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Apo-glucose oxidase was reconstituted onto a pyrroloquinoline quinone and Ñavin adenine dinucleotide phosphate
(PQQÈFAD) monolayer associated with a rough Au electrode to yield a bioelectrocatalytically active glucose
oxidase, GOx. An electrically contacted PQQÈFAD/GOx monolayer was applied for the biocatalytic oxidation of
glucose in an aqueous electrolyte. Microperoxidase-11, MP-11, was assembled as a monolayer on a rough Au
electrode and used for the biocatalytic reduction of cumene peroxide in a dichloromethane electrolyte solution.
Both biocatalytic electrodes, Au/PQQÈFAD/GOx and Au/MP-11, were integrated into one system, creating a
biofuel cell using glucose and cumene peroxide as the fuel substrate and the oxidizer, respectively, in a two-phase
liquid system. The biofuel cell generates an open-circuit voltage, of ca. 1 V and a short-circuit current density,Voc ,

of ca. 830 lA cm~2. The maximum electrical power, extracted from the cell is 520 lW at an externalisc , Wmax ,
optimal load of 0.4 k). The Ðll factor of the biofuel cell, is ca. 25%. The biofuel cell based onf \Wmax É Isc~1 É V oc~1,
bioelectrocatalytic processes in two immiscible electrolytes shows a signiÐcant increase of the evaluated power in
comparison with similar electrocatalytic systems in a single-phase aqueous electrolyte.

Biofuel cells use biocatalysts for the conversion of chemical
energy to electrical energy.1 As most organic substrates
undergo combustion with the evolution of energy, the bio-
catalyzed oxidation of organic substances by oxygen at two
electrode interfaces provides a means for the conversion of the
chemical into electrical energy. Abundant organic raw
materials such as methanol or glucose can be used as sub-
strates for the oxidation processes at the anode, whereas
molecular oxygen or can act as the reduction substratesH2O2at the cathode. The extractable power (W ) of a fuel cell is the
product of the cell voltage and the cell current(Vcell) (Icell).Although the ideal cell voltage is a†ected by the di†erence in
the formal potentials of the oxidizer and fuel, irreversible
losses in the voltage as a result of kinetic limitations of elec-
tron transfer at the electrode interfaces, ohmic resistances and
concentration gradients, lead to decreased values of the cell
voltage. Similarly, the cell current is controlled by the elec-
trode sizes, the ion permeability and transport rate across the
membrane separating the catholyte and anolyte com-
partments of the biofuel cell and, speciÐcally, the rate of elec-
tron transfer at the respective electrode surfaces. These
di†erent parameters collectively inÑuence the biofuel cell
power, and for improved efficiencies the and valuesVcell Icellshould be optimized.

Biofuel cells can use biocatalysts, enzymes or whole cell
organisms for two di†erent purposes.2 (i) The biocatalysts can
generate the fuel substrates for the cell by biocatalytic trans-
formations or by metabolic processes. For example, the micro-
organism Desulfovibrio desulfuricans stimulates the metabolic
reduction of sulfate to sulÐde ions.3 The latter product acts as
the fuel substrate in the anodic compartment, where sulÐde is
being oxidized at the electrode interface to sulfate, and oxygen
is being reduced in the cathodic compartment of the fuel cell.
Other microorganisms were reported to yield hydrogen by
their metabolic activities, and this product was used as the
substrate for the conventional fuel cell.4 Alternatively,H2/O2a series of enzymes such as alcohol dehydrogenase, aldehyde
dehydrogenase and formate dehydrogenase transform meth-
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anol to carbon dioxide with the concomitant reduction of the
1,4-nicotinamide adenine dinucleotide, NAD`, cofactor to
NADH.5 The latter reduced cofactor was used as the fuel sub-
strate of the anodic compartment of the fuel cell. (ii) The bio-
catalysts participate in the electron transfer chain between the
fuel substrates and the electrode surfaces. That is, micro-
organisms, or redox enzymes, facilitate the electron transfer
between the fuel substrate and the electrode interfaces, thereby
enhancing the cell current. Most of the redox enzymes lack,
however, direct electron transfer features with conductive sup-
ports, and a variety of electron mediators (electron relays)
were used for the electrical contacting of the biocatalysts and
the electrode.6 For example, N-dimethyl-7-amino-1,2-benzo-
phenoxazinium cation, MB`, was used as an electron mediator
in the glucose oxidase biocatalyzed oxidation of glucose in a

