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Reduced graphene oxide/PAMAM-silver nanoparticles nanocomposite (RGO-PAMAM-Ag) was synthesized
by self-assembly of carboxyl-terminated PAMAM dendrimer (PAMAM-G3.5) on graphene oxide (GO) as
growing template, and in-situ reduction of both AgNO3; and GO under microwave irradiation. The RGO-
PAMAM-Ag nanocomposite was used as a novel immobilization matrix for glucose oxidase (GOD) and
exhibited excellent direct electron transfer properties for GOD with the rate constant (K;) of 8.59 s~'. The
fabricated glucose biosensor based on GOD electrode modified with RGO-PAMAM-Ag nanocomposite
displayed satisfactory analytical performance including high sensitivity (75.72 pAmM~'cm™2), low
detection limit (4.5 M), an acceptable linear range from 0.032 mM to 1.89 mM, and also preventing the
interference of some interfering species usually coexisting with glucose in human blood at the work
potential of —0.25V. These results indicated that RGO-PAMAM-Ag nanocomposite is a promising
candidate material for high-performance glucose biosensors.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Electron transfer in biological systems is a very important
phenomenon in the areas of biochemical and biophysical sciences.
The direct electron transfer (DET) reactions between redox proteins
and electrode surface have attracted considerable interest, because
studies of DET are useful for elucidating the relationship between the
structure and biological functions of redox proteins (Gooding et al.,
2003; Nassar et al., 1996; Pulcu et al,, 2007; Reed and Hawkridge,
1987; Rusling and Nassar, 1993; Wang et al., 2002), and especially
meaningful for development of biosensor (Liu et al., 2005) and biofuel
cell (Tanne et al., 2010; Tasca et al., 2008). Glucose oxidase (GOD), a
flavin enzyme with molecular weight of 150-180 kDa, has been
extensively used to monitor the blood glucose levels in diabetics for
its catalytic ability to glucose. However, the realizing of DET between
GOD and the electrode is extremely difficult due to the active site of
GOD, flavin adenine dinucleotide (FAD), being deeply embedded
within a protective protein shell (Liu et al., 2005). In order to promote
the direct electron transfer between active site of GOD and electrode,
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many materials, including molecular wire (Liu et al.,, 2007a), poly-
mers (Liu et al, 2007a; Wang and Chen, 2009; Wang et al., 2009;
Zhao et al., 2009), metal or metal oxide nanoparticles (Gao and
Zheng, 2009; Salimi et al., 2007; Zhao et al., 2006), carbon nanotube
(Tominaga et al., 2008; Vaze et al., 2009; Zhao et al., 2010), have been
used to modify the electrode to immobilize GOD for improving the
DET of GOD on the surface of electrode.

Graphene, a monolayer of sp? hybridized carbon atoms packed
into a dense honeycomb crystal structure (Allen et al., 2009), has
received increasing attention during recent years because of its
unique physicochemical properties including high surface area (Li
et al., 2008), excellent electric conductivity (Geim and Novoselov,
2007), strong mechanical strength, biocompatibility, ease of
functionalization and mass production (Shao et al., 2009). It has
shown great promise in applications as electrode materials for
immobilizing GOD and improving DET of GOD on electrode (Kang
et al,, 2009; Liu et al., 2010; Shan et al., 2009; Wang et al., 2009c¢).
Moreover, graphene-based hybrids have been proved to generate
synergy effect and thus enhance their performance in applications
of biosensor (Shan et al., 2010; Wu et al., 2009). For example,
coupling graphene with CdS quantum dots resulted in facili-
tating direct electron transfer and retaining the good bioactivity
of GOD via synergy effect (Wang et al., 2011). Silver nanoparticles
(Ag NPs) have attracted our attention due to their quantum


www.elsevier.com/locate/bios
www.elsevier.com/locate/bios
dx.doi.org/10.1016/j.bios.2012.04.009
dx.doi.org/10.1016/j.bios.2012.04.009
dx.doi.org/10.1016/j.bios.2012.04.009
mailto:lxweng@njupt.edu.cn
mailto:wlhui@fudan.edu.cn
dx.doi.org/10.1016/j.bios.2012.04.009

