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Glucose Amperometric Biosensor Based on the Co-immobilization of Glucose Oxidase (GOX)

Pablo A. Fiorito and Susana |. Cérdoba de Torresi :

Neste trabalho é apresentada a co-imobilizagdo de GOx e ferroceno numa matriz polimérica
através de um método simples de uma etapa. Esse procedimento para aimobilizacdo de ferroceno
como mediador dareagéo enziméticando envolve amodificagio do mondmero ou daenzima, o que
poderia levar a perda de sua atividade. A incorporacdo de ferroceno se traduz no incremento da
sensibilidade, comparado ao sensor sem mediador redox (1,5 vs0,23 pA mmol-1 L cmr2) ediminuicio
do potencial de trabalho até 0,4 V. O sensor desenvolvido mostra respostalinear até 10 mmol L1 e
um tempo de respostade 2 s, lém de razoavel estabilidade depois de uma semana de uso.

The co-immobilization of GOx and ferrocene in a polymeric matrix by a one-step simple
method is presented. This procedure to immobilize ferrocene as mediator implies the absence of
modification of the monomer or the enzyme that would lead to the loss of its activity. Ferrocene
incorporation results in an increase of sensitivity compared with the sensor prepared without the
redox mediator (1.5 vs 0.23 pA mmol-1 L cm2) and the decrease of the working potential to 0.4
V. The prepared sensor shows linear response till 10 mmol L 1 and response time of 2 s, in
addition to reasonable stability after one week.
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I ntroduction

The devel opment of amperometric biosensorsis one of
the major areas of interest concerning research in the
detection of substances. Amperometric sensors based on
oxidase enzymes that generate H,O, are the most widely
used biosensors, the transduction path being the
electrochemical oxidation of the peroxide formed in an
enzyme reactionl. In this case, the electrode response is
dependent on oxygen concentration in the reaction medium.

The development of glucose amperometric biosensorsis
related to a primary commercia purpose and many efforts
have been devoted to the fabri cation of compact portable units
for personal use by diabetics?. One serious problem that must
be overcome for the use of a glucose biosensor in
physiological samplesisthe presence of metabolites, such as
ascorbic and uric acids, that present positive interference due
to thefact that they are oxidized at the same potential asH,O.,.
Moreover, the peroxidethat is generated isharmful for GOx,
limiting the biosensor’s performance. Oneviable solution for
these problems is to replace the natural electron acceptor of
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glucose oxidase (O,) by electroactive compounds that will
act asredox mediators. These compoundswill allow to work
at lower potentials, avoiding in this way undesirable
interferences. Redox mediators must present some
characteristics that are required for the good performance of
the biosensor, such as: i) fast reaction with the enzyme; ii)
reversible electron transfer kinetics; iii) low overpotential
regeneration; iv) electrochemical properties independent on
pH; v) stability of both oxidized and reduced forms; vi) no
reaction with oxygen; vii) absence of toxicity.

Biosensors based on ferrocene derivatives3->, quinone
derivatives®?, organic conducting saltssuch as TTF-TCNQ8°
and on osmium(I1) complexes 10 have been reported.

A simple method to immobilize the enzyme and the
mediator on an e ectrodeisthe dectrodeposition of conducting
polymers, such as polypyrrole (Ppy), from solutions
containing the monomer (pyrrole), the biomolecule and the
mediator!l. This procedureis usually carried out in agueous
solutionsand is performed by applying apositive potential to
a conducting substrate and following the electropoly-
merization current. The main advantages of this one-step
method are: the control of spatial distribution of enzyme, the
miniaturization of devices and the possibility of preparing
multi-enzyme structures.
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As mentiored above, suitable candidates for acting as
redox mediators are ferrocene and its derivatives but most
of them present poor solubility in aqueous medig;
consequently, the functionalization of the monomer, the
grafting of the enzyme or the modification of the electrode
surface with ferrocene are required12-14,

Inearly work, Foulds and L owel2 employed ferrocene-
modified pyrrole polymers to build a glucose biosensor.
Schuhmann?3 used ferrocene modified glucose oxidase,
both of them attached to each other via long and flexible
spacer chains within conducting polymer films. Katz et
al 1516 reported the preparation of a glucose biosensor by
removing FAD (flavine adenine dinucleotide) from GOx
and reintroducing the ferrocene-modified FAD again into
the GOx. In this way, authors improved the electrical
communication between the el ectrode and the reconstituted
enzyme. Okawa et al .14 derivatized el ectrode surfaceswith
anchored ferrocene via long poly(oxyethylene) chains.

