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Reduced graphene oxide-Sb2O5 hybrid nanomaterial for the design of a
laccase-based amperometric biosensor for estriol
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A B S T R A C T

A novel reduced graphene oxide/Sb2O5 hybrid nanomaterial was prepared by a one-pot reaction process.
The nanomaterial was characterized by different spectroscopic, microscopic and electrochemical
techniques, demonstrating that the graphene sheets were doped with a Sb2O5 thin film. A glassy carbon
electrode coated with the hybrid material was further employed as support for the covalent
immobilization of laccase to develop an electrochemical biosensor for estriol. The enzyme biosensor
showed high sensitivity (275 mA/M) and fast analytical response (4 s) for the hormone, with a limit of
detection of 11 nM in the range of 25 nM to 1.03 mM. The biosensor showed high selectivity for the
analytical detection of estriol.
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1. Introduction

The design of novel, highly sensitive, selective and stable
electrochemical biosensors devices able to be used for the fast,
accurate, reproducible, in situ and low cost analysis of chemical
compounds with biomedical, forensic and environmental impor-
tance is a challenge in electroanalytical chemistry [1–3]. During
last years, progresses in nanomaterials chemistry have empowered
biosensor technology by providing a great variety of advanced
nanomaterials for their use as transduction elements in electro-
chemical biosensors [4–7]. These nanosized materials have unique
size-dependent properties that can be rationally manipulated to
assemble original 3D arquitectures at electrode surfaces to ensure
high yield of immobilized bioreceptor, easy electrocatalytic
transformation of analytes and fast electron transfer processes
at the sensing interface.

In this context, graphene and graphene oxide (GO) ranks among
the nanomaterials more widely employed for the assembly of
electrochemical biosensors due to their remarkable thermal,
mechanical and electronic properties [8–10]. These carbon nano-
materials showing a planar two-dimensional morphology can be
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prepared at relative low cost and easily functionalized with a
variety of chemical groups. Graphene and its oxidized derivative
can be also combined with other materials and compounds, such
as polymers, ceramics, metal and metal oxides nanostructures,
etc., to yield novel composite or hybrid adducts with improved or
new chemical and physical properties [11–13]. In this regard, the
synergistic effect between graphene and metal oxide nano-
structures in hybrid nanomaterials have opened new possibilities
to design electrochemical biosensors with desired properties and
behaviors [14].

Here we describe the preparation of a hybrid nanomaterial of
reduced GO (rGO) and Sb2O5 and its use as transducer element for
the construction of an electrochemical enzyme biosensor. Sb2O5 is
a metal oxide widely employed in the synthesis of hybrid materials
for electroanalytical purposes [15–17] due to its excellent acidic
properties and surface defects which favor the incorporation of
other species on its surface and the electrocatalytic transformation
of relevant compounds. The selected target analyte to evaluate the
suitability of the hybrid nanomaterial-based biosensor was estriol
((16a,17b)-estra-1,3,5(10)-triene-3,16,17-triol), a phenolic estro-
gen hormone widely used in the treatment of urogenital diseases
in menopausal women. This drug, classified as endocrine disrupt-
ing compound [18,19], is commonly eliminated in the urine of
patients and is not completely degraded during the treatment of
sewage becoming a potential environmental risk [20]. The
determination of estriol in human and environmental samples
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has been mainly performed by gas and liquid chromatography
[19,21–23] and spectrophotometric techniques [24–26], but these
analytical procedures require exhaustive pre-treatment of samples
prior to analysis. Several authors have proposed electroanalytical
techniques as reliable alternatives for estriol detection [18,20,27],
and succesful results have been achieved by using proper
combination of new advanced materials and highly selective
bioreceptor on the transducer interfase. In this case, laccase (EC
1.10.3.2) was employed as catalytic bioreceptor in this biosensor
design due to its capacity to transform phenolic compounds, such
as estriol, through oxidation reactions.

