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Abstract
This work reports the advantages of carbon paste electrodes modified with electrogenerated magnetite nanoparticles.
The nanoparticles present catalytic activity towards hydrogen peroxide reduction. The incorporation of glucose
oxidase (GOx) and magnetite in a carbon paste matrix have made possible the development of an efficient glucose
biosensor. The effect of the amount of GOx and magnetite present in the composite on the response of the biosensor
was critically evaluated. The biosensors demonstrated to be highly selective, with negligible interference of ascorbic
acid and uric acid. The proposed biosensor was challenged with human blood serum demonstrating an excellent
correlation with the spectrophotometric method.
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1. Introduction

Glucose biosensing is very important in different areas,
especially in Clinical Chemistry/Medicine where the concen-
tration of glucose is used as clinical indicator for Diabetes. At
present, this disease represents a serious worldwide public
health problem due to the multiple and severe damages that it
produces at different levels, mainly kidneys, heart, and vision.
Therefore, methodologies that ensure efficient glucose
quantification are highly required for early diagnosis of
Diabetes as well as for its management control.

Since the pioneering work of Clark and Lyons in 1962 [1]
different strategies have been proposed for the develop-
ment of glucose biosensors. In this sense, electrochemical
biosensors have been widely used for glucose monitoring
due to their high accuracy, low cost, fast response, simplicity
and better detection limits [2, 3]. The enzyme glucose
oxidase (GOx) has been the most widely used biorecogni-
tion element in glucose biosensors [4]. GOx catalyzes the
oxidation of glucose to gluconolactone and, in turn, reduces
the natural mediator, oxygen, to hydrogen peroxide. The
amperometric determination of this compound or some
artificial mediator like ferrocene derivatives and osmium
complexes (in case of working in anaerobic conditions) has
been the most commonly used electrochemical transduction
mode [3].

As it is widely known, high overvoltages are required for
the oxidation and reduction of hydrogen peroxide at carbon
electrodes. Under these conditions, endogenous reducing
compounds such as ascorbic acid (AA) and uric acid (UA)
can also be oxidized, compromising the selectivity and,
hence, the overall accuracy of the assay [2 – 5]. Therefore,
the main challenge when designing electrochemical glucose
biosensors is the development of strategies that allow an
important decrease of these overvoltages and, consequently,
more selective hydrogen peroxide quantification.

Several alternatives have been proposed to diminish the
electroactive interferences. Among them, the electrocata-
lytic detection of hydrogen peroxide at potentials where the
interferents can not be oxidized has demonstrated to be
highly successful [6 – 15]. Prussian blue, called “artificial
peroxidase” due to the excellent electrocatalytic activity
towards hydrogen peroxide reduction, has made possible
the development of highly selective glucose biosensing at
very low potentials [6, 7]. The modification of carbon
electrodes with metals like rhodium, copper, platinum, gold
or combination of them [8 – 18], metal oxides such as copper
oxide, manganese oxide [19 – 22], and perovskites [23] has
also demonstrated to be extremely useful for the electro-
catalytic detection of hydrogen peroxide at potentials that
permit the highly selective glucose quantification.
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In this work we report for the first time the use of
electrochemically synthesized magnetite nanoparticles for
the development of electrochemical glucose biosensors. The
goal of using these nanoparticles in this direction was to
exploit their catalytic properties towards hydrogen peroxide
reduction.

Magnetite is a common magnetic iron oxide that belongs
to the spinel ferrite materials group. It is a spin-polarized, Fe
(II)-Fe (III) mixed valence metal where Fe (III) and Fe (II)
coexist [24, 25]. Magnetite nanoparticles have received
great attention in the last years due to their unique
properties and, consequently, they have been successfully
used in several fields. The conventional method to obtain
magnetite nanoparticles is by coprecipitation. However, this
methodology presents the inconveniences of size polydis-
persity and aggregation of the resulting nanoparticles. On
the other hand, the wastewater obtained during the
chemical synthesis requires a treatment before eliminating
due to its highly basic nature. Electrosynthesis of magnetite
nanoparticles has made possible to obtain monodisperse
nanoparticles just by controlling the applied current or
potential. At the same time, the aggregation was avoided by
incorporating surfactants in the electrolytic solution [26].

