  RGO/Ag
nanocomposite  electrode  exhibited  a  good  electrocatalytic  activity  toward  glucose  over a linear  concen-
tration  range  from  0.5 to 12.5  mM  with  a detection  limit  of  0.16  mM.  Besides,  the  fabricated  biosensor
showed  an  acceptable  sensitivity  and  selectivity  for glucose.

© 2013 Elsevier B.V. All rights reserved.
. Introduction

The direct electrochemistry of redox proteins have received
onsiderable interest due to their key role in electrochemical
iosensors [1] and biofuel cells [2]. Electrochemical analysis pro-
ides a powerful platform to investigate the electrochemical
ommunication between the redox active enzymes and electrode
urface [3]. Among various enzymes, glucose oxidase (GOx) is one
f the well-known redox active enzyme that has been widely used
s a model enzyme for the electrocatalysis of glucose [4]. How-
ver, direct electron transfer (DET) of GOx at bare and conventional
lectrodes are impossible, because the redox active site of GOx is
eeply buried inside the enzyme matrix [5]. In order to improve the
ET of GOx, nanomaterials modified electrodes have been widely
sed [6]. On the other hand, reduced graphene oxide (RGO) with

ts high surface area and good conductivity has become one of the
mperative nanomaterial that has been increasingly used in vari-
us potential applications, particularly in electrochemical sensors
nd biosensors [7]. However, the DET of GOx on RGO matrix is

till a challenging task to be overcome. Thus, many approaches
ave been developed to immobilize GOx on the RGO surface to
ttain the better DET [8]. Recently, various nanoparticles have been

∗ Corresponding author. Tel.: +886 2270 17147; fax: +886 2270 25238.
E-mail address: smchen78@ms15.hinet.net (S.-M. Chen).

927-7765/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.colsurfb.2013.10.006
decorated directly on the RGO surface to enhance the sensitiv-
ity of RGO [9]. Among various nanoparticles, silver nanoparticles
(Ag) have good conductivity and biocompatibility. Thus, they have
been widely used in the electrocatalysis of biomolecules, medi-
cal diagnosis and biomedical therapies [10]. Ag were decorated
directly on the RGO surface through electrochemical or chemi-
cal routes. Generally, RGO/Ag nanocomposite has been prepared
using reducing agents [11]. On the other hand, electrochemi-
cal methods have received considerable interest, because they
are simple and eco-friendly. When compared with other chem-
ical methods, they are more green and facile and no hazardous
chemicals and reagents are required [12]. Thus, they are consid-
ered as alternative for the preparation of RGO/Ag nanocomposite.
However, reports on the electrochemical preparation of RGO/Ag
nanocomposite without using any additional reducing agents are
limited [13]. To the best of our knowledge, RGO/Ag nanocomposite
has never been used for the immobilization of redox active pro-
teins.

Herein, we investigated the direct electrochemistry of GOx  on
electrochemically prepared RGO/Ag nanocomposite modified elec-
trode. The GOx immobilized nanocomposite electrode displayed
good electrocatalytic activity toward glucose with good sensitiv-

ity. The high surface area and good biocompatibility of the RGO/Ag
nanocomposite provides good microenvironment for GOx, leading
to rapid direct electronic communication between GOx and the
electrode surface.

dx.doi.org/10.1016/j.colsurfb.2013.10.006
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2013.10.006&domain=pdf
mailto:smchen78@ms15.hinet.net
dx.doi.org/10.1016/j.colsurfb.2013.10.006
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. Experimental

.1. Materials

Raw graphite was purchased from Sigma–Aldrich. AgNO3 and
(+) glucose were received from Aldrich. Prior to real sample anal-
sis, urine samples were diluted with pH 7 solution. The pH 7 (PBS)
olution was prepared using 0.05 M Na2HPO4 and NaH2PO4 solu-
ions and the final pH was adjusted with 0.5 M H2SO4 and 2 M
aOH. All other chemicals used were of analytical grade and solu-

ions were prepared with Millipore water.