180 Z. Luo et al. / Biosensors and Bioelectronics 36 (2012) 179-185

RGO-PAMAM-Ag nanocomposite

=
—cio -

Glucose oxidase

Glucose

=PAMAM(-COO")

@ =Ag NPs
g

Fig. 1. Schematic diagram of RGO-PAMAM-Ag nanocomposite modified glassy
carbon electrode to promote DET of GOD for detecting glucose.

characteristics and large specific surface area of small granule
diameter as well as their ability to quickly transfer photoinduced
electrons at the surfaces of colloidal particles (Liu et al., 2003). It
has been reported that Ag NPs can greatly enhance the DET
between some redox proteins and electrode (Gan et al., 2004; Liu
and Hu, 2009; Ren et al., 2005).

Herein, RGO-PAMAM-Ag nanocomposite was synthesized by
microwave-irradiation method and used to modify glassy carbon
electrode (GCE). GOD was immobilized on the modified GCE and the
DET between GOD and the modified GCE was studied, as can be
illustrated in Fig. 1. The electrochemical catalytic activity of the
fabricated electrode in response to glucose was also investigated.
Due to the synergy effect of RGO and PAMAM-Ag NPs, the
fabricated electrode showed excellent direct electrochemical beha-
vior and the DET between the GOD and the modified electrode was
easily achieved, indicating that RGO-PAMAM-Ag nanocomposite
could be a good candidate material for immobilizing biomolecules
and fabricating the third-generation biosensor.

2. Experimental section
2.1. Reagents and apparatus

Graphite, PAMAM dendrimer (ethylenediamine core, genera-
tion 3.5 solution in methanol), Chitosan (CS, medium molecular
weight with viscosity 200-800 cP of 1% solution in 1% acetic acid,
75-85% deacetylated) and glucose oxidase (GOD, from Aspergillus
niger Type X-S, lyophilized powder, 100,000-250,000 units/g solid)
were purchased from Sigma-Aldrich. Acetone, potassium perman-
ganate (KMnOyg4, 99%), concentrated sulfuric acid (H,SO4, 98%), silver
nitrate (AgNOs, 99.9%) and hydrazine hydrate (50%) were purchased
from Aladdin Reagent Co., Ltd. All reagents were of analytical grade
and were used as received. Aqueous solutions were prepared with
deionized water from a Millipore system.

The UV-vis absorption spectra were carried out with a UV-VIS-
NIR spectrophotometer (Shimadzu UV-3150). Morphology and
element analyses of RGO-PAMAM-Ag nanocomposite were carried
out on high solution transmission electron microscopy (HRTEM)
(JEOL, JEM-2010F UHR) equipped with an energy dispersive X-ray
spectrometer (EDS), operating at 200 kV. The sample was prepared
by dropping RGO-PAMAM-Ag nanocomposite on micro-grids sup-
ported on a 200 mesh copper grid and allowing deionized water to
dry for observation. The electrochemical experiments were per-
formed with a CHI660d electrochemical workstation (CHI, Austin,

TX). All measurements were conducted at room temperature (25 °C)
with a conventional three-electrode cell, which included a Ag/AgCl
(saturated KCI solution) as reference electrode, a platinum wire as
counter electrode, and a bare or modified GCE (3 mm in diameter)
as working electrode. The cyclic voltammograms (CVs) experiments
were carried out at a scan rate of 100mVs~! in a quiescent
solution, which had been purged with high-purity nitrogen for at
least 20 min prior to experiments. The chronoamperometric experi-
ments were carried out in O,-saturated phosphate buffered saline
(PBS) with successive adding glucose solution at the work potential
of —0.25V.

