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Abstract: The effect of a constant magnetic field on bioelectrocatalytic transformations of three different
enzyme assemblies linked to electrodes is examined and correlated with a theoretical magnetohydrodynamic
model. The systems consist of surface-reconstituted glucose oxidase (GOx), an integrated lactate
dehydrogenase/nicotinamide/pyrroloquinoline quinone assembly (LDH/NAD*-PQQ), and a cytochrome
c/lcytochrome oxidase system (Cyt ¢/COx) linked to the electrodes. Pronounced effects of a constant
magnetic field applied parallel to the electrode surface are observed for the bioelectrocatalyzed oxidation
of glucose and lactate by the GOx-electrode and LDH/NAD*-PQQ-electrode, respectively. The enhancement
of the bioelectrocatalytic processes correlates nicely with the magnetohydrodynamic model, and the limiting
current densities (i) relate to BY3 (B = magnetic flux density) and to C**? (C" = bulk concentration of the
substrate). A small magnetic field effect is observed for the Cyt c/COx-electrode, and its origin is still
guestionable. The effect of the constant magnetic field on the performance of biofuel cells with different
configurations is examined. For the biofuel cell consisting of LDH/NAD"-PQQ anode and Cyt ¢/COx cathode,
a 3-fold increase in the power output was observed at an applied magnetic field of B=0.92 T and external
load of 1.2 kQ.

Introduction effective electrical wiring of redox enzymes with electrodes by

Electrical contacting of redox enzymes with electrode sup- their structural alignment on conductive supports through the
ports attracts substantial research efforts directed to the developsurface reconstitution of apo-flavoenzymes or apo-pyrroloquino-
ment of biosensors? bioelectrocatalyzed chemical transforma-  line quinone (PQQ)-dependent enzymes on a relay-FAD mono-
tions3 and the development of biofuel cell elemetitd.ethering layer assembRyor a redox polymer-PQQ thin filfnlinked to
of electroactive relays to redox protefres the immobilization ~ electrodes, respectively. This concept was further generalized
of redox proteins in electroactive p0|ymers associated with by ta”Oring integrated, electrically ContaCted, COfaCtOI"dependent
electrodes are common practices to electrically contact and €nzyme electrodes by the cross-linking of affinity complexes

activate the redox enzymes. Recently, we reported on thebetween NAD-dependent enzymes and an electrocatalyst-
NAD™ monolayet® or thin film!! associated with electrodes.
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Recently, metal nanopartickésor carbon nanotub&s were ment of the electrical output of the biofuel cells as a result of
employed as efficient electrical contacting elements of glucose the magnetohydrodynamic effect.

oxidase by the reconstitution of the apo-enzyme on the FAD _ _

cofactor-functionalized Au nanoparticles or carbon nanotubes, Experimental Section

respectively. In these systems, the direct electron transfer from Chemicals. Glucose oxidase (GOx, EC 1.1.3.4 frofspergillus

the enzyme _COfaCtor to the conductive support pr_OC?EdS throughﬂiger) and L-lactic dehydrogenase (LDH, EC 1.1.1.27 from rabbit
the conductive nano-objects. Also, the reconstitution of apo- myscle, type I1) were purchased from Sigma and used without further
glucose oxidase on FAD-modified polyaniline wires wrapped purification. Apo-glucose oxidase (apo-GOx) was prepared by a
around a DNA template associated with an electrode led to anmodificatior?® of the reported metho#. Cytochrome oxidase (COX)
electrically contacted enzyme electrode. was isolated from a KeilinHartree heart muscle and purified according

Efficient electron transfer between redox enzymes and © @ published techniqué. Yeast iso-2-cytochrome (Cyt c) from
conductive electrode supports as a result of structural aIignmentsacchammyCes gw'ae.(s'gma) was pu”f'?d bY 'On'e{(Change
and optimal positioning of the electron mediators allowed chromatographyN® (2-Aminoethy)-flavin adenine dinucleotidéit