Regarding the use of magnetite nanoparticles for the
development of sensors, Chen et al. [27] have proposed a
glucose biosensor by dispersing a carbon nanotubes/nano-
magnetite composite (obtained by coprecipitation of Fe (II)
and Fe (III)), in a GOx solution, followed by a cross-linking
step with glutaraldehyde. However, the authors assigned to
carbon nanotubes the catalytic activity towards hydrogen
peroxide reduction. Chumming and Xiangqin [28] have
reported the catalytic activity of a glassy carbon electrode
modified with magnetite-Prussian blue-core shell nano-
particles on the reduction of hydrogen peroxide. The
authors claim that magnetite nanoparticles do not catalyze
neither the oxidation nor the reduction of hydrogen
peroxide and that the catalytic activity is due to Prussian
blue. Lin and Le [29] have described the catalytic activity
towards hydrogen peroxide of chemically synthesized
magnetite immobilized at glassy carbon electrodes by
drop-coating of Fe3O4/chitosan and final cross-linking with
glutaraldehyde. Hrbac et al. [30] have presented an inter-
esting comparison of the electrocatalytic activity of carbon
paste electrodes modified with different iron (III) oxides
nanoparticles (hematite, maghemite, amorphous Fe2O3, b-
Fe2O3, magnetite, and ferrihydrite) towards the reduction of
hydrogen peroxide at pH 3.0. They have demonstrated that,
among these oxides, the best catalyst is the amorphous ferric
oxide which at neutral pH, is even better than Prussian blue.
It is important to mention that to the best of our knowledge,
there are no reports about glucose biosensors where the
analytical signal is due just to the catalytic activity of
electrochemically synthesized magnetite.

In this work we present the advantages of electrosynthe-
sized magnetite nanoparticles incorporated within a carbon
paste electrode. The platform was used for the development
of a glucose biosensor by dispersing GOx together with the
electrogenerated magnetite nanoparticles within the com-

posite carbon electrode. The influence of the amount of
magnetite and GOx in the composite, the length of the
surfactant used during the synthesis of magnetite nano-
particles and the interference of easily oxidizable com-
pounds present in blood like ascorbic acid (AA) and uric
acid (UA) on the analytical performance of the biosensor
are reported in the following sections. The successful
application of the proposed biosensor for glucose biosensing
in blood human serum is also described.

2. Experimental

2.1. Reagents

Hydrogen peroxide (30% v/v aqueous solution) was pur-
chased from Baker. Uric acid (UA), tetraethyl ammonium
chloride, hexadecyl ammonium bromide, and glucose were
from Merck and ascorbic acid (AA) was from Fluka.
Glucose oxidase (GOx) (Type X-S, Aspergillus niger, EC
1.1.3.4, 157,500 Units per gram of solid, Catalog number G-
7141) was obtained from Sigma. Graphite powder was
purchased from Fisher (grade 38) while the mineral oil was
acquired from Aldrich. All the chemicals were reagent
grade and used without further purification.

Ultrapure water (1¼ 18 MW cm) from a Millipore-MilliQ
system was used for preparing all the solutions. A 0.050 M
phosphate buffer solution pH 7.40 was employed as sup-
porting electrolyte.

Magnetite nanoparticles were electrochemically synthe-
sized [26] using a sacrificial iron anode (Goodfellow purity
99.5%), 1 cm� 1 cm dimension, 0.2 mm thick) and a iron
cathode (1 cm� 4 cm) in a 0.040 M tetramethyl ammonium
chloride or hexadecyl trimethyl ammonium bromide aque-
ous solutions. A current of 100 mA/cm�2 was applied for
1800 s at a temperature of 60 8C (kept with a thermostatic
bath). The obtained product was washed with distilled water
and dried at 60 8C for 24 h before use.

2.2. Apparatus

The electrosynthesis of magnetite nanoparticles was per-
formed with a potentiostat/galvanostat VersaStatTM
EG&G Instruments Princeton Applied Research.