.2. Apparatus

All electrochemical measurements including cyclic voltam-
etry (CV) were carried out using CHI 750a electrochemical

nalyzer (CH instruments). Surface morphological studies were
arried out using a Hitachi S-3000H scanning electron microscope
SEM) and Hitachi field emission scanning electron microscope
FESEM). Elemental analysis (EDX) was studied using HORIBA
MAX X-ACT energy-dispersive X-ray spectrometer. Electro-
hemical impedance spectroscopy (EIS) studies were performed
sing IM6ex ZAHNER (Kronach, Germany). A conventional three-
lectrode system was employed for electrochemical experiments.
CE with an active surface area of 0.079 cm2 was  used as a work-

ng electrode. Ag/AgCl electrode (Sat. KCl) and platinum wire with
.5 mm diameter were used as reference and counter electrodes,
espectively. All electrochemical measurements were carried out at
oom temperature and electrolytes in the electrochemical cell were
ept under a nitrogen (N2) atmosphere (except electrocatalysis of
lucose).

.3. Fabrication of the biosensor

Graphene oxide (GO) was prepared according to the procedure
escribed in our previous work [14]. To prepare RGO/Ag nanocom-
osite, about 1 ml  of GO solution (0.5 mg  ml−1) was mixed with 2 ml
f 0.5 mM AgNO3 aqueous solution. The obtained mixture was bath
onicated at room temperature for 10 min  to obtain a stable aque-
us dispersion. Then, this dispersion was centrifuged at 2000 rpm
o remove the loosely bounded silver ions on GO sheets. About 8 �l
optimum concentration) of GO/Ag dispersion was drop casted on

 pre-cleaned GCE surface, and dried in an air oven. The GO/Ag
ispersion modified GCE was transferred into an electrochemical
ell containing pH 5 solution. 20 successive cyclic voltammograms
ere performed from 0 to −1. 4 V at the scan rate of 50 mV  s−1.
uring the successive cycles, GO/Ag was electrochemically reduced

o RGO/Ag nanocomposite. Similarly, RGO modified electrode was
lectrochemically prepared without AgNO3 dispersion.

Fresh GOx (5 mg  ml−1) solutions were prepared in PBS and
tored at 4 ◦C. To immobilize GOx, about 6 �l of GOx was  drop casted
n a RGO/Ag nanocomposite modified electrode and allowed to
ry at room temperature. The enzyme immobilized nanocomposite
lectrode was stored at 4 ◦C when not in use.

. Results and discussion

.1. Characterization of RGO/Ag nanocomposite

Fig. 1A illustrates the surface morphology of electrochemically
repared RGO/Ag nanocomposite. The FESEM image of RGO/Ag
anocomposite reveals that Ag with an average diameter of

0 ± 5 nm are closely anchored on the RGO sheets. Whereas, ultra
hin sheets of RGO are closely attached with each other (inset).
he surface morphological studies clearly show that electrochem-
cal reduction is an effective and simple method to deposit Ag
: Biointerfaces 114 (2014) 164– 169 165

