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Abstract: An electroswitchable and tunable biofuel cell based on the biocatalyzed oxidation of glucose is
described. The anode consists of a Cu?™-poly(acrylic acid) film on which the redox-relay pyrroloquinoline
guinone (PQQ) and the flavin adenine dinucleotide (FAD) cofactor are covalently linked. Apo-glucose oxidase
is reconstituted on the FAD sites to yield the glucose oxidase (GOx)-functionalized electrode. The cathode
consists of a Cu?™-poly(acrylic acid) film that provides the functional interface for the covalent linkage of
cytochrome c (Cyt c) that is further linked to cytochrome oxidase (COx). Electrochemical reduction of the
Cu?*-poly(acrylic acid) films (applied potential —0.5 V vs SCE) associated with the anode and cathode
yields the conductive Cu®-poly(acrylic acid) matrixes that electrically contact the GOx-electrode and the
COx/Cyt c-electrode, respectively. The short-circuit current and open-circuit voltage of the biofuel cell
correspond to 105 uA (current density ca. 550 uA cm~2) and 120 mV, respectively, and the maximum
extracted power from the cell is 4.3 uW at an external loading resistance of 1 kQ. The electrochemical
oxidation of the polymer films associated with the electrodes (applied potential 0.5 V) yields the
nonconductive Cu?*-poly(acrylic acid) films that completely block the biofuel cell operation. By the cyclic
electrochemical reduction and oxidation of the polymer films associated with the anode and cathode between
the CuC-poly(acrylic acid) and Cu?*-poly(acrylic acid) states, the biofuel cell performance is reversibly
switched between “ON” and “OFF” states, respectively. The electrochemical reduction of the Cu?"-polymer
film to the Cu®-polymer film is a slow process (ca. 1000 s) because the formation and aggregation of the
Cu®-clusters requires the migration of Cu?* ions in the polymer film and their reduction at conductive sites.
The slow reduction of the Cu?*-polymer films allows for the controlling of the content of conductive domains
in the films and the tuning of the output power of the biofuel cell. The electron-transfer resistances of the
cathodic and anodic processes were characterized by impedance spectroscopy. Also, the overall resistances
of the biofuel cell generated by the time-dependent electrochemical reduction process were followed by

impedance spectroscopy and correlated with the internal resistances of the cell upon its operation.

Introduction

of electroactive relays to redox protefr the immobilization
of redox proteins in electroactive polymérare common

Electrical contacting of redox enzymes with electrode sup- 4 tices to electrically contact and activate the redox enzymes.

ports attracts substantial research efforts directed to the develop

ment of biosensors? bioelectrocatalyzed chemical transforma-
tions? and the development of biofuel cell elemehtJethering
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Recently, we reported on the effective electrical contacting of
redox enzymes on electrodes by their structural alignment on
electrodes through the surface reconstitution of flavoenzymes
or pyrroloquinoline quinone (PQQ)-dependent enzymes on a
relay-FAD monolayer assemBlpr redox polymer-PQQ thin
film,® respectively. This concept was further generalized by
tailoring integrated, electrically contacted, cofactor-dependent
enzyme electrodes by the cross-linking of affinity complexes
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between NAD-dependent enzymes and an electrocatalyst- functionalities with electrodes in the form of monolayers was

NAD* monolayet® or thin film! associated with electrodes.

suggested as a general means for the electrochemical transduc-

Efficient electron transfer between redox enzymes and conduc-tion of photonic information recorded by the photoactive
tive electrode supports as a result of structural alignment andinterface?! Also, the photochemical translocation of a tethered

optimal positioning of the electron mediators allowed the
development of noncompartmentalized biofuel c#lI€ross-

redox-active cyclodextrin in a rotaxane assembly associated with
an electrode was suggested as a light-driven molecular machine

reactions of the anolyte fuel and catholyte oxidizer with the that electrochemically transduces its functional configuratfon.
opposite electrodes were prevented due to the high specificity Photoswitchable bioelectrocatalytic assemblies were suggested
of the bioelectrocatalytic reactions at the electrodes, and thusas a general method to develop optobioelectronic systéms.
the use of a membrane separating the catholyte and anolyteTethering of photoisomerizable groups to redox enzyffies,

solutions could be eliminated. This kind of biofuel cell was

reconstitution of apo-flavoenzymes with a photoisomerizable

suggested as a self-powered biosensor for glucose or lactateFAD-cofactor?® the use of photoisomerizable electron media-
because the output voltage and current signals are dependentors26 and the organization of photoisomerizable monolayers

on the substrate concentrati&lso, enhanced electrical power

as command interfaces that control the electrical contact of

output from biofeed cells was accomplished by the use of redox-proteins with the electrotfevere reported as functional

organic solvent/water two phase systées.

enzyme-based bioelectronic systems for the amperometric

The development of signal-controlled redox functionalities transduction of photonic signals. Recently, we reported on the

in molecular}* macromoleculat® and biomoleculdf systems

development of magnetoswitchable bioelectrocatalytic systems

is directed to the design of information storage and processingin which external magnetic fields switch the bioelectrocatalytic
systems, the development of new electronic materials, and thefunctions of redox enzymes “ON” and “OFF2. Signal-

tailoring of molecular machinery systems. Photochemically
controlled redox functions of molecular and supramolecular

systems in solution were reported by the use of photoisomer-

controlled “smart” materials also include functional polymers.
Functional polymers of controlled refractivit) photochromic?®
electrochromié! and optoelectronf@ functions were developed

izable components. Photoisomerization of molecular structuresrecently. The use of polymers with tunable refractive properties

was reported to yield redox-activated stafesnd light-induced

as optical modulators, optical filters, or electrooptic waveguide

translocations of redox units in supramolecular catenane ordevices has been report&dSimilarly, polymers exhibiting