fuel cell.7 Glucose acts as the anodic fuel and itsglucose/O2biocatalyzed oxidation to gluconic acid yields reduced glucose
oxidase The latter is oxidized by the electron(GOxÈFADH2).mediator and the resulting electron carrier, suppliesMBH2 ,
the electrons for the cathodic reduction of oxygen.

In recent years, our laboratory has been extensively
involved in the functionalization of electrode surfaces with
monolayers consisting of redox enzymes,8 electrocatalysts9
and bioelectrocatalysts10 that stimulate electrocatalytic trans-
formations at the electrode interfaces. Redox-active bio-
materials were assembled on electrode supports and were used
to activate biocatalytic electron transfer cascades, or to induce
bioelectrocatalyzed transformations.10 Reconstitution of apo-
Ñavoenzymes, such as apoglucose oxidase, onto an electron
mediatorÈFAD monolayer associated with an electrode, led to
aligned biocatalysts on electrode surfaces exhibiting e†ective
and unprecedentedly efficient electrical contact.11 Recently, we
reported on the design of biofuel cells based on the bio-
catalyzed transformations at monolayer-modiÐed elec-
trodes.12,13 The best results were achieved with a biofuel
cell13 based on glucose oxidation and hydrogen peroxide
reduction in the anodic and cathodic compartments, respec-
tively. Glucose oxidation was accomplished by the use of
glucose oxidase reconstituted onto a relayÈcofactor
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Scheme 1 Reconstitution of apo-glucose oxidase on the PQQÈFAD monolayer-functionalized electrode to yield an aligned glucose oxidase
monolayer electrode.

Fig. 1 (A) Cyclic voltammograms of reconstituted glucose oxidase
on the PQQÈFAD monolayer associated with the gold electrode : (a)
in the absence of glucose, (b) in the presence of added glucose,
5 ] 10~3 M, and the PQQÈFAD reconstituted GOx electrode. Ar
atmosphere, 0.01 M phosphate bu†er, pH 7.0, and 0.05 M TBATFB.
Potential scan rate, 5 mV s~1. (B) Cyclic voltammograms of the
MP-11-functionalized electrode : (a) vs. background electrolyte, (b) in
the presence of cumene peroxide, 5] 10~3 M. Potential scan rate,
5 mV s~1. Inset : Cyclic voltammogram of the MP-11-monolayer-
modiÐed Au electrode in the absence of cumene peroxide. Potential
scan rate, 50 mV s~1 ; Ar atmosphere ; electrolyte composed of a
dichloromethane solution with 0.05 M TBATFB.

monolayer-functionalized electrode. Bioelectrocatalyzed
reduction of hydrogen peroxide was stimulated in the
catholyte compartment using a microperoxidase-11 (MP-11)
monolayer-modiÐed electrode. Both biocatalytic electrodes
operated in aqueous electrolyte solutions separated by a
porous membrane.

