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We have studied the glucose oxidase immobilized carbon paste electrodes in the presence and absence of
small mediator molecules. We have used p-benzoquinone and riboflavin as mediators in our studies. The
effect of mediator molecules on the electron transfer between the enzyme redox centre and the electrode
surface was explained from the cyclic voltammograms and rotating disk electrode data. In the absence of
oxygen, we have noted that the mediators play a central role in the electron transfer. We have also proposed
a possible mechanism for the electron transfer from enzyme active site to the electrode surface via mediators,
based on our observations.

1.

Introduction

Research and development of biosensors has been a topic
of central interest in bioelectrochemistry, owing to their
commercial potential and scientific significance. In
biosensors, the biocatalyst is usually immobilized onto
a supporting matrix close to the electrode. The performance of biosensors depends not only on the technique
used for immobilization and the nature of biocatalyst
but also on the other adsorbed species such as mediators
and additives. In case of paste electrodes, it also depends
on the composition of the paste, method of construction,
storage, etc. As to the nature of the enzyme and their
interaction with the electrode surface, a wide range of
investigations have been undertaken especially on glucose
oxidase (Weibei and Bright 1971; Dixon and Webb
1979; Razumas et al 1984). However, how enzyme molecules interact with electrode surfaces and how the various

reaction conditions influence the characteristics of enzyme
is not yet fully understood and more studies on these
aspects are needed.
Various methodologies have been used to provide
efficient electrical contact between redox proteins and
electrodes. Diffusional electron mediators such as ferrocenes (Cass et al 1984, 1985; Bourdillion et al 1993),
ferrocyanides (Mor and Guamaccia 1977; Montagne and
Marty 1995) and quinone derivatives (Foulds and Lowe
1986; Janada and Weber 1991) have been employed as
charge transporters that connect the active redox centre
of the enzyme to the electrode surface. Willner et al
(1992, 1994) have studied the mediated electron transfer
between enzymes and gold electrodes focusing on structure of mediator molecules. We have studied carbon
paste based modified electrodes to examine/explore the
role of mediator in establishing the electrical contact
between redox centre of enzyme and electrode. We have
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also proposed a possible mechanism for electron transfer
from the active centre of an enzyme covalently immobilized onto the electrode surface.
In the work presented here, glucose oxidase (GOD)
molecules were immobilized through covalent coupling
onto glassy carbon powder as supporting matrix, which
also acts as the electrode. We have used p-benzoquinone
and riboflavin, adsorbed onto the covalent matrix, as
electron mediators. The performance of the GOD electrodes was tested with various concentrations of glucose
solutions in both deoxygenated and oxygenated samples.
A blank paste electrode prepared with activated carbon
(no mediators) served as control to characterize the blank
electrode performance.

2. Methodology
2.1

2.4 Assay of GOD
The assay for estimating the activity of the enzyme
loaded onto the matrix by covalent immobilization was
performed following the colorimetric method as described
in the Sigma catalogue:
fl-D-glucose + 0 2 ~

GOD

d-gluconolactone + H~O2
POD

H202 + o-dianisidine(reduced)

Instrumentation

For the rotating disk electrode studies, we have used a
Tacussel (Villeurbanne, France) rotating disk electrode
and motor speed control unit (CTVI01T) with an
analogue voltage input tbr speed control that was
connected to a data acquisition board (daqboard 216A).
The digital to analogue converter (DAC) channel of the
daqboard was used for rotational speed control of the
rotating disk electrode. The electrochemical cell and other
instrumentation details for this as well as for cyclic
voltammetry and flow-injection studies are as described
earlier by Savitri and Mitra (1998).
All necessary softwares for data collection were written
by us in Turbo Pascal (Version 7). All graphs were
plotted using a commercial program (Sigmaplot, Jandel
Scientific, CA, USA).
2.2 Reagen~
GOD enzyme (Cat No: G-2133) was procured from
Sigma Chemical Company (USA). l-ethyl 3-(3-dimethylaminopropyl) carbodiimide (EDC) and parabenzoquinone
were from Merck (Darmstadt, Germany). All other
reagents used were AR grade from Qualigens (Mumbai).
2.3

standardized by us earlier (Sree Divya et al 1998; Savitri
and Mitra 1998). We have immobilized the GOD covalently onto the matrix using an ethylenediamine spacer
arm and following EDC condensation procedure.

