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Optimized multilayer oxalate biosensor
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Abstract

The optimization of a biosensor prepared by the immobilization ofoxalate oxidase(OOX) with a cross-linking agent onto a multilayer
inorganic/organic modified electrode, is presented. A very thin Prussian Blue (PB) film covered by a self-doped polyaniline (SPAN) layer acts
as very sensitive amperometric sensor for the H2O2 formed by the enzymatic reaction. The electrode allows the very reliable and sensitive
oxalate detection in the 0.08 to 0.45 mmol l−1 concentration range. The observed sensitivity was 131.3�A mmol−1 cm−2 at the operation
potential of 0.05 V versus Ag/AgCl in a succinate buffer solution (pH= 3.8). The bilayer Prussian blue/SPAN leads to a very stable, sensitive
and selective system that not only minimizes the interference caused by ascorbic and uric acids but also forms a very adherent sensing film
that allows repetitive successive determinations.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Oxalate sensing in clinical samples such as urine, is a
very important problem that requires the search for simple,
low cost and reliable methods due to the fact that small
oxalate excess in the organism could lead to very serious
health problems. Oxalate can be ingested or produced as
the final product of ascorbic acid metabolism leading to the
formation of insoluble complexes with divalent cations and
producing renal calculus[1].

Current oxalate determination methods such as col-
orimetry [2], liquid or gas chromatography[3,4], capillary
electrophoresis[5], usually require complicate and expen-
sive equipments and sample pre-treatment. Amperometric
biosensors are a very attractive and suitable strategy for
oxalate determination due to specificity, simple use and the
possibility of analyzing complicate samples without treat-
ment[6]. In this case, the biological recognition is made by
the oxalate oxidase(OOX) enzyme and the transduction is
made by the electrochemical detection of H2O2 produced
by the enzymatic reaction:

(COOH)2 + O2
OOX−→ 2CO2 + H2O2 (1)
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Specialized literature in oxalate biosensing is not as ex-
tensive as bibliography on other analytes like glucose, for
example. Reddy et al.[7,8] reported OOX based biosen-
sors where the enzyme is immobilized between two mem-
branes, the inner one being permeable only to H2O2 and
the outer one avoiding the passage of interferents, macro-
molecules or colloidal particles and limiting the amount of
substrate in order to extend the linear range response. Kub-
ota et al.[9,10] reported different alternative strategies for
oxalate sensing; an enzymatic micro-reactor for the poten-
tiometric determination, and a flow injection analysis system
(FIA) with spectrophotometric detection by using a two en-
zyme reactor. Amperometric oxalate biosensors require the
monitoring of H2O2 oxidation current at very high potential
values; this fact leads to the problem that the interference
of the oxidation of other substances that could be present in
the sample, must be eliminated. A suitable and elegant strat-
egy to overcome this problem can be the diminution of the
operating potential as reported by Kubota et al.[11] by the
immobilization of two enzymes, oxalate oxidase and perox-
idase (HRP). In this biosensor the H2O2 produced by the
OOX reaction is detected by HRP at−0.10 V. Other authors
used metallic hexacyanide complexes as the transductor of
oxygen peroxide signal[12,13].

The present work presents the design and optimization of
an oxalate biosensor prepared by immobilizing oxalate oxi-
dase enzyme onto a glassy carbon (GC) electrode modified
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by a bilayer inorganic–organic film that allows very stable
and sensitive oxalate determinations, in a wide concentra-
tion range and minimize the interference of uric and ascorbic
acids, currently present in clinical samples.

2. Experimental

2.1. Materials

Oxalate oxidase (E.C. 1.2.3.4), fromBarley seedings,
0.71 units/g solid, was purchased from Sigma. Aniline
from Sigma was distilled prior to use and stored under N2
atmosphere at−4◦C. Methanilic acid, ascorbic acid, uric
acid (Sigma), and glutaraldehyde (Fluka) were of analytical
grade and were used without further purification. All so-
lutions were prepared using ultra pure water (Elga System
UHQ).

2.2. Instrumentation

Electrochemical measurements were performed with an
Autolab PGSTAT30 (Ecochemie) potentiostat/galvanostat
running over the GPES 4.7 software. All potentials are
referred to a Ag/AgCl/Cl− (sat.) electrode, while platinum
was employed as the auxiliary electrode.

