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The synergetIc effect of redox mediators and peroxidase
in a bienzymatic biosensor for glucose assays in FIA
A. Rondeau1, N. Larsson2, M. Boujtita1, L. Gorton2 and N. El Murr1,*
1

Groupe Électrochimie, Laboratoire d'Analyse Isotopique et Électrochimique de Métabolismes,
(UPRESA-CNRS: 6006), Faculté des Sciences et des Techniques, 2, rue de la Houssinière, B.P. 92208,
44322 Nantes Cedex 03, France
2 Department of Analytical Chemistry, Lund University, P.O. Box 124, S-221 00 Lund, Sweden
Abstract. A bienzymatic biosensor incorporating a mediator has been developed in order to achieve a fast and selective detection of glucose in a flow injection system. The working electrode is based on a carbon paste matrix bulk modified with glucose
oxidase (GOD) and horseradish peroxidase (HRP) as well as with ferrocene acting as an electron transfer mediator between the
electrode and HRP. The proximity of these three components enhances the electron transfer within the electrode. Simple polishing on a paper sheet easily renews the electrode surface. Moreover, the applied working potential (-0.050 V vs. Ag/AgCl) is low,
hereby decreasing the interference from electroactive compounds and thus increasing the selectivity of the biosensor. The characteristics of the developed bienzymatic electrode are presented in terms of sensitivity, linear detection range, accuracy and operational stability.
Keywords. biosensor – glucose oxidase – peroxidase – ferrocene – carbon paste.

Introduction

The introduction of a mediator in the bienzymatic system
(GOD/HRP) leads to an acceleration of the electron transfer, a decrease in the applied working potential (the reduction of the mediator is detected at the electrode) and an
increase in sensitivity. The use of mediators is a well-known
technique although the way of adding the mediator to the
bienzymatic system (oxidase/peroxidase) may vary. A number of different mediators have been used as additions into
sample solutions such as, potassium hexacyanoferrate (II)
[18-24], hydroquinone [25], o-phenylenediamine [26] and
monocarboxylferrocene [27-29] etc. Bienzymatic biosensors
have also been developed with deposition of mediators such
as hydroxymethyl ferrocene [30], 1,1'-dimethyl ferrocene
[31], tetracyanoquinodimethane (TCNQ) [32], and 3,3',5,5'tetramethylbenzidine [33] on the surface or inside the electrode. Moreover, different redox polymers have been used
as mediators including osmium polymers [34-41], polypyrrole [42, 43], ferrocene polymers [44, 45], and Nafion-Nmethyl phenazinium [46]. The advantages of using the redox
polymers are several, but mainly they result in more stable
biosensors since leaking of the mediator from the electrode
is minimised and higher and faster responses are observed
due to the proximity between the enzyme and the mediator.
Although, choosing an appropriate bulk matrix and mediator concentration these properties can be achieved with nonpolymeric mediators and recently a ferrocene mediated bienzymatic graphite-Teflon electrode has been developed for
batch and flow-injection measurements [47]. On the other
hand several biosensors based on monoenzymatic electrodes

Amperometric biosensors based on enzymes are interesting
due to their high sensitivity, excellent selectivity, simplicity,
low cost and rapid response. The most frequently used enzymatic methods for glucose determination employ glucose
oxidase (GOD), due to its high selectivity towards ß-D-glucose. In the presence of GOD, the oxidation of glucose
occurs, producing H2O2. Most commonly, the electrochemical detection is performed through the anodic oxidation of
H2O2 [1]. A drawback with this detection technique is that
high overvoltages are required, and an applied potential in
the range of 0.6-1.1 V vs. Ag/AgCl is necessary. Working at
such high potentials increases the risk of interference from
easily oxidisable compounds such as ascorbate, ureate,
acetaminophen, paracetamol, phenols, etc. which are common compounds in biological samples.
A possible way of improving the selectivity of such a
biosensor is to couple a second enzyme (peroxidase) to the
oxidase, creating a bienzymatic sensor. Peroxidase catalyses
the electrochemical reduction of H2O2 produced by GOD
through a direct electron transfer reaction at a much lower
applied potential compared with electrochemical oxidation of
H2O2 and maximum catalytic current can be obtained at carbon electrodes in a potential range of –0.1 and 0 V [2-14].
However, the kinetics of the direct electron transfer from an
electrode to the peroxidase is a sluggish process [15-17]
hence the advantage of using a mediator.
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(HRP) coupled with ferrocene have been reported [48-53].
In this paper we present a bienzymatic (GOD/HRP) carbon
paste based biosensor mediated by ferrocene and describe its
analytical behaviours.