rotaxane assemblies by the photoisomerization of a light-

photorefractive properties have been extensively used for optical

sensitive molecular unit or photoinduced electron transfer were storage of informatiod? Photochromic and electrochromic

accomplished®1°Similarly, pH-induced translocation of redox
functionalities between distinct states in rotax@hespresents

a chemically controlled mechanical molecular function. The
integration of redox-activated photoisomerizable molecular
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polymers have been suggested as active materials for the Modification of Electrodes. Glass supports (TF-1 glass, 2020

development of smart window& and conductive polymers have

mm) covered with a Cr thin sublayer (5 nm) and a polycrystalline Au

been extensively employed as active components in electrically'ayer (50 nm) supplied by AnalyticalSystem (Germany) were used

induced light-emitting devices (LED3j.Recently, efforts have
been directed toward the development of functional metal or
semiconductor nanoparticle-polymer hybrid systems exhibiting
tailored sensorié® electronic3” and photoelectrochemical func-
tions3® We recently reported on a hybrid copper-poly(acrylic
acid) polymer that can be reversibly switched between an
electroconductive state where aggregated-i@anoparticles
provide metallic conductivity across the polymeric matrix and

a nonconductive state when the polymer includes electrochemi-

cally oxidized C@" ions3°

In the present paper, we wish to report on a novel configu-
ration of a biofuel cell, in which the output power (voltage and
current) can be reversibly switched between “ON” and “OFF”
states and the magnitude of the voltagearrent output can be
precisely tuned by an electrochemical input signal. This is
accomplished by the integration of the biocatalysts active in
the biofuel cell with a copper-poly(acrylic acid) matrix. The
assembly of the biocatalyst/copper-poly(acrylic acid) hybrid
system with electrodes allows for the electrical control of the
conductivity properties of the matrix, thus enabling the elec-
troswitchable and tunable functions of the biofuel cell.

Experimental Section

Chemicals. Glucose oxidase (GOx, EC 1.1.3.4 frofspergillus
niger) was purchased from Sigma and used without further purification.
Apo-glucose oxidase (apo-GOx) was prepared by a modific&timin
the reported methot?. Cytochrome oxidase (COx) was isolated from
a Keilin—Hartree heart muscle and purified according to a published
techniquet! Yeast iso-2-cytochrome (Cyt ¢) from Saccharomyces
cerevisiae (Sigma) was purified by ion-exchange chromatograpify.
(2-Aminoethyl)-flavin adenine dinucleotide was synthesized and puri-
fied as described befofé All other chemicals, including pyrroloqui-
noline quinone (PQQ), acrylic acid, methylene-bis-acrylamiésyiccin-
imidyl-3-maleimidopropionate, 4-(2-hydroxyethyl)piperazine-1 ethane-
sulfonic acid sodium salt (HEPES), tris(hydroxymethyl)aminomethane
hydrochloride (TRIS), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC), glutaric dialdehyde, angétp-(+)-glucose, were purchased from
Sigma and Aldrich and used as supplied. Ultrapure water from Seralpur
Pro 90 CN source was used in all of the experiments.
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as conductive supports. These electrodes were modified with a poly-
(acrylic acid) thin film using the electropolymerization technidgti€he
electropolymerization was performed in an aqueous solution composed
of acrylic acid sodium salt, 2 M, methylene-bis-acrylamide, 0.04 M,
and ZnC}, 0.2 M, pH= 7.0, upon application of five potential cycles
(50 mV s'1) between 0.1 and-1.5 V. A potential of 0.1 V was then
applied for 1 min to dissolve electrochemically metallic zinc produced
in the film upon the electrochemical polymerization. The polymer-
modified electrode was reacted with 0.1 M HCI for 2 min to dissolve
residual amounts of metallic zinc, and then the electrode was washed
with water and ethanol to clean the modified surface fromi*Zons

and the excess of monomers. The polymer-modified electrodes were
soaked in 0.1 M CuS©solution fa 1 h to saturate the polyacrylic
film with Cu?* ions, and then the electrode surface was briefly washed
with water. The modified electrodes were further reacted with a solution
of polyethylenimine (MW 60 000) (5% v/v) in 0.1 M HEPES-buffer,
pH = 7.2, in the presence of EDC, & 102 M, for 1 h, and then
washed with water. The polymer-modified electrode was incubated for
2 hin a 3 mMsolution of PQQ 1) in 0.1 M HEPES-buffer, pH= 7.2,

in the presence of % 102 M EDC, yielding the PQQ-functionalized
surface. The covalent coupling df¢-(2-aminoethyl)-FAD ) to the
PQQ-modified electrode was performed by soaking the electrode in
the 0.1 M HEPES-buffer solution (pH 7.2) containing 5< 1074 M

2 and 5x 1072 M EDC for 2 h atroom temperature. The PQQ-FAD
dyad-functionalized electrode was reacted with 1 mg Hrapo-GOx

in 0.1 M phosphate buffer, pi 7.0, far 5 h atroom temperature.
The modified electrode was washed with water to yield the GOx-
reconstituted electrodes for biocatalytic oxidation of gluco&aother
polymer-modified electrode was reacted with a110-% M solution

of N-succinimidyl-3-maleimidopropionat&)in 0.1 M HEPES-buffer,

pH = 7.2, for 2 h, followed by rinsing with water. The maleimide-
functionalized electrode was treated with @ysolution, 0.1 mM, in

0.1 M HEPES-buffer, pH 7.2, for 2 h, followed by rinsing with water.
To produce the integrated CgtCOXx bioelectrocatalytic electrode for

O, reductiont® the resulting Cyt-modified electrode was interacted
with cytochrome oxidase (COx), 0.5 mM, in TRIS-buffer, pH 8.0, for

2 h, washed briefly with water, and then treated with aqueous solution
of glutaric dialdehyde, 10% v/v, for 30 min. The resulting modified
electrode was washed with water.

