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Biofuel cell based on glucose oxidase and microperoxidase-11
monolayer-functionalized electrodes
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Apoglucose oxidase was reconstituted onto a pyrroloquinoline quinone and flavin adenine dinucleotide
phosphate, PQQ–FAD, monolayer associated with a rough Au electrode to yield a bioelectrocatalytically
active glucose oxidase, GOx. Electrically contacted PQQ–FAD/GOx monolayer was applied to the
biocatalytic oxidation of glucose. A microperoxidase-11, MP-11, monolayer was assembled onto a
rough Au electrode and used for the biocatalytic reduction of H2O2. Both biocatalytic electrodes,
Au/PQQ–FAD/GOx and Au/MP-11, were assembled into a biofuel cell using glucose and H2O2 as the
fuel substrate and the oxidizer, respectively. The biofuel cell generates an open-circuit voltage, Voc, of ca.
310 mV and a short-circuit current density, isc, of ca. 114 ìA cm22. The maximum electrical power, Pmax,
extracted from the cell is 32 ìW at an external optimal load of 3 kÙ. The fill factor of the biofuel cell,
f 5 Pmax Isc

21 Voc
21, is ca. 25%.

Introduction
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 biocatalyzed
oxidation of organic substances by oxygen at two-electrode
interfaces provides a means for the conversion of chemical to
electrical energy. Abundant organic raw materials such as
methanol or glucose can be used as substrates for the oxidation
processes at the anode, whereas molecular oxygen or H2O2 can
act as the reduction substrate at the cathode. The extractable
power (P) of a fuel cell is the product of the cell voltage (Vcell)
and the cell current (Icell). Although the ideal cell voltage is
affected by the difference in the formal potentials of the oxid-
izer and fuel, irreversible losses in the voltage as a result of
kinetic limitations of electron transfer at the electrode inter-
faces, ohmic resistances and concentration gradients, lead to
decreased values of the cell voltage. Similarly, the cell current
is controlled by the electrode sizes, the ion permeability and
transport rate across the membrane separating the catholyte
and anolyte compartments of the biofuel cell, and specifically,
the rate of electron transfer at the respective electrode surfaces.
These different parameters collectively influence the biofuel cell
power, and for improved efficiencies the Vcell and Icell values
should be optimized.

Biofuel cells can use biocatalysts, enzymes or whole cell
organisms in two different routes.2 (i) The biocatalysts can gen-
erate the fuel substrates for the cell by biocatalytic transform-
ations or metabolic processes. For example, the microorganism
Desulfovibrio desulfuricans yields the metabolic reduction of
sulfate to sulfide ions.3 The latter product acts as the fuel sub-
strate in the anodic compartment, where sulfide is being oxid-
ized at the electrode interface to sulfate, and oxygen is reduced
in the cathodic compartment of the fuel cell. Other micro-
organisms were reported to yield, by their metabolic activities,
hydrogen, and the latter product was used as the substrate for
the conventional H2–O2 fuel cell.4 Alternatively, a series of
enzymes, such as alcohol dehydrogenase, aldehyde dehydro-
genase and formate dehydrogenase, transform methanol to
carbon dioxide with the concomitant reduction of the 1,4-

† Fax: 972-2-6527715. Tel: 972-2-6585272. E-Mail: willnea@
vms.huji.ac.il

nicotinamide adenine dinucleotide, NAD1, cofactor to its
reduced form NADH.5 The latter reduced cofactor acts as the
fuel substrate for the anodic compartment of the fuel cell. (ii)
The biocatalysts participate in the electron transfer chain
between the fuel substrates and the electrode surfaces. That
is, microorganisms 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
supports, and a variety of electron mediators (electron relays)
were used for electrical contacting of the biocatalysts and the
electrode.6 For example, N,N-dimethyl-7-amino-1,2-benzo-
phenoxazinium cation, MB1, was used as an electron mediator
in the glucose oxidase biocatalyzed glucose–O2 fuel cell.7