Further improvement of biofuel cells could be achieved
either by the application of other biocatalytic systems or by
the use of available bioelectrocatalytic assemblies that operate
in new environments where the limiting factors of the cell per-
formance are eliminated or reduced. Enzymes,14 particularly
peroxidases,15 can function in non-aqueous solutions. Bio-
catalyzed reduction of hydroperoxides in the presence of
peroxidase15 can be applied as the cathodic process in a
biofuel cell. A horseradish peroxidase-modiÐed electrode was
applied for the biocatalytic reduction of organic peroxides in
non-aqueous solvents.16 However, the biocatalytic activity of
enzymes, particularly of horseradish peroxidase,17 is usually
lower (sometimes by an order of magnitude) in organic sol-
vents, compared to aqueous solutions. Microperoxidase-11
monolayer-modiÐed electrodes demonstrated high activity
and stability for the electrocatalytic reduction of organic
hydroperoxides in non-aqueous (acetonitrile and ethanol)
solutions compared to the reduction in an aqueous solution.9

Charge transfer processes across the interface of two immis-
cible electrolyte solutions can mimic charge transfer reactions
in living organisms. In nature, electron transfer processes fre-
quently occur between redox centers that are located in media
of di†erent polarity. Many di†erent systems with liquidÈliquid
intefaces have been studied using numerous experimental
approaches.18 Electrolysis at the interface between two immis-
cible electrolyte solutions has broad applications,19 for
example, in the basic understanding of biological membrane
phenomena, the modelling of the operation of ion-selective
electrodes based on liquid membranes,20 phase transfer cataly-
sis,21 kinetic studies of solvent extraction processes,22 etc.
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However, to our knowledge, the liquidÈliquid interface has
never been applied as a liquid membrane separating cathodic
and anodic processes in fuel cells.

Here we report on a novel biofuel cell conÐguration based
on the biocatalyzed oxidation of glucose by cumene peroxide
with the charge transfer occurring at the liquidÈliquid inter-
face of the immiscible solvents. The fuel cell consists of a
glucose oxidase enzyme electrode generated by the reconstitu-
tion of the apo-protein on a pyrroloquinoline quinoneÈÑavin
adenine dinucleotide phosphate, PQQÈFAD, monolayer
associated with an Au electrode. The resulting aligned enzyme
on the electrode support is used as a bioelectrocatalytic inter-
face for the oxidation of glucose in the aqueous anolyte com-
partment. A microperoxidase-11 monolayer assembled on an
Au electrode is used as a catalytic electrode for the reduction
of cumene peroxide in a dichloromethane solution acting as
the catholyte compartment.

Results and discussion
The assembly of the aligned glucose oxidase, GOx, monolayer
on a rough Au electrode (roughness factor ca. 20) is shown in
Scheme 1. Prior to the reconstitution process, the functional-
ized monolayer shows11 two reversible redox waves at
E0 \ [0.125 V and E0 \ [0.50 V (at pH\ 7.0), correspond-
ing to the two-electron redox processes of PQQ and FAD,
respectively. By integration of the charge associated with the
PQQ and FAD redox units, the surface densities of these
components were estimated to be ca. 1 ] 10~11 mol cm~2.
Reconstitution of the enzyme on the PQQÈFAD monolayer
yields a bioelectrocatalytically active monolayer interface for
the bioelectrocatalyzed oxidation of glucose.11 The surface
density of the protein on the electrode surface was estimated11
to be ca. 1.7] 10~12 mol cm~2 (vs. real electrode area). Using
the footprint dimension of GOx (58 nm2),23 the surface cover-
age of the electrode by the enzyme corresponds to a random
densely packed enzyme monolayer assembly. Fig. 1(A) shows
the cyclic voltammograms of the reconstituted-GOx-mono-
layer electrode in the absence and presence of added glucose
(scan-rate 5 mV s~1). With glucose, an electrocatalytic anodic
current is observed, curve b, implying the e†ective bio-
electrocatalyzed oxidation of glucose by the biocatalytic
enzyme-monolayer electrode. The anodic current transduced
by the reconstituted GOx-monolayer electrode is unprece-
dentedly high, and it is not a†ected by oxygen.11 In a previous
report11 we estimated that the GOx biocatalyst reconstituted
on the PQQÈFAD monolayer operates with a turnover rate of
electron transfer (600 ^ 100 s~1 at 25 ¡C) close to the value of
the native enzyme with dioxygen as the electron acceptor.24
This extremely efficient electrical contact of reconstituted
apo-GOx with the electrode was attributed to the alignment
of the biocatalyst on the conductive support and to the vecto-
rial PQQ-mediated electron transfer between the FAD site
and the electrode, Scheme 1. Oxidation of glucose by the bio-
catalyst yields the reduced redox site. The PQQFADH2mediates oxidation of and is further regenerated byFADH2the electron transfer to the electrode. As the quinone is
exposed to the electrode surface, its rapid oxidation by the
conductive support enables the cyclic electrochemically
induced oxidation of glucose. The following reaction scheme
[eqn. (1)È(3)] accounts for the PQQ-mediated bio-
electrocatalyzed glucose oxidation.