2.3. Biosensor preparation

2.3.1. Prussian Blue deposition
Thin Prussian Blue films were prepared by polarizing a

GC electrode (φ = 3 mm, BAS,A = 0.0707 cm2) at 0.40 V
in an aqueous 2.5×10−3 mol l−1 FeCl3+2.5×10−3 mol l−1

K3Fe(CN)6 + 0.10 mol l−1 KCl + 0.10 mol l−1 HCl solu-
tion. The deposition was carried out in an electrochemi-
cal micro-cell (200�l) using a Pt coiled wire as counter
electrode and Ag/AgCl/Cl− (sat.) electrode as reference.
After deposition the film was activated in a 0.10 mol l−1

KCl + 0.10 mol l−1 HCl solution by applying 50 triangular
potential cycles in the−0.20 to 0.60 V potential range.

Electrochemical deposition leads to the formation of
“insoluble” Prussian Blue (Fe4[Fe(CN)6]3) that during cy-
cling will be transformed in “soluble” PB (KFe[Fe(CN)6]).
The difference between soluble and insoluble PB results
from the degree of peptization to potassium salts, this pro-
cess being easier for soluble PB. This later phenomena is
called lixiviation and it must be avoided in order to stabilize
the electrocatalytic layer onto the substrate.

2.3.2. Self-doped polyaniline deposition
The film was deposited onto either a GC naked electrode

or covered with a Prussian Blue film by applying triangular
potential cycles between 0.20 and 0.90 V at 0.05 V s−1 in
a 0.10 mol l−1 H2SO4 + 0.10 mol l−1 aniline+0.10 mol l−1

methanilic acid solution.

2.3.3. Enzyme immobilization
Oxalate oxidase was immobilized onto GC, GC/SPAN

or onto the electrode covered with a Prussian blue/SPAN
bi-layer by putting a drop (6�l) of a solution containing
2.4 mg ml−1 of enzyme and a drop (3�l) of glutaraldehyde
(2.5%) solution on the top of the electrode. The solvent was
allowed to evaporate at room temperature.

2.3.4. Amperometric measurements
Tests of biosensor’s response to oxalate were made by

triplicate in a conventional three-electrode electrochemical
cell (5 ml) containing a stirred succinate buffer solution
(0.10 mol l−1, pH = 3.8) as electrolyte. Before the succes-
sive oxalate additions, the electrode was polarized at the
operating potential till the stabilization of the background
current.

3. Results and discussion

3.1. Sensitivity and optimization of the biosensor

The analytical curve of a biosensor prepared by the im-
mobilization of the enzyme oxalate oxidase onto a Prussian
Blue (PB) thin film is shown inFig. 1. The current response
to oxalate was recorded in a succinate buffer solution
(pH = 3.8) at 0.00 V in the 0.05–0.45 mmol l−1 concen-
tration range, which covers levels of oxalate in medical
analysis[8]. The amperometric response for the biosensor
in these experimental conditions is also depicted in the
figure. As the observed current is negative, it can be in-
ferred that it is related to the reduction of H2O2 formed by
the enzymatic reaction, which is catalyzed by the Prussian
Blue film [14], as described inScheme 1. The performance
of this sensor was excellent with a linear response in the
0.05–0.45 mmol l−1 concentration range and the sensitivity
obtained was 131.3 mA mol−1 cm−2. For the sake of com-
parison,Fig. 2 shows the analytical curve and the ampero-
metric response of a sensor prepared by the immobilization
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Fig. 1. Analytical curve (mean of three determinations) obtained at 0.00 V
vs. Ag/AgCl with PB/OOX biosensor in succinate buffer (0.10 mol l−1,
pH 3.8). Each step corresponds to an increase of 0.05 mmol l−1 of oxalate
concentration. Inset: typical amperometric response.
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Scheme 1. General overview for an oxidase enzyme/Prussian Blue modified electrode.
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Fig. 2. Analytical curve (mean of three determinations) obtained at 0.65 V
vs. Ag/AgCl with OOX biosensor in succinate buffer (0,10 mol l−1, pH
3.8). Each step corresponds to an increase of 0.05 mmol l−1 of oxalate
concentration. Inset: typical amperometric response.

of the enzyme directly onto the vitreous carbon substrate. It
can be seen that, in this case, the current observed for each
oxalate addition is positive. This sensor works as described
in Scheme 2 where the H2O2 produced by the enzymatic

Scheme 2. General overview for an oxidase enzyme based amperometric
biosensor.

reaction is oxidized at 0.65 V. It can be observed that, in this
case, the sensitivity obtained, 12.5 mA mol−1 cm−2, is a
10-fold lower than that obtained with the sensor containing
Prussian Blue and working at 0.00 V.