Glucose acts as the anodic fuel and its biocatalyzed oxidation
to gluconic acid yields the reduced glucose oxidase (GOx–
FADH2). The latter is oxidized by the electron mediator and the
resulting electron carrier MBH2 supplies 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 electrocatalysts 9 and electrobio-
catalysts 10 that stimulate electrocatalytic transformations at
the electrode interfaces. Redox enzymes such as glucose oxidase
or glutathione reductase were assembled as monolayers on Au
electrodes and electrically contacted with the conducting
supports by covalent tethering of electron relay units to the
proteins.8 Alternatively, reconstitution of apo-flavoenzymes,
e.g. apoglucose oxidase, onto an electron mediator–FAD mono-
layer associated with an electrode, led to aligned biocatalysts
on electrode surfaces exhibiting effective electrical contact.11

Electron mediators, e.g. ferrocene units, were assembled as
monolayers on electrode supports, and used to stimulate the
electrical contact between redox enzymes and the electrode.12

Similarly, redox-active biomaterials were assembled on elec-
trode supports and used to activate biocatalytic electron trans-
fer cascades, or to induce electrobiocatalyzed transformations.10

For example, the heme-containing polypeptide microper-
oxidase-11, MP-11, was used to activate electron transfer
to hemoproteins such as cytochrome c, CoII-reconstituted myo-
globin or nitrate reductase.13

The assembly of electrically contacted bioactive monolayer
electrodes could be advantageous for biofuel cell applications as
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the biocatalyst and electrode support are integrated. Recently
we reported on the design of a biofuel cell based on the
catalyzed oxidation of dihydronicotinamide adenine dinucleo-
tide, NADH, by H2O2, using a microperoxidase-11 monolayer
electrode and a pyrroloquinoline quinone, PQQ, monolayer-
functionalized Au electrode as biocatalytic cathode and anode,
respectively.14 The electrical power that was extracted from the
cell was 8 µW at an external load of 3 kΩ. The fill factor of this
cell was ca. 25%.

Here we report on a novel biofuel cell configuration based
on the biocatalyzed oxidation of glucose by H2O2 using
a microperoxidase-11 monolayer electrode and an aligned
glucose oxidase enzyme, reconstituted on a pyrroloquinoline
quinone–flavin adenine dinucleotide phosphate, PQQ–FAD,
monolayer on a Au electrode as biocatalytic cathode and anode,
respectively. We found that the organized biofuel cell reveals a
high electrical power that corresponds to 32 µW at an external
load of 3 kΩ.

Experimental
Amino-functionalized FAD derivative, N6-(2-aminoethyl)-FAD,
was synthesized according to the recently published pro-
cedure.15 Glucose oxidase, GOx, (E.C. 1.1.3.4, Sigma) was used
to prepare the glucose oxidase apo-enzyme by the extraction of
the native FAD-cofactor from the enzyme, followed by purifi-
cation of the catalytically non-active apo-protein.16 Pyrrolo-
quinoline quinone (PQQ), microperoxidase-11 (MP-11),
cystamine, 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide
(EDC) and all other reagents were purchased from Aldrich.
Ultrapure water from a Nanopure (Braunstead) source was
used throughout this work.

Clean Au electrodes (wires 0.5 mm diameter, geometrical
areas ca. 0.2 cm2) were roughened (roughness factor ca. 15) and
modified with a cystamine monolayer as reported previously.17

The PQQ and MP-11 were covalently linked to amino groups
of the cystamine monolayer in the presence of EDC as
described previously.17–19 The N 6-(2-aminoethyl)-FAD was

covalently linked to the base cystamine monolayer in the pres-
ence of EDC and then the PQQ–FAD-functionalized electrode
was used for reconstitution of glucose oxidase apo-enzyme.11