ElectrodeÈPQQÈFADH2ÈGOx ÈÈÈÈÕkFADhPQQ

ElectrodeÈPQQH2ÈFADÈGOx (1)

ElectrodeÈPQQH2ÈFADÈGOx ÈÈÈÕkPQQ

ElectrodeÈPQQÈFADÈGOx ] 2H`] 2e~

(to the electrode) (2)

ElectrodeÈPQQÈFADÈGOx] Glucose ÈÈÈ Õkcat

ElectrodeÈPQQÈFADH2ÈGOx] Gluconic acid (3)

In this scheme and represent the rate con-kFADhPQQ , kPQQ kcatstants for the electron transfer from the reduced FAD to
PQQ, from the reduced PQQ to the electrode, and the bio-
catalyzed reduction of FAD by glucose, respectively. It should
be noted that previous reports25 have addressed the electrical
contacting of glucose oxidase with an electrode by the cova-
lent attachment of electron-relay groups to the protein, or by
the immobilization of the biocatalyst in a redox polymer.
Nonetheless, these electrically contacted biocatalytic
assembles are far less efficient than the aligned reconstituted
glucose oxidase conÐguration.

Microperoxidase-11, MP-11, is an oligopeptide consisting
of eleven amino acids and a covalently linked FeIIIÈ
protoporphyrin IX heme site. The oligopeptide is obtained by
the controlled hydrolytic digestion of cytochrome c and rep-
resents the structure of the active site microenvironment of
cytochrome c.26 The electrochemistry of microperoxidase-11
has been well studied.27 We have previously reported on the
assembly of an MP-11 monolayer on an Au electrode,28,29
and on the bioelectrocatalytic features of this monolayer in
the reduction of and organic peroxides.9 Scheme 2H2O2 28
shows the method to assemble the MP-11-monolayer elec-
trode. It consists of the covalent coupling of the oligopeptide
to a base cystamine monolayer in the presence of EDC. Pre-
vious mechanistic studies29 indicate that MP-11 is linked to
the electrode by two di†erent conÐgurations. One conÐgu-
ration involves the covalent linkage of a glutamate carboxylic
acid residue to the base cystamine monolayer, whereas the

Scheme 2 Assembly of the MP-11-monolayer-modiÐed electrode.
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Scheme 3 Schematic conÐguration of a biofuel cell operating in a
two-phase liquid system employing glucose and cumene peroxide, 1,
as the fuel and oxidizer, respectively, and PQQÈFAD/GOx- and
MP-11-functionalized electrodes as the biocatalytic anode and
cathode, respectively, separated by a liquidÈliquid interface.

second conÐguration includes the covalent attachment of car-
boxylic acid residues linked to the porphyrin site. Fig. 1(B)
(inset) shows the cyclic voltammogram of the resulting MP-11
monolayer in a dichloromethane electrolyte. A quasi-
reversible redox wave of the heme center of MP-11 is
observed at E¡ \ [0.30 V (vs. aqueous SCE). Coulometric
assaying of the redox wave indicates a surface coverage of ca.