2. Experimental

2.1. Reagents

SbCl3 was acquired from Merck. Graphite powder, laccase from
Trameters versicolor (Lac, 10 U/mg) and the other chemicals were
purchased from Sigma-Aldrich.

2.2. Apparatus, electrodes and solutions

The X-rays photoelectron spectra (XPS) were obtained with a
VSW HA 100 hemispherical electron analyzer (VSW Scientific
Instrument Ltda., UK). The XPS spectra were deconvoluted using
the Gaussian-Lorentzian peak fitting using the software OriginPro
8.0 (OriginLab Co., USA). The nanohybrid morphology was
investigated by atomic force microscopy (AFM) with a SPM
Nanoscope IIIa multimode microscope (Veeco Instruments Inc.,
USA). High resolution field emission scanning electron microscopy
(FE-SEM) was performed with a JEOL JSM-6335F microscope (JEOL
Ltd., Japan). Transmission electron microscopy (TEM) and high
resolution transmission electron microscopy (HRTEM) measure-
ments were performed with JEOL JEM-2100 FX and JEOL JEM-
3000 F microscopes, respectively (Jeol Ltd., Japan).

Amperometric measurements were performed with a dual-
channel ultrasensitive Inbea potentiostat (Inbea Biosensores S.L.,
Spain). Cyclic voltammetry and electrochemical impedance
spectroscopy experiments were performed using a
FRA2 mAutolab Type III potentiostat/galvanostat (Metrohm
Autolab B.V., The Netherlands). A conventional three-electrode
system was employed in all electrochemical studies. The working
electrode was a glassy carbon electrode (GCE, 3.0 mm diameter)
modified with the graphene derivative and the immobilized
enzyme. An Ag/AgCl/KCl (3 M) and a Pt wire were used as reference
and counter electrodes, respectively. The measurements with the
biosensor were carried out at 25 �C in 0.1 M sodium phosphate
buffer, pH 7.0 (working volume 10 ml). Stock solutions of 1.0 mM
estriol in ethanol, were freshly prepared.
Scheme 1. Schematic display of the steps involved in the preparation of the
2.3. Preparation of the rGO/Sb2O5 hybrid nanomaterial

GO was first prepared by modification of Hummers' method
[28]. In brief,10 g graphite and 10 g NaNO3were mixed in 450 mL of
H2SO4 (98%) in a 2500 mL round-bottom flask immersed in an ice
bath. The mixture was stirred for 30 min and then 60 g
KMnO4 were added under vigorous stirring. The reaction mixture
was held under refrigeration at 4 �C for 24 h. The temperature was
further raised to 35 �C and the mixture was stirred for 1 h.
Subsequently, H2O2 (30% v/v, 450 mL) was added under vigorous
stirring, and the reaction temperature was rapidly increased to
98 �C. Water (450 mL) and H2O2 (30% v/v, 300 mL) were
sequentially added under stirring, and the reaction mixture was
refrigerated at 4 �C and stirred for other 24 h. The solution
containing GO was centrifuged for 30 min at 8000 rpm and
washed several times with 5% HCl (v/v) and distilled water until
the pH of the filtrate was neutral. GO was finally lyophilized and
kept under dry conditions until use.

To prepare the rGO/Sb2O5 hybrid nanomaterial, 80 mg GO,
10 mg SbCl3 and 8 mg sodium dodecyl sulfate were mixed in 40 mL
CCl4 under Ar atmosphere. The mixture was stirred for 20 min and
then 2 mL of 1.2 � 10�2mol L�1 NaBH4 were added. The mixture
was refluxed at 70 �C for 2 h, then filtered and washed three times
with CCl4. The resulting nanomaterial was finally dried at 50 �C for
48 h.