The PQQ–FAD/reconstituted GOx and MP-11 monolayer
modified electrodes were characterized using cyclic voltam-
metry using a potentiostat (EG&G VersaStat) connected to a
personal computer (EG&G research electrochemistry software
model 270/250). Cyclic voltammetry was performed under
argon at ambient temperature in a three-compartment electro-
chemical cell consisting of the PQQ–FAD/reconstituted GOx
or MP-11 modified electrode as the working electrode, a
glassy carbon auxiliary electrode isolated by a glass frit and a
saturated calomel electrode (SCE) connected to the working
volume with a Luggin capillary. Cyclic voltammograms and
potentiometric measurements for each modified electrode,
in the presence of the corresponding substrate (glucose for
PQQ–FAD/reconstituted GOx electrode and H2O2 for MP-11
modified electrode), are reported vs. SCE.

The same electrochemical cell, but in a two-electrode con-
figuration, was used to measure the voltage and the current
generated by the biofuel element consisting of PQQ–FAD/
reconstituted GOx and MP-11 modified electrodes. The two
compartments (cathodic and anodic) were separated by a glass
frit. The substrates (glucose and H2O2) were added to the
corresponding compartments of the cell. The voltage and the
current generated by the cell were measured between the two
modified electrodes by applying an external variable load
resistance and using a Keithley Autoranging Microvolt DMM
(Model 197) for the respective voltage and current measure-
ments. The voltage and current outputs were measured under
air.

Results and discussion
The assembly of the aligned glucose oxidase monolayer on a
rough Au electrode (roughness factor ca. 15) 11 is shown in
Scheme 1. A pyrroloquinoline quinone, PQQ, monolayer was
assembled on a Au electrode by its coupling to a cystamine

Scheme 1 Assembly of the reconstituted GOx on the PQQ–FAD monolayer-functionalized electrode
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monolayer associated with a Au electrode. N6-(2-Aminoethyl)-
FAD was coupled to the PQQ monolayer, using 1-ethyl-3-
[3-(dimethylamino)propyl]carbodiimide, EDC, as coupling
reagent.11 Cyclic voltammetry was applied to characterize the
resulting PQQ–FAD monolayer assembly on the Au electrode.
Two reversible redox waves corresponding to the two-electron
redox processes of the PQQ and FAD units at formal potentials
Eo = 20.13 V and Eo = 20.50 V (vs. SCE), at pH = 7.0, were
observed (Fig. 1, curve a). Coulometric analysis of the reduc-
tion (or oxidation) waves of PQQ or FAD indicates that the
surface coverage of the electrode by the PQQ and FAD units
is 5.5 × 10210 and 5.5 × 10210 mol cm22, respectively. The inter-
facial electron transfer rate constants to the PQQ and FAD
redox-active units were determined using Laviron9s method,20

by following the peak separation of the respective redox waves.
The electron transfer rate constants to PQQ and FAD units are
ca. 1 and ca. 5 s21, respectively. The resulting PQQ–FAD mono-
layer electrode was then treated with apoglucose oxidase,
apo-GOx. This protein is obtained by the extraction of the
native FAD cofactor from GOx. Surface reconstitution of
apo-GOx on the PQQ–FAD monolayer occurs as a result of
the association of apo-enzyme with the semisynthetic cofactor
monolayer electrode. Reconstitution of the enzyme on the
PQQ–FAD monolayer yields a bioelectrocatalytically active
monolayer interface for the bioelectrocatalyzed oxidation of
glucose. Fig. 1 (curve b) shows the cyclic voltammogram of
the PQQ–FAD monolayer electrode after reconstitution with
apo-GOx. The redox wave of the FAD unit is depleted, indi-
cating its insulation by the associated enzyme. The redox wave
of the PQQ unit is, however, visible after the association of
apo-GOx with the monolayer, implying that the quinone unit
is exposed to the electrode surface, and that electron transfer
to it is retained. Fig. 2 shows the cyclic voltammogram of the
reconstituted GOx monolayer electrode in the absence and
presence of added glucose. With glucose, an electrocatalytic
anodic current is observed, curve b, implying the effective
bioelectrocatalyzed oxidation of glucose by the biocatalytic
enzyme monolayer electrode. The anodic current transduced by
the reconstituted GOx monolayer electrode is unprecedently
high, and it is not affected by oxygen.11 In a previous report 11