The rest of the electrochemical measurements were
performed with a TEQ_02 potentiostat. The electrodes
were inserted into the cell (BAS, Model MF-1084) through
holes in its Teflon cover. A platinum wire and Ag/AgCl, 3 M
KCl (BAS, Model RE-5B) were used as counter and
reference electrodes, respectively. All potentials are re-
ferred to the latter. A magnetic stirrer provided the
convective transport during the amperometric measure-
ments.

The carbon paste electrode (CPE) was prepared in a
regular way by mechanically mixing graphite powder
(70.0% w/w) and mineral oil (30.0% w/w) in an agate
mortar for 30 min. CPEs containing magnetite were pre-
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pared in a similar way, mixing first the magnetite nano-
particles with mineral oil for 1 min, followed by the
incorporation of the graphite powder and mixing for
additional 30 min. In the case of the enzymatic electrode,
GOx and magnetite nanoparticles were first mixed with the
mineral oil for 10 min before incorporating the graphite
powder and then mixed for additional 30 min. A portion of
the given paste was packed firmly into a Teflon tube cavity
(3 mm diameter). The electric contact was established
through a stainless steel screw. The surface was smoothed
on a weighing paper before starting every new experiment.

The structural characterization of magnetite nanoparti-
cles was carried out by X-ray powder diffraction using an X’
Pet PRO Panalytical diffractometer, with a q – 2q geometry,
equipped with a primary and secondary monochromators
and an ultrafast X�Celerator detector with a CuK radiation.

Morphological observations of the nanoparticles were
performed by transmission electronic microscopy (TEM)
with a JEOL-2000 FXII electron microscope operated at
200 KeV.

2.3. Procedure

Amperometric measurements were conducted in a stirred
0.050 M phosphate buffer solution pH 7.40 by applying the
desired working potential and allowing the transient
currents to decay to a steady-state value prior to the
addition of the analyte and subsequent current monitoring.
All measurements were performed at room temperature.

3. Results and Discussion

Figure 1A illustrates a TEM micrograph of the electro-
generated magnetite nanoparticles. They present a quasi-
spherical shape with a mean size of (20� 4) nm. Figure 1B
displays the X-ray diffraction (XDR) pattern of magnetite
nanoparticles. All peaks have been indexed as the corre-
sponding ones to magnetite (reference code: JCPDS 01-088-
0315), demonstrating the absence of impurities. The crystal

size calculated from the broadening of the (311) reflection of
the spinel structure was similar to the one determined by
TEM.

Figure 2A compares cyclic voltammograms for 0.050 M
hydrogen peroxide obtained at CPE (dotted line) and at
CPE containing 5.0% w/w of magnetite nanoparticles
electrosynthesized in the presence of tetramethylammoni-
um chloride (CPE-Fe3O4 (5.0% w/w), solid line). The
corresponding hydrodynamic voltammograms for 0.050 M
hydrogen peroxide obtained at CPE (empty circles) and at
CPE-Fe3O4 (5.0% w/w) (full circles) are displayed in
Figure 2B. Both figures show that in the presence of
magnetite nanoparticles there is a very important decrease
in the overvoltage for the reduction of hydrogen peroxide

Fig. 1. a) TEM micrographs of magnetite nanoparticles obtained at 100 mA cm�2. Electrolysis time 1800 s, T¼ 60 8C; b) X-ray
diffractogram of magnetite sample.