Fig. 2 (a) Potential of the PQQÈFAD/GOx-modiÐed electrode as a
function of glucose concentration in 0.01 M phosphate bu†er, pH 7.0,
and 0.05 M TBATFB. (b) Potential of the MP-11-functionalized elec-
trode as a function of cumene peroxide concentration in a dichloro-
methane solution, 0.05 M TBATFB. Potentials were measured vs.
aqueous SCE: potentials measured in solutions saturated with(…)
air, potentials measured in solutions after bubbling of argon.(L)
Note that for (a) the potentials measured with air and Ar almost
coincide.

Fig. 3 (A) Biofuel cell voltage at di†erent external loads. (B) Current
developed by the cell at di†erent external loads. Data recorded using
the PQQÈFAD/GOx- and MP-11-functionalized electrodes and
cumene peroxide, 1] 10~3 M, as the substrate solution in the
cathodic compartment, and glucose, 1 ] 10~3 M, as the substrate
solution of the anodic compartment. The background electrolyte in
the anodic compartment was aqueous 0.01 M phosphate bu†er, pH
7.0, and 0.05 M TBATFB. The background electrolyte in the cathodic
compartment was a dichloromethane solution with 0.05 M TBATFB.

3 ] 10~10 mol cm~2 (vs. real electrode area). Fig. 1(B) shows
the cyclic voltammograms of the MP-11-functionalized elec-
trode in the absence of an organic peroxide (curve a), and in
the presence of added cumene peroxide, 1 (curve b). The
observed electrocatalytic cathodic current indicates the e†ec-
tive bioelectrocatalyzed reduction of cumene peroxide by the
functionalized electrode. The sequence of electron transfers
leading to the reduction of the peroxide is summarized in eqn.
(4) and (5)

ElectrodeÈMP-11(Fe3`) ÈÈÈ ÕkMPv11
ElectrodeÈMP-11(Fe2`) (4)

ElectrodeÈMP-11(Fe2`) ] Cumene peroxide, 1

ÈÈÈ Õkcat
ElectrodeÈMP-11(Fe3`) ] Cumene alcohol, 2 (5)

In these reactions and represent the rate constantskMPv11 kcatof the electrochemical reduction of MP-11 and further cata-
lytic reduction of the organic peroxide by the reduced state of
MP-11, respectively.

The electrocatalyzed reduction of cumene peroxide by the
MP-11-monolayer electrode and the e†ective bioelectro-
catalyzed oxidation of glucose by the reconstituted-GOx-
monolayer electrode enables us to design a biofuel cell using
cumene peroxide and glucose as the cathodic and anodic sub-
strates, respectively, and to operate in two immiscible electro-
lyte solutions, as shown in Scheme 3. The MP-11-monolayer
electrode acts as the cathode, whereas the GOx-monolayer
electrode is the anode of the biofuel element. For the opti-
mization of the biofuel cell element, the potentials of the
monolayer-modiÐed electrodes as a function of the concentra-
tion of the cathodic and anodic substrates were determined
versus the aqueous SCE reference electrode. Fig. 2 shows the
potential of the GOx-monolayer electrode at di†erent concen-
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Fig. 4 CurrentÈvoltage behavior of the biofuel cell. Inset : Electrical
power extracted from the biofuel cell at di†erent external loads.

Fig. 5 Stability of the biofuel cell output : (A) voltage and (B) current,
as a function of time upon operation of the cell at the optimal load of
0.4 k).