Biofuel Cell and Electrochemical Measurements.Scheme 1A
shows the biofuel cell configuration. The system consists of two
enzyme-functionalized electrodes (ca. 0.1% autive area) separated
by a rubber O-ring (ca. 2 mm thickness). The first electrode function-
alized with the reconstituted GOx and the second electrode function-
alized with Cytc/COx assembly are acting as the anode and cathode,
respectively. Two metallic needles (inlet and outlet) implanted into the
rubber ring convert the unit into a flow cell (flow rate 1 mL mi). A
peristaltic pump was applied to control the flow rate. Glucose solutions
in 0.1 M TRIS-buffer, pH= 7.0, saturated with air were applied to
power the biofuel cell. The needles were also used as a counter electrode
and a quasi-reference electrode when electrochemical measurements
were performed for each of the biomaterial-functionalized electrodes
in the cell. The quasi-reference electrode was calibféstording to
the potential of dimethyl viologenE® = —0.687 V versus SCE,
measured by cyclic voltammetry, and the potentials are reported versus
SCE. Cyclic voltammetry and chronoamperometry experiments were
performed using an electrochemical analyzer (EG&G model 283) linked
to a computer (EG&G software 270/250). Impedance measurements
were performed using an electrochemical analyzer composed of a

(43) Katz, E.; De Lacey, A. L.; Fernandez, V. Nl Electroanal. Chem1993
358 261-272.

(44) Katz, E.; Schlereth, D. D.; Schmidt, H.-l. Electroanal. Chem1994
367, 59-70.
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Scheme 1. (A) The Biofuel Cell Configuration and (B) Scheme for Electrical Measurements?@

INLET

OUTLET

a(A) (1) Glass plate, 20< 20 mm; (2) Au layer, 50 nm thickness; (3) O-ring, 16 mm internal diameter; (4) metallic needle, inlet; (5) metallic needle,
outlet. (B) The biofuel cell output voltage and current are measured on the external variable load reftstarsieg an electrometer. The electrochemical
measurements are performed on the cathode or anode of the cell connected to the working-electrode inlet of the potentiostat, W. Two metalic needles a
used as a counter electrode, C, and as a quasi-reference electrode, QRE.

Scheme 2. Electrochemical Generation of the Polyacrylic Acid Film on a Au Electrode and the Assembly of the Integrated Cu?*-Polymer
Film Electrode

CH=CH-C-OH  ZnClz

| 1

t‘.:H2=t‘.:H—E—r«H-t:}Hz—m.lH—(:—GH:CH2
-

a) potential cycle between 0.1 Vo -1.5 V

b) potential 0.1 V for 1 min

[ NH-(CHz-CHz N)c(CHz CHz-NH)y-
CH,-CHy-NH;
PEI

potentiostat/galvanostat (EG&G, model 283) and frequency responsesolution, followed by coulometric assay of the resulting polyaniline
detector (EG&G model 1025) connected to a computer (EG&G software film and relating of the crystal frequency changes to the electrochemi-
PowerSuite 2.11.1). The impedance measurements were performed ircally derived polymer mass.

the frequency range of 100 mHz to 50 kHz between the cathode and
anode of the biofuel cell (two-electrodes mode) and for each biocatalytic
electrode using a counter electrode and a quasi-reference electrode Acrylic acid as a monomer and methylene-bis-acrylamide as
(three-electrodes mode). The experimental impedance spectra werea cross-linker at a molar ratio of 50:1 were electropolymerized
simulated using electronic equivalent circuits. For this purpose, on gold electrodes (Au-covered glass slides) in the presence of
commercial software (ZView version 2.1b, Scribner Associates, Inc.) ZnCl,, 0.2 M, as catalyst to yield a poly(acrylic acid) thin film,
was employed. VOltage and current prolduced by the biofuel cell were Scheme 23 The electropolymerization was performed by
megsured on a variable external resistance using an electrometerpotentia| cycling (five cycles, 50 mV-8) between 0.1 and1.5
(Keithley 617), Scheme 1B. V followed by application of 0.1 V for 1 min. The co-deposited

Microgravimetric Quartz-Crystal Microbalance (QCM) Mea- metallic zinc produced at the negative potentials was electro-
surements.A QCM analyzer (Fluke 164T multifunction counter, 1.3 P 9 P

GHz, TCXO) and quartz crystals (AT-cut, 9 MHz, Seiko) sandwiched chemically dissolved at the potential of 0.1 V. The residual

between two Au electrodes (area @:.01 cn, roughness factor ca.  traces of Zfi were dissolved in HCI, and the produced?Zn
3.5) were employed for the microgravimetric analyses of the modified cations were washed off. The polymeric film was characterized

electrodes in air. The QCM crystals were calibrated by electropolym- by surface plasmon resonance, and the film thickness cor-
erization of aniline in 0.1 M KHSO, and 0.5 M NaSO, electrolyte responded to ca. 280 n#hThe polymeric thin film was reacted

Results and Discussion
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Scheme 3. Preparation and Operation of the Biocatalytic Anode?