Fig. 2. (A) Cyclic voltammograms for 0.050 M hydrogen perox-
ide at bare carbon paste electrode (CPE) (dotted line) and at CPE
modified with 5.0% w/w magnetite (solid line). Scan rate: 0.100 V
s�1. (B) Hydrodynamic voltammograms for 0.050 M hydrogen
peroxide at CPE (empty circles) and at magnetite (5.0% w/w)-
CPE (full circles). (C) Calibration plots obtained from ampero-
metric experiments performed at �0.100 V at CPE containing
different percentages of magnetite: 0.0 (a), 2.5 (b), 5.0 (c), and 7.5
(d) % w/w: Supporting electrolyte: 0.050 M phosphate buffer
solution pH 7.40.
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and a significant enhancement in the associated currents,
allowing in this way, a very convenient low-potential
amperometric detection of this important analyte. In fact,
the reduction of hydrogen peroxide at CPE-Fe3O4 starts at
potentials 300 mV less positive than at bare CPE, indicating
that the electrogenerated magnetite nanoparticles have a
strong catalytic activity towards the reduction of hydrogen
peroxide. Just a small catalytic effect is observed on the
hydrogen peroxide oxidation. As it was already proposed by
Lin and Leu [29], the catalytic center is the Fe (II) of
magnetite, which reacts with hydrogen peroxide generating
Fe (III), that at the working potential is reduced to Fe (II),
giving place to the reduction current.

Figure 2C depicts calibration plots obtained from am-
perometric experiments performed at�0.100 V for succes-
sive additions of hydrogen peroxide at CPE containing
different percentages of Fe3O4, 0.0 (a), 2.5 (b), 5.0 (c), and
7.5 (d)% w/w. The corresponding sensitivities are the
following: (0.5� 0.2), (1.71� 0.08), (3.0� 0.3), and (3.6�
0.2) mA M�1 for CPE containing 0.0; 2.5; 5.0; and 7.5% w/w
magnetite, respectively. Amperometric experiments per-
formed at CPE modified with 50.0% w/w Fe3O4 gave a
sensitivity of (32� 2) mA M�1 (not shown). However, cyclic
voltammograms obtained for CPE containing increasing
amounts of magnetite (from 5.0 to 50.0% w/w) showed that
the increment in the reduction currents for hydrogen
peroxide is accompanied by a large increase in the capacitive
currents and by a highly resistive behavior due to a poor
agglutination of the carbon matrix and the nonconductive
nature of magnetite. These results clearly demonstrate the
incidence of the amount of magnetite nanoparticles present
in the composite on the overall performance of the resulting
modified electrode. Based on these results, a 5.0% w/w
magnetite represents the best choice for a highly sensitive
response.

Thus, we have demonstrated for the first time that the
electrosynthesized magnetite nanoparticles are very effi-
cient for the electrocatalytic reduction of hydrogen perox-
ide. Compared to carbon paste modified with amorphous
iron (III) oxide [30], although the sensitivity of the
bioelectrode reported here at neutral pH is smaller, the
reproducibility is better and the long term stability is
considerably higher. It is important to remark that we use
smaller amount of magnetite (5.0% w/w); and perform the
amperometric determination of hydrogen peroxide at
�0.100 V, potential at which the base line stabilization if
faster due to the lower interference of oxygen reduction.
The sensitivity obtained with the magnetite-modified glassy
carbon electrode [29] is similar to the one we report here,
although as in the case of ref. 30, the working potential is
�0.200 V.

The incidence of the surfactant present in the magnetite
electrosynthesis solution on the electrocatalytic activity of
CPE modified with the resulting nanoparticles towards the
reduction of hydrogen peroxide was also evaluated. The
sensitivities for hydrogen peroxide obtained from ampero-
metric experiments performed at �0.100 V at CPE modi-
fied with 5.0% w/w magnetite nanoparticles electrogener-

ated in the presence of hexadecyltrimethyl ammonium
bromide and tetramethylammonium chloride, were almost
the same, (2.9� 0.4) versus (3.0� 0.3) mA M�1, respectively
(not shown). These results reveal that, for the evaluated
surfactants, the length of the aliphatic chain of the surfactant
has almost no influence on the electrocatalytic activity of the
magnetite nanoparticles towards the reduction of hydrogen
peroxide.