trations of glucose in the aqueous electrolyte solution (curve
a) and the potential of the MP-11-monolayer electrode at dif-
ferent concentrations of cumene peroxide in the dichloro-
methane electrolyte solution (curve b). The potentials of the
GOx-monolayer electrode and of the MP-11-monolayer elec-
trode become more negative and more positive, respectively,
as the concentrations of the glucose and cumene peroxide are
respectively elevated. The potentials of the electrodes reveal
Nernstian-type behavior, showing a logarithmic increase and
reaching saturation at a high concentration of the substrates.
For our speciÐc system, the saturation potentials of the anode
and cathode are reached at ca. 1 ] 10~3 M of glucose and
1 ] 10~3 M of cumene peroxide, respectively. From the satu-
rated potential values of the GOx- and MP-11-monolayer
electrodes, the theoretical limit of the open-circuit voltage of
the cell is estimated to be ca. 1 V. It should be noted that the
potentials extrapolated to zero concentrations of the sub-
strates show a large di†erence, ca. 700 mV, which results from
the potential jump at the liquidÈliquid interface. The poten-
tials of both biocatalytic electrodes were measured in solu-
tions saturated with air and after bubbling of argon. In the
case of the GOx-monolayer electrode (anode), the presence of
dioxygen in solution does not a†ect the potential developed
by the electrode since the vectorial electron transfer from GOx
to the electrode via the PQQ mediator competes successfully
with the electron transfer from GOx to dioxygen.11 The
potential developed by the microperoxidase-11-monolayer-
modiÐed electrode (cathode) is slightly more positive in the
presence of dioxygen since both oxidizers, cumene peroxide
and are reduced by the electrode. However, the di†erenceO2 ,
between the potentials developed by the cathode in the pres-
ence and absence of is insigniÐcant, especially when theO2cumene peroxide concentration is higher than 0.1 M. Since the
e†ect of on the function of the biofuel cell is not signiÐ-O2cant, we studied the cell operation in the presence of O2 .

The biofuel cell performance was examined at the concen-
tration corresponding to 1 ] 10~3 M of each of the two sub-
strates : fuel and oxidizer. Fig. 3(A) shows the cell voltage at
variable external loads. The cell voltage Ðrst increases and
then levels o†, at an external load of ca. 5 k), to a constant
value of ca. 1 V. It should be emphasized that the high voltage
developed by the cell results from the potential di†erence
existing at the liquidÈliquid interface. Fig. 3(B) shows the
resulting current in the cell at variable external loads. Upon
increase of the external load, the current drops and almost
reaches zero at an external load of 10 k). Fig. 4 shows the
currentÈvoltage behavior of the biofuel cell at di†erent exter-
nal loads. The ideal voltageÈcurrent relationship for an elec-
trochemical generator of electricity is rectangular.30 The linear

Table 1 Characteristic parameters of biofuel cells based on Au electrodes modiÐed with biocatalyst monolayers

Short- Electrical
Open- circuit power at Optimal
circuit current optimal loading Catholyte/

Cathodic Anodic voltage, Voc/ density, isc/ resistance/ resitance/ Electrolyte anolyte
biocatalyst Oxidizer biocatalyst Fuel mV lA cm~2 lW k) system separation Reference

Microperoxidase-11 H2O2 PQQ NADH 320 30 8 3 0.1 M Tris-HCl Glass frit 12
bu†er, pH
8.0, ]0.02
M CaCl2

Microperoxidase-11 H2O2 PQQÈFAD Glucose 310 114 32 2 0.1 phosphate Glass frit 13
reconstituted bu†er,
GOx pH 7.0

Microperoxidase-11 Cumene PQQÈFAD Glucose 990 830 520 0.4 Dichloromethane LiquidÈ Present
peroxide reconstituted ]0.05 TBATFB/ liquid work

GOx aqueous interface
0.01 M
posphate
bu†er,
pH 7.0
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dependence observed for the biofuel cell has a signiÐcant devi-
ation from ideal behavior and yields a Ðll factor for the biofuel
cell, equal to ca. 25%. The theory of thef\Wmax É Isc~1 É V oc~1,
various types of overvoltages that produce non-rectangular
V ÈI relationships has been addressed in detail by Vetter31 and
Delahay.32 In the present case, the observed deviation results
from mass transport losses,31,32 reducing the cell voltage
below its reversible thermodynamic value. The power
extracted from the biofuel element is shown(W \ Vcell É Icell)in Fig. 4 (inset) for di†erent external loads. The maximum
power corresponds to 520 lW at an external load of 0.4 k).

