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a b s t r a c t

A novel inorganic–organic hybrid nanomaterial was prepared by anchoring (3-glycidyloxypropyl)tri-
methoxysilane at the surface of graphene oxide, further cross-linking with polyamidoamine G-4 dendri-
mer, and final decoration with platinum nanoparticles. A glassy carbon electrode was coated with this
hybrid nanomaterial and then used as support for the covalent immobilization of glucose oxidase. This
enzyme electrode was employed to construct a mediatorless glucose amperometric biosensor. The result-
ing biosensor exhibited good electrocatalytical activity for the oxidation of the H2O2 produced by the
enzyme catalyzed reaction, being able to detect glucose when poised at +400 mV. The biosensor showed
a wide linear response to glucose ranging from 10 lM to 8.1 mM, high sensitivity of 24.6 mA/M cm2 and
low detection limit of 0.8 lM. The biosensor was successfully tested for the quantification of glucose in
samples of commercial soft drinks.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

During the last years, the use of functional nanomaterials to
design electrochemical biosensors with improved stability and
analytical performance has been largely explored [1–3]. Nanosized
materials have been employed to tailor the chemical and physical
properties of electrode surfaces allowing an efficient immobiliza-
tion of biologically active biomolecules and occurrence of the
electrochemical processes involved in the electroanalytical
application. In addition, nanomaterials have proven to be useful
tools for achieving amplification and providing biorecognition-
signaling elements to prepare novel generation electrochemical
biosensors [4,5].

In this context, special interest has attracted the design of novel
hybrid nanomaterials for electroanalytical applications [6,7]. This
unique type of nanomaterials not only offers the advantages asso-
ciated to combine components of different nature (i.e. organic and
inorganic adducts) into the same material, but also provides the
possibility to tailor-made the physical and chemical properties of
the resulting hybrid through the rational combination of selected
functional components [8].

Graphene constitute an excellent candidate for the preparation
of nanosized hybrid materials for biosensing due to its unique prop-
erties such as large surface-to-volume ratio, easy and cost-effective
synthesis and exceptional high electrical conductivity, mechanical
strength and thermal stability [9,10]. In addition, new or improved
characteristics such as solubility, chemical functionality, wettabil-
ity and catalytic capacity can be conferred to graphene by appropri-
ate chemical or physical hybridization with other materials.

A variety of electrochemical biosensors has been constructed by
using organic–organic and organic–inorganic hybrid nanomateri-
als involving the combination of graphene with metal nanoparti-
cles, natural and synthetic polymers and metal/non-metal oxide
nanostructures. Gold nanoparticles adsorbed on polyvinylpyrroli-
done-protected graphene were included into a chitosan film and
this hybrid nanomaterial was used as support for the immobiliza-
tion of glucose oxidase (GOx) and the amperometric detection of
glucose [11]. Similarly, Wu et al. reported the electrodeposition
of Pt nanoparticles on glassy carbon electrodes coated with graph-
ene/chitosan, and the further immobilization of GOx for glucose
biosensing [12].

Luo et al. recently described the non-covalent coating of graph-
ene oxide with carboxyl-terminated PAMAM dendrimer, generation
3.5, and its further decoration with silver nanoparticles [13]. This
hybrid nanomaterial was employed to construct an enzyme biosen-
sor for glucose. Moreover, acetylcholinesterase was immobilized on
glassy carbon electrodes coated with 3-carboxyphenylboronic/re-
duced graphene oxide/chitosan/gold nanoparticles hybrid nano-
composite, and used to detect organophosphorus and carbamate
pesticides [14]. Guo et al. reported the construction of an electro-
chemical label-free integrated aptasensor using silver microspheres
as a separation element and graphene-mesoporous silica-gold
nanoparticle hybrids as an enhanced element of the sensing
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platform for the detection of adenosine-50-triphosphate as model
compound [15].