All the immobilization methods presented above
involve very complicated chemical reactions and, in most
cases, the modification of the enzyme with the mediator,
which would lead to aloss of enzymatic activity.

Entrapping the mediator and theenzymein the polymeric
matrix by a one-step method is a rather simple approach.
Iwakuraet al .5 reported the el ectropolymerization of pyrrole
incorporating GOx and ferrocenecarboxylate as redox
mediator. However, the use of soluble or partialy soluble
ferrocene derivatives can provoketheleskage of the mediator
from the electrode to the solution bulk. This process would
lead to the decrease of thelifetime of theelectrode. Itisalso
incompatible with “ in vivo” measurements.

In this paper, an alternative procedure for the co-
immobilization of GOx and ferrocene in an electro-
chemically generated polypyrrole matrix is presented.

Experimental

Materials

Glucose oxidase (E.C. 1.1.3.4), type VII, from
Aspergillium niger, 162,000 units/g solid, was purchased
from Sigma. Pyrrole from Aldrich was distilled prior to
use and stored under N, atmosphere at -4°C. Glucose
(Synth) and KCI (CIRQ) were of analytical gradeand were
used without further purification. Glucose solutions were
allowed to mutarotate overnight. All solutions were
prepared using ultra-pure water (Elga System UHQ).

Instrumentation

Electrochemical measurements were performed with
an Autolab PGSTAT30 (Ecochemie) potentiostat/
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galvanostat running under the GPES 4.7 software. All
potentials are referred to a Ag/AgCI electrode from BAS
(Bioanalytical Systems), while platinum was employed as
the auxiliary electrode.

Raman experiments were performed with a Renishaw
Raman I maging System 3000 coupled with an He-Nelaser
(SpectraPhysics, mod. 127, Ay = 632.8 nm), equipped with
an Olympus metallurgical microscopeand aCCD detector.
Laser power was kept below 0.7 mW at the sampleto avoid
thermal degradation.

Biosensor preparation

a) Ppy/GOx hiosensor: The el ectrode was prepared by
polarizing a Pt electrode (¢ = 1.5 mm, BAS, A = 0.0177
cm?) at 0.85 V in an aqueous 0.05 mol L1 pyrrol + 0.1
mol L"1 KCl + 5 mg mL-1 GOx solution. The electropoly-
merization was carried out in an electrochemical micro-
cell (200 pL) using a coiled Pt wire as counter electrode
and Ag/AgCI asreference.

b) Ppy/GOx/ferrocene biosensor: The €electrode was
prepared by polarizing a Pt electrode (¢ = 1.5 mm, BAS,
A = 0.0177 cm?) at 0.85 V in a water/ethanol (1:1 v/v)
suspension containing the ferrocene (Aldrich), the
monomer, and the enzyme. Ethanolic mixtures were
prepared by the following procedure: a 10 mg mL-1 GOx
+0.1mol L-1KCI + 0.1 mol L1 pyrrol agueous solution
was mixed with a 6x10-3 mol L1 ferrocene alcoholic
solution in the proportion 1:1 v/v to give a5 mg mL-1 GOx
+0.05mol L-1KCl +0.05 mol L1 pyrrol +3x103mol L1
ferrocene H,O/ethanol suspension. At this point, attention
must be called to the fact that GOx-H,O/ethanol
suspensions have been reported earlierl” with no significant
loss of enzyme activity.

Amperometric measurements

Tests of the biosensor’sresponseto glucose werecarried
out in a conventional three-electrode electrochemica cell
(5 mL) containing a stirred phosphate buffer solution (0.1
mol L1, pH = 7.0) aselectrolyte. Before successive additions
of glucose, the electrode was polarized at different working
potentiastill the stabilization of the background current.