2.2. Preparation of GO

Natural graphite was used for the preparation of GO. Graphite
oxide was prepared from natural graphite powder by Hummers
and Offeman’s method with some modifications (Hummers and
Offeman, 1958). In brief, 1 g of graphite powder and 30 mL of
sulfuric acid were added into a reaction vessel in a dry ice bath,
and stirred gently for 6 h. Then 3 g of potassium permanganate
was added slowly with violent stirring. The reaction was allowed
to proceed at below 20 °C for 30 min and at 35 °C for 30 min. Then
30 mL of deionized water was added into the reaction vessel
slowly, and the reaction was kept at ~95 °C for 35 min. At last
140 mL of deionized water and 10 mL of 30% hydrogen peroxide
were added into the reaction vessel for finishing the reaction. The
resulting graphite oxide was filtered and washed with 5% hydro-
chloric acid and deionized water to remove the free SO;~. The
graphite oxide was suspended in the deionized water, and exfoliated
through ultrasonication for 3 h. The colloidal solution was centri-
fuged at the speed of 5000 rpm for 10 min to remove the unexfo-
liated graphite oxide. The yellow-brown upper solution was used to
prepare RGO-PAMAM-Ag nanocomposite.

2.3. Preparation of RGO-PAMAM-Ag nanocomposite

1 mL of GO (1 mgmL~1) and 100 pL of PAMAM-G3.5 dendri-
mer methanol solution was added into a reaction vessel and
diluted with 19.0 mL of deionized water. The mixture was stayed
for 1h in order to fully make PAMAM-G3.5 dendrimer self-
assembled on GO. Then 260 pL of 0.2 M AgNO5 aqueous solution
was added and the mixtures were kept in the microwave reactor
for 60 min under violent stirring at 80 °C. The resultant solution
was firstly filtered by microporous membrane (pore size 0.22 pim)
and rinsed with deionized water. The solid on the microporous
membrane was dispersed in 20 mL deionized water, and the pH
value of the colloidal solution was adjusted to be 10.0 with 1.0 M
NaOH aqueous solution. Then 1.4 pL of hydrazine hydrate (50%)
was added to further react for 2 h at 90 °C. The product was
obtained through filtration by microporous membrane (pore size
0.22 um) and rinsed with deionized water again. The RGO-
PAMAM-Ag nanocomposite was redispersed in water (pH 10.0)
and was used to modify the GCE.

2.4. Fabrication of modified electrode

GCE (3 mm diameter) was polished with 1.0, 0.3, and 0.05 pm
o-alumina powders, respectively. After successive ultrasonication
in ethanol and deionized water, the electrode was rinsed with
deionized water and allowed to dry at room temperature. 6 pLL of
RGO-PAMAM-Ag suspension (=0.25 mg mL~!) was dropped on
the surface of GCE and dried in air. Then the modified electrode
(GCE/RGO-PAMAM-Ag) was put into phosphate buffered saline
(PBS) (pH 5.29) for 1h to reduce the negative charges on the
surface of RGO-PAMAM-Ag, and immersed into 10 mg mL~! GOD
solution in 0.1 M PBS (pH 7.0) for 24 h to load GOD. Finally, 10 pL
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of CS solution (5 mg mL~!, prepared by dissolving 50 mg CS in
10 mL 1% HAC solution) was dropped on the surface of GCE
modified with RGO-PAMAM-Ag-GOD and dried at room tempera-
ture. The modified electrode (GCE/RGO-PAMAM-Ag/GOD/CS) was
immersed in 0.1 M PBS (pH 7.0) to remove the loosely adsorbed
GOD and stored at 4 °C in a refrigerator under dry conditions for
further use.

3. Results and discussion

3.1. Preparation and characterization of RGO-PAMAM-Ag
nanocomposite

RGO-PAMAM-Ag nanocomposite was synthesized by microwave-
assisted hydrothermal method. The process of synthesizing RGO-
PAMAM-Ag nanocomposite was illustrated in Fig. S1. Firstly, GO was
synthesized through colloidal chemistry method. It is noted that GO
contains a wide range of oxygen-containing functional groups includ-
ing hydroxyl, epoxy, and carboxylic groups both on the basal planes
and at the edges of graphene oxide sheets (Park et al., 2009). PAMAM-
G3.5 dendrimer is a kind of amphiphilic macromolecules and con-
tains imino and terminal carboxylic groups. PAMAM-G3.5 can self-
assemble on GO quickly through hydrogen-bonding interactions
between imino groups of PAMAM-G3.5 and the oxygen-containing
functional groups of GO, and hydrophobic interactions between the
alkyl groups of PAMAM-G3.5 and aryl groups of GO. After the self-
assembly of PAMAM-G3.5, GO-PAMAM acts as templates. The
carboxylic and imino groups on GO-PAMAM can combine Ag™, then
both GO and Ag* are reduced under microwave irradiation at 80 °C.
The product is preliminary reduced graphene oxide/Ag NPs nano-
composite (PRGO-PAMAM-Ag). 50% hydrazine hydrate was added to
further reduce GO. RGO does not aggregate together through m-m
stacking because the existence of PAMAM on its surface. RGO-
PAMAM-Ag nanocomposite is stable for at least two months in the
aqueous solution (pH 10.0).