Recently we reported the preparation of crumpled graphene-
based nanoparticles by an initial modification of graphene oxide
with (3-glycidyloxypropyl)trimethoxysilane and further cross-
linking with four-generation ethylenediamine core polyamido-
amine dendrimer (PAMAM) [16]. This organic–organic hybrid
nanomaterial (PAMAM-Sil-rGO) was employed to construct a
tyrosinase biosensor for the quantification of cathecol. In this work
we describe the use of this graphene derivative to prepare a novel
organic–inorganic hybrid nanomaterial by decoration of PAMAM-
Sil-rGO derivative with Pt nanoparticles (PtNPs/PAMAM-Sil-rGO).
This hybrid nanomaterial was tested as an appropriate scaffold to
design a mediatorless amperometric biosensor for glucose.
2. Materials and methods

2.1. Materials

Graphene oxide, prepared according to Hummers method [17],
was acquired from NanoInnova Technologies (Spain). Glucose oxi-
dase (GOx, 174 kU/mg), (3-glycidyloxypropyl)trimethoxysilane
(GPTMS), glucose colorimetric assay kit, H2PtCl6�6H2O, NaBH4

and glutaraldehyde were purchased from Sigma–Aldrich Co.
(USA). PAMAM was purchased from Dendritech, Inc. (USA). All
other chemicals were analytical grade.
2.2. Electrochemical measurements

Electrochemical experiments were carried out with a three-
electrode system, consisting of a glassy carbon electrode (GCE,
3.0 mm diameter) coated with GOx-modified graphene-based hy-
brid nanomaterial as working electrode, an Ag/AgCl/KCl (3 M) as
reference electrode and a Pt wire as counter electrode. Electro-
chemical impedance spectroscopy and cyclic voltammetry were
performed with a FRA2 lAutolab Type III potentiostat/galvanostat
(Metrohm Autolab B.V., The Netherlands). Amperometric measure-
ments were carried out with a dual-channel Inbea potentiostat (In-
bea Biosensores S.L., Spain). Electrochemical impedance
spectroscopy experiments were carried out in 0.1 M KCl solution
containing 5 mM K3[Fe(CN)6]/K4[Fe(CN)6] (1:1). Cyclic voltamme-
try and amperometric measurements were carried out in 0.1 M so-
dium phosphate buffer, pH 7.5 (working volume 10 mL). Freshly
prepared solutions of 100 lM glucose in 50 mM sodium phosphate
buffer, pH 7.5, were employed for biosensing experiments.
2.3. Microscopy analysis

Transmission electron microscopy (TEM) measurements were
performed with a JEOL JEM-2000 FX microscope (JEOL Ltd., Japan).
The morphology of the nanostructured electrode surfaces was stud-
ied by high resolution field emission scanning electron microscopy
(FE-SEM) using a JEOL JSM-6335F apparatus (JEOL Ltd., Japan).
2.4. Preparation of the enzyme electrode (GOx/PtNPs/PAMAM-Sil-rGO/
GCE)

PAMAM-Sil-rGO was prepared as previously described [16].
Briefly, 50 mg of graphene oxide was dispersed in 250 mL ethanol
by sonication for 1 h. The resulting dispersion was then heated at
65 �C, mixed with 25 mL of a 1% (v/v) ethanolic solution of (3-glyc-
idyloxypropyl)trimethoxysilane and kept under continuous stir-
ring at this temperature during 12 h. The mixture was cooled,
filtered, and the resulting solid containing the silanized graphene
derivative was exhaustively washed with ethanol and finally dried
in vacuum.

To prepare PAMAM-Sil-rGO, 50 mg of silanized graphene were
dispersed in 200 mL ethanol by sonication and further mixed with
2.5 mL of 10% (w/w) ethylenediamine core PAMAM G-4 solution in
methanol. The mixture was stirred at room temperature for 12 h,
then filtered and the solid washed several times with ethanol.
The dendrimer-modified graphene derivative was dried under vac-
uum at room temperature and kept in dessicator until use.

To prepare the enzyme electrode, a GCE was polished to a mir-
ror-like finish using 0.3 lm alumina slurry and sonicated in dis-
tilled water and ethanol. The electrode was first coated with
PAMAM-Sil-rGO by depositing two 10-lL aliquots of a 0.5 mg/mL
aqueous dispersion of the nanomaterial on the electrode surface
and allowing drying. The modified electrode was then dipped into
a 10 mM sodium phosphate buffer solution, pH 5.0, and the poten-
tial was cycled between 0.0 and �1.5 V for 20 cycles to obtain a re-
duced graphene derivative on the electrode surface [18]. 20 lL of
5 mM H2PtCl6 (40 lg) aqueous solution were further dropped on
the dried electrode and kept during 30 min at room temperature.
Thereafter, 10 lL of 1 mM NaBH4 solution were added and the reac-
tion was allowed proceeding for 30 min. The modified electrode
was exhaustively washed with distilled water to remove the non-
adsorbed nanoparticles. GOx was further immobilized on the
nanostructured electrode by dropping 16 lL of 7.5 mg/mL enzyme
solution in 100 mM sodium phosphate buffer, pH 7.5, and mixing
with 4 lL of 25% (v/v) glutaraldehyde. The electrode was kept at
4 �C for 1 h, then washed several times with cold 100 mM sodium
phosphate buffer, pH 7.5 and finally stored in refrigerator until use.
3. Results and discussion