2.4. Preparation of the enzyme electrode

A bare GCE was first polished to mirror-like surface with
alumina powder (0.3 mm), rinsed thoroughly with double distilled
water, successively washed with double distilled water, anhydrous
ethanol and acetone in an ultrasonic bath, and dried under N2

before use. Coating of the polished GCE was accomplished by
depositing 10 mL of a 1.0 mg/mL aqueous dispersion of rGO/Sb2O5

on the electrode surface and allowing drying. The enzyme was
further immobilized on the modified electrode by dropping 10 mL
of a 3.0 mg/mL laccase solution in 100 mM sodium phosphate
buffer, pH 7.0, and mixed with 10 mL of 3% (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 7.0, and finally stored in
refrigerator until use (Lac/rGO/Sb2O5/GCE).

3. Results and discussion

The procedure employed to prepare the hybrid nanomaterial
and further assembly of the enzyme electrode is displayed in
Scheme 1. Firstly, rGO/Sb2O5 was prepared by controlled oxidation
of SbCl3 with the oxygen functional groups (epoxy and carbonyl
moieties) at the GO nanosheets [29]. Simultaneously, the as-
 rGO/Sb2O5 nanohybrid and the Lac/rGO/Sb2O5/GCE enzyme electrode.



334 F.H. Cincotto et al. / Electrochimica Acta 174 (2015) 332–339
growing nanonanomaterial was deposited on the rGO basal planes
by interaction with the remaining oxygen functional groups
(hydroxyl and carboxylic acid moieties) on the carbon nano-
material. This chemical bonding is induced by the ability of
reduced graphene oxide to act as catalytic agent for the chemical
disproportionation of the antimony dopant layer which favors the
charge transfer between the adsorbed antimony species and the
rGO lattice [29,30]. The nanohybrid was then treated with NaBH4

to ensure reduction of the partially reduced GO nanosheets. The
resulting hybrid nanomaterial, upon deposition of GCE, was further
employed as support for the glutaraldehyde-mediated covalent
immobilization of laccase immobilization on the electrode surface
to construct an amperometric enzyme biosensor for estriol.

The synthesized hybrid nanomaterial was characterized by
different spectroscopic, microscopic and electrochemical techni-
ques. XPS was used to obtain information about the chemical
species and the oxidation states of antimony in the hybrid material.
The complete spectrum of the rGO/Sb2O5 nanohybrid is shown in
Figure 1S (Supporting information). Two intense peaks corre-
sponding to the binding energy for oxygen (O1s) and carbon (C1S)
are clearly observed in this spectrum. Peaks corresponding to
silica, which was employed to make energy corrections, were also
observed. Detailed study revealed the absence of peaks related to
potential metal and non-metal contaminant species, suggesting
high purity for the rGO/Sb2O5 nanohybrid. It should be highlighted
that antimony binding energy is overlapped by oxygen binding
energy, and accordingly, thorough analysis of this XPS spectrum
should be performed.

To confirm the formation of antimony (V), and to simplify the
analysis of the XPS spectra, all peaks were deconvoluted using the
Gaussian–Lorentzian peak fitting. The results are shown in Fig. 1. In
addition, a summary of the binding energy values for Sb3d3/2,
Sb3d5/2, O1s, Sb4d and C1s is provided in Table 1S (Supporting
information).

The peak of the binding energy for oxygen (O1s) overlaps the
peak of the binding energy for the component Sb3d5/2. Deconvo-
lution of the spectrum reflected that the value around 534.2 eV was
related to the Sb3d5/2 component and the value around 532.5 eV
could be ascribed to the O1s component. To confirm the formation
of antimony (V), the analysis of the Sb3d3/2 and Sb4d components
were also performed. The values obtained for the binding energies
of Sb3d3/2 and Sb4d were 540.4 eV and 34.4 eV, respectively. These
values were similar to those from pure Sb2O5 oxide, confirming the
formation of antimony (V) oxide on the rGO sheets. The absence of
binding energies for the Sb3d3/2 and Sb3d5/2 components around
539.7 eV and 530.7 eV also confirmed that antimony (III) oxide was
not formed on the nanomaterial.