Results and Discussion

Electropolymerization of polypyrrole (Ppy) wascarried
out from a H,Ofethanol suspension with the aim of
incorporating ferrocene in the polymeric matrix, to play
therole of redox mediator in the el ectron transfer between
the enzyme and the electrode. Under these experimental
conditions, the polymerization yield was lower than in the
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case of Ppy formed from agueous solutions. Films of
0.017 C cm 2 were formed on Pt substrates, this being the
optimum charge determined for glucose detection at its
physiological concentration. It has been seen that thicker
films reduce the performance of the electrode, probably
due to mass transport of glucose inside the polymeric
matrix. To achieve this charge density, 120s were needed
when the ethanolic suspension was used whileonly 10swere
enough to form the film from agueous solutions. This
procedureled to avery thin and completely transparent film,
such that the characteristic redox peaks of the Ppy/Ppy*
couplewere not well defined and masked by the Fo/Fc* peak.

Raman spectroscopy was used to characterize thefilms
formed and to corroborate the presence of polypyrrole on
the electrode. On the other hand, the polymerization of
pyrrole from alcoholic solutions is not common and there
isalack of information about the physical characteristics
of the films prepared by this method. Figure 1 shows the
Raman spectra of a Ppy film formed from a H,O/ethanol
suspension and the Ppy/GOx/ferrocene electrode; the
spectrum of Ppy prepared from aqueous solution is also
depicted for comparison. It is well known from the
literature!8 that polypyrrole films prepared from agueous
solutions are less conductive than Ppy formed from
acetonitrile electrolytes. Attempts have been madetorelate
some Raman features to this loss of conductivity;
specifically, in high-conductive Ppy films!9, the broad band
appearing in the 1000-1050 cmr1 frequency range, assigned
to the C-H in plane deformation, presents a well defined
doublet at 1045 and 1081 cmL. It was observed that in less
conducting filmstheintensity of thelatter band diminishes
or almost disappears. In addition, the intensity of the C=C
backbone stretching mode at 1586 cm™® also diminishes.
As can be seen, and in agreement with already reported
data?0, the relative intensity of the band at 1081 cml is
lower in the Ppy spectrum (Figure 1a) and almost
disappearsin the Ppy prepared from the ethanolic mixture
(Figure 1b). On the other hand, the band located at
1586 cm1 becomes asymmetric, with ashoul der extending
into the region below 1500 cm'l. These facts
unambiguously show the lower electronic conductivity of
this film when compared with Ppy prepared in aqueous
solution. They could be related to the presence of alcohol
in the polymerization media which would provoke
nucleophilic attack on the polymeric chains, leading to the
lower conductivity of the films. These features can also
explainthelow polymerizationyield for Ppy filmsin H,O/
ethanol solutions, demanding longer times to achieve a
specific charge. Figure 1c depicts the Raman spectrum of
the Ppy/GOx/ferrocene film. Attention must be paid to the
absence of the characteristic bands related to ferrocene or
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GOx. At this point, it must be remembered that the
excitation radiation was Ay = 632.8 nm and, in this case,
theferroceneisout of resonant conditions while the bands
corresponding to the polymer are enhanced because of the
resonant Raman effect. Nevertheless, some interesting
points regarding this spectrum can be remarked. The band
at 1081 cm1 can beresolved, although with lower intensity
than in the case of PPy formed in agueous solution. The
C=C band disappears, showing only a shoulder extending
below 1500 cmL. Apparently these films are less resistive
than the Ppy formed in H,O/ethanol mixtures, probably
due to the presence of ferrocene.
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Figure 1. Raman spectra of (a) Polypyrrole film prepared from 0.1 mol L1
KCl agueous solution, (b) Polypyrrole film formed from 0.1 mol L2 H,O/
ethanol solution, and (c) Polypyrrole/GOx/ferrocene film prepared from
0.1 mol L-1 KCI + 0.003 mol L1 ferrocene + 10 mg mL- GOx H,0/
ethanol suspension.

Figure 2 shows the current response of the Ppy/GOx
(filled circles) and Ppy/GOx/Ferrocene (open circles)
biosensorsasafunction of the applied potential for 5.6 mmol
L-1 glucosein phosphate buffer solution (0.1 mol L1, pH=7).
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It can be seen that for all potentials the current obtained
with the biosensor containing ferrocene is ca. three times
higher than that for the Ppy/GOx biosensor. Moreover, it
must be pointed out that the response begins to increase at
0.3V and reaches the maximum value at 0.4V (Ppy/GOx/
Ferrocene) or at 0.5V (Ppy/GOx), showing a plateau after
these values. Thus, theincorporation of the redox mediator
allows the optimum working potential for glucose
determination to be lowered.
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Figure 2. Effect of the applied potential on the current response of (®)
Ppy/GOx and (O) Ppy/GOx/ferrocene biosensorsin 5.6 mmol L1 glucose
in buffered (pH=7.0) solution, saturated with air.