Considering that the Fe3O4-modified carbon paste elec-
trode will be finally used for the development of glucose
biosensors, and that the usual interferents in blood glucose
determinations are AA and UA, we investigate the catalytic
activity of magnetite nanoparticles towards the oxidation of
these compounds. Figure 3 shows typical cyclic voltammo-
grams obtained at 0.100 V s�1 for 1.0� 10�3 M AA (A) and
1.0� 10�3 M UA (B) at CPE (dotted line) and at CPE-Fe3O4

(5.0% w/w) (solid line). At the magnetite-modified elec-
trode, there is a decrease of 50 mV in the oxidation peak
potential for AA and an increase from 22.0 to 27.7 mA in the
associated current. For UA, the effect of the magnetite
nanoparticles is more pronounced, with a decrease of
135 mV in the oxidation peak potential and an increase in
the oxidation current at the peak potential by a factor of 2.5.
Therefore, although electrogenerated magnetite nanopar-
ticles also catalyze the oxidation of AA and UA, this effect is
not as important as in the case of hydrogen peroxide. In fact,
amperometric experiments at �0.100 V demonstrated that
CPE-Fe3O4 (5.0% w/w) is not responsive to successive
additions of AA and UA (not shown), making possible, in
this way, a highly selective amperometric detection of
hydrogen peroxide.

Based on the excellent electrocatalytic activity of magnet-
ite nanoparticles on the hydrogen peroxide reduction, we
designed a glucose biosensor by dispersing GOx within CPE
modified with 5.0% w/w of the electrogenerated magnetite
nanoparticles. The analytical signal was the reduction of the
hydrogen peroxide produced during the step of GOx
regeneration.

The amount of GOx within the composite has demon-
strated to be an important variable in the development of
the glucose biosensor. Figure 4 illustrates the effect of the
percentage of GOx (2.5, 5.0, 7.5, and 10.0% w/w) dispersed
within CPE-Fe3O4 (5.0% w/w) on the sensitivities obtained
from amperometric recordings at �0.100 V for successive
additions of 5.0� 10�3 M glucose. The sensitivity increases
with the amount of GOx in the bioelectrode up to 5.0% w/w
to remain constant thereafter. It is important to notice that
for GOx amounts higher than 10.0% w/w, the oxygen
consumption becomes more important, producing a short-
ening of the linear range. The best compromise between
sensitivity and dynamic linear range was reached with a
bioelectrode containing 5.0% w/w of GOx and 5.0% w/w
magnetite nanoparticles.

Figure 5A shows the current-time recordings obtained at
�0.100 V for successive additions of 1.0� 10�3 M glucose
using CPE-Fe3O4(5.0% w/w)-GOx(5.0% w/w). A fast and
well-defined response is observed for each glucose addition.
Similar amperometric experiments performed at CPE-GOx
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gave no signal even after ten additions of 1.0 mM glucose
due to the poor reduction of hydrogen peroxide at�0.100 V
(not shown). The corresponding calibration plot is depicted
in Figure 5B. A linear relationship between current and
glucose concentration is obtained up to 8.0� 10�3 M glu-
cose. After that, the current increases non-linearly with the
substrate concentration, as expected for biocatalytic reac-
tions. The average sensitivity measured at �0.100 V was
(32� 4) mA M�1 and the detection limit was 3.0� 10�4 M.

Eadie – Hofstee plots obtained from the results shown in
Figure 5, gave the following kinetics parameters: Kapp

M ¼
0.018 M and Imax¼ 0.67 mA. The value of the KM is within
the range reported for the KM of GOx in solution, suggesting
that the environment where GOx is dispersed is adequate.

One very important aspect to solve in the development of
electrochemical glucose biosensors is the interference of
easily oxidizable compounds present in blood serum such as
AA and UA. Figure 6 displays amperometric recordings at
�0.100 V obtained after one addition of 5.0� 10�3 M
glucose, followed by additions of 2.5� 10�5 M AA (A) and
1.0� 10�4 M UA (B) (up to final concentrations of 1.0�
10�4 M AA and 4.0� 10�4 M UA). No interference was
observed for such concentrations even higher than the
maximum physiological levels found in human blood serum,
demonstrating the advantages of the preferential electro-
catalytic detection of the enzymatically generated hydrogen
peroxide not only to obtain high sensitivity but also an
excellent selectivity.