Switzerland). The samples (100 µl) were injected through a
Rheodyne 7010 injection valve, connected to a solenoid
valve kit (Rheodyne Model 7163, Bioblock Scientific,
Illkirch, France) with a pneumatic actuator. The connections
between the different parts of the FI system were made with
Tygon tubing (R 3607-1.52 mm i.d., Bioblock Scientific). A
0.1 M phosphate buffer pH 7.2 served as the carrier solution and was pumped at 0.8 ml/min.

The use of carbon paste as electrode material offers several advantages over conventional solid material based sensors [53], (1) it is a convenient matrix for the incorporation
of biological components, (2) it allows an intimate contact
between enzymes, mediator and sensing sites permitting a
fast electron transfer, (3) it is versatile, stable and the surface is easily renewed with good reproducibility. Most of the
previous publications on bienzymatic biosensors coupled
with a mediator for glucose determination in flow injection
mode, are based on glassy carbon electrodes with the
enzymes immobilised near a redox polymer [34-37, 39, 4245], or on carbon paste with HRP covered by a membrane,
coupled with a GOD reactor [32].

The basic preparation procedure for the modified
carbon paste
The first step in the paste preparation procedure was to
chemically treat dissolved HRP in aqueous solution with
NaIO4, whereby the sugar residues of the glycosylated HRP
are oxidised to form aldehyde functionalities [55]. These can
be further reacted with the amine functions of GOD forming Schiff bases hereby linking the two enzymes together
increasing the trapping efficiency of the produced H2O2 by
GOD [56-59]. The quantities given below are for paste
preparations based on 400 mg of graphite powder as starting point. 8.56 mg of HRP (8000 U) were dissolved in
2.5 ml of aqueous solution containing 1.6 mg/ml of NaIO4
and mixed for 20 min. The solution was then centrifuged
(6000 rpm, 45 min, 20°C) through a Centricon concentrator
(Amicon, Beverly, MA, USA) with a 30000 Da molecular
weight cut-off in order to remove unreacted NaIO4 from the
HRP-solution. This step was repeated after adding 1 ml of
distilled water in the concentrator. After centrifugation, the
HRP was dissolved in 800 µl of 0.05 M phosphate buffer,
pH 8.0. The resulting HRP solution was added to 400 mg
of graphite powder followed by 30 min of mixing. 800 µl
of GOD-solution (16 mg, 2215.4 U, in 0.05 M phosphate
buffer, pH 8.0) were then added and allowed to thoroughly
mix for 60 min. The drying of the bienzymatic powder was
done under water jet vacuum in a desiccator for 4 - 5.5 h,
or in a freeze drier (Bioblock Scientific, Type Alpha 1-4,
Illkirch, France) for 2 days. The dry mixture was passed
through a sieve (pore size: 80 µm) in order to get a homogeneous powder. Finally, the paste was prepared by mixing
the enzyme modified powder with either pure paraffin oil to
yield a paste containing 24.24% w/w of paraffin oil modified with FcH. The mixing was done by hand for 10 min in
an agate mortar.