Carbon paste electrode

Glassy carbon powder (Sigradur-G from HTW, Germany),
that are spherical in shape with an average particle size
of - I Iam was used as supporting matrix for enzyme
immobilization in our studies. We have studied three
sets of electrodes in our studies: (i) blank paste electrode
(without enzyme) as control; (ii) covalently immobilized
GOD electrode without mediators and (iii) covalently
immobilized GOD electrode with quinone and riboflavin
as mediators. The matrix activation and other immobilization procedures were performed following the protocol

: o-dianisidine
(oxidized) + H20.

The colour developed was measured spectrophotometrically at 500 nm, The activity was calculated comparing
the absorbance of the test mixture with the absorbance
of a standard enzyme concentration taken under same
reaction conditions.
2.5

Solid electrode

Glassy carbon rod of 3 mm diameter fitted in a teflon
holder served as solid electrode. The electrode surface
was polished with diamond paste and was treated with
nitric acid to remove any greasy material.
2.6

Experiments

2.6a Cyclic voltammetry: (i)The optimum potential
window for enzyme electrode performance has been
chosen by taking cyclic voltammograms for the GOD
electrode in the presence of substrate glucose. A potential
scan was taken from - 5 0 0 my to + 1000 mv (vs SCE)
and the potential between - 300 mv to - 100 mv is found
to be optimum for enzyme electrode performance. (i~) The
effective surface area of the paste electrode and solid
electrode were determined by cyclic voltammetry using
ferrocyanide/ferricyanide couple. The surface area of the
paste electrode is found to be 20% higher than the solid
electrode and the reason can be attributed to the porosity
of the paste electrode. The background currents (with
the supporting electrolyte alone) for blank paste electrode
are found to be - 3 0 % higher than the blank solid
electrode which is expected from the difference in their
surface area. (iii) A cyclic voltammetry (CV) scan was
also taken for enzyme electrode with and without
mediators, in the presence/absence of substrate, in an
oxygenated/deoxygenated sample, to observe the role of
the mediator species and bound cofactors on the electron transfer. Deoxygenation was accomplished by slow
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bubbling of nitrogen gas for 20-25 min through the
supporting electrolyte to remove the dissolved oxygen
prior to the experiment.
The whole of the experimental procedure was programmed and data was saved to a file and processed
using Sigmaplot. The data averaging was done using
Sigmaplot runavg transform with a 64 point window
size to reduce the noise.
2.6b Rotating disk electrode studies: The experiments
with rotating disk electrode (RDE) set-up were performed
for the solid, blank paste and enzyme electrodes (with
and without mediators) in the presence and absence of
dissolved oxygen. The response of the electrodes was
checked for various substances--hydrogen peroxide, quinone, riboflavin and glucose solutions. The bias was
fixed at -300 mv (vs SCE reference) in all the experiments. The electrode was rotated at various speeds from
0 to 1300 rpm, in steps of 9, 36, 81 . . . . 1296 rpm. The
change in current with the changing rotational velocity
of the electrode was plotted on the recorder and the
current data was also saved to a file. The data were
plotted using Sigmaplot and analysed. Data averaging
using a 32 point window size was also performed to
reduce the noise further.
2.6c Flow-injection set-up: The enzyme paste was used
to pack a micropipet tip electrode to check the linearity
of response. The response of the electrode was checked
at - 1 0 0 m v bias potential (vs AgCI/Ag reference) for
different concentrations of glucose solutions: 0-1 mM,
0-5 mM and 1 mM. Since the effective surface area and
the electrode surface area exposed to the solution is
small, we expect a better linearity and response with
this set-up. Hence this set of experiments was used to
check performance of the enzyme electrode.
The electrodes were stored in a humid atmosphere at
4~ after experiment until further use. The equilibration
time of the electrode, before the response with supporting
electrolyte was a flat base line, ranged from 1-1.5 h
(subject to packing errors). The experiments were carried
out in 0.1 M KCI solution at 37~
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found to be central for an efficient electrochemical contact
with electrode surface and a mechanism has been proposed. We have also observed that the FAD cofactor
bound to GOD enzyme aids in electron transfer to the
electrode surface that was found to be irreversible as
observed by cyclic voltammetry experiments. Further the
electrode surface reactions in the presence of oxygen
(dissolved) were found to be electrochemically different
(hydrogen peroxide gives a reduction current) from the
reactions in the absence of oxygen (oxidation current).
3.1