The stability of the biofuel cell was examined as a function
of time at an optimal loading resistance of 0.4 k) (Fig. 5). The
voltage and current generated by the cell decrease by ca. 4%
and 8%, respectively, after ca. 3 h of cell operation. This
decrease in the cell power is attributed mainly to the depletion
of the fuel and the oxidizer substrates. Thus, the biofuel cell
demonstrated quite good stability. Comparison of character-
istic parameters of the biofuel cell with recently published
systems (Table 1) reveals the signiÐcant improvement achieved
in the present system.

Conclusions
The present paper describes the use of monolayer-
functionalized electrodes as catalytic interfaces for the organ-
ization of fuel cell elements. SpeciÐcally, it addresses the use of
a glucose oxidase layer reconstituted onto a pyrroloquinoline
quinone and Ñavin adenine dinucleotide phosphate, PQQÈ
FAD, monolayer, associated with a rough Au electrode as a
bioelectrocatalytic interface for the oxidation of glucose. The
system consists of the glucose-oxidase-monolayer electrode
acting as anode, and a microperoxidase-11-monolayer elec-
trode acting as cathode. The glucose-oxidase-monolayer elec-
trode drives the bioelectrocatalyzed oxidation of the glucose
fuel substrate, whereas the microperoxidase-11 acts as the
cathode for the biocatalyzed reduction of cumene peroxide.
The cell operates in a two-phase system consisting of two
immiscible electrolytes and the liquidÈliquid interface. Any
hydroperoxide can be used in the system as long as it is
soluble in the organic oil phase, but insoluble in water. The
phase separation of the fuel and oxidizer is the basic concept
for the enhanced efficiency of the cell. The cell revealed an
open-circuit voltage of ca. 1 V and a short-circuit current
density of ca. 830 lA cm~2. The maximum power output of
the cell is 520 lW at an optimal loading resistance of 0.4 k).

Experimental
Apo-glucose oxidase, apo-GOx, was prepared by a modiÐ-
cation of the reported method.33 The glucose oxidase, GOx
(from Aspergillus niger, E.C. 1.11.3.4), was dissolved in 0.025
M sodium phosphate bu†er, pH \ 6.0, 3 mL, that included
30% glycerol (v/v). The solution was cooled to 0 ¡C and acid-
iÐed to pH \ 1.7 with a 0.025 M sodium phosphateÈH2SO4 ,
pH \ 1.1, that included 30% glycerol. The resulting solution
was loaded on a Sephadex G-25 column (1.6] 22 cm). The
protein was eluted with 0.1 M sodium phosphate solution,
pH \ 1.7, that included 30% glycerol. The eluted fractions
were spectrophotometrically analyzed (j \ 280 nm) and the
samples containing the protein were combined. Dextran-
coated charcoal was added to the protein solution. The pH of
the mixture was adjusted to pH \ 7.0 with 1 M NaOH and
the solution was stirred for 1 h at 4 ¡C. The resulting solution
was centrifuged (3400 rpm for 5 min) and Ðltered through a
0.45 lm Ðlter. The resulting solution was dialyzed against a
0.1 M sodium phosphate bu†er solution, pH \ 7.0.

An amino-functionalized FAD derivative, N6-(2-amino-
ethyl)-FAD, was synthesized according to the recently

published procedure.34 Pyrroloquinoline quinone (PQQ),
microperoxidase-11, (MP-11), cystamine, 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and all other
reagents and solvents were purchased from Aldrich. Ultrapure
water from a Nanopure (Barnstead) source was used through-
out this work.