Experimental
Materials
The enzymes, glucose oxidase (GOD, EC 1.1.3.4) (Cat. No.
1387 227, 138.46 U/mg, activity not O2 saturated) and
horseradish peroxidase (HRP, EC 1.11.1.7) (Cat. No. 815
462, 934 U/mg) were purchased from Boehringer
Mannheim, Mannheim, Germany. The mediator
bis(cyclopentadienyl) iron (ferrocene, FcH, Cat. No. 46260)
and the anhydrous D(+)-Glucose (Cat. No. 49140) were
obtained from Fluka, Buchs, Switzerland. Potassium dihydrogen phosphate (KH2PO4, Cat. No. 141509) and di-potassium hydrogen phosphate (K2HPO4, Cat. No. 141512) were
obtained from Panreac, Barcelona, Spain. Graphite powders
were from, Carbone Lorraine (Cat. No. 16855),
Gennevilliers, France, and Fluka (Cat. No. 50870). Glassy
carbon powder, Sigradur-G (particle size 0.4-12 µm) was
purchased from Hochtemperatur-Werkstoffe GmbH,
Thierhaupten, Germany. Paraffin oil was from Merck,
Darmstadt, Germany and sodium m-periodate (NaIO4) (Cat.
No. S-1147) was obtained from Sigma, St. Louis, MO, USA.
All aqueous solutions were prepared with distilled water.

Equipment

Results and discussion

All the measurements were done in a flow injection system
(FI). The carbon paste electrode (CPE) was packed in a plastic tube (3 mm id), provided with a platinum contact. This
working electrode was mounted in a three electrodes flow
through cell of the wall-jet type. The cell contained an
Ag/AgCl (0.1M KCl) reference electrode and a Pt wire
served as a counter electrode. The electrodes were connected
to a potentiostat (milliamperemetre Universal type MAR-U,
Tacussel Electronic, Villeurbanne, France) and a recorder
was used to register the electrode response (Linseis, L4100,
Selb, Germany). The wall-jet cell was incorporated into a
FIA set-up consisting of a 4-channel peristaltic pump
(Ismatec-Reglo MS-4/8-100 ISM 827, Glattbrugg-Zürich,

The effect of the mediator in the bienzymatic
(GOD/HRP) paste
The reaction sequence occurring at the electrode surface
yielding a response current for glucose is given in figure 1.
After glucose is oxidised by GOD, the reduced cofactor
(FADH2) is oxidised by molecular oxygen, transferring the
cofactor back into its oxidised state (FAD) with the simultaneous production of H2O2, which in turn, will be reduced
to water by HRP. The oxidised form of HRP can then be
rereduced either via direct electron donation from the
650
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Fig. 1. The reaction sequence of the bienzymatic electrode coupled
with ferrocene as the mediator. Operating potential: –0.050 V vs.
Ag/AgCl.

electrode or through a mediator (FcH). The mediator has an
electrochemically reversible reaction and the produced
ferricinium cation (FcH+) can easily be reduced by the electrode (Fig. 1). The recorded current will then be proportional
to the glucose concentration in the sample. Previously it has
been clearly shown that using polymeric bound mediators
and especially polymeric mediators covalently bound with
the enzyme is beneficial to obtain stable biosensors [41-60].
However, in the case stipulated in this work when coimmobilising GOD and HRP it has been possible to achieve long
term stable sensors. By excluding the time consuming covalent binding of the enzyme with the mediator, the preparation of the paste is easier, cheaper and the risk for loss of
sensitivity due to covalent linkages is minimised.

Fig. 2. Comparison between two bienzymatic pastes (n )
(GOD/HRP; 1108U / 4016U for 400 mg of Lorraine graphite powder) with (0.08 %) or (o ) without FcH. Eappl = –0.050V vs.
Ag/AgCl, carrier solution: 0.1M phosphate buffer, pH 7.20, flow
rate 0.80 ml/min and 100 µl injection volume.