The role of PAMAM-G3.5 dendrimer as reductant in reducing
AgNOs3 was proved by the phenomenon that there is no Ag NPs
forming in the reaction only with GO and AgNOs. UV-vis absorption
spectrum was used to study the synthesis of RGO-PAMAM-Ag, as
shown in Fig. 2A. The spectrum of GO dispersion in water presents
two characteristic features, a peak at 228 nm, corresponding to the
n—7 transitions of aromatic C-C bonds, and a shoulder around
303 nm, assigned to n— 7 transitions of C=0 bonds on basal plane
of GO (Li et al., 2008). The absorption peak of GO at 228 nm redshifts
to 253 nm in PRGO-PAMAM-Ag after microwave-assisted reaction
for 60 min at 80 °C, and redshifts to 268 nm in RGO-PAMAM-Ag
after being further reduced for 2 h by hydrazine hydrate, which
indicates the restoration of the electronic conjugation within the
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graphene sheets (Li et al., 2008). The disappearance of absorption
peak at 303 nm in PRGO-PAMAM-Ag and RGO-PAMAM-Ag indi-
cates successfully removing the carbonyl group on GO through
reduction (Villar-Rodil et al, 2009). The absorption at around
410 nm in PRGO-PAMAM-Ag and 422 nm in RGO-PAMAM-Ag
clearly indicates the formation of Ag NPs, which arises due to the
excitation of surface plasmon in the Ag NPs (Pasricha et al., 2009).
The surface plasmon band of Ag NPs in the PRGO-PAMAM-Ag is
located at 410 nm, which redshifts to 422 nm in RGO-PAMAM-Ag
due to the change in the dielectric environment and the electron
density of the Ag NPs induced by graphene sheets after further
reduction with hydrazine hydrate (Li and Liu, 2010). Compared with
absorption of Ag NPs synthesized on GO-PAMAM-G3.5 template,
UV-vis absorption spectra of Ag NPs synthesized in the PAMAM-
G3.5 solution under the same condition have a shoulder peak at
437 nm besides the absorption of 410 nm, which may be explained
that PAMAM-G3.5 aggregates lead to form various shapes of Ag NPs
such as torispherical and triangle in solution phase (Kavitha et al.,
2009).

Graphene, has a unique two-dimensional structure and exhibits
distinct electrical and spectroscopic properties, including strong
and simple resonance Raman signatures. Raman spectroscopy has
received considerable attention in research on the graphene or its
nanocomposite, because it can reflect many properties of graphene
and their interaction with other nanomaterials such as metal NPs
(Au, Ag) (Yang et al., 2010). The characteristic Raman bands in GO or
RGO are G band at 1580 cm~! and D band at 1345 cm ™. G band is
usually assigned to the E,; phonon of C sp? atoms, and D band is a
breathing mode of x-point phonons of Az symmetry (Zhou et al,
2009b). Several studies have shown that the Raman signals of GO or
RGO deposited with Ag NPs can be enhanced, and in these instances
GO or RGO acts as testing molecules to investigate the SERS effect
(Pasricha et al., 2009; Xu and Wang, 2009; Zhou et al., 2009a). In this
system, Raman spectroscopy is also used to study the interaction
between GO or RGO and Ag NPs assembled on them. As shown in
Fig. 2B, Raman intensity of D band (Ip) and G band (I;) in RGO-
PAMAM-Ag nanocomposite increased markedly in comparison with
GO without Ag NPs, which may be explained by chemical mechan-
ism related to charge transfer (CT) between RGO and Ag NPs (Li and
Liu, 2010). The intensity ratio of D to G peak (Ip/Ig), known as
Tuinstra-Koenig (TK) relation, is found to change inversely with
graphitic domain size and widely used to study the crystalline
quality of graphite or graphene after different kinds of treatment
(Paredes et al., 2009). Compared with Ip/l; ratio (1.44) of RGO
prepared by hydrazine hydrate directly (Zhou et al.,, 2009b), the Ip/
I ratio (1.08) of RGO-PAMAM-Ag was lower, which indicates that
Ag NPs and PAMAM-G3.5 dendrimer assembled on RGO can
decrease the defects of RGO to some extent in the process of
reduction with hydrazine hydrate.
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Fig. 2. (A) The UV-vis absorption spectra of GO (a), PRGO-PAMAM-Ag (b), RGO-PAMAM-Ag (c), PAMAM-Ag (d). (B) Raman spectra of GO (a) and RGO-PAMAM-Ag (b).
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Fig. 3. TEM images of RGO-PAMAM-Ag on copper micro-grid (a, b), HRTEM image of Ag NPs assembled on RGO (c), and EDS analysis confirmation of Ag element (d).