Fig. 1 illustrates the experimental protocol employed to prepare
the organic–inorganic PtNPs/PAMAM-Sil-rGO hybrid nanomaterial
on the electrode surface, and its further use as support for the
covalent immobilization of GOx for biosensing purposes. PA-
MAM-Sil-rGO was prepared as previously described by Araque
et al. [16] and it was used as coating material for the GCE. This
nanomaterial was further decorated with Pt nanoparticles by incu-
bation with H2PtCl6 aqueous solution and subsequent treatment
with NaBH4. TEM analysis revealed the formation of small and
non-spherical Pt nanoparticles with average size of 3.3 ± 0.7 nm
on the graphene sheets (Fig. 2A). These nanoparticles were mainly
arranged in bunches-like structures on the nanocarbon sheets, as it
was also observed by FE-SEM (Fig. 2C). The formation of such
three-dimensional arrangements can be attributed to the inclusion
of the nanoparticles into the interstitial volume of the hyper-
branched PAMAM moieties, as a consequence of the stabilization
of the growing colloids by the different amine groups of the den-
drimer. Similar inclusion/stabilization was described for noble me-
tal nanoparticles growth in the presence of PAMAM dendrimers of
different generations [19,20].

It should be noted that the PtNPs/PAMAM-Sil-rGO nanosheets
exhibited a less crumpled shape that the initial organic–organic
hybrid nanomaterial [16], suggesting that the inclusion of the Pt
nanoparticles into the dendrimer moieties caused an expansion
of the nanomaterial. This change in the morphology of the graph-
ene-based material could be also associated to the reduction pro-
cess with NaBH4.

Cyclic voltammetric studies revealed that this organic–inorganic
hybrid nanomaterial showed high electrocatalytic activity toward
decomposition of H2O2 (Fig. 3), as expected by the non-spherical
shape of the Pt nanoparticles and their high load on the graphene
nanomaterial. Thus, PtNPs/PAMAM-Sil-rGO was evaluated for the
construction of a mediatorless oxidase-based electrochemical



Fig. 1. Schematic display of the preparation of the GOx/PtNPs/PAMAM-Sil-rGO/GCE enzyme electrode.

Fig. 2. TEM (A, B) and FE-SEM (C) images of PtNPs/PAMAM-Sil-rGO hybrid nanomaterial.

Fig. 3. Cyclic voltammograms of PtNPs/PAMAM-Sil-rGO/GCE in the absence (a) and
in the presence (b) of 1 mM H2O2. Scan rate, 50 mV/s in 0.1 M sodium phosphate
buffer, pH 7.0.
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biosensor using GOx as model enzyme. GOx was immobilized on
the nanostructured electrode by covalent attachment to the pri-
mary amino groups at the surface of PAMAM dendrimers using glu-
taraldehyde as cross-linking agent.

The preparation of the enzyme electrode was optimized by
determining the influence of the experimental variables affecting
the amperometric response of the nanostructured electrode to-
wards glucose. Fig. 4A shows the effect of the PAMAM-Sil-rGO
loading on the response of the GOx-based electrode upon addition
of glucose using +400 mV as detection potential. The relative
amperometric response with respect to the highest one increased
with the hybrid nanomaterial loading up to 12.5 lg, which could
be ascribed to the increased amount of free amino groups on the
electrode surface accessible for enzyme immobilization. Larger hy-
brid nanomaterial loadings resulted in lower amperometric re-
sponse, probably due to the formation of multilayer structures on
the electrode surface then causing steric hindrance for enzyme
immobilization and thus reducing the amount of active GOx on
the biosensing interface. Accordingly, 12.5 lg of PAMAM-Sil-rGO
were employed to coat the GCE in further experiments.