When comparing the results between a mediated (FcH
0,08% w/w) and an unmediated paste, the mediated paste
resulted in a two-fold increase in response (Fig. 2), proving
that the electron transfer between HRP, the mediator and the
electrode is more efficient than the direct reduction of the
peroxidase by the electrode. The concentration of FcH was
arbitrary chosen. Since glucose oxidase can be directly mediated by ferrocene, the two-enzyme based system might be
short-circuited, that is, mediated HRP yields reduction currents and mediated GOD yields oxidation currents (Fig. 1).
In [41] Kenausis et al. presented a mediated bienzymatic
glassy carbon sensor where they solved the problem with
short-circuiting by introducing a cellulose acetate membrane
between the two enzyme layers in a multilayer approach.
The positive effect of the membrane was proven by poising
the electrode at +0.5 V (SCE) whereby no oxidation currents
were registered. Since an insulating layer is impossible in
our bulk modified approach, it became even more important
to choose the applied potential so that the reaction is driven
towards our preferred direction. The optimum working
potential for the electrode was established by injecting successive samples of 100 µl of glucose (200 mg/l) into the FIsystem, and step-wise varying the potential between 0.25
and -0.25 V vs. Ag/AgCl. The resulting hydrodynamic
voltammogram is shown in figure 3. The peak-current versus potential profile reaches a plateau allowing us to work
at low negative potentials, but it also indicates short-circuiting of the system since oxidation currents are registered at
positive potentials. However, as indicated in figure 2 the
gain in sensitivity when the mediator is added still remains
substantial. A working potential of -0.050 V was selected for

Fig. 3. Hydrodynamic voltammogram from the GOD/HRP/FcH
(0.08 %)-based paste. Sample solution (glucose, 200 mg/l), experimental conditions as in figure 2.

further measurements, taking into account that the peak intensity has reached the plateau and that the potential is not negative enough to allow direct electrochemical reduction of
H2O2, molecular oxygen or interference from other compounds present in a complex sample. A potential of –0.050 V
will also very rapidly rereduce FcH+ back into FcH, thereby
minimising the risk that FcH+ should compete with molecular oxygen as electron acceptor for reduced GOD.

Optimisation of the paste composition
The influence of the amount and ratio of both
enzymes on the biosensor performances
Four pastes (GOD/HRP/FcH (0.08%)) were prepared by
varying the amounts of the enzymes. Calibration curves
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between 40 and 500 mg/l of glucose were examined for the
different pastes as a way of comparing the performance of
the electrodes (Fig. 4). The results clearly showed that the
carbon paste with a higher amount of GOD and HRP
resulted in higher sensitivity. Moreover, the effect was more
profound when only the GOD amount was increased (paste
1 compared with paste 3 and paste 2 with paste 4) indicating that GOD is the rate limiting enzyme in the electron
transfer chain. Higher amounts of enzymes were not desirable since the amount of electrically insulating proteins
would be too high, resulting in high background currents
and poor electrode stability. For further work, the enzyme
composition of paste 1 (HRP/GOD: 3.6/1) was used.

The influence of the carbon powder on the biosensor
performances

Fig. 4. Comparison between 4 pastes (GOD/HRP/FcH (0.08 %))
with different amounts of enzymes, (O) Paste 1: GOD 4U/mg, HRP
14.5U/mg, (.) Paste 2: GOD 4U/mg, HRP 7.4U/mg, (+) Paste 3:
GOD 2U/mg, HRP 14.5U/mg, and (∆) Paste 4: GOD 2U/mg, HRP
7.4U/mg. Experimental conditions as in figure 2.

Graphite powder contains a vast number of different chemical functions (quinone-, hydroxy-, ketone- and carboxygroups), that have a large effect on enzyme immobilisation
and the electron transfers [61]. Three types of carbon and
glassy carbon powder (C. Fluka, C. Lorraine. and
C. Sigradur G) were studied. Regarding the background current, the glassy carbon powder gave higher intensity
(–40 nA) compared with the graphite carbon powder
(Lorraine: –15 nA, Fluka: +15 nA). The noise was the same
for the graphite carbon powder Fluka and the glassy carbon
powder Sigradur G (4 nA), whereas it was four times less
for the graphite carbon powder from Carbone Lorraine. The
carbon powder Fluka (graphite) increased the current
response (sensitivity more than 2.5 times higher than with
the other two powders) (Fig. 5). It is well known that the
glassy carbon material yields lower noise and background
current due to its more organised structure when it comes to
solid material electrodes but in our case the opposite seems
to be the case. The reason for this is not fully understood
although a possible explanation is that the glassy carbon is
less porous and does not absorb as much oil as the graphite
powders, resulting in a thin film of oil on the electrode surface, and therefore in poor performances. No further investigation was done on this phenomenon since the Fluka powder gave both high response and low background current
making it the obvious choice for our further studies. The
results are in agreement with the work of Popescu et al. [12]
who in 1995 selected the carbon powder Fluka for its performance with HRP. The HRP adsorption on the carbon
powder occurred via electrostatic interactions, especially on
the hydrophilic part of the carbon, rich of carbonyl functions. For an efficient adsorption of the enzymes, the surface of the graphite particles must be relatively high. The
graphite powder Fluka, with a surface area of 13.5 m2/g,
answers to this requirement.