Gluconic acid

OFF-state ON-state

a Stepwise covalent binding of PQQ)(and N 8-(2-aminoethyl)-flavin adenin dinucleotid€)(to the polymer-functionalized electrode followed by the
reconstitution of apo-glucose oxidase, and reversible activation and deactivation of the biocatalytic anode by the electrochemical retac@oti-of t
polymer film and the oxidation of the Cyolymer film, respectively.

with 0.1 M CuSQ solution fa 1 h to saturate the polymeric  (association constamt, = 1.2 x 10’ M~1).45 Cross-linking of
matrix with Ci#* ions. The electrode surface was then reacted the affinity complex with glutaric dialdehyde resulted in the
with polyethyleneimine in the presence of a carbodiimide integrated biocatalyst capable of reduction gft®water, thus
coupling reagent (EDC). This resulted in the covalent attachment yielding a biocatalytic cathod€? Quartz-crystal microbalance

of the amine groups of polyethyleneimine to the carboxylic measurements for similar modification steps were performed
groups of the poly(acrylic acid) film, thus yielding a positively on a QCM-electrode, and these reveal that the electrode loadings
charged capping layer preserving?€ions inside the polymeric ~ with Cytcand COx are ca. ¥ 10~ and 3x 10-2mol cn2,
matrix and providing amine functional groups for further respectively. These surface densities correspond to a random
modification of the electrode. Microgravimetric quartz-crystal densely packed Cytand COx monolayer configuratidfd The
microbalance (QCM) measurements that follow the similar Cyt c/COx-functionalized electrode and the PQQ-FAD/GOx-
modification steps were performed on a QCM-electrode. These functionalized electrode were assembled as a cathode and anode,
measurements reveal that the electrode surface loadings withrespectively, in the flow biofuel cell configuration, Scheme 1A.
the poly(acrylic acid) film, the C&f ions, and the polyethyl- Figure 1A shows the cyclic voltammogram of the poly(acrylic
eneimine layer correspond to 31 1075 4.5 x 1075, and acid)/Ci#*/polyethyleneimine-functionalized electrode modified
1.2 x 106 g cn?, respectively. The poly(acrylic acid)/€d with the biocatalytic system (Cyt/COx or PQQ-FAD/GOX)
polyethyleneimine-functionalized electrode was reacted with when the cell was loaded with a background electrolyte only
pyrrologuinoline quinone (PQQ1), and then withN 6-(2- (0.1 M TRIS-buffer, pH= 7.0, deaerated with Ar). The cyclic
aminoethyl)-FAD @), Scheme 3. The PQQ-FAD dyad was then voltammogram was recorded using two metallic needles im-
used to reconstitute apo-GOx with the FAD-cofactor and to planted into the cell as a counter electrode and a quasi-reference
provide mediated electron transfer via the PQQ-unit, thus electrode. This cyclic voltammogram follows the known mech-
yielding a biocatalytic interface for the glucose oxidatfon. anism of the copper redox proceéésUpon sweeping the
Quartz-crystal microbalance measurements for similar modifica- potential from 0.7 to—0.6 V, a poorly resolved cathodic wave
tion steps were performed on a QCM-electrode and reveal thatcorresponding to the reduction of €uions to Cu ions is

the electrode loadings with PQQ, FAD, and GOx correspond observed aEy.; = —0.05 V, followed by the reduction wave

to ca. 2x 10719 2 x 10719 and 3 x 1072 mol cnr? of Cu' to CWP at Epc, = —0.3 V. Upon sweeping the potential
respectively. These values are similar to a random denselyback from—0.6 to 0.7 V, the reverse anodic peak is observed
packed monolayer coverages. A heterobifunctional reagentatEp,;= 0.18 V, corresponding to the oxidation of Qo Cl?*.
N-succinimidyl-3-maleimidopropionate was applied to attach The intermediate redox state Cis not observed because it
covalently the iso-2-cytochromz(Cyt c) to the polymer film, undergoes disproportionatiéh.Coulometric analysis of the
Scheme 4. The single-cysteine residue of the Cywas anodic redox waveHpa;: = 0.18 V) recorded with a relatively
covalently linked to the maleimide functional group, providing fast potential scan rate (10 mV% yields the amount of Cii/
alignment of the redox protein on the surfdé¢interaction of
the Cytc-functionalized surface with cytochrome oxidase (COX) (45) Kharitonov, A. B.; Alfonta, L.; Katz, E.; Willner, 1J. Electroanal. Chem.

; o 200Q 487, 133-141.
resulted in a stable affinity complex between @yand COx (46) Gileadi, E.; Tsionsky, VJ. Electrochem. So@00Q 147, 567—574.
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Scheme 4. Preparation and Operation of the Biocatalytic Cathode?@
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a Covalent attachment of iso-2-cytochroméCyt c) to the polymer-functionalized electrode surface usiaguccinimidyl-3-maleimidopropionat&) as
a heterobifunctional linker, followed by affinity binding of cytochrome oxidase (COx) and the crosslinking of the protein complex layer, aitderevers
activation and deactivation of the biocatalytic cathode by the electrochemical reduction ofthpaBrmer film and the oxidation of the Cypolymer film,
respectively.

CWP that participates in the redox process upon the potential V. The kinetics of the reductive process, ~ 50 s, corresponds
scan (ca. 40 s at potentials lower thaf.2 V). The amount of to the formation of the conductive aggregates of @articles
redox-active copper found from the cyclic voltammogram is across the polymeric matrix. The slow kinetics of this process
ca. 400 ng cm?, which is almost an order of magnitude smaller is attributed to the fact that the €uions have to migrate
than the total amount of copper derived from the microgravi- through the polymer film and reach the electrode surface to be
metric measurements. This discrepancy originates from slow reduced. Upon this reductive process, the conductive aggregates
charge propagation across the polymeric matrix; therefore, onof CW’ nanoparticles are growing from the electrode surface
the time scale of cyclic voltammetry, only the ions adjacent and penetrating the polymer film. The amount of the reduced
to the conductive support participate in the redox process. It Cu° was derived by the integration of the cathodic current and
should be noted that Ctiions associated with the poly(acrylic  corresponded to 44g cn2 (6.9 x 1078 mol cn?) after 1000
acid) film capped with the polyethylenimine layer are not leaking s of the reductive process. This surface loading is similar to
from the membrane and the reproducible cyclic voltammogram that found by the quartz-crystal microbalance measurements.
could be observed in the absence of Cions in the background  Taking into account the polymer film thickness of ca. 280 nm,
solution upon application of many potential cycles. as derived from the SPR measureméfitae calculated the