- . (2-aminoethyl)-FAD,2)? and N°-(2-aminoethyl)8-nicotinamide ad-
development of noncompartmentalized biofuel cElI€ross- enine dinucleotideNe-(2-aminoethyl)-NAD, 3)% were synthesized and

reactions of the anolyte fuel and catholyte oxidizer with the pyrified as described before. All other chemicals, including pyrrolo-
opposite electrodes were prevented because of the high specificquinoline quinone (PQQ,), N-succinimidyl-3-maleimidopropionatd)(

ity of the bioelectrocatalytic reactions at the electrodes, and thus 4-(2-hydroxyethyl)piperazine-1 ethanesulfonic acid sodium salt (HEPES),
the use of a membrane separating the catholyte and anolytetris(hydroxymethyl)aminomethane hydrochloride (TRIS), 1-ethyl-3-(3-
solutions could be eliminated. These biofuel cells were suggesteddimethylaminopropyl)carbodiimide (EDC), glutaric dialdehygen-

as future implantable batteries that use glucose in blood as the(*)-glucose, and sodiur-lactate were purchased from Sigma and

fuel sourcé®5.15and as self-powered biosensors for glucose or Aldrich a_nd used as supplied. UItra_pure Water_from Barnstead NAN-
lactate, since the output voltage and current signals are depend-oloure .D.|an.10nd system was used in a_” experiments. )
ent on the substrate concentratién. Modification of Electrodes and Design of the Electrochemical
o . Cells. Glass supports (1& 10 mm) coated with a chromium sublayer
Magnetic field could affect the rate of electrochemical (.5 nm)and a gold layer(50 nm) supplied by AnalyticakSystem
reactions through the magnetohydrodynamic effect. This effect (cermany) were used as working electrodes. The Au electrodes were
was well documented for simple one-step electrochemical cleaned in boiling ethanol for 2 min, and then they were thoroughly
reactions involving inorganic (e.g., ferrocyanide) or organic (e.g., rinsed with water. Cystamine was self-assembled on the electrodes to
acetophenone) compountsRecently, we developed the theo- Yield the amino-functionalized surface as described beéforEhe
retical approach to account the magnetohydrodynamlc effect resulting amino-functiona”zed Au electrodes were reacted W|th PQQ
on electrochemical procességhe effect of a constant magnetic (1) as described before to generat_e the PQQ-monoI_ayer-functlonallzed
field on bioelectrochemical systems was also demonstrated byS/ectrodes: The covalent coupling of théi*-(2-aminoethyl)-FAD
us for the first time, using cyctochroneebased electrochemical (2) to the PQQ-modified electrode was performed by soaking the

. . electrode in the 0.1 M HEPES-buffer solution 7.2) containin
systems as examplédWe have studied the magnetic field effect 5 x 104 M (2) and 5x 10-* M EDC for 2 h at(:f:)m t)emperaturge.

on cytochromec-mediated biocatalytic processes, and the The pQQ-FAD-functionalized electrode was reacted with tmig?
enhanced bioelectrocatalytic processes correlated nicely withapo-GOx in 0.1 M phosphate buffer, pH 7.0, for 5 h at room

the magnetohydrodynamic model that was developed. In thesetemperature. The modified electrode was washed with water to yield
systems, all components participating in the bioelectrocatalytic the GOx-reconstituted electrodes for biocatalytic oxidation of gluose.
processes, including cytochrome operating as a redox  The covalent coupling of this®-(2-aminoethyl)-NAD' (3) to the PQQ-
mediator, and the enzymes (cytochrome oxidase or lactic modified electrode was performed by soa_ki_ng the electrode in the 0.1
dehydrogenase), communicating with cytochrome were M HEPE3S-buffer solution (pH= 7.2) containing 5x 1074 M (3) and
solubilized in the electrolyte solution as diffusional components. 5 x 107 M EDC for 2 h atroom temperature. The PQQ-NAD

In th t ¢ It th h functionalized electrode was reacted with 1-mg=* LDH in 0.1 M
n the present paper, we report new resuits on the en ancemen[!)hosphate buffer, pk 7.0, far 5 h atroom temperature, briefly washed

of bioelectrocatalytic processes of the surface-integrated bio- iy the phosphate buffer, and reacted with an aqueous glutaric
catalytic systems by the magnetohydrodynamic effect. Specif- giaidehyde solution, 10% (v/v), for 30 min at room temperature. The
ically, we examine the effect of a constant magnetic field on resulting electrode was rinsed with water to yield the LDH/NAD
the performance of biofuel cells and demonstrate the enhance-PQQ-integrated electrode for biocatalytic oxidation of lactétd@he
iso-2-cytochromec (Cyt ¢) was covalently linked in a monolayer

(12) Xiao, Y.; Patolsky, F.; Katz, E.; Hainfeld, J. F.; Willner,cience2003 configuration to the Au electrode. The amino-functionalized Au surface
299 1877-1881. ) was reacted witN-succinimidyl-3-maleimidopropionateéin 0.1 M