Fig. 5. Effect of the different graphite and glassy carbons, (X)
Fluka, (O) Sigradur G and (.) Carbone Lorraine on the calibration
curve (10-100 mg/l) for the pastes (GOD/HRP/FcH (0.08 %)).
Experimental conditions as in figure 2.

loss of the mechanic stability of the paste further decrease
of the amount of oil was impossible. Further optimisation of
the required amount of FcH was done by preparing three
pastes with more mediator (P1 0.16%, P2 0.24% and P3
0.32%). The pastes were characterised by investigating the
accuracy (calculated error (%eC) on the determined concentration) (Fig. 7) and the precision on 20 successive injections of the same glucose concentration (Fig. 8). %eC is calculated as:

The effects of the amount of oil
and mediator in the paste
Four different pastes were prepared by varying the amount
of oil (24.2 and 27.0%) and mediator (0.08 and 0.16%). The
combination yielding the best sensitivity was the paste containing 0.16% mediator and 24.2% oil (Fig. 6). Due to the

% eC =
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Fig. 6. The effects of varying the amount of oil and mediator in
the bienzymatic paste: (O) Paste A: 24.2% Parafin oil, 0.16% FcH,
(x) Paste B: 27.0% Parafin oil, 0.16% FcH, (.) Paste C: 24.2%
Parafin oil, 0.08% FcH and (■) Paste D: 27.0% Parafin oil, 0.08%
FcH. Experimental conditions as in figure 2.

Fig. 7. Accuracy of the calibration curve (%eC) between 5 and 50
mg/l of glucose for the three pastes with different amounts of mediator (P1: 0.16 %, P2: 0.24 % and P3: 0.32 % FcH). Experimental
conditions as in figure 2.

where: Ccal is the calculated glucose concentration
Imes − b
C cal =
, Imes the measured current, Creal the real
a
glucose concentration, and where a and b are the slope and
intercept of the calibration curve, respectively.
When the amount of the mediator was increased (0.32 %),
a linear range between 5 and 50 mg/l of glucose was
obtained with good accuracy (%eC ≤ 3% for each concentration except for 5 mg/l, where %eC ≤ 5%). Moreover, the
accuracy for 20 successive injections of glucose (25 mg/l)
after the calibration, was acceptable (%eC ≤ 3 %) (Fig. 8).
High amounts of mediator usually result in leakage from the
paste resulting in a fast decrease in response with time when
the electrode is continuously used in a FI-system and considering this, no further increase in mediator content was
done. The paste with the high amount of mediator (0.32 %)
was now considered optimised and used for all further work
reported below.

Fig. 8. Accuracy on 20 successive injections of a glucose solution
(25 mg/l) after calibration (5-50 mg/l); three pastes with different
amount of mediator (P1: 0.16 %, P2: 0.24 % and P3: 0.32 % FcH).
Experimental conditions as in figure 2.

The effect of pH on the biosensor performance
acids and the optimum pH is a direct result of these concepts. The best sensitivity with a low value for the intercept
and a good accuracy on glucose concentrations was obtained
at pH 7.2 (Fig. 9). At basic pH, the sensitivity decreases as
well as the accuracy. The decrease in sensitivity at alkaline
pH can be due to the deprotonation of the active centres of
the enzymes [62]. Therefore, pH 7.2 was used throughout
all further studies. The response towards hydrogen peroxide
was not investigated in this study since the goal was to
develop a glucose sensor with as high sensitivity as possible but according to previous work the optimum pH for HRP
in carbon paste is around 7-8 [26-48].