To study the kinetics of the electrochemical reduction 6f'Cu  concentration of the redox-active €uUCLP in the film to be
ions across the polymeric matrix and the backward electro- ca. 0.16 g cm? (2.5 x 1073 mol cn13). The reductive process
chemical oxidation of Climetallic particles, chronoampero- could be stopped at different time intervals (shown with arrows
metric measurements were performed. Figure 1B shows thea—e in Figure 1B), providing various extents of the %Cu
cathodic current decay upon the potential step from 0:50% reduction and thus yielding different conductivities of the’Cu
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Figure 1. Electrochemical processes in the?®ACu’-poly(acrylic acid) hybrid thin film: (A) A cyclic voltammogram of the €UCuw’-poly(acrylic acid)

hybrid film. Potential scan rate 10 mV'% Arrows show the potential steps corresponding to the chronoamperometric measurements shown in parts B and
C. (B) Cathodic current decay upon the application of a potential step from 6:8.8V on the Cé&"-polymer-functionalized electrode. Arrows-a show

the time interval applied for the electrochemical reduction of'Gans in the polymeric matrix. (C) Anodic current decay upon the application of a potential
step from—0.5 to 0.5 V on the Clpolymer-functionalized electrode after the potentiat-@.5 V was applied on the electrode for 1000 s. The measurements
were performed in the presence of 0.1 TRIS-buffer,pH.0, in the cell under Ar.

polymeric matrix. Figure 1C shows the fast anodic current
decay,r1;2 ~ 0.2 s, upon the potential step frorD.5t0 0.5V
after the potential of~0.5 V was applied to the electrode for
1000 s. The fast kinetics of this oxidative process (the oxidation 100
of ClP to C#") originates from the fact that the conductive
assembly of the aggregated Qparticles is already produced
across the polymeric matrix prior to the potential step, thus
providing the electrochemical contact of all of the®Gpecies.
The amount of the oxidized copper generated in the anodic
process is derived by the integration of the anodic current, and =2
it is similar to the amount of the reduced copper formed in the
reductive process (ca. 44 cni?).

In the previous stud$? we have demonstrated that the
reduced Clispecies exist in the form of aggregated nanopar- 20
ticles and the electrochemical transition between thé- Cu
polymeric matrix and the Cti-polymeric matrix controls the
electrical resistance of the film. While the €upoly(acrylic 1 ) 3 . 5
acid) revealed very high resistance (transverse resistance Steps
between a Au 0.5 mm-diameter condu.ctlve.tlp ‘T’md the_e,IeCtrOdeFigure 2. Reversible switching “ON” and “OFF” of the short-circuit
support, ca. 300®), the C¥-poly(acrylic acid) film exhibited current,ls, and the open-circuit voltag¥sc, generated by the biofuel cell.
lower resistance (ca. 2.XX. These properties of the €U The cell output is switched “ON” (steps 1, 3, and 5) by the application of
Cu-poly(acryl acic) fim suggest that the lectrical contact 1% BRSS! 02V 1o ol Beemel, sleres 1 on 2
between the electrode support and the redox biocatalyst ass0Cly the two biocatalytic electrodes for 5 s. The measurements were performed
ated with the film could be electrically switched and tuned by in the presence of 80 mM glucose solution saturated with air.
controlling the resistance of the polymer medium. To study the
effect of the redox state of the EUCLP-poly(acrylic acid) film matrix and providing electrical contacting of the biocatalyst with
on the biofuel cell output, the biocatalytic cathode and anode the electrode support. When the ionic state’Cis electro-
were preconditioned at the potentials-60.5 V for 1000 s or chemically produced in the polymeric matrix, the biocatalysts
at 0.5V for 5 s togenerate the reduced Car oxidized Cd" are electrically disconnected from the electrode support, and
in the film, respectively. The open circuit voltage and the short- the biocatalytic process cannot yield the voltage and current
circuit current {/oc andlsg produced by the biofuel cell in these  formation across the cell. Thus, the complete switching “ON”
two states were measured in the presence of 80 mM glucoseand “OFF” was achieved for the biofuel cell upon conditioning
solution saturated with air, Scheme 1B. Figure 2 shows the the biocatalytic electrodes at the reductive potentiat-6f5 V
reversible activation and deactivation of the biofuel cell upon for 1000 s and at the oxidative potential of 0.5 V for 5 s,
the formation of the Clistate and C#f state, respectively. The  respectively, Schemes 3 and 4. It should be noted that both
biofuel cell short-circuit current is ca. 1QBA (current density electrodes (the cathode and anode) should be activated by the
ca. 550uA cm~?) in the active state (Ctpoly(acrylic acid)) application of the reductive potential ef0.5 V to activate the
and OuA in the nonactive state (Gt-poly(acrylic acid)), Figure entire biofuel cell; however, application of the oxidative potential
2. The open-circuit voltage produced by the active state of the of 0.5 V on any of the biocatalytic electrodes results in the
cell is ca. 120 and 0 mV in the Ctpoly(acrylic acid) biofuel cell deactivation. The open-circuit voltage produced by
deactivated state of the cell, Figure 2. This is attributed to the the active state of the ceN,c = 120 mV, almost corresponds
fact that, in the reduced state, the%Ganoparticles generate  to the maximum theoretical valtidetermined by the difference
the conductive aggregates, penetrating through the polymericof the redox potentials of PQQ and cytochroméEpqoy =
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Figure 3. Open-circuit voltage\(,¢) at a variable concentration of glucose
injected into the biofuel cell device: (A) After the anode and cathode of
the biofuel cell were activated by the application of the potential corre-
sponding to—0.5 V for 1000 s. (B) After the anode and cathode of the
biofuel cell were deactivated by the application of the potential of 0.5 V
for 5 s. Arrows show the injection of glucose with the concentrations of:
(a) 2 mM, (b) 3 mM, (c) 8 mM, (d) 40 mM. (C) Calibration plots of the
glucose sensing when the biofuel cell is activated (a) and deactivated (b).
In all measurements, the glucose solution was equilibrated with air. The
glucose samples of variable concentration &9 in 0.1 M TRIS-buffer,