The morphology of RGO-PAMAM-Ag nanocomposite was char-
acterized by TEM and HRTEM. Fig. 3(a, b) shows TEM image of RGO-
PAMAM-Ag nanocomposite, revealing that the RGO-PAMAM-Ag
consisted of 2D RGO sheets decorated with many Ag NPs, and the
individual torispherical Ag NPs with an average diameter of 12.5 nm
are well separated from each other and homogeneously spread out
on the RGO sheets. A single-entity Ag NPs embedded in the RGO was
presented in Fig. 3c, where the crystal lattice of Ag NPs is distinct.
The measured interplanar spacing for the lattice fringes is 0.204 nm,
which corresponds to the {200} lattice plane of face-centered-cubic
(fcc) silver, revealing that the growth plane of the Ag NPs is one of
the {200} planes (Guo et al., 2008; Yu and Yam, 2005). The EDS
analysis in Fig. 3d also confirmed that the surface of RGO sheets was
covered by Ag NPs.

3.2. Electrochemical characterization of GCE/RGO-PAMAM-
Ag/GOD/CS

RGO-PAMAM-G3.5-Ag nanocomposite was used for modifying
GCE and then GOD was loaded on the modified electrode. The DET
of GOD immobilized on the modified electrode was investigated in
Ny-saturated PBS (0.1 M, pH 7.0) through CVs. As shown in Fig. 4,
The formal potential of GCE/[RGO-PAMAM-Ag/GOD/CS, calculated
from the average value of the anodic and cathodic peak potentials, is
about —0.381V (vs. Ag/AgCl) and the CVs of GCE/[RGO-PAMAM-
Ag/GOD/CS shows a pair of well-defined and nearly reversible redox
peaks at —0.362 V and —0.402 V with the peak-to-peak separation
(AE,) of 40 mV at 100 mV s~ (curve c in Fig. 4). In contrast, no peak
is observed at bare GCE (curve a in Fig. 4) and GCE/RGO-PAMAM-
Ag (curve b in Fig. 4), which indicates they are electrochemically
silent in this potential window. Furthermore, after incubation of
GCE/RGO-PAMAM-Ag/GOD/CS and GCE/RGO-PAMAM-Ag/FAD/CS
in 3 M guanidine hydrochloride solution for six days, the redox
peaks of GCE/RGO-PAMAM-Ag/GOD/CS almost disappeared, while
that of GCE/RGO-PAMAM-Ag/FAD/CS still remained at 34% of the
initial one, which can be seen in Fig. S2. Because treatment of the
GCE/RGO-PAMAM-Ag/GOD/CS with concentrated salt solution can
easily strip the FAD active center from the GOD molecule or remove
the adsorbed GOD from the electrode surface, and it is relatively
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Fig. 4. CVs of GCE (a), GCE modified with RGO-PAMAM-Ag (b) and RGO-
PAMAM-Ag-GOD-CS (c) in Ny-saturated PBS (0.1 M, pH 7.0) at a scan rate of
100mV s~