On the other hand, the electrochemical response of the biosen-
sor increased progressively with the amount of GOx loaded on the
nanostructured electrode surface, reaching the highest value when
150 lg of enzyme were immobilized on the PAMAM-Sil-rGO
modified CGE (Fig. 4B). This behavior could be justified by the
progressive attachment of a catalytically active enzyme layer at-
tached on the PAMAM moieties. Lower electroanalytical response



Fig. 4. Influence of the PAMAM-Sil-rGO loading (A), enzyme loading (B), glutaraldehyde concentration (C), incubation time (D) and amount of H2PtCl6 (E) on the normalized
amperometric response of the GOx/PtNPs/PAMAM-Sil-rGO/GCE enzyme electrode toward 1 mM glucose. E = +400 mV.
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was observed when higher amount of enzyme was loaded on the
electrode surface which could be ascribed to the assembly of a sec-
ond protein layer on the electrode surface that may form enzyme–
enzyme cross-linked adducts with lower catalytic activity due to
steric hindrance effects.

The effect of glutaraldehyde concentration on the amperometric
response of the enzyme electrode is shown in Fig. 4C. A bell-shaped
curve was observed with the highest current being provided at 4%
glutaraldehyde. It could be expected that an increased amount of
glutaraldehyde allowed higher amount of enzyme molecules to
be attached to the electrode surface through stable covalent
cross-linking. However, a relative high amount of glutaraldehyde
could provoke intra- and intermolecular cross-linking of enzyme
molecules yielding more rigid protein conformations with lower
catalytic activity. In addition, high concentration of glutaraldehyde
could provoke inactivation of GOx by modification of amino acid
residues at the active site of the enzyme.

The influence of the immobilization time on the biosensor re-
sponse is shown in Fig. 4D. Maximum electroanalytical signal
was observed when the cross-linking process was performed
during 90 min at 4 �C. Higher reaction times led to lower analytical
response probably due to the partial inactivation of the attached
enzyme molecules under exhaustive treatment with the cross-
linking agent as commented above. At this point, it should be
remarked that the decoration of PAMAM-Sil-rGO with Pt nanopar-
ticles was carried out by using 40 lg of H2PtCl6 to ensure maxi-
mum amperometric response of the biosensor, according to the
results shown in Fig. 4E. It could be expected that Pt nanoparticles
are stabilized into the PAMAM-Sil-rGO hybrid nanomaterial by
electrostatic interaction with the different amine groups of the
dendrimer [19,20]. Accordingly, a large amount of primary amino
groups could be involved in such nanoparticles stabilization when
large amount of H2PtCl6 is reduced on the electrode surface, then
lowering their availability to attach enzyme molecules during the
immobilization process.

The assembly of the GOx/PtNPs/PAMAM-Sil-rGO/GCE electrode
under the optimum conditions described above was tested by cyc-
lic voltammetry and electrochemical impedance spectroscopy
(EIS). Fig. 5 shows the cyclic voltammograms recorded at different
stages of the modified enzyme electrode preparation in a 0.1 M KCl
solution containing 5 mM [Fe(CN)6]4�/3� ions. All electrode archi-
tectures showed well-defined quasi-reversible voltamperometric
patterns, suggesting high electroconductive properties for the dif-
ferent surfaces which allow the fast diffusion of the electrochemi-
cal probe to the electrode. Actually, the GCE, PAMAM-Sil-rGO,
PtNPs/PAMAM-Sil-rGO/GCE and GOx/PtNPs/PAMAM-Sil-rGO/GCE
showed values for DE = 181 mV, 169 mV, 171 mV and 236 mV
and ia/ic = 1.09, 1.06, 0.99 and 1.02, respectively.



Fig. 5. Cyclic voltammograms on the bare GCE (a), PAMAM-Sil-rGO (b), PtNPs/
PAMAM-Sil-rGO/GCE (c) and GOx/PtNPs/PAMAM-Sil-rGO/GCE (d) electrodes in
0.1 M KCl solution containing 5 mM K3[Fe(CN)6]/K4[Fe(CN)6] (1:1). Scan rate:
50 mV/s.