more uniformly on RGO sheets. We  also studied the effect of
AgNO3 concentrations on the growth of Ag particles on GO surface
using a constant concentration of GO. Fig. S1 displays SEM images
of RGO/Ag nanocomposite prepared using 0.3, 0.5 and 0.8 mM
AgNO3. It is evident that more Ag are deposited on the RGO surface
when AgNO3 concentration was  increased from 0.3 to 0.8 mM.  Fur-
ther increases in AgNO3 concentration may  lead to aggregation of
nanoparticles. The optimal AgNO3 concentration to be used for the
uniform distribution of Ag on the GO surface is 0.5 mM.  Fig.S2A and
B shows FESEM images of the GOx immobilized RGO/Ag nanocom-
posite at low and high resolutions, respectively. It can be seen
that GOx with the shapes of flakes and spheres are immobilized
on the surface of RGO/Ag nanocomposite, confirming that RGO/Ag
provides a suitable platform for the immobilization GOx  without
altering the structure of nanocomposite. The RGO/Ag nanocompos-
ite was further confirmed by the elemental analysis. Fig. 1B and
C shows a typical EDX profiles of GO/Ag and RGO/Ag nanocom-
posite. It is clearly evident that after electrochemical reduction,
the oxygen functionalities of GO in RGO/Ag nanocomposite were
reduced to 30%. While, a sharp peak of metallic Ag found in the
EDX spectrum of RGO/Ag nanocomposite confirmed the presence of
Ag in the nanocomposite. On the other hand, GO/Ag composite had
higher oxygen content than RGO/Ag nanocomposite, which further
reveals the effective reduction of GO/Ag to RGO/Ag nanocomposite.
EIS was used to monitor the electrochemical impedance changes at
the different film modified GCEs. Fig. 1D shows the EIS of bare (a),
RGO (b) and RGO/Ag (c) modified GCEs in PBS containing 5 mM
Fe(CN)63−/4− and 0.1 M KCl. The inset in Fig. 1D shows the Randles
equivalent circuit model used for EIS analysis. The total electrode
impedance corresponds to the electron transfer resistance (Rct)
in series with the parallel connection of the double layer capaci-
tance (Cdl) and Wardburg impedance (Zw). In general, a semicircle
portion results from the parallel combination of Rct and Cdl. RGO/Ag
nanocomposite had a lower Rct value than that of bare and RGO
modified electrodes, revealing its faster electron transferring abil-
ity. The superior conductivity of RGO and Ag lead to faster electron
transfer at the nanocomposite modified electrode surface.

3.2. Formation mechanism of RGO/Ag nanocomposite

The RGO/Ag nanocomposite was prepared through the elec-
trochemical reduction of GO/Ag on GCE. It is well known that
GO contains plenty of epoxide and hydroxyl groups on its basal
plane, and carbonyl and carboxyl groups on its edge plane. These
functional groups act as anchoring sites for Ag+ in AgNO3 disper-
sion. Moreover, GO/Ag composite was  formed through the Vander
Waals interaction between the negatively charged GO and Ag+ [15].
Fig. 1E shows the cyclic voltammogram of GO/Ag modified elec-
trode recorded from 0 to −1.4 V at the scan rate of 50 mV  s−1 in
pH 5 solution. During the first cycle, a sharp cathodic peak appears
at −1.22 V with an onset potential of −0.78 V, which is attributed
to the presence of oxygen functionalities on the GO surface [12].
In subsequent cycles, this cathodic peak disappeared completely
due to the effective reduction of oxygen functionalities on the
GO surface [12]. While, another broad cathodic peak at −0.23 V
was noticed in the first cycle. However, this peak disappeared in
the subsequent cycles owing to the formation of metallic Ag [13].
When reducing only GO in the same potential window, we  did not
notice any cathodic peak at −0.23 V, which further confirmed that
it belongs to Ag+ (Fig. 1E inset). The above results clearly confirmed
the formation of RGO/Ag nanocomposite.
3.3. Direct electrochemistry of GOx

The direct electrochemistry of GOx immobilized at different
modified electrodes was  investigated using cyclic voltammetry.
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Fig. 1. (A) A typical FESEM image of electrochemically prepared RGO/Ag nanocomposite and SEM image of RGO (inset). The corresponding EDX spectrum of GO/Ag (B) and
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GO/Ag  (C). (D) EIS of bare (a), RGO (b) and RGO/Ag (c) modified GCEs in PBS contai
nalysis  (inset). (E) 20 consecutive cyclic voltammograms performed at GO/Ag mod
ecorded under same same conditions (inset).