Figure 3 shows typical linear range calibration curves
for both, GO (filled circles) and GOy /ferrocene (opencircles)
biosensors, showing that they extend up to 10 mmol L-1
glucose. The sensitivity obtained for the electrode
containing the redox mediator is 1.5 uA mmol-1 L cm2
and was measured at 0.4 V; the value shown by the Ppy/
GOx biosensor is 0.23 pA mmol L cm™2, at a working
potential of 0.65 V. This fact shows that the presence of
ferroceneincreasesthe biosensor’s performance by afactor
of 7, evenworking at apotential 250 mV lower thaninthe
case of the Ppy/GOx hiosensor. Attention must be paid to
the sensitivity obtained with the Ppy/GOx/Ferrocene
electrode prepared by thismethod. By comparing literature
dataon biosensors containing ferrocene, it can be concluded
that our results are very good and the preparation method
very promising, mainly due to its simplicity. Katz et all6
reported a sensitivity of ca. 0.75 pA mmol-1 L cm2
working at 0.35V (vs. SCE) and similar values (0.625 pA
mmol-1 L cm2) were found by Foulds and Lowe!?
measuring at 0.3 V. All these biosensors perform better
than the Ppy/GOx electrode but they are worse than the
electrode prepared from ethanolic solutions. Very much
higher sensitivities are obtained with biosensors prepared
by immobilizing ferrocene containing siloxane copolymers
and GOXx in carbon paste el ectrodes?L, but it must be taken
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into account that, in this case the amount of immobilized
enzyme goes up to 5mg.
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Figure 3. Calibration plots for glucose obtained for (®) Ppy/GOx
measured at 0.65 V and (O) Ppy/GOx/ferrocene measured at 0.4 V in
stirred buffered (pH=7.0) solutions, saturated with air.

Figure 4 shows the amperometric response of the
biosensor at 0.65 V both in air and No-saturated buffer
solutions. It can be seen that the signal obtained is higher
in N,-saturated mediathan in air. Thisis another evidence
of the redox mediation of ferrocene. The absence of the
well known competition with oxygen in the enzyme re-
oxidation reaction allows for a stronger signal in the N-
saturated solution. In thisfigureit can a so be seen that the
biosensor shows a very good response time (ca. 2s); this
must be related to the immobilization of the enzymein a
very thin film generated by the present method.
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Figure 4. Amperometric response obtained at 0.65 V with the Ppy/GOx/
ferrocene biosensor in N, and air saturated buffer solutions. Each current
step corresponds to an increase of 2 mmol L1 in glucose concentration.

Regarding the stability of the system, some tests were
carried out with Ppy/GOx/ferrocene biosensors stored in
phosphate buffer (pH =7) solutions at 4°C . A cdlibration
curvewas performed every day during aperiod of 2 weeks.
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During the first 3 days, a loss of current of ca 25% was
observed; after that, the signal was stable till day 8. From
thispoint on, the electrical signal became very noisy and it
was not possible to follow the measurements. This was
attributed to the possible swelling process of the polymeric
matrix that would lead to theloss of el ectric contact between
the polymer and the substrate. This problem can be
overcome by storing the electrode in dry conditions.

Conclusions

A novel and simple method, not involving enzyme or
monomer modifications, for the co-immobilization of
ferrocene and GOx in a poly(pyrrole) matrix for use as
glucose biosensor was presented. In spite of the low
conductivity of the polypyrrolefilm formed, the biosensor’s
performance is better than that of other devices reported
dueto redox mediation of ferrocenethat lowesthe working
potential to 0.4 V.

The characterization of the polymer prepared from an
ethanolic suspension shows that, evidently, the presence of
acohol interferes in the polymerization kinetics. However,
this plays a beneficial role because it leads to the efficient
immobilization of both, the enzyme and the ferrocene, in
very thin electroactive films. This fact improves the
biosensor’s time response, avoiding mass transport effects.
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