ineffective in removing adsorbed free FAD from the electrode surface
(Cai and Chen, 2004; Ianniello et al., 1982), the experimental results
suggest that the redox peaks at GCE/[RGO-PAMAM-Ag/GOD/CS are
attributed to the DET for the conversion of GOD (FAD) to GOD
(FADH,) and not to free FAD, which may have dissociated away from
GOD due to conformational changes during immobilization. The
smaller AE,, value indicated the faster DET between the redox active
site of GOD (the cofactor FAD) and the modified GCE without the help
of electron transfer mediator (Deng et al., 2009). It can be observed
from Fig. S3 that there are no evident redox peaks attributed to the
DET of GOD at RGO-PAMAM (curve A in Fig. S3), PAMAM (curve B in
Fig. S3) and Ag-PAMAM (curve C in Fig. S3) modified GCE. Further-
more, the AE, of GCE/[RGO-PAMAM-Ag/GOD/CS (40 mV) is smaller
than that of GCE/RGO/GOD/CS (46 mV), which indicating that RGO-
PAMAM-Ag nanocomposite plays an important role in facilitating the
DET (Liu et al., 2007b).
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It is well known that the direct electrochemistry of GOD is a
two-electron coupled with two-proton reaction and therefore,
peak potentials should be pH-dependent (Wang et al., 2011).
Fig. 5C shows CVs of the RGO-PAMAM-Ag modified electrode in
0.1 M PBS with different pH values. In each solution, a pair of
stable and well-defined reversible redox peaks of the GOD was
observed. Furthermore, negative shifts in both anodic and catho-
dic peak potentials are observed with increasing pH value from
6.0 to 8.0, which indicates that the hydrogen ion is involved in the
electrode reaction of GOD. This result is in good agreement with
previous reports (Deng et al., 2008; Liu et al., 2005; Wang et al.,
2011). In addition, as shown in Fig. 5D, the formal potential has a
linear relationship with pH from 5.0 to 8.0 with a slope of
—50.8 +2.05 mV/pH, which is close to the theoretical value of
—58.6 mV/pH for a reversible reaction coupled with two-proton
and two-electron transfer electrochemical process (Liu et al.,
2005). All of these indicate that two protons (2H*) and two
electrons (2e~) maybe participate in the direct electrochemical
reaction of GOD immobilized on the modified electrode.

Based on these results, the effect of scan rates on the CVs
responses of immobilized GOD has also been investigated. As
shown in Fig. 5A, with the scan rate increasing, the cathodic and
anodic peak currents increased simultaneously in Ny-saturated
PBS (0.1 M, pH 7.0). The peak separation (AE,) ranged from 44 mV
to 148 mV with the scan rate increasing from 0.05Vs~! to
2.0V s~ possibly because of the resistance of the modified layer
(Bao et al., 2008). Because nAE, is greater or equal to 200 mV, the
DET constant (K;) of the GOD in the modified electrode can be
estimated by using the Laviron’s model (Laviron, 1979). Plots of
the Epq and Epc vs. the logarithm of the scan rates produce two
straight lines with slops of 2.3RT/(1 —a)nF and — 2.3RT/anF at high
scan rates (Fig. 5B) (Zhao et al.,, 2008). From the slopes, o is
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estimated to be 0.44. The K of the GOD immobilized on the
modified electrode was calculated to be about 8.59 s~ ! according
to the equation of

RT

LogKs = orLog(1—00)+(1 —oc)Logoc—Logm— %(1—0nFAE,

2.3RT

This K; is higher than those reported previously on graphene-CS
(2.83 s~ 1) (Kang et al., 2009), on graphene-CdS (5.9 s~ !) (Wang et al.,
2011), on SWCNTs-CS (3.0s™ 1) (Zhou et al., 2008), on CNTs-poly
(diallyldimethylammonium chloride) (PDDA) (2.76 s~ ') (Wen et al,,
2007), and on MWCNTs-CS (7.73 s~ 1) (Liu et al, 2005) modified
electrode. These results suggest that the GCE modified with RGO-
PAMAM-Ag nanocomposite provides fast DET between the redox
center of GOD and the surface of electrode.