Deconvolution of the C1s component provided three values of
binding energy (284.6 eV, 287 eV and 289.2 eV), indicating that GO
had different functional groups. The value of the binding energy
Fig. 1. XPS spectra
around 284.6 eV is related to the presence of hydroxyl groups
attached to the carbon structure, the binding energy around 287 eV
confirm the presence of C¼O moieties and the binding energy
around 289.2 eV can be ascribed to the carboxyl groups on the GO
edges [25,31]. These data confirmed that the reduction with NaBH4

was only able to reduce partially GO leaving remaining oxygen
functional groups able to interact with Sb2O5.

The microstructural and morphological study of the hybrid
material rGO/Sb2O5 was conducted by TEM, FE-SEM and AFM.
Fig. 2 shows representative TEM images of GO before (A) and after
modification Sb2O5 (B). The modified nanomaterial clearly showed
dark zones that are dispersed on the rGO planar sheet, suggesting
high coverage with Sb2O5. The presence of Sb in the rGO-based
nanohybrid was confirmed by elemental analysis using Energy
Dispersive Spectroscopy (EDS). As can be observed in Fig. 2C, the
EDS spectrum showed the characteristics peaks of Sb with relative
high intensity, suggesting high content of this metal in the hybrid
nanomaterial. On the other hand, the nanohybrid showed a diffuse
pattern when studied by selected area electron diffraction analysis
(SAED) (inset in Fig. 2C). This fact suggests the Sb2O5 formed on the
rGO sheets showed an amorphous structure. It is well know that
the amorphous structure of Sb2O5 is characterized by the presence
of Lewis & Bronsted acid sites on the material surface, thus
conferring excellent properties to the rGO/Sb2O5 nanohybrid for
the immobilization of biomolecules.

However, the presence of Sb2O5 nanoparticles was not
evidenced by FE-SEM analysis (Fig. 3A), suggesting that the
nanoparticles were too small to be observed by this technique.
Accordingly, the nanohybrid was further studied by AFM, a more
sensitive technique.

Fig. 4 shows the topological analysis of the rGO/Sb2O5

nanohybrid by AFM. The nanomaterial showed two different
zones with well-defined topology. The non-modified zone showed
the characteristic platelet-like morphology of rGO with 0.8-1.0 nm
thick, in agreement with that reported for this material [32].
However, a noticeable increase in the thickness of the nano-
material was observed on the modified zone suggesting the
presence of the rGO/Sb2O5 nanohybrid with a thickness increase to
about 1.5-2.2 nm in accordance with previous works [30]. In
general, this hybrid nanomaterial showed high topological
homogeneity, which was mainly characterized by the presence
of single layer rGO nanosheets partially covered by the Sb2O5

nanostructure. However, the rGO nanosheets showed different size
and degree of modification, as expected from the heterogeneous
size distribution of the starting GO nanomaterial. In addition, some
multilayered rGO/Sb2O5 hybrid nanostructures were observed by
AFM analysis.

The rGO/Sb2O5 nanohybrid was employed as coating material
for GCE to construct an enzyme electrochemical biosensor for
estriol. Immobilization of laccase on the modified electrode
 of rGO/Sb2O5.



Fig. 2. TEM images of GO (A) and rGO/Sb2O5 (B). Elemental analysis (C) and selected area electron diffraction pattern (inset) of rGO/Sb2O5.

Fig. 3. FE-SEM image of rGO/Sb2O5 and Lac/rGO/Sb2O5.

Fig. 4. AFM and section analysis for rGO/Sb2O5.
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Fig. 6. Cyclic voltammograms recorded at the GCE (a), rGO/GCE (b), rGO/Sb2O5/GCE
(c), Lac/GO/GCE (d) and Lac/rGO/Sb2O5/GCE (e) for 2.0 mM estriol in 0.1 M sodium
phosphate buffer, pH 7.0, containing 1.0 mM thionine as mediator; v = 50 mV/s.
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yielded a more amorphous surface, as revealed by FE-SEM analysis
(Fig. 3B). This fact suggested high loading of enzyme protein
molecules on the graphene-based hybrid nanomaterial. Optimiza-
tion of experimental variables allowed us to conclude that higher
electroanalytical responses of the enzyme electrode were achieved
with 10 mL of 3 mg mL�1 laccase loading using 10 mL of 3% (v/v)
glutaraldehyde (Figs. 2S-3S, respectively, Supporting information).