pH = 7.0, were injected into the flow stream (flow rate of 1 mL miip

—0.125 V** andEc,° = 0.03 V489, which mediate the electron-

voltage-current density curves were measured at variable
loading resistances (loading functiéhifter the application of

the reduction process on the electrodes for different time
intervals. It can be seen that the voltageirrent output of the
biofuel cell becomes higher when the reductive process applied
on the Cé*/poly(acrylic acid) film is longer. The reductive
process performed for 1000 s resulted in the highest output
values. Figure 4B shows the electrical power density produced
by the biofuel cell at variable resistances after application of
the reductive potential on the biocatalytic electrodes for the
different time intervals. It can be seen that the power output
from the biofuel cell is smaller as the time interval for the
reduction of the C&-polymer film to the C&-polymer film is
shorter. Also, we observe that the output power is less dependent
on the value of the external resistances as the time interval for
the generation of the Cu polymer film is shorter. As the
maximum value of the power output should occur at the external
resistance load that is equal to the internal cell resistéhibe,
results imply that at shorter time intervals for the generation of
the C¥-polymer film the cell resistance is higher. This conclu-
sion can be explained by the fact that at shorter time intervals
for generating the Chpolymer a substantial amount of the
polymer film exists in a nonconductive state with high resistance
and the biocatalysts in these polymer domains are inactive. This
conclusion will be further supported by impedance measure-
ments, vide infra. When the reductive process that yields the
CWP state is longer, the conductivity of the hybrid film is
increased, and the electrical contacting of the biocatalysts and

transfer processes between the biocatalyst units and the elecine glectrodes is improved. This results in the decrease of the

trodes.

In our previous study? we have shown that a noncompart-
mentalized biofuel cell based on the reconstituted glucose
oxidase and the integrated cytochromieytochrome oxidase

electron-transfer resistance of the biocatalytic electrodes and
yields smaller internal resistance of the biofuel cell. It should
be noted that the internal resistance of the biofuel cell represents
mainly the electron-transfer resistance of the biocatalytic

can function as a self-powered biosensor for glucose, producingg|ectroded? As the time interval for the reduction of the Su
an output voltage that is dependent on the glucose concentrationyslymer film is shorter, the content of electrically contacted

The present biofuel cell also shows that.the qutput voltage Sig”albiocatalyst with the electrode is lower, and thus the average
is controlled by the glucose concentrations in the system, wheng|eciron-transfer resistance is higher. The smaller internal
the biocatalytic electrodes are activated to the conductive stateagistance of the cell allows the higher voltage and current

by their preconditioning at the potential 6f0.5 V for 1000 s,
Figure 3A. Injection of air-saturated solutions with the different
glucose concentrations resulted in the variable voltage sig-

nals generated by the cell, thus allowing the glucose sensing.

outputs, Figure 4A, but results in the sharp dependence of the
produced power on the loading resistance values, Figure 4B.
Thus, variation of the reductive time intervals applied to the
biocatalytic electrodes allows the tuning of the output functions

The voltage output increases as the concentration of glucose isyf the biofuel cell due to the change of the internal resistance

elevated. However, when any of the biocatalytic electrodes

(the anode or cathode) are deactivated by the application of

the oxidative potential of 0.5 V for 5 s, the cell voltage output

is blocked to any glucose concentration, and thus the glucose

biosensor is switched “OFF”, Figure 3B. Figure 3C shows
the calibration plots for the self-powered glucose biosensor
when it is in the “ON” state, curve a, and in the “OFF” state,

curve b.

The slow kinetics characteristic to the reduction of the matrix
and its transformation to the conductive medium allow us to
terminate the process at different time intervals and to achieve
variable degrees of conductivity of the film. The controlled
conductivity of the film could then be used to tune the voltage
current output of the biofuel cell. The reductive process was
terminated after 200, 400, 600, 800, and 1000 s, resulting in
different voltage-current outputs of the cell. Figure 4A shows
the voltage-current density curves of the biofuel cell in the
presence of 80 mM glucose solution saturated with air. The

6810 J. AM. CHEM. SOC. = VOL. 125, NO. 22, 2003

of the cell.

The mechanism suggested for the electrochemical switching
of the biofuel cell between “ON” and “OFF” states was further
supported by Faradaic impedance measurentéimspedance
spectroscopy provides an effective method to probe the electron-
transfer resistances at electrodes. A typical Faradaic impedance
spectrum presented as a Nyquist plak(vs Z) consists of a
semicircle domain at high frequencies. The diameter of the
semicircle corresponds to the interfacial electron-transfer resis-
tance®® Figure 5 shows the impedance spectra measured
between the biocatalytic electrodes (two-electrodes nidie)
the presence of 80 mM glucose solution saturated with air.