we estimated that the GOx biocatalyst reconstituted on the
PQQ–FAD monolayer operates at a turnover rate of electron
transfer close to the value of the native enzyme with dioxygen
as electron acceptor. This extremely efficient electrical contact
of reconstituted apo-GOx with the electrode is attributed to the
alignment of the biocatalyst on the conductive support and the
PQQ-mediated electron transfer between the FAD site and the
electrode, Scheme 1. Oxidation of glucose by the biocatalyst
yields the reduced FADH2 redox site. The PQQ mediates oxid-

Fig. 1 Cyclic voltammograms of the PQQ–FAD monolayer on a
Au electrode (a) before and (b) after reconstitution with apo-GOx.
Ar atmosphere, 0.1  phosphate buffer, pH 7.0. Potential scan rate,
50 mV s21.

ation of FADH2 and further electron transfer to the electrode.
As the quinone is exposed to the electrode surface, its rapid
oxidation by the conductive support allows the cyclic electro-
chemically-induced oxidation of glucose.

Microperoxidase-11, MP-11, is an oligopeptide consisting of
11 amino acids and a covalently linked FeIII-protoporphyrin IX
heme site. The oligopeptide is obtained by the controlled hydro-
lytic digestion of cytochrome c and represents the structure of
the active-site microenvironment of cytochrome c. We have
previously reported on the assembly of an MP-11 monolayer
on a Au electrode 18 and on the bioelectrocatalytic features of
this monolayer in the reduction of H2O2,

19 organic peroxides,9

and hemoproteins.13 Scheme 2 shows the method of assembling
the MP-11 monolayer electrode. It consists of the covalent
coupling of the oligopeptide to a base cystamine monolayer in
the presence of EDC. Fig. 3 shows the cyclic voltammogram of
the resulting MP-11 monolayer. A quasi-reversible redox wave
of the heme center of MP-11 is observed at Eo = 20.40 V
(vs. SCE). Coulometric assaying of the redox wave indicates a
surface coverage of 3 × 10210 mol cm22. In a previous
chronoamperometric characterization of the MP-11 monolayer
electrode,18 we identified two modes of binding the oligopeptide
to the electrode support (cf. Scheme 2): (i) linkage of the carb-
oxylic functions associated with the protoporphyrin IX ligand
to the monolayer interface and (ii) coupling of carboxylic acid
residues of the oligopeptide to the cystamine residues. These
two modes of binding MP-11 to the monolayer reveal similar
formal potentials. The electron transfer rates of the two binding
modes of MP-11 were kinetically resolved, using chronoamper-
ometry. The binding modes appear at an approximately 1 :1

Fig. 2 Cyclic voltammograms of (a) glucose oxidase reconstituted
on the PQQ–FAD monolayer bound to the gold electrode and (b) in
the presence of added glucose, 5 × 1023 , and the PQQ–FAD-
reconstituted GOx electrode. Ar atmosphere, 0.1  phosphate buffer,
pH 7.0. Potential scan rate, 5 mV s21.

Fig. 3 Cyclic voltammogram of the MP-11 monolayer-modified Au
electrode. Ar atmosphere, 0.1  phosphate buffer, pH 7.0. Potential
scan rate, 50 mV s21.
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ratio and the interfacial electron transfer rates to the two bind-
ing modes of the MP-11 are 8.5 and 16 s21. Fig. 4 shows the
cyclic voltammograms of the MP-11-functionalized electrode
in the absence of H2O2 (curve a) and in the presence of added
H2O2 (curve b). The observed electrocatalytic cathodic current
indicates the effective electrobiocatalyzed reduction of H2O2 by
the functionalized electrode. Control experiments reveal that no
electroreduction of H2O2 occurs at the bare Au electrode in this
potential window.