ig. 2 shows cyclic voltammograms of GCE/GOx (a), RGO/GOx (b),

GO/Ag (c) and RGO/Ag/GOx (d) modified electrodes in N2 sat-
rated PBS at the scan rate of 50 mV  s−1. The GOx immobilized
GO/Ag modified GCE shows a well-defined redox peak with a for-
al  potential (E0) of −0.422 V, which is attributed to the reversible

ig. 2. (A) Cyclic voltammograms of bare GCE/GOx (a), RGO/GOx/GCE (b),
GO/Ag/GCE (c) and RGO/Ag/GOx/GCE (d) in N2 saturated PBS at the scan rate
f  50 mV s−1. Cyclic voltammogram of RGO/Ag/GOx modified GCE obtained in the
otential range from 0.8 to −0.7 V in N2 saturated PBS at 50 mV s−1 scan rate (inset).
 mM Fe(CN)63−/4− and 0.1 M KCl. The Randles equivalent circuit model used for EIS
CE in pH 5 solution at the scan rate of 50 mV s−1. Cyclic voltammograms of GO/GCE

electron transfer of redox active centers (FADH2, FAD) in GOx  [16].
The peak to peak separation (�Ep) was found to be 35 mV.  The
smaller �Ep value demonstrates faster direct electron kinetics of
GOx at the nanocomposite modified electrode surface. Further-
more, two sharp peaks found at 0.125 and 0.453 V are attributed to
the redox behavior of metallic Ag (Fig. 2 inset). In addition, RGO/Ag
nanocomposite modified electrode had more capacitance than RGO
modified electrode, which further confirms that Ag plays a signif-
icant role with RGO in facilitating the electron transfer. However,
other modified electrodes did not show any characteristic electro-
chemical signals for GOx.

3.4. Effect of scan rate and pH

Fig. 3A shows the effect of scan rates on the RGO/Ag/GOx modi-
fied electrode. The redox peak current (Ip) and peak potentials (Ep)
had a linear dependence with scan rates from 10 to 100 mV (inset),
showing that the redox reaction of GOx at the composite electrode
is a typical surface-controlled reversible process. Further, the het-
erogeneous electron transfer rate constant (ks) of GOx  immobilized
RGO/Ag composite was calculated to be 5.27 s−1 using Laviron’s
equation (1) [17].

Log ks =  ̨ Log(1 − ˛) + (1 − ˛) Log  ̨ − Log
(

RT

nFv

)

− ˛(1 − ˛)nF�Ep/2.3RT (1)

where R is the gas constant (8.314 J mol−1 K−1), T is the room
temperature (298.15 K) and �Ep is the peak separation of the
FAD/FADH2 redox couple. Here,  ̨ value is assumed as 0.5 and the
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Fig. 3. (A) Cyclic voltammograms of RGO/Ag/GOx modified GCE in N2 saturated PBS at different scan rates (10–100 mV s−1). Linear dependence of Ip vs. scan rate (inset). (B)
CVs  of RGO/Ag/GOx modified GCE in various pH (4–11) solutions at 50 mV s−1 scan rate. Linear dependence of Ep with pH (inset). (C) Cyclic voltammograms of RGO/Ag/GOx
modified GCE in O2 saturated PBS (pH 7) containing 0.5–12.5 mM glucose (a–k). Error bar represents the relative standard deviation for 3 independent measurements. Inset
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umber of electrons (n) transferred is considered as 2. The Ks value
f the GOx immobilized RGO/Ag nanocomposite was  higher than
hat of GOx/RGO (4.8 s−1) [18], graphene/chitosan (2.83 s−1) [19],
lectrochemically reduced graphene oxide (ERGO)/poly l-lysine
3.27 s−1) [20], multiwalled carbon nanotubes/ERGO (3.02 s−1)
21], graphene/nafion/Au (1.96 s−1) [22] and graphene/nafion
3.42 s−1) [23] modified electrodes. However, the Ks value was
ower than that of GOx immobilized on carboxyl terminated poly
mido amine dendrimer (PAMAM) modified RGO/Ag composite
lectrode (8.59 s−1) [24]. The high conductivity and good microen-
ironment of the RGO/Ag nanocomposite facilitates the direct
lectron transfer between the enzyme matrix and the electrode
urface.

Fig. 3B shows the effect of pH at GOx immobilized RGO/Ag

anocomposite electrode. The peak current at the RGO/Ag
anocomposite electrode in pH 7 solution was found to be higher
han that of other pH solutions. Moreover, Ep had a linear depend-
nce with pH values from 4 to 11 (inset). The calculated slope value
RGO/Ag/GOx modified GCE in N2 (a) and O2 (b) saturated PBS at the scan rate of

was found to be in close agreement with the theoretical slope value
for a reversible electron transfer process with an equal number of
protons and electrons according to Eq. (2) [25]. This result con-
firmed that the redox reaction of GOx at nanocomposite modified
electrode involves an equal number of protons (H+) and electrons
(e−).