Mediated electron transfer from enzyme active
site to the electrode

Cyclic voltammogram of enzyme electrode (without
mediators) in the presence of the substrate (glucose)
shows a single clear irreversible peak (figure 1) at a
potential - 1 0 0 m v (vs SCE) although a second small
peak can be seen around - 2 2 5 mv. These peaks are due
to the buried FAD which undergoes 2 electron redox
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Results and discussions

Though there has been considerable interest in the electrochemical behaviour of GOD, only few reports are available in the literature directly related to the interaction
between GOD and electrodes. Aided with sensitive techniques such as differential pulse voltammetry, it has
been shown that GOD undergoes direct electron exchange
on mercury or graphite or platinum electrodes (Scheller
et al 1979; Narasimhan and Wingard 1986). We have
studied the mechanism of electron transfer in paste
electrode systems. In our work the role of mediator was
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Figure 1. CV of enzyme electrode with no adsorbed mediator
species. The potential scan was taken in the presence of glucose
(1 mM). Two small irreversible peaks can be observed that
correspond to the reduction of the enzyme bound FAD cofactor.
Scan rate: 0.5 mv/s; electrode surface area: -2.2 cm2.
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reactions. The peak potentials are considerably shifted
from native FAD immobilized (Savitri and Mitra 1998),
due to binding with the enzyme. The electron exchange
also becomes irreversible in the hoioenzyme as seen in
figure 1. CV of enzyme electrode with the adsorbed
mediator species-quinone and riboflavin shows three clear
peaks one symmetrical reversible peak and two irreversible peaks as shown in figure 2. This symmetrical
reversible peak at ~ - 1 7 0 mv (vs SCE) is d u e to the
adsorbed quinone, The redox peaks due to riboflavin are
not seen in the potential range used. The irreversible
peaks are similar to the ones observed in case of electrode
with no mediators. The CV of the enzyme electrode
with adsorbed quinone in the presence of glucose shows
a clear peak due to quinone at a potentials of ~ - 1 0 0 mv
(vs SCE) as can be seen in figure 3. This clearly shows
that in the presence of the second mediator (riboflavin),
there is a shift in the potential of quinone ( - 7 0 my),
suggesting a strong interaction between these two

mediators. The peak due to the bound FAD (enzyme)
also appears considerably sharper due to rapid electron
exchange in the presence of mediators (figure 2). We
also note that electrochemical detection is optimum in
the potential window of - 300 to - 100 mv, close to the
quinone peak,
3.2