The electrocatalyzed reduction of H2O2 by the MP-11 mono-
layer electrode and the effective electrobiocatalyzed oxidation

Scheme 2 Assembly of the MP-11 monolayer-modified electrode

Fig. 4 Cyclic voltammograms of (a) the MP-11-functionalized elec-
trode vs. background electrolyte and (b) the MP-11 modified electrode
in the presence of H2O2, 5 × 1023 . Data recorded in 0.1  phosphate
buffer, pH 7.0. Potential scan rate, 5 mV s21.

of glucose by the reconstituted GOx monolayer electrode per-
mit, in principle, the design of biofuel cells using H2O2 and
glucose as the cathodic and anodic substrates, respectively,
Scheme 3. The MP-11 monolayer electrode acts as the cathode,

whereas the GOx monolayer electrode is the anode of the bio-
fuel cell element. For the optimization of the biofuel cell
element, the potentials of the monolayer modified-electrodes as
a function of the concentration of the cathodic and anodic
substrates, were determined versus the SCE reference electrode.
Fig. 5 shows the potentials of the GOx monolayer electrode at
different concentrations of glucose (curve a) and the potentials
of the MP-11 monolayer electrode at different concentrations
of H2O2 (curve b). The potentials of the GOx monolayer
electrode and of the MP-11 monolayer electrode become more
negative and more positive as the concentrations of the glucose
and H2O2 are elevated, respectively. The potentials of the
electrodes reveal Nernstian-type behavior, reaching saturation
at a high concentration of the substrates. For the specific
system, the saturation potentials of the anode and cathode are
reached at ca. 1 × 1023  of glucose and 1 × 1023  of H2O2,
respectively. From the saturated potential values of the GOx
and MP-11 monolayer electrodes, the theoretical limit of open-
circuit voltage of the cell is estimated to be ca. 320 mV. The
short-circuit current density generated by the cell was 340 µA.
Taking into account the geometrical electrode area (0.2 cm2)

Fig. 5 (a) Potential of the PQQ–FAD/GOx-modified electrode as
a function of glucose concentrations. (b) Potential of the MP-11-
functionalized electrode as a function of H2O2 concentrations.
Potentials were measured vs. SCE.

Scheme 3 Schematic configuration of a biofuel cell employing glucose
and H2O2 as a fuel and an oxidizer, respectively, and PQQ–FAD/GOx
and MP-11-functionalized electrodes as biocatalytic anode and cath-
ode, respectively
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and the electrode roughness factor (ca. 15), the current gener-
ated by the cell can be translated into the current density, ca.
114 µA cm22. The theoretical limit of the current density
extractable from the MP-11 monolayer electrode is ca. 300 µA
cm22 (MP-11 surface coverage × interfacial electron transfer
rate × Faraday constant). For the GOx monolayer electrode the
maximum extractable current density was estimated 11 to be ca.
100 ± 15 µA cm22. This value is based on the surface coverage
of reconstituted GOx on the electrode, 1.7 × 10212 mol cm22,
and the theoretical turnover rate of electron transfer,21 ca.
600 ± 100 s21 of GOx with oxygen as electron acceptor. Thus,
the observed short-circuit current density of the cell is probably
controlled and limited by the bioelectrocatalyzed oxidation of
glucose. This suggests that increasing the GOx content associ-
ated with the electrode could enhance the current density of
the biofuel cell element and the extractable power.