3.3. Study of electrocatalytic activity of GOD immobilized
on modified electrode

In order to show the enzymatic activity of GOD immobilized on
the modified electrode, further electrocatalytic experiments about
the reaction between GOD and glucose were carried out. Fig. 6A
shows the CVs of the modified electrode in Nj-saturated PBS
(0.1 M, pH 7.0) and in O,-saturated PBS (0.1 M, pH 7.0) without
and with glucose at a scan rate of 100 mV s~!. An increase in
cathodic peak current and decrease in anodic peak current were
observed in the O,-saturated PBS in the absence of glucose as
compared to the corresponding peaks in the Nj-saturated PBS,
which is because of the electrochemically formed GOD (FADH,)
with electrocatalyzed reduction of O,. Moreover, with addition of
glucose to O,-saturated PBS, the reduction current decreased. The
higher glucose concentration was, the more reduction current
decreased. It can be attributed to the fact that adding glucose

B
-0.30
3‘3 0.36 4 Epa=-0.38609+0.06118Logv(R=0.99122)
‘E‘n '../
< L L -
¢ -0424 110" ) K, =8.59s"
> L™ .
> -0.48 '\\
Epc = -0.46239 - 0.07906Logv (R=0.99279)
-0.54 +—v—vbV————
16 12 -08 -04 00 04 038
Log (Scan rate) / V s
D -0.32
)
< -0.36
=)
<
I
> -0.40 4
>
- O
w
-0.44 4
6:0 6:5 7:0 7:5 8:0
pH

Fig. 5. (A) CVs of GCE/RGO-PAMAM-Ag/GOD/CS in N,-saturated PBS (0.1 M, pH 7.0) at different scan rates from 0.05 V to 2.0 V. (B) The relationship of the peak potential
(Ep) vs. the logarithm of scan rate (log v). (C) CVs of GCE/RGO-PAMAM-Ag/GOD/CS in N»-saturated PBS (0.1 M, pH 7.0) with different pH values of 6.0, 6.5, 7.0, 7.5, and

8.0 at a scan rate of 100 mV s~ . (D) The plot of formal potentials vs. pH.
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Fig. 6. (A) CVs of GCE/[RGO-PAMAM-Ag/GOD/CS in O,-saturated PBS (0.1 M, pH 7.0) in the absence of glucose (a), in the presence of 1.96 mM (b) and 3.85 mM (c) glucose,
and in N,-saturated PBS (0.1 M, pH 7.0) (d) at a scan rate of 100 mV s~ '. (B) Current-time response of GCE modified with RGO-PAMAM-Ag/GOD/CS with successive
addition of 100 pL 10 mM glucose and 100 mM glucose into 3 mL O,-saturated PBS (0.1 M, pH 7.0) at —0.25 V. (C) Calibration curve for glucose sensing corresponding to
(B). (D) Current-time response of GCE/RGO-PAMAM-Ag/GOD/CS to 0.02 mM UA, 0.1 mM AA and 1.0 mM glucose at the work potential of —0.25V in O,-saturated PBS

(0.1 M, pH 7.0).

promotes the enzyme-catalysis reaction of GOD and glucose,
reduces the oxidized form of GOD on the modified electrode, and
thus decreases the electrode reduction current (Wang et al., 2011,
2009c).

Under an applied potential of —0.25V, amperometric deter-
mination of glucose was carried out. Fig. 6B shows the ampero-
metric response of RGO-PAMAM-Ag modified enzyme electrode
to successive addition of glucose. It was found that during
successive addition of 100 pL 10 mM glucose and 100 mM glu-
cose into 3 mL O,-saturated PBS (0.1 M, pH 7.0) at -0.25V, an
evident current response is observed. The biosensor based on
RGO-PAMAM-Ag modified enzyme electrode shows a fast
response time of less than 10 s and exhibits an excellent linear
response to glucose in the concentration range of 0.032-1.89 mM
(R=0.996) (in Fig. 6C) with a detection limit of 4.5 uM (S/N=3).
Furthermore, the sensitivity of the as-prepared biosensor was
calculated to be 75.72 pA mM~! cm~2, which is higher than that
of the glucose biosensors based on Au/PPF-CNTs-GOD (42 pA
mM~!ecm~2) (Muguruma et al., 2008), GCE/graphene-CS-GOD
(3793 P AmM~'cm~2) (Kang et al, 2009), GCE/CNTs-CdTe-
Nafion-GOD (14.41 ypAmM~!cm~2) (Liu et al., 2007b), GCE/
CNTs-CS-GOD (7.36 pAmM~'cm~2) (Liu et al, 2005), and
GCE/graphene-CdS-Nafion-GOD (1.76 pAmM~!cm~2) (Wang
et al.,, 2011). The apparent Michealis-Menten constant (K;;,) was
also estimated to be 9.64 mM by using the Lineweaver-Burk
equation (Kang et al., 2009). The result is comparable to those
obtained from MWCNTs-CS-GOD (8.2 mM) (Liu et al., 2005) and
Nafion-GOD-SWCNTs (8.5 mM) (Liu et al., 2008) modified elec-
trodes, and is lower than PMMA-MWCNT(PDDA)/GOD-NFE
(10.12 mM) (Manesh et al., 2008), GOD/AUpano/Pthano/CNT/gold
electrode(10.73 mM) (Chu et al., 2007), GOD-CS-SiO,/Pt/MWNTs
(144 mM) (Zou et al, 2008), GOD/prussian blue/MWCNT
(18 mM) (Zhu et al., 2006), GOD/gold-MWCNT/Teflon (14.9 mM)