GOx-(FAD) + 2e− + 2H+ ↔ GOx-(FADH2) (2)

3.5. Electrocatalysis of glucose

Fig. 3C displays cyclic voltammograms obtained at the
RGO/Ag/GOx nanocomposite modified electrode in the presence of
different concentrations of glucose in oxygen saturated PBS at the

scan rate of 50 mV s−1. A defined reduction peak current (Ipc) was
observed at −0.492 V in the absence of glucose. Upon increasing the
glucose concentration in PBS, Ipc decreased, while, the oxidation
peak current (Ipa) increased, displaying a typical electrocatalysis



168 S. Palanisamy et al. / Colloids and Surfaces B: Biointerfaces 114 (2014) 164– 169

Table  1
Comparison of the analytical performance of the proposed GOx immobilized RGO/Ag nanocomposite electrode with other GOx modified electrodes reported previously.

Modified electrode Ks (s−1) Sensitivity (�A mM−1 cm−2) Linear range (mM) Reference

RGOa/GOxb 4.8 1.85 0.1–27 [18]
GOx/graphene/CSc 2.83 ± 0.18 37.93 0.08–12 [19]
GOx/ERGOd/PLLe 3.273 NAf 0.25–5 [20]
ERGO-MWCNTg/GOx/Nfh 3.02 7.95 0.01–6.5 [21]
Nf/graphene/GOx/Au* 1.96 21.9 2–14 [22]
GOx/graphene/Nf 3.42 ± 0.08 NA 0.5–14 [23]
RGO/PAMAMi/Agj/GOx/CS 8.59 75.72 0.032–1.89 [24]
RGO/ZnOk/GOx NA 18.97 0.02–6.24 [26]
GOx/Pdl/RGO NA 14.1 NA [27]
GOx/graphene NA 3 0.1–10 [28]
GOx/GOm NA 8.045 Up to 28 [29]
RGO/Ag/GOx 5.27 3.84 0.5–12.5 This work

a RGO, reduced graphene oxide.
b GOx, glucose oxidase.
c CS, chitosan.
d ERGO, electrochemically reduced graphene oxide.
e PLL, poly l-lysine.
f NA, not available.
g MWCNT, multiwalled carbon nanotubes.
h Nf, nafion.
i PAMAM, carboxyl terminated poly amido amine dendrimer.
j Ag, silver nanoparticles.
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(∼97%) validate that the fabricated biosensor electrode can be used
for practical applications.

In order to evaluate the storage stability of biosensor, it
was stored in 4 ◦C and its cathodic current was monitored

Table 2
Determination of glucose in human urine samples using the RGO/Ag nanocomposite
modified electrode.

Sample Added (mM)  Founda (mM) Recovery (%) RSDb (%)

A 2 1.92 96 3.9
B 4 3.89 97.2 3.5
k ZnO, zinc oxide.
l Pd, palladium nanoparticles.

m GO, graphene oxide.
* Au, gold electrode.

f glucose at GOx immobilized nanocomposite modified electrode
19]. The mechanism of reduction of dissolved oxygen and oxida-
ion of glucose by GOx is shown in Eq. (3)

Ox-(FAD) + Glucose + O2

→ GOx-(FAD) + Gluconolactone + H2O2 (3)