100 E. Araque et al. / Journal of Electroanalytical Chemistry 717-718 (2014) 96–102
The electrochemical surface area of the resulting electrodes,
which was estimated by using the Randles–Sevcik equation, also
varied during the assembly process. Coating with PAMAM-Sil-
rGO increased the electrochemical surface of GCE from 7.08 mm2

to 8.93 mm2, due to the high electroconductive properties of the
graphene-based nanomaterial and the permeability of the grafted
PAMAM moieties. Decoration of this material with Pt nanoparticles
reduced the electrochemical surface area of the coated electrode to
about 7.64 mm2. This fact can be justified by the reduction of the
permeability properties of the hybrid material due to filling of
the interstitial space of the PAMAM moieties by the Pt nanoparti-
cles. Immobilization of GOx on the electrode surface significantly
reduced the electroactive surface area to about 4.81 mm2, due to
insulating characteristics of the protein molecules.

The barrier properties of the different electrode assemblies
were also evaluated by EIS using the Randles equivalent circuit.
Fig. 6 shows the corresponding Nyquist plots. All the experimental
data were obtained by fitting with a conventional Randles equiva-
lent circuit. As expected the charge transfer resistance measured at
the bare GCE, Rct = 84 X, was drastically reduced for the electrode
Fig. 6. Nyquist plots of bare GCE (a), PAMAM-Sil-rGO (b), PtNPs/PAMAM-Sil-rGO/
GCE (c) and GOx/PtNPs/PAMAM-Sil-rGO/GCE (d) electrodes in 0.1 M KCl solution
containing 5 mM K3[Fe(CN)6]/K4[Fe(CN)6] (1:1).
coated with PAMAM-Sil-rGO, Rct = 2 X, suggesting very low barrier
properties for this hybrid nanomaterial. Moreover, a predominant
straight line with slope near the unit was observed in a broad range
of low frequencies. However, an increase in the barrier properties
was noticed after decoration of the graphene-based hybrid nano-
material with Pt nanoparticles, with Rct = 90 X, which can be
attributed to the above mentioned effect of the decrease in the per-
meability of the hybrid material upon intercalation of the Pt nano-
particles. Nevertheless, it should be highlighted that the electron
transfer resistance of the PtNPs/PAMAM-Sil-rGO/GCE was similar
to that of the bare electrode demonstrating high electroconductive
properties of this inorganic–organic hybrid nanomaterial. Further
immobilization of the enzyme caused a significant increase in the
barrier properties of the electrode surface (Rct = 244 X) due to cov-
erage with the insulating protein molecules.

The optimal operational conditions for the GOx/PtNPs/PAMAM-
Sil-rGO/GCE amperometric biosensor for glucose were also
established. Fig. 7A shows the effect of the applied potential on
the normalized amperometric response of the enzyme-modified
electrode in buffered solution of pH 7.5 at room temperature. It
should be pointed out that noisy and unstable signals were
obtained by measuring the reduction of H2O2 with the prepared
bioelectrode and, consequently, only the applied anodic potentials
were tested. The anodic current increased when the applied poten-
tial increased from +200 mV to +400 mV vs. Ag/AgCl, reaching al-
most constant value at higher potentials. Then +400 mV was
selected as optimum working potential. On the other hand, a high-
er amperometric response was observed for the electrode operated
in buffered solutions of pH 7.5–8.0 (Fig. 7B), in agreement with the
optimum value of pH reported for this enzyme. Accordingly,
further experiments were performed at pH 7.5.

The analytical performance of enzyme biosensor constructed
with the nanostructured electrode was evaluated under these
optimal working conditions. Typical amperometric recordings to
successive additions of glucose are shown in Fig. 8A. The electrode
exhibited a fast electroanalytical response, reaching 95% of the
steady-state current within 4 s. The resulting calibration curve,
shown in Fig. 8B, exhibited a linear behavior (r = 0.998) in the
broad range of glucose concentration between 10 lM and
8.1 mM glucose, according to the following equation:

IAðlAÞ ¼ 1:76 � cðGlucose=mMÞ � 0:007:

A low detection limit of 0.8 lM glucose was estimated for this bio-
sensor, according to the 3sb/m criterion where sb was estimated as
the standard deviation for ten repetitive measurements of the lowest
point in the calibration graph and m is the slope value of this calibra-
tion. The enzyme biosensor showed a sensitivity of 24.6 mA/M cm2,
which was calculated by using the electroactive surface area of the
GOx/PtNPs/PAMAM-Sil-rGO/GCE. This high sensitivity can be attrib-
uted to the large electroactive surface area of the modified electrode,
the synergic electrocatalytic effect of PtNPs and rGO for H2O2 oxida-
tion, and the occurrence of fast electron transfer between the en-
zyme and the electrode surface due to the high electroconductive
and low barrier properties of the 3D assembled hybrid nanomaterial.