and MWCNT/Teflon (30 mM) (Manso et al., 2007), indicating that
the GCE modified with RGO-PAMAM-Ag-GOD-CS exhibits good
affinity to glucose.

3.4. Interference

It is well known that there are some easily oxidative species such
as dopamine, ascorbic acid (AA), uric acid (UA), and other carbohy-
drate compounds usually coexisting with glucose in human blood,
which can be easily oxidized at the positive potential. The lower
working potential may avoid the interference of dopamine, AA, UA
and other carbohydrate compounds in the procedure of detecting
glucose. The normal physiological level of glucose is 3-8 mM, which
is much higher than those of interfering species of AA (~0.1 mM), UA
(~0.02 mM), etc. (Meng et al., 2009). Since the interfering species
have higher electron transfer rates than glucose, their oxidation
currents are comparable to that of high concentrated glucose.
Because a high real surface area of an electrode favors a kinetically
controlled sluggish reaction (the electrooxidation for glucose), while
the electrooxidation of the interfering species being diffusion-con-
trolled does not depend significantly on the electrode surface (Yuan
et al,, 2005), it is expected that the enzyme electrode modified with
RGO-PAMAM-Ag nanocomposite would give high sensitivity and
selectivity for glucose detection under physiological conditions.
The amperometric responses of the GCE/RGO-PAMAM-Ag/GOD/CS
to the continuous addition of 0.02 mM UA, 0.1 mM AA, and 1.0 mM
glucose at the applied potentials of —0.25V in PBS (0.1 M, pH 7.0)
were evaluated respectively. As can be seen in Fig. 6D, the inter-
ference from UA, AA is negligible at the working potential of —0.25 V.
The reproducibility of this glucose biosensor was also identified by
detecting 0.5 mM of glucose successfully for six times. The intraelec-
trode and interelectrode relative standard deviation (RSD) was found



Z. Luo et al. / Biosensors and Bioelectronics 36 (2012) 179-185 185

to be 4.47% and 5.60%, which illustrates that the prepared electrode
has an acceptable reproducibility.

4. Conclusions

In this study, RGO-PAMAM-Ag nanocomposite was prepared
under microwave irradiation by using GO self-assembled with
PAMAM-G3.5 dendrimer as growth templates. RGO-PAMAM-Ag
nanocomposite can provide a unique microenvironment for the
direct electrochemistry of GOD immobilized on the surface of
modified electrode, which can keep its high electrocatalytic activ-
ities. A glucose biosensor based on RGO-PAMAM-Ag nanocompo-
site has been developed and displays satisfactory analytical
performance with a wide linear range from 0.032 to 1.89 mM, high
sensitivity (75.72puAmM~'cm~2), and low detection limit
(4.5 uM) at the applied potential of —0.25 V. Interference from UA
and AA that usually coexisting with glucose in blood samples is
nearly negligible to this glucose biosensor. All these characteristics
suggest that RGO-PAMAM-Ag nanocomposite is a novel kind of
excellent material for fabricating glucose biosensors based on direct
electron transfer.
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