(47) Bockris, J. O'M.; Srinivasan, SFuel Cells: Their Electrochemistry;
McGraw-Hill Book Co.: New York, 1969.

(48) (a) Bard, A. J.; Faulkner, L. FElectrochemical Methods: Fundamentals
and ApplicationsWiley: New York, 1980. (b) Stoynov, Z. B.; Grafov, B.
M.; Savova-Stoynova, B. S.; Elkin, V. \Electrochemical Impedance
Nauka: Moscow, 1991. (c) Katz, E.; Willner, Electroanalysis2003 in
press.
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the biocatalytic electrodes for different time intervals: (a) 200 s, (b) 400 s, (c) 600 s, (d) 800 s, and (e) 1000 s. The measurements were performed in th
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Figure 4. (A) Current density-voltage behavior of the biofuel cell at different external load resistances. (B) Electrical power density extracted from the
biofuel cell at different external load resistances. Curvee ahow the biofuel cell output functions after the reductive potentiat@b V was applied to
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produced by the fully activated biofuel cell, Figure 4B, curve
e. It should be noted that the maximum power output is achieved
at the external loading resistance equal to the internal resistance
of the battery (or fuel cellf’ Thus, the electron-transfer
resistanceRe;, derived from the impedance spectrum, Figure
5B, curve e, corresponds to the internal resistance of the biofuel
cell that operates in the fully activated state of the®-@aly-
(acrylic acid)-functionalized electrodes. Figure 5, curvega
shows the Faradaic impedance spectra measured between the
biocatalytic electrodes (two-electrodes mode) upon operation
of the biofuel cell after the reductive potential ©0.5 V was

Figure 5. Nyquist plots Zm Vs Z) corresponding to the impedance spectra . . . .
of the biofuel cell measured between the cathode and anode (two—eIectrodesappl'ed to the electrodes for different time intervals. Curve e

mode) in the presence of 80 mM glucose solution saturated with air. (A) Shows the impedance spectrum corresponding to the fully
The biofuel cell is in the “OFF” state after the potential of 0.5 V was applied  activated biofuel cell after application of the reductive potential
9n t!?e two biocatalytic eIe_ctrodes for 5 s. (B) _The biofuel c_eII is in _the of —0.5 V for 1000 s. Curves-ad show the impedance spectra
ON" state after the potential of-0.5 V was applied on both biocatalytic . . . .
electrodes for different time intervals: (a) 200 s, (b) 400 s, (c) 600 s, (d) corresponding to the partially activated biofuel cell after the
800 s, and (e) 1000 s. reductive potential of-0.5 V was applied on the electrodes for
200, 400, 600, and 800 s, respectively. These spectra, curves
Figure 5A shows the impedance spectrum of the cell after the a—d, correspond to the intermediate tunable states of the biofuel
biocatalytic electrodes were deactivated by the application of cell that operates between the fully deactivated state, Figure
the oxidative potential of 0.5 V for 5 s. The low frequency 5A, and the fully activated state, Figure 5B, curve e. The
(0.1-1 Hz) impedance domain shows very high impedance electron-transfer resistances derived from the spectra, Figure
values Zim andZ,) of ca. 1-2 MQ . Under this condition, the ~ 5B, curves ad, correspond to ca. 12, 6, 4, and 2.R k
biofuel cell does not generate any measurable voltagerent respectively. Thus, the electron-transfer resistances of the biofuel
output. Figure 5B, curve e, shows the impedance spectrum ofcell in its different degrees of electrochemical activation
the cell after the biocatalytic electrodes were fully activated by represent the internal resistances of the respective activated cells
the application of the reductive potential 0.5 V for 1000 s. under operating conditions.
The diameter of the semicircle domain of the spectrum corre-  The overall electron-transfer resistance of the fuel cell derived
sponds to the overall electron-transfer resistance of the biofuelfrom the impedance spectrum measured between the cathode
cell, Ret ~ 1 kQ . This value is similar to the value of the  and anode (two-electrodes mode) is composed of the partial
external loading resistance that provides the maximum power electron-transfer resistances of the cathode and the anode that
were measured separately (three-electrodes n¥§ddje later
measurements were performed for each of the biocatalytic
electrodes using a counter electrode and a quasi-reference

(49) (a) Rodrigues, S.; Munichandaraiah, N.; Shukla, AJKPower Sources
200Q 87, 12—-20. (b) Karden, E.; Buller, S.; De Doncker, R. W.
Electrochim. Acta2002 47, 2347-2356. (c) Karden, E.; Buller, S.; De
Doncker, R. W.J. Power Source200Q 85, 72—78. (d) Andersson, H.;
Petersson, |.; Ahlberg, B. Appl. Electrochen2001, 31, 1-11. (e) Cheng,
S.; Zhang, J.; Zhao, M.; Cao, Q. Alloys Compd1999 293-295 814—
820.