Interaction of redox centre of GOD with
mediators

Covalent enzyme electrode with no mediator species or
with one of the mediators shows no significant concentration dependence (for the substrate glucose). Figure 4
shows plot of ~o~/2 vs current for enzyme electrodes with
and without mediator species with glucose as substrate.
For enzyme electrode alone or with one of the mediators
present, the currents are practically same for all the three
different glucose concentrations studied (figure 4a). In
the case of the enzyme electrode with both the mediators
present as adsorbed species, there is a clear and significant
concentration dependence for the three different concert-
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Figure 2. CV of enzyme electrode with two adsorbed mediators:
riboflavin and quinone. Here three clear peaks are observed,
one reversible peak corresponding to quinone reduction and
two irreversible peaks corresponding to FAD reduction (as in
figure 1), Riboflavin peaks are out of range of the potential
range used. Scan rate: 2 mv/s.
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Figure 3. CV of enzyme electrode with adsorbed quinonc in

the presence of substrate (glucose) in a deoxygenated sample.
The peaks due to quinone are clearly seen. Scan rate: 1 mv/s.
Other conditions are similar to figure 2.
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trations of the substrate (figure 4b). This is observed
only in a deoxygenated sample. In the presence of
oxygen, no significant response can he seen in the
presence of glucose as substrate, as the oxygen acts as
the electron aceeptor (from the FADH 2 of the GOD
enzyme directly) instead of the mediators (graph not
shown).
From the above observations and from the CV of the
enzyme electrode with the mediators (figures 2 and 3),
it is clear that the second mediator riboflavin is playing
the role of mediating the electron transfer to the electrode
surface from the redox centre of enzyme via reduced
quinone. Janada and Weber (1991) have reported quinone
mediated electrochemical communication in glucose oxidase electrode immobilized in polypyrrole. A mechanism
is proposed for the electron transfer on the basis of our
experimental results.

Mechanism of electron transfer

3.3

The sequence can be described as follows:
GOD ( F A D ) + glucose --, GOD (FADH~_)
+ cLgluconolactone
GOD (FADH2) + riboflavin --~ GOD (FAD)
+ reduced riboflavin
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The final current is produced by the oxidation of the
reduced quinone and hence is oxidation current.

3.4 Performance stud>"
The performance of enzyme electrode was characterized
by checking the linearity and detection limits with the
substrate glucose using a flow-injection set-up at - 100 mv
bias potential. Figure 5 shows the plot of current values
against time on X-axis for enzyme electrode with both
the mediators for three different concentrations o f glucose
solution. This electrode showed a linearity with increasing
substrate concentration till 1 mM glucose concentration.
Essentially it is the response curve at various substrate
concentrations.
3.5

Enzyme assay

The amount of enzyme loaded onto the matrix in case
of covalent immobilization was estimated to be
0-3 units/rag of the carbon matrix, as determined by a
colorimetric assay. This corresponds roughly to about
0.2% of enzyme loading, viz., 2 lag of enzyme per mg
of carbon powder. Assuming all the glassy carbon powder
particles are all equal in size (1 lam) and using an
approximate value for the footprint size of the enzyme

reduced riboflavin + quinone ---> riboflavin
+ reduced quinone
redued quinone ~
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Figure 4. Plot of co'/: vs current tbr enzyme electrode with
or without mediators in deoxygenated samples at - 300 mv bias.
The electrode response was checked at three different concentrations of glucose solutions 0.1 mM, 0-5 raM, 1 mM. (a)The
response of enzyme electrode (no mediators) and shows no
effect of substrate concentration on the electrode response.
(b) The response of enzyme electrode with mediators. The
graph shows a small but clear concentration dependence.
(o), 0-1 raM; (l:t), 0.5 mM; (A), 1 mM glucose solution.
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Figure 5. Plot of current values against time for enzyme
electrode with both the mediators, in a flow-injection set-up,
for three different concentrations of glucose. Each concentration
of glucose was injected three times. The data files for all the
concentrations were merged and running average is taken for
the collected current values with a window size equal to the
acquisition frequency. We see a clear linearity between current
and increasing substrate concentration. The experiment was
carried out at - 1 0 0 m y bias potential in supporting electrolyte
solution (from Savitri and Mitra 1998).
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(80 x 10- ts m z as calculated geometrically from the X-ray
diffraction studies data o f Hecht et al 1993), we estimate
that approximately 40% of the surface is covered by the
enzyme. This is small and studies have been undertaken
to increase the e n z y m e loading further.
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