The biofuel cell performance was examined at the concen-
tration corresponding to 1 × 1023  of each of the two
substrates: fuel and oxidizer. Fig. 6A shows the cell voltage at
variable external loads. The cell voltage increases and at an
external load of ca. 50 kΩ it levels off to a constant value of
ca. 310 mV. Fig. 6B shows the resulting current in the cell at
variable external loads. Upon increasing the external load, the
current drops and is almost zero at an external load of 100 kΩ.
Fig. 7 shows the current–voltage behavior of the biofuel cell at
different external loads. The ideal voltage–current relationship
for an electrochemical generator of electricity is rectangular.22

The linear dependence observed for the biofuel cell has sig-
nificant deviation from the ideal behavior and the fill factor of
the biofuel cell, f = Pmax Isc

21 Voc
21, corresponds to ca. 25%. The

theory of the various types of overvoltage which produce the
non-rectangular V–I relationships has been addressed in detail
by Vetter 23 and Delahay.24 In the present case, the observed
deviation results from mass transport losses 23,24 reducing the
cell voltage below its reversible thermodynamic value. The
power extracted from the biofuel element (P = Vcell Icell) is

Fig. 6 (A) Biofuel cell voltage at different external loads. (B) Current
developed by the cell at different external loads. Data recorded using
the PQQ–FAD/GOx and MP-11 functionalized-electrodes and H2O2,
1 × 1023 , as the substrate solution in the cathodic compartment, and
glucose, 1 × 1023 , as the substrate solution of the anodic compart-
ment. The background electrolyte in both compartments was 0.1 
phosphate buffer, pH 7.0.

shown in Fig. 7 (inset), for different external loads. The max-
imum power corresponds to 32 µW at an external load of 3 kΩ.
It should be noted that the biofuel cell voltage and current
outputs are identical under Ar and air. This originates from the
effective electrical contact of the surface-reconstituted GOx
with the electrode support, as a result of its alignment. This
makes the enzyme insensitive to oxygen.11

The stability of the biofuel cell was examined as a function of
time. Fig. 8 shows the power output of the cell, at an optimal
loading resistance of 3 kΩ as a function of time. The power
decreases by ca. 50% after ca. 3 h of the cell operation. This
decrease in the cell power output could originate from the
depletion of the fuel substrate, inter-penetration of the fuel and
oxidizer into the respective counter compartments and the
degradation of the biocatalysts included in the cell. Fig. 8,
insets A and B, show the current output and voltage output of
the cell as a function of time, respectively, using the optimal
loading resistance (3 kΩ) that corresponds to the internal resist-
ance of the cell (Rcell).

22 The current decreases by ca. 50% within
3 h of operation of the cell. At the same time interval, the cell
voltage appears to be stable. Integration of the current output
within these time intervals yields the charge that passes through
the cell during the time of operation. We calculate that ca. 25%
of the original fuel substrate concentration had been depleted
upon operation of the cell for ca. 3 h. Thus, 25% of the total

Fig. 7 Current–voltage behavior of the biofuel cell at different
external loads. Inset: electrical power extracted from the biofuel cell at
different external loads.

Fig. 8 Stability of the biofuel cell power operating at the optimal load
of 3 kΩ as a function of time. Insets: (A) and (B) current and voltage,
respectively, produced by the cell at the optimal load resistance 3 kΩ
vs. time of operation. The measurements were performed using 10 m
solutions of glucose and H2O2 as initial concentrations of the fuel
substrate and the oxidizer, respectively.
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decrease in the current output can be attributed to the con-
sumption of the fuel substrate. This decrease in the current
output could be compensated for by recharging the cell with the
fuel substrate and oxidizer.

Conclusions
The present paper describes the use of monolayer-
functionalized electrodes as catalytic interfaces for the organiz-
ation of fuel cell elements. Specifically, we addressed the use of
a glucose oxidase layer reconstituted onto a pyrroloquinoline
quinone and flavin adenine dinucleotide, PQQ–FAD, mono-
layer, associated with a rough Au electrode as a bioelectro-
catalytic interface for the oxidation of glucose. The system
consists of the glucose oxidase monolayer electrode acting as
anode and a microperoxidase-11 monolayer electrode acting
as cathode. The glucose oxidase monolayer electrode drives the
bioelectrocatalyzed oxidation of the glucose fuel substrate,
whereas the microperoxidase-11 acts as the cathode for the bio-
catalyzed reduction of H2O2. The maximum power output of
the cell is 32 µW at an optimal loading resistance of 3 kΩ.
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