Aiming to optimize the performance of this bi-layer
biosensor, amperometric tests at different pH were carried
out. Previous experiments analyzing the enzyme activity
have shown that the optimum pH for oxalate oxidase ac-
tivity is 3.8. It is well known that catalytic properties of
Prussian Blue can be modified by H+ concentration [15];
so that, the investigation of the dependence of sensor’ s per-
formance on pH was carried out. Fig. 3 shows a plot of the
containing Prussian Blue sensor’ s sensitivity obtained from
analytical curves as a function of pH of the buffer succinate
solution. It can be seen that the optimum pH is still 3.8
showing that the Prussian Blue film is not affected at this
pH and that it is the enzyme activity the main responsible
for the sensor’ s pH dependence.

Another important parameter that must be optimized is
the operation potential. As mentioned above, Prussian Blue
acts as mediator of H2O2 reduction and, at the operation
potential, it must be in the reduced state (Prussian White).
The analyte is reduced producing the oxidation of Prussian
White to Prussian Blue that leads to the amperometric signal
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Fig. 3. Amperometric response of PB/SPAN/OOX biosensor as a function
of pH. Eapp = 0.05 V vs. Ag/AgCl.
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Fig. 4. Applied potential influence on (�) sensitivity and (+) background
signal of PB/SPAN/OOX biosensor.

Table 1
Influence of applied potential on the sensitivity, correlation coefficient,
background signal and detection limit of the PB/SPAN/OOX biosensor

Potential (V) Senstivity
(mA mol−1

l cm−2)

R Background
signal (�A)

Detection
limit
(mmol l−1)

−0.10 88.1 0.998 1.23 0.29
−0.05 118 0.998 0.96 0.18

0.00 119 0.9996 0.67 0.15
0.05 131 0.996 0.38 0.08
0.10 101 0.9998 0.13 0.08

(Scheme 1), all the process depending on the applied poten-
tial [16]. Fig. 4 shows both the sensitivity value and the back-
ground current obtained at different operation potentials. It
can be observed that while the sensitivity is practically not
affected by the potential, the background current diminishes,
as the potential is raised from −0.10 to 0.10 V. Table 1 shows
the sensitivity and the detection limit obtained for each op-
eration potential. It can be clearly seen that as the potential
is raised the detection limit, calculated as the concentration
of oxalate for what the signal obtained is twice the back-
ground current, diminishes till 0.08 mmol l−1; consequently,
the optimum operation potential was determined as being
0.05 V that corresponds to the value where the maximum
sensitivity and the lowest detection limit was obtained.

Although the excellent performance obtained with the
Prussian blue/enzyme bilayer biosensor, some problems re-
lated to the stability of Prussian Blue film were observed. Af-
ter some oxalate determinations, the amperometric response
diminishes due to the lixiviation of the electrocatalytic film.
In order to avoid the dissolution process, a permeselective
polymeric layer that allows the permeation of H2O2 was de-
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Scheme 3. Sulfonated polyaniline (SPAN) structure.
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Fig. 5. Electrosynthesis of SPAN film onto a PB modified glassy carbon
electrode. Electrolytic solution: 0.10 mol l−1 H2SO4 +0.10 mol l−1 aniline
+ 0.10 mol l−1 methanilic acid. v = 0.10 V s−1.

posited onto the Prussian Blue film. A poly(sulfonate ani-
line) (SPAN) film was electrochemically grown by potentio-
dynamic sweeps onto the Prussian Blue modified electrode.
Fig. 5 shows the electrochemical response recorded dur-
ing SPAN electropolymerization where it can be seen the
growth of the polymeric film by the continuous current in-
crease after each cycle. The sensitivity of the biosensor
GC/PB/SPAN/OOX was of the same order than that ob-
tained for the biosensor without SPAN, but no lixiviation of
the Prussian Blue film was observed.

3.2. Specificity of the biosensor

Reducting substances currently present in clinical sam-
ples, such as uric and ascorbic acids, are the most com-
mon interferents for amperometric determinations. In the
present case, the Prussian Blue modified electrode allows
working at ca. 0.00 V to detect the H2O2 produced by
the enzymatic reaction; instead of 0.65 V needed for the
GC/OOX interface. On the other way, as at pH 3.8 (succi-
nate buffer) both acids are in the dissociated form, as ureate
and ascorbate ions, the new configuration of the biosensor
(GC/PB/SPAN/OOX) presents an additional advantage be-
cause SPAN is a self-doped polymer [17] (Scheme 3) that
will allow the permeation of H2O2 avoiding the penetra-
tion of large anionic species. In this way, the polymeric
film plays two important roles in the biosensor’ s design:
to avoid both, Prussian Blue lixiviation and the penetra-
tion of reactive anionic species such as ureate and ascor-
bate. Fig. 6 shows the amperometric responses of three
biosensor’ s configurations to 3.10−4 mol l−1 oxalate in the
presence of 1.10−3 mol l−1 ureate or ascorbate solutions.
As it can be seen from the Figure, the biosensor prepared