The Ipc decreased linearly when increasing glucose concentra-
ions from 0.5 to 12.5 mM.  The correlation coefficient is 0.997
inset). Upon glucose oxidation, the oxidation peak potential was
hifted toward the positive direction, which is attributed to the
irect electron transfer of GOx being effectively participating in
he glucose oxidation. The limit of detection (S/N = 3) was found to
e 0.16 mM.  The sensitivity is 3.84 �Am M−1 cm−2. The compari-
on of the analytical performance of the proposed biosensor with
hat of previously reported GOx immobilized graphene based elec-
rodes is provided in Table 1. It is evident from Table 1 that the
erformance of our proposed sensor is comparable with that of
ther GOx immobilized graphene composite modified electrodes
18–23,26–29]. Under the same experimental conditions, the activ-
ty of the GOx immobilized nanocomposite modified electrode was
xamined in N2 and O2 saturated PBS in the absence of glucose. As
hown in Fig. 3D, maximum Ipc was observed in the presence of
2 (curve a). While, Ipc decreased drastically in the presence of N2

curve b). Moreover, the direct electron transfer of GOx dramati-
ally increased in the presence of O2. GOx catalyzed O2 and glucose
ccording to Eqs. (4), (5), and (6), respectively.

Ox-(FAD) + 2e− + 2H+ ↔ GOx-(FADH2) (4)

Ox-(FADH2) + O2 → GOx-(FAD) + H2O2 (5)

Ox-(FADH2) + Glucose + O2
→ GOx-(FAD) + Gluconolactone + H2O2 (6)

This result clearly validates that RGO/Ag nanocomposite pro-
ides a good microenvironment for the fast direct electron transfer
of GOx. The high bioreactivity of GOx at the nanocomposite elec-
trode facilitates the electrocatalysis of glucose.

3.6. Selectivity and practicality of the biosensor

The selectivity of the biosensor was investigated using amper-
ometry. The electrode potential was  held at −0.49 V (from the CV
studies of glucose oxidation) and O2 saturated PBS was constantly
stirred during the experiments. To demonstrate the selectivity of
the proposed biosensor, potential interfering biologically active
species like dopamine (DA), ascorbic acid (AA) and uric acid (UA)
were chosen for the selectivity study. The current–time mea-
surements were carried out at the RGO/Ag nanocomposite in the
presence of 2 mM glucose. 1 mM DA, AA and UA  were sequen-
tially injected into the same solution at different time intervals.
The addition of DA lead to 0.6% current increment, whereas AA
and UA did not show any current increments. This result indicates
that the proposed biosensor is suitable for practical applications.
Moreover, it can be used for the real time sensing of glucose in
the presence of excess amounts of interfering species. To evalu-
ate the practicality the fabricated biosensor, enzyme immobilized
nanocomposite modified electrode was  used for the determination
of glucose present in urine samples. The real sample analysis was
carried out using the standard addition method [18] and the recov-
ery results are summarized in Table 2. The good recovery results
C  6 5.96 99.3 4.4

A, B, C, samples of glucose in urine.
a Standard addition method.
b Relative standard deviation for 3 replicate measurements.
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eriodically. The biosensor retained about 87.3% of its initial cur-
ent response even after two weeks, revealing good stability of
he biosensor. In order to examine the regeneration ability of the
iosensor, we performed seven repeated glucose (2 mM)  measure-
ents under the optimized experimental conditions. The RSD for

even repeated glucose measurements is calculated to be 6.2%. The
SD for the determination of 2 mM glucose at five nanocomposite
odified electrodes is 4.4%, which validates its good reproducibil-

ty. The results clearly indicate that the proposed biosensor has
ood repeatability and reproducibility.

. Conclusions

In conclusion, we successfully immobilized GOx on an electro-
hemically prepared RGO/Ag nanocomposite modified electrode.
Ox showed an enhanced direct electrochemistry on the nanocom-
osite electrode surface. The Ag decoration was  of uniform size on
he RGO, indicating that electrochemical reduction is an efficient

ethod for the preparation of RGO/Ag nanocomposite. The RGO/Ag
anocomposite provided a good microenvironment for the immo-
ilization of GOx, thus facilitating the electrocatalysis of glucose.
he fabricated biosensor showed a good linear response toward
lucose with good sensitivity. The good recovery results revealed
hat this biosensor could be used as a potential candidate for real-
ime monitoring of glucose in urine samples. In addition, RGO/Ag
anocomposite can be used an immobilization matrix for other
edox active enzymes.
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Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.colsurfb.
2013.10.006.
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