(50) Song, J. Y.; Lee, H. H.; Wan, C. Q. Power Source2002 111, 255—
267.
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Figure 6. Nyquist plots Zm Vs Z) corresponding to the impedance spectra Time / h
of: (a) the GOx-functionalized anode (three-electrodes mode), (b) the Cyt
¢/COx-functionalized cathode (three-electrodes mode), (c) the whole biofuel Figure 7. Time-dependent open-circuit voltag@e., generated by the
cell (two-electrodes mode). The measurements were performed in the biofuel cell in the presence of 80 mM glucose solution saturated with air.
presence of 80 mM glucose solution saturated with air, and after the Arrows show the time interval when the cell was reactivated by the
biocatalytic electrodes were activated by the application of the potential of application of the potential 0f-0.5 V on the biocatalytic cathode for
—0.5V for 1000 s. 1000 s.
electrode in the cell, Scheme 1B. Figure 6, curve a, shows thethe flow rate of 1 mL minl. The open-circuit voltage slowly
impedance spectrum of the GOx-functionalized anode in the decreases from 120 to 90 mV afeh of continuous operation.
presence of 80 mM glucose solution saturated with air after After that, the reductive potential 6£0.5 V was applied for
the electrode was preconditioned at the potentiat 05 V for 1000 s to the biocatalytic cathode, resulting in full reactivation
1000 s. The electron-transfer resistance of 820s derived of the cell and restoring the origin&,: = 120 mV. One can
from this spectrum. Figure 6, curve b, shows the impedance conclude from this result that the gradual decrease of the cell
spectrum of the Cytc/COx-functionalized cathode in the output originates from the partial oxidation of the conductive
presence of 80 mM glucose solution saturated with air after CuP-polymeric matrix associated with the cathode, rather than
the electrode was preconditioned at the potentiat0f5 V for from the degradation of the enzyme-biocatalytic systems. The
1000 s. The electron-transfer resistance of 660s derived biofuel cell performance could be maintained with no efficiency
from this spectrum. The overall electron-transfer resistance of loss for at least 48 h by the sequential reactivation steps that
the biofuel cell measured between the anode and cathode (two-involve the application of the reductive potential on the cathode
electrodes mode) is ca. 10@®, and this value fits nicely the  evey 3 h (16 reactivation steps).
sum of the electron-transfer resistances of the cathode and anode )
measured separately, as predicted theoreti€ltyshould be Conclusions
noted that the electron-transfer resistances of the anodic and A noncompartmentalized biofuel cell composed of a biocata-
the cathodic processes as well as the overall electron-transfelytic anode based on the reconstituted glucose oxidase and a
resistance of the cell (curves a, b, and c, respectively) represenbiocatalytic cathode based on the integrated cytochraine
the electrochemical kinetics of these processes rather than théochrome oxidase was studied. The biocatalytic systems were
ohmic resistances of the €poly(acrylic acid) films on the assembled on the hybrid EuCW’-poly(acrylic acid) matrix
electrodes. Particularly, the difference of the electron-transfer associated with the anode and cathode. Th& (oly(acrylic
resistances of the anodic and cathodic processes originates fronacid) associated with the electrodes is electrochemically reduced
the difference in the respective electrochemical kinetics. From to the C§-polymer conductive state, while the oxidation of the
these impedance measurements, one can conclude that the mai@w’-poly(acrylic acid) yields the nonconductive €polymer
contribution to the biofuel cell electron-transfer resistance state. In the conductive state of the%Gaolymer film, the linked
originates from the electron-transfer resistance of thec@®x- biocatalytic systems are electrically contacted with the electrode
functionalized cathode. Thus, the cathodic biocatalytic process support, thus allowing the biofuel cell operation. In the non-
represents the limiting step in the whole biofuel cell operation. conductive state of the Ctrpolymer film, the enzyme systems
The same conclusion was previously extracted from the kinetic lack electrical contact with the electrodes, thus resulting in the
measurements performed for the similar biocatalytic sysf8ms. high electron-transfer resistances switching “OFF” the biofuel
The last issue that should be addressed in this study is thecell performance. The cyclic electrochemical switching “ON”
biofuel cell operational stability. Because a positive potential and “OFF” of the biofuel cell was achieved by the reversible
is generated on the biocatalytic cathode upon the cell operation,application of the reductive potential 6f0.5 V on the bio-
the conductive Clistate could be degraded due to the copper catalytic electrodes for 1000 s, and by the application of the
oxidation, thus resulting in the biofuel cell gradual deactivation. oxidative potential of 0.5 V on the electrodes for 5 s,
Figure 7 shows the biofuel cell voltage outp\d measured respectively. This switching process allowed the reversible
upon continuous cell operation in the presence of 80 mM activation and deactivation of the biofuel cell operation as a
glucose solution saturated with air pumped through the cell with power source or as a self-powered glucose sensor.
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Application of the reductive potential 6f0.5 V for shorter future application of such biofuel cell involves, for example,
time intervals 1000 s) results in the partial reduction of the an implantable device that uses physiological fluids, for example,
hybrid polymer film to the CBpoly(acrylic acid) state, thus  blood, for the generation of electrical power that activates
allowing tuning of the biofuel cell output. The impedance machinery units such as pacemakers or insulin pumps. The
measurements performed on the biofuel cell allowed us to switchable biofuel cell will enable the generation of the electrical
correlate the electron-transfer resistance values at the electrodesutput only upon the demand of the power consuming units,
with the voltage-current and powerresistance functions of  and the tunable operation of the cell will allow one to adjust
the biofuel cell. The impedance measurements performed for the electrical power output as needed. It should be noted that
the individual biocatalytic electrodes (three-electrodes mode) the internally switchable and tunable activities of the biofuel
and for the whole biofuel cell (two-electrodes mode) demon- cell have an important advantage over the positioning of an
strate that the overall electron-transfer resistance is composetyternal tunable load to control the cell operation. While an
of the electron-transfer resistances of the cathode and anodeyternal load would generate a voltage on the electrodes that
and that the electron-transfer resistance of the cathode is themight oxidize/reduce physiological ingredients, thereby generat-

main contributor to the cell resistance. Thus, the biocatalytic jng harmful side effects, the electrochemical switching of the
process of the Cyt/COx-system is the limiting step in the  pigfuel cell lacks these disadvantages.

biocatalytic cell operation. Long-term operation48 h) of the
biofuel cell could be maintained by sequential short-time
application of the reductive potential f0.5 V on the cathode
to restore the conductivity of the Gpolymer matrix.

The present system represents the first example of an
electrochemically switchable and tunable biofuel cell. A possible JA034008V
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