P.A. Fiorito, S.I. Córdoba de Torresi / Talanta 62 (2004) 649–654 653

Table 2
Quantitative information about ascorbic and uric acid effect on biosensor response in 0.10 mol l−1 succinate buffer, pH 3.8, Eapp: 0.65 V for OOX and
SPAN/OOX configurations and 0.05 V for PB/SPAN/OOX configuration

Electrode Response (�A cm−2)

Oxalatea Oxalate + ascorbateb Difference (%)a–b Oxalate + ureatec Difference (%)a–c

OOX 12.8 15.6 21.6 14.0 9.37
OOX/SPAN 12.0 14.1 17.5 12.1 0.83
AP/OOX/SPAN −29.8 −30.4 2.00 −29.8 0.00

a3.10−4 mol l−1 oxalate. b3.10−4 mol l−1 oxalate + 1.10−3 mol l−1 ascorbate.
c3.10−4 mol l−1 oxalate + 1.10−3 mol l−1 ureate.

by immobilizing the enzyme onto the GC substrate an op-
erating at 0.65 V, presents the interference of both ureate
and ascorbate. The second sensor (SPAN/OOX) prepared
by immobilizing the enzyme onto a glassy carbon elec-
trode covered by a SPAN film and operating at 0.65 V, is
shown with the aim of demonstrating the efficiency of the
self-doped poly(aniline) layer for stopping anionic interfer-
ents. Table 2 shows quantitative information obtained from
these experiments. As it can be inferred, ureate interference
is almost completely eliminated (0.9% versus 9.3%) while
the ascorbate response is still observed even that in a lower
extent than for the first biosensor (17.5% versus 21.6%).
Finally, the response obtained with the third configuration
using Prussian blue, SPAN and the enzyme and operating
at 0.05 V for reducing H2O2 is also depicted in the figure. It
can be seen that, while the ureate interference is eliminated
(see column 6, line 3, in Table 2), the ascorbate response
is still present. It must be paid attention to the fact that, in
this case, the observed current is negative; so that, it means
that the interference is caused by the reduction of some
species in a different way than when the sensor operates at
0.65 V and the interference is caused by the oxidation of
the ascorbate. The ascorbate interference is related to the
oxidative degradation process of ascorbic acid leading to
oxalate (Scheme 4) already described by Arendse et al [18].
On the other hand, it must be emphasized that the relative
interference of ascorbate is lower (2.0% versus 21.6%) for
this sensor because the oxalate response is much higher due
to Prussian Blue electrocatalytic character.
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3.3. Operational stability

The operational stability of the biosensor was evaluated by
performing repetitive determinations in an oxalate solution
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Fig. 7. Operational stability of the PB/SPAN/OOX biosensor. Amperomet-
ric response of the biosensor for 0.15 mmol l−1 of oxalate. Eapp: 0.05 V
vs. Ag/AgCl.
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(0.15 mmol l−1) at 0.05 V versus Ag/AgCl, the biosensor
being washed with distilled water after each assay. Fig. 7
shows the current obtained for each determination, where
can be seen that the biosensor allowed to perform up to 100
determinations without any loss of signal.

4. Conclusions

A multilayer inorganic–organic oxalate biosensor that
combines the high catalytic activity of Prussian Blue and
a self-doped polyaniline film, that plays the double role of
protecting PB film from lixiviation and of stopping anionic
interferents, was presented. Oxalate oxidase was immobi-
lized onto the PB/SPAN bi-layer by using a crosslinking
agent. Optimization of the biosensor’ s parameters allows
the very reliable and sensitive oxalate detection in the
0.08–0.45 mmol l−1 concentration range. The observed sen-
sitivity was 131.3 mA mol−1 l cm−2 at the operation poten-
tial of 0.05 V versus Ag/AgCl in a succinate buffer solution
(pH = 3.8). The very low detection potential combined
with the permeselective SPAN layer improves selectivity
and specificity of the sensor. Stability tests have shown that
the biosensor allows to perform up to 100 determinations
without degradation or loss of enzyme activity.
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