The assembly of the enzyme electrode was followed by
electrochemical impedance spectroscopy (EIS), and the resulting
Nyquist plots are shown in Fig. 5. Modification of the bare GCE with
the graphene nanohybridresultedinanon-significant increase inthe
electron transfer resistance (from 132 to 157 V), as it could be
expected due to the high conductive properties of the graphene-
based hybrid nanomaterial. The appearance of a second semicircle in
the corresponding Nyquist plot suggested that the hybrid nano-
material-coated electrode showed a non-homogeneous electro-
chemical interface. This EIS behavior could be justified by the non-
homogeneous distribution of Sb2O5 on the rGO, as revealed by AFM
analysis. Finally, the Lac/rGO/Sb2O5/GCE electrode showed a
noticeable increase in the electron transfer resistance to 912 V,
suggesting high coverage of the electrode surface by the laccase
protein molecules, in agreement with SEM analysis.

The electrocatalytic activity of the Lac/rGO/Sb2O5/GCE enzyme
electrode toward estriol was evaluated by cyclic voltammetry in
0.1 M PBS, pH 7 in the presence of 1.0 mM thionine as mediator
which has been widely employed in the preparation of biosensors
for phenolic compounds [33]. Bare GCE, rGO/Sb2O5 and Lac/GO
coated GCEs were employed as control electrodes. As it can be
observed in Fig. 6, the Lac/GO/GCE showed a little electrocatalytic
effect for estriol, as revealed by the little increase in the cathodic
current at potential values lower than -200 mV, suggesting low
enzyme loading on this modified electrode. Similar cathodic
currents were observed for the rGO/Sb2O5/GCE electrode, demon-
strating the good electrocatalytic ability of the rGO-based hybrid
nanomaterial. However, as expected, a remarkably better catalytic
response for estriol was observed at the Lac/rGO/Sb2O5/GCE
enzyme electrode, thus supporting the advantageous combination
of the enzyme effect and the rGO-based nanohybrid transducer for
the design of an electrochemical biosensor for this hormone.

Scheme 2 illustrates the electrocatalytic mechanism involved in
the enzyme-mediated transformation of estriol at the electrode
surface by using thionine as electrochemical mediator. Through
this mechanism, estriol can be detected at relative low working
Fig. 5. Electrochemical impedance spectra obtained at a glassy carbon electrode
before (a) and after coating with rGO/Sb2O5 (b) and further immobilization of
laccase (c), in 0.1 M KCl solution containing 5 mM K3[Fe(CN)6]/K4[Fe(CN)6] (1:1)
potential due to the capacity of thionine to mediate the
transformation of this hormone at the nanostructured enzyme
electrode surface.

Other working variables affecting the biosensor response were
optimized. Regarding the concentration of mediator thionine in
solution, the larger electrocatalytic response was observed for
1 mmol L�1 (Fig. 4S, Supporting information) and, accordingly,
further experiments were performed under this condition. The
influence of pH and the detection potential to be used on the
amperometric response of the electrode to the target analyte were
also evaluated. The results shown in Fig. 5S in supporting
information indicated that higher electroanalytical responses
were achieved by using a buffered solution of pH 7.0 and setting
the working potential at -300 mV (Fig. 6S in Supporting informa-
tion). Interestingly, a little increase in the electrocatalytic activity
of laccase was observed at pH above 7.0 (Fig. 5S). This fact could be
ascribed to changes in the ionization degree of the enzyme
substrate (estradiol) and/or the electrochemical mediator (thio-
nine) in alkaline media, allowing relative fast bioelectrochemical
transformation on the laccase-modified electrode.

Under the optimized conditions, the enzyme electrode exhib-
ited a fast amperometric response (4 s) upon continuous additions
of the hormone (Fig. 7).

A linear calibration graph for estriol (r = 0.999) was obtained
over the 25 nM to 1.03 mM range, with a slope value of 275 mA/M.