Gold electrodes (0.4 cm diameter disks, embedded in TeÑon
holders) were used for electrochemical measurements. Prior to
the modiÐcation and measurements, they were cleaned
according to a published technique35 and roughened by treat-
ment with mercury, followed by dissolution of the amalgam
layer in nitric acid.36 Cleanness of the electrodes and rough-
ness coefficients of their surfaces were determined by cyclic
voltammetry in 0.1 M Typical roughness coeffi-H2SO4 .37
cients of the electrode surfaces after roughening were ca. 20.
The electrode modiÐcation with a base cystamine monolayer,
and further covalent coupling of the PQQ, was performed
according to the published procedure.36 The covalent coup-
ling of the N6-(2-aminoethyl)-FAD to the PQQ-monolayer-
modiÐed electrode was performed by soaking the electrodes in
HEPES [4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid,
sodium salt] bu†er solution (0.1 M, pH \ 7.2) that contained
5 ] 10~4 M N6-(2-aminoethyl)-FAD and 1] 10~3 M EDC
for 2 h at room temperature. Then the electrodes were thor-
oughly rinsed with water, examined with cyclic voltammetry,
and used for reconstitution of the apo-GOx. The reconstituted
GOx-monolayer electrodes11 were prepared by treatment of
the FADÈPQQ-monolayer-modiÐed electrodes with the apo-
GOx, 4 mg mL~1, in 0.1 M phosphate bu†er, pH \ 7.0, for
4 h at 25 ¡C and 12 h at 4 ¡C. The electrodes were then rinsed
by shaking in 0.1 M phosphate bu†er, pH \ 7.0, at 4 ¡C for
1 h to eliminate any non-speciÐc adsorbates.

Amino groups of the adsorbed cystamine monolayer were
used for covalent coupling with carboxylic functions of the
microperoxidase-11 in the presence of EDC in 0.05 M HEPES
bu†er, pH 7.3, for 2 h according to published procedures.28,29

The PQQÈFAD/reconstituted-GOx- and MP-11-mono-
layer-modiÐed electrodes were characterized by applying
cyclic voltammetry using a potentiostat (EG&G VersaStat)
connected to a personal computer (EG&G research electro-
chemistry software model 270/250). Cyclic voltammetry was
performed under argon at room temperature in a three-
compartment electrochemical cell consisting of the glucose-
oxidase- or MP-11-modiÐed electrode as the working
electrode, a glass carbon auxiliary electrode isolated by a glass
frit, and a saturated calomel electrode (SCE) connected to the
working volume with a Luggin capillary. Cyclic voltammetry
study of the GOx-modiÐed Au electrode was performed in an
aqueous electrolyte solution composed of 0.01 M phosphate
bu†er, pH 7.0, and 0.05 M tetrabutylammonium tetra-
Ñuoroborate (TBATFB). A dichloromethane solution of 0.05
M TBATFB was used as a background electrolyte for the
cyclic voltammetry study of the MP-11-modiÐed Au electrode.
Cyclic voltammograms and potentiometric measurements for
each modiÐed electrode, in the presence of the corresponding
substrate (glucose for the PQQÈFAD/reconstituted GOx elec-
trode and cumene peroxide, 1, for the MP-11-modiÐed
electrode) are reported vs. an aqueous SCE.

The PQQÈFAD/reconstituted-GOx-modiÐed electrode was
immersed into the aqueous 0.01 M phosphate bu†er, pH 7.0
(upper layer) and the MP-11-modiÐed Au electrode was
immersed into the dichloromethane, 0.05 M TBATFB electro-
lyte (lower layer). The substrates (glucose and cumene
peroxide) were added to the corresponding compartments of
the cell. Air dissolved in the electrolyte solutions was not
removed by any means. The voltage and the current generated
by the cell were measured between the two modiÐed elec-
trodes by applying an external variable load resistance and by
using a Keithley Autoranging Microvolt DMM (Model 197)
for the respective voltage and current measurements.
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