The advantages of using this biosensor assembly were confirmed
by immobilizing GOx at the different surfaces obtained during the
construction of the analytical platform and further comparison of
their electroanalytical responses toward successive addition of dif-
ferent volumes of 1 mM glucose solution. No significant ampero-
metric response was observed for the bioelectrodes prepared
without Pt nanoparticles, indicating that the nanoparticles played
an essential role in the successful electrocatalytic decomposition
of H2O2 on the electrode surface when poised at +400 mV.

To confirm this, the different electrode surfaces obtained during
the assembly of the enzyme biosensor were also tested upon suc-
cessive additions of 1 mM H2O2 solution. Fig. 9 shows the variation



Fig. 7. Influence of the applied potential (A) at pH 7.5, and working pH (B) at E = +400 mV, on the amperometric response of the GOx/PtNPs/PAMAM-Sil-rGO/GCE enzyme
electrode toward 1 mM glucose.

Fig. 8. A) Dynamic amperometric response of GOx/PtNPs/PAMAM-Sil-rGO/GCE poised at +400 mV to successive addition of different volumes of 1 mM glucose solution. B)
Calibration curve constructed for glucose at the GOx/PtNPs/PAMAM-Sil-rGO/GCE biosensor.

Fig. 9. Influence of the electrode composition on the slope value (normalized vs. the
highest value) of the corresponding calibration graph obtained for H2O2. (a) GCE, (b)
PAMAM-Sil-rGO/GCE, (c) PtNPs/PAMAM-Sil-rGO/GCE and (d) GOx/PtNPs/PAMAM-
Sil-rGO/GCE.
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in the slope values of the corresponding calibration plots obtained
for H2O2. As it can be seen, the sensitivity achieved with the PtNPs/
PAMAM-Sil-rGO/GCE electrode was almost twice than that with
the GOx/PtNPs/PAMAM-Sil-rGO/GCE bioelectrode. Moreover, the
sensitivity with the electrodes prepared without Pt nanoparticles
(bar b) was less than 1% than that for the PtNPs/PAMAM-Sil-rGO/
GCE electrode, thus confirming that Pt nanoparticles are involved
in the electrocatalytic decomposition of H2O2 at the nanostruc-
tured surface poised at +400 mV. In addition, it becomes apparent
that the immobilization of GOx reduced the capability of the hy-
brid nanomaterial to decompose H2O2, probably by masking the
Pt nanoparticles located on the surface of the PAMAM dendrimer
moieties.

The analytical performance of the GOx/PtNPs/PAMAM-Sil-rGO/
GCE biosensor was compared with that of other published glucose
sensors based on graphene-modified electrodes (Table 1). In gen-
eral, it can be stated that the present biosensor shows similar or
even better overall analytical behavior than other biosensors previ-
ously reported. Although the biosensors constructed by immobiliz-
ing GOx on polydopamine-graphene composite film [21] and
palladium nanoparticle/chitosan-grafted graphene nanocompos-
ites [22] showed an slightly better sensitivity, it should be pointed
out that they operated at a much higher working potential of
+700 mV, which has a detrimental effect on the selectivity of the
biosensor device. The electrode prepared by immobilization of
GOx in platinum nanoparticles/graphene/chitosan nanocomposite
film showed a slightly better range of linear response but higher
limit of detection that that achieved with the GOx/PtNPs/PA-
MAM-Sil-rGO/GCE biosensor working under similar operational
conditions [12]. Moreover, it can be said that a potentiometric glu-
cose sensor based on GOx immobilized on iron ferrite magnetic
particle/chitosan composite modified gold coated GCE provided a
large range of linearity [31].

On the other hand, an apparent Michaelis–Menten constant of
KM = 6.9 mM, and a maximum rate for the enzyme reaction of
IMAX = 16 lA were calculated for the GOx/PtNPs/PAMAM-Sil-rGO/
GCE biosensor. This apparent KM value was similar to those re-
ported for the enzyme on a polydopamine–graphene composite
film modified electrode (6.77 mM) [21] but lower than that re-
ported for the enzyme immobilized on graphene quantum dots
modified carbon ceramic electrode (0.76 mM) [29] and palladium
nanoparticle/chitosan-grafted graphene nanocomposite modified
GCE (1.2 mM) [22].