The limit of detection for this biosensor, 11 nM, was estimated
according to the 3 sb/m criterion, where sb was estimated as the
standard deviation of the mean current value measured for
10 blank solutions and m is the slope of the calibration plot.

Table 1 compares the analytical characteristics of the developed
biosensors with other electrochemical reported in the recent
literature.

According to Table 1, the Lac/rGO/Sb2O5/GCE biosensor for
estriol hormone detection yields one of the lowest detection limits
and a wide linear range by coupling the easy-to-prepare hybrid
nanomaterial and the immobilization of laccase enzyme. This work
represents the first proposal of an enzyme biosensor for
electrochemical detection of estriol, suggesting the potential to
improve the selectivity of the determination as leverage against
others based on non-selective nanomaterials.

The selectivity of Lac/rGO/Sb2O5/GCE biosensor was evaluated
by testing eight potential interfering species (hydroquinone,
catechol, dopamine, progesterone, bysphenol A, 17b-estradiol,
ethinylestradiol and ascorbic acid). In order to do that, the



Scheme 2. Schematic display of the electrocatalytic mechanism for the enzyme biosensor.

Fig. 7. Typical current–time responses for successive addition of 5.0 � 10�5mol L�1

estriol in presence of 1.0 mmol L�1 thionine in 0.1 mol L�1 PBS (pH 7) at the Lac/rGO/
Sb2O5/GCE. Estriol concentration range between 0.025 and 1.025 mmol L�1.
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amperometric response obtained with the biosensor for 1.0 mmol
L�1 estriol was compared with those measured under the same
conditions for 10 and 100 times this concentration of these
potential interfering compounds. Table 2 summarizes the obtained
results expressed as percentage of the signal recorded for the
target analyte. As it can be deduced, a high selectivity of the Lac/
rGO/Sb2O5/GCE biosensor for estriol was found. In fact, all the
potential interfering compounds did not produce a noticeable
amperometric response at a concentration level 10 times than that
Table 1
Comparison of the analytical characteristics reported for electrochemical sensors for th

Material Technique LOD (mo

rGO–SbNPs DPV 5.0 � 10�

MMIPs NPs/CPE CV 1.0 � 10�

BDD SWV 1.7 � 10�

Ni-GCE CV 1.0 � 10�

PPOMC SWV 5.0 � 10�

Pt/MWNTs/GCE SWV 6.2 � 10�

Lac/rGO/Sb2O5/GCE amperommetry 1.1 �10�

rGO–SbNPs: reduced graphene oxide-antimony nanoparticles; DPV: differential pulse 

carbon paste electrode; CV: cyclic voltammetry; BDD: Boron-doped diamond electrode; 

PPOMC: poly(L-proline)-ordered mesoporous carbon composite; Pt/MWNTs/GCE: Pt-na
used for estriol. Only 17b-estradiol and ethinylestradiol at much
larger concentration (100 times) produced responses of the same
order than that for estriol which could be expected due to the
similar structures of these compounds belonging to the same
family of disrupting compounds.

The repeatability of the amperometric responses obtained with
the biosensor was estimated by measuring ten successive
additions of 1.0 mM estriol. The resulting RSD = 2.84% indicates
good repeatability for this biosensor. Moreover, the reproducibility
of the whole biosensor assembling process was tested by
constructing five different electrodes using the same protocol.
The RSD = 4.37% obtained by measuring the steady-state current
for 1.0 mM estriol demonstrated high reliability for the fabrication
procedure.

The long-term storage stability of the biosensor was also
evaluated by measuring the response to 1.0 mM estriol during
2 months of storage at 4 �C under dry conditions. The biosensor
retained about 84% of its original response after 1 month of storage
and the electrocatalytic ability gradually decreased to about 52%
after 2 months of storage. This storage stability can be considered
as rather good and can be ascribed to the protection of the laccase
active structure upon immobilization on the nanohybrid material,
providing also a suitable microenvironment for the catalytic
activity of the enzyme.