The reaction rate of an enzymatic reaction is always dependent on the pH of the surrounding environment, and it is
desirable to find the optimal pH-value for the enzymatic
reaction. Also the pH-optimum for an enzyme in solution
and in the matrix of a carbon paste electrode may vary with
several pH units. Considering that the described biosensor
contains two enzymes with different pH optima, the
response of the bi-enzyme electrode was investigated
between pH 4.7-10.0. Since enzymes consist of amino acids
with an amphoteric nature, which participate in the binding
with the substrate, the rate of formation of the enzyme-substrate complex depends on the protonation of these amino
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Table I. Analytical parameters of the calibration curve for the same
surface of the working electrode (glucose concentrations being
increased and then decreased).
Sensitivity (nA/l x mg) Intercept (nA)
C1 - C4
C4 - C1

11.51
11.40

–7.67
–2.37

r2
1.0000
0.9999

Performance of the optimised biosensor
One disadvantage with the enzyme based biosensors is that
if the concentration of substrate to be measured is high, the
enzyme might be saturated, and sometimes even permanently inhibited. It is therefore important to investigate the
response at low concentrations after high concentrations
exposure. We simply used our calibration series and went
from low to high to low glucose standards. There is no significant memory effect on the linearity when calibrations
were performed in this way (Table I) which indicates that
sample measurements within the linear range do not result
in substrate induced inhibition. The accuracy is slightly
worse in the high-low calibration but still acceptable (that
is, within 5% for the lowest concentration, Fig. 10). The linear range of the biosensor covers a ten-fold range in concentration with very high r2 values (≥ 0.999).
If a biosensor is to be used as an analytical tool in a FIsystem the operational stability has to be high. We investigated the response of 50 successive injections (25 mg/l of
glucose) and found that our sensor indeed is very repeatable,
showing no decrease in signal at all (Fig. 11). The stability
of the electrode surface was confirmed with 30 injections
per hour for the highest and lowest concentrations from the
calibration curve (5 and 50 mg/l), with respective standard
deviations as 0.90% and 3.40%. Since it is very simple to
expose a new surface on the electrode, an operation that
takes around 10 min including pre-measure stabilisation, 50
injections with no decrease was considered satisfying.
It is not only important with linear calibration curves,
repeatability and operational stability, but also the accuracy
of actual measurements. If a sample is run and the value of
the resulting current is put into the equation of the calibration curve, the calculated value for the concentration should
be accurate. As a requirement for our sensor we decided that
the deviation may not exceed 3% and this goal was achieved
as indicated from the accuracy of 25 injections of a glucose
solution at 35 mg/l towards the calibration 5-50 mg/l (%eC
≤ 3% - figure 12).

Fig. 9. The effect of the pH-value on the sensitivity for glucose of
the GOD/HRP/FcH-based biosensor (glucose concentrations range
5-50 mg/l). All other experimental conditions as in figure 2.

Fig. 10. Accuracy of the calibration curves (%eC) between 5 and
50 mg/l of glucose with increasing and decreasing glucose concentrations on the same operating surface. Experimental conditions
as in figure 2.

Conclusions
vs. Ag/AgCl), thus this biosensor presents a high selectivity.
The mixed carbon paste configuration permits fast electron
transfers between the both enzymes and the mediator. The
paste presents good shelf life (no decrease in the sensitivity) after 4 months (the longest time period investigated so
far), when stored at 4°C.

An enzymatic glucose-sensing electrode was prepared by
incorporating GOD, HRP and ferrocene into a carbon paste.
The method is highly sensitive between 5 and 50 mg/l of
glucose, and requires only a small sample per assay. The
response is very fast (about 1 min) and the working potential applied for the reduction of the mediator low (–0.050V
654

Deviation from “real” value
(% eC)

Original articles

Fig. 12. Accuracy of 25 injections of a glucose solution (35 mg/l)
calculated in comparison with the equation of a calibration curve
done on the same surface prior to the 25 injections. Experimental
conditions as in figure 2.

Fig. 11. Operational stability investigated by 50 successive injections (every 2 min) of a 24.79 mg/l glucose solution. Experimental
conditions as in figure 2.
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