Table 1
Comparison of the analytical characteristics obtained for the GOx/PtNPs/PAMAM-Sil-rGO/GCE biosensor with those reported for other graphene-based enzyme electrodes for
glucose determination.

Electrode E (mV) Linear range (mM) Sensitivity (mA/Mcm2) LOD (lM)

Nafion/GOx/AuNPs/GF/GCE [23] +800 0.001–30 – 1
GOx-Chi/pTBO/PB/rGO/GCE [24] +200 0.02–1.09 59 8.4
GOx/TiO2-GF/GCE [25] �600 0–8 6.2 –
GOx-GF/Pt [26] +400 0–22 8.045 –
GOx/Chi/GF/GCE [27] �790 2–22 – 20
GOx/Chi-Fc/GO/GCE [28] +300 0.02–6.78 10 7.6
GOx-GQD/CCE [29] �420 0.005–1.27 85 1.73
GOx-pDA/GO/Au [21] +700 0.001–4.7 28.4 0.1
GOx/Chi-AuNPs-GF/Au [11] �200 2–10 – 180
GOx/PtNPs/Chi/GF/GCE [12] +400 0.0006–5 – 0.6
GOx/PdNPs/Chi-GF/GCE [22] +700 0.001–1 31.2 0.2
Nafion/GOx/APTES-GF/GCE [30] �450 1–32 – 1
GOx/PtNPs/PAMAM-Sil-rGO/GCE +400 0.01–8.1 24.6 0.8

GF: graphene; Chi: chitosan; pTBO: poly(toluidine blue O); PB: Prussian blue; Fc: ferrocene; GO: graphene oxide; GQD: graphene quantum dots; CCE: carbon ceramic
electrode; pDA: polydopamine; APTES: 3-aminopropyltriethoxysilane.
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The GOx/PtNPs/PAMAM-Sil-rGO/GCE biosensor exhibited a
high reproducibility, with a relative standard deviation value of
5.8% (n = 10) for repetitive amperometric measurements of succes-
sive additions of 1 mM glucose. The assembly of the enzyme bio-
sensor also showed acceptable reproducibility, with a relative
standard deviation of 10.3% for ten different biosensors prepared
in the same manner.

The selectivity of the biosensor was evaluated by measuring the
amperometric current generated by different potential interfering
substances in the presence of 500 lM glucose. The enzyme biosen-
sor showed good selectivity, yielding unaffected amperometric re-
sponse in the presence of fructose, sacarose, cafein and citric acid
at 500 lM concentration. However, ascorbic acid and uric acid at
a 1.0 lM concentration interfered in the quantification of glucose,
giving rise to an increase of 6.4% and 17% in the measured current,
respectively.

The long-term stability of the biosensor was estimated by
storing the electrode at 4 �C under dry conditions. The electrode
was periodically tested toward four consecutive additions 20 mM
D-glucose solution. The biosensor retained more than 95% of the
initial electroanalytical activity after one week of storage, but long-
er times at 4 �C produced a progressive loss of analytical response
reaching about 52% of the initial activity after two weeks of
storage.

The enzyme biosensor was employed to determine the total
glucose content in a commercial soft drink (Pepsi), and the results
were compared with those obtained with an enzymatic colorimet-
ric assay kit. A total concentration of glucose of 189 ± 12 mM and
180 ± 3 mM was estimated with the electrochemical biosensor
and the colorimetric kit, respectively. This result demonstrates
the analytical reliability of the proposed electrochemical device
to quantify glucose in real samples.
4. Conclusions

A novel inorganic–organic hybrid nanomaterial was prepared
by decoration of PAMAM-modified graphene with platinum nano-
particles. This nanomaterial was employed to modify GCE, and fur-
ther used as support for the glutaraldehyde-mediated
immobilization of glucose oxidase. This enzyme electrode was em-
ployed to construct a mediator-free amperometric biosensor for
glucose. The biosensor exhibited high sensitivity and reproducibil-
ity, a low detection limit, as well as fast electroanalytical response
toward the analyte. These results suggest this novel hybrid
nanomaterial can be employed to prepare sensitive and reliable
oxidase-based enzyme biosensors.
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