The Lac/rGO/Sb2O5/GCE biosensor was finally employed to
determine estriol in human urine samples. The concentration of
estriol in the human urine samples was measured by triplicate
using the standard addition method to minimize the matrix effect.
The preparation of the samples consisted only in dilution of an
appropriate volume of urine samples with ethanol to a final
e determination of estriol.

l L�1) Linear range (mol L�1) Reference
10 2.0 � 10�7 - 1.4 �10�6 [34]
7 6.0 � 10�7 - 1.0 � 10�4 [35]
7 2.0 � 10�7 - 2.0 � 10�5 [20]
7 5.0 � 10�6 - 1.0 � 10�4 [36]
9 1.0 � 10�8 - 2.0 � 10�6 [37]
7 1.0 � 10�6 - 7.5 �10�5 [38]
8 2.5 �10�8 - 1.03 �10�6 this work

voltammetry; MMIPs NPs/CPE: magnetic molecularly imprinted nanoparticles in
SWV: square-wave voltammetry; Ni-GCE: nickel-modified glassy carbon electrode;
noclusters/multi-walled carbon nanotubes on GCE.



Table 2
Selectivity of the amperometric Lac/rGO/Sb2O5/GCE biosensor for estriol.

Species Concentration % of signal

Estriol 1.0�10�6mol L�1 100
Hydroquinone 10a -c

100b -c

Catechol 10 -c

100 1.05
Dopamine 10 -c

100 1.15
Progesterone 10 -c

100 0.92
Bysphenol A 10 -c

100 -c

17b-estradiol 10 3.58
100 101.40

Ethinylestradiol 10 6.16
100 65.61

Ascorbic acid 10 -c

100 -c

a 10 times estriol concentration (10 mmol L�1).
b 100 times estriol concentration (100 mmol L�1).
c undetectable.

Table 3
Determination of estriol in human urine samples by using the Lac/rGO/Sb2O5/GCE
biosensor.

Sample Spiked (mmol L�1) Found (mmol L�1) Recovery (%)

Urine A - 0.115 � 1.1 �10�3 -a

Urine A 0.086 0.201 � 2.0 � 10�3 100.1 � 1
Urine B - 0.102 � 1.0 � 10�3 -a

Urine B 0.086 0.188 � 1.8 � 10�3 100.2 � 1

a undetectable.
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volume of 5 mL. The urine sample was obtained from a healthy
volunteer, consuming contraceptive pill, in different days of the
hormonal cycle (A and B). The obtained results are summarized in
Table 3.

A direct relationship was observed for the measured cathodic
current and estriol concentration with a high correlation for all the
cases (r = 0.999). Recoveries about 100 � 1% of estriol in human
urine samples (n = 3) were obtained after spiking the samples with
86 mmol L�1. These results show fairly well the suitability of the
Lac/rGO/Sb2O5/GCE biosensor for the analysis of estriol in real
samples.

4. Conclusion

A new hybrid nanomaterial with electrocatalytic ability was
prepared by coating GO with a Sb2O5 thin film through a one-pot
reaction scheme. The modification of GO sheets with Sb2O5 was
confirmed by several techniques. The resulting rGO/Sb2O5 nano-
hybrid showed excellent properties as support for the covalent
immobilization of laccase through a glutaraldehyde-mediated
cross-linking process. This immobilization strategy was employed
to design a nanostructured enzyme biosensor for the amperomet-
ric determination of estriol. The synergic effect of GO, Sb(V) oxide
and laccase allowed fast and successful electrocatalytic transfor-
mation of estriol on the sensing interface, then resulting in a high
sensitivity, excellent selectivity and low detection limit for the
biosensor device.

This Lac/rGO/Sb2O5/GCE biosensor was successfully applied for
the rapid determination of estriol in human urine samples with a
high performance. These results suggest that this novel graphene-
based hybrid nanomaterial could be useful for the design of
electrochemical biosensor devices for the determination of estriol
in clinical and environmental samples.
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