To evaluate the usefulness of the bioelectrode for
practical applications, the electrode was challenged with
blood human serum samples (Standatrol S-E-2, Wiener
Lab.). The glucose concentration obtained after 4 determi-
nations of serum samples was (8.5� 0.1)� 10�3 M. The
concentration reported by Wienner laboratory was 8.6�
10�3 M. Therefore, the 1.2% error with the informed value
obtained by the classical spectrophotometric method is
indicative of an excellent performance of the proposed
biosensor.

The response to glucose was highly reproducible. The%
RSD for the sensitivities obtained from ten successive
calibrations plots performed using the same CPE-Fe3O4-
GOx surface was 5.4%, evidencing an excellent short-term
stability. The reproducibility for five different surfaces of the
same CPE-Fe3O4-GOx composite was 6.9%. The reprodu-
cibility inter-composites was also evaluated. Five different
CPE-Fe3O4-GOx composites gave an RSD of 9.5%. These
% RSD are a clear demonstration of the good reproduci-
bility not only in the amperometric quantification, but also
in the composite and surface preparation conditions. The
long-term stability of the composite stored at 4 8C was
analyzed by measuring the sensitivity of calibrations plots
obtained from amperometric experiments at�0.100 V. The
sensitivity after 10 months remained in a 90.0% of the
original value, evidencing the excellent stability of the
biosensor and indicating that the environment of the
composite and magnetite nanoparticles preserves the bio-
logical activity of GOx.

In summary, compared to other methodologies based on
the use of carbon electrode modified with metals or metal
oxides, the biosensor proposed here has demonstrated a
similar or even better sensitivity for the detection of glucose
from the reduction of the enzymatically generated hydrogen
peroxide. The selectivity is better than the one obtained at
carbon paste electrodes containing Pt, Pd or Cu micro-
particles [16], and similar to that obtained at carbon paste
electrode modified with Rh [10], Ir [11], Au [12], Ru [16] or
Prussian blue [17]. Although it has been already demon-

Fig. 3. Cyclic voltammograms for 1.0� 10�3 M ascorbic acid and
1.0� 10�3 M uric acid (B) at bare CPE (dotted line) and at CPE
modified with 5.0% w/w magnetite (solid line). Scan rate: 0.100 V
s�1. Supporting electrolyte: 0.050 M phosphate buffer solution
pH 7.40.

Fig. 4. Sensitivity to glucose obtained from amperometric ex-
periments at �0.100 V at CPE modified with 5.0% w/w magnetite
and GOx as a function of the amount of GOx dispersed within the
composite. Supporting electrolyte: 0.050 M phosphate buffer
pH 7.40.
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strated that the metallized carbon composites constitute an
adequate environment for GOx, the proposed bioelectrode
presents an even higher stability than the ones obtained at
other metalized electrodes.

4. Conclusions

We have presented for the first time the use of electro-
chemically synthesized magnetite nanoparticles for the
development of electrochemical biosensors. The electro-
generated nanoparticles have demonstrated an excellent
catalytic activity towards hydrogen peroxide reduction, at
variance with previous works where the magnetite nano-
particles, obtained by the classical chemical synthesis, have
been used mainly as support for glucose oxidase or catalysts
[27, 28].

The electrocatalytic detection of hydrogen peroxide has
made possible the development of a highly sensitive and
selective amperometric glucose biosensor even in the
presence of large excess of easily oxidizable compounds or
complex matrices. The resulting bioelectrode demonstrated
a very good sensitivity, reproducibility and selectivity
comparable and even better than those observed for other
metallized glucose biosensors. The simplicity of the prepa-

ration, the high sensitivity and selectivity, the excellent
reproducibility of the proposed biosensor, and the excellent
correlation of the results for blood human serum with those
obtained using the spectrophotometric method, convert the
proposed biosensor in a very good promise for practical
applications in real biological systems.

Based on the catalytic activity of electrogenerated
magnetite nanoparticles and their know possibilities of
functionalization, is expected that the derivatization of the
electrosynthesized magnetite nanoparticles with biomole-
cules will allow to have very efficient biosensors.
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