(13) Ela]t-gl_szl?/i;.; Weizmann, Y.; Willner, Angew. Chem., Int. E€004 43, HEPES-buffer, pH= 7.2, for 2 h, followed by rinsing with water. The
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S. R.; Lee, J.; Gao, X. P.; White, H. $. Phys. Cheml1996 100, 5913~ (22) Bickmann, A. F.; Wray, V.; Stocker, A. IMethods in Enzyhmology:

5922. (e) Ragsdale, S. R.; Lee, J. H.; White, HA8al. Chem1997, 69, Vitamins and Coenzyme$icCormick, D. B., Ed.; Academic Press:

2070-2076. (f) Leventis, N.; Chen, M. G.; Gao, X. R.; Canalas, M.; Zhang, Orlando, Fl, 1997; Vol. 280, Part 1, p 360.
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0.1 mM, in 0.1 M HEPES-buffer, pH 7.2, for 2 h, followed by rinsing  Scheme 1. Schematic lllustration of the Mechanism for the

with water. To produce the integrated COx/Gybioelectrocatalytic ~ Enhanced Mass Transport of Electroactive Species under an
electrode for @reduction?® the resulting Cyt-modified electrode was Applied Magnetic Field

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 ‘— 5

aqueous solution of glutaric dialdehyde, 10% v/v, for 30 min. The ;
resulting modified electrode was washed with water.

Two types of electrochemical cells were constructed: one to perform
cyclic voltammetry measurements and the second one to assemblg
biofuel cells. For the cyclic voltammetry measurements, the modified :
working electrodes (active area ca. 0.2%cnoughness factor ca. 1.2) <
were introduced in an electrochemical cell that included a Pt-wire
counter electrode and Ag-wire quasi-reference electrode. The quasi- Cal '
reference electrode was calibraét®daccording to the potential of L L
dimethyl viologen,E° = —0.687 V versus SCE, measured by cyclic
voltammetry in a separate experiment, and the potentials are reported B=0 B>0
versus SCE._ Biofuel cells were assembled from two modified electrodes . 55 the diffusional flux of the substraté,, is the substrate concentra-
(the reconstituted GOX/FAD-PQQ-electrode as an anode and the COXltions at the electrode surfacép and 6o are the Nernst diffusion layer
Cyt c-electrode as a cathode or the integrated LDH/NABQQ- thickness and hydrodynamic boundary layer thickness, respectively, and
electrode as an anode and the COx/Gglectrode as a cathode; an  Up is the fluid velocity on the outer edge of the hydrodynamic boundary
active area of each electrode is ca. 0.2craughness factor ca. 1.2)  layer.
that were sandwiched with a spacer providing a distance of 8 mm

imatiord?
between the electrodes. Two plastic tubes (inlet and outlet) were added(NemSt_ appfox'ma“?rﬁ: _SCheme 1A' In th_e absenqe of
to the cell to convert the biofuel unit into a flow cell (flow rate 1 ~Magnetic field, the diffusion layer thickness is a function of

mL-min-1). A peristaltic pump was used to control the flow rate. the concentration, the diffusion coefficient of the substrate, and
Glucose or lactate solutions in 0.1 M TRIS-buffer, pt7.0, (in lactate, the electrode potential. Thus, at given values of these three
10 mM CaC} was added to the solution) saturated with air were applied parameters, we obtain a steady valuégfind a steady diffusion

to power the biofuel cells. The cell for cyclic voltammetry or the biofuel  flux, j = D(C* — Cg)/dp. As a result, the limiting current density
cell were inserted between the poles (diameter of 6 cm, separated bygenerated in the systeni,, is governed by thedp value

a distance of 1 cm) of an electromagnet (Model DPS-175, Scientific (355uming that the reactant concentration at the electrode surface
Equipment Roorkee, India) providing a constant magnetic fielti% Ce = 0), eq 127

homogeneity) of variable strength that was measured with a Digital ©
Gaussmeter (model DGM-102, manufactured by Sestechno, India). The i, =nFDC*/6, Q)
cell (1-cm thick) was positioned between the centers of the poles. The ] ) _ o
images of the experimental setup and a diagram of the system are giverwwhere D is the diffusion coefficientC* corresponds to the
as Supporting Information (S1). The modified biocatalytic electrodes concentration of the electroactive substrate in the bulk solution,
were positioned parallel to the direction of the magnetic field. nisthe number of electrons per molecule involved in the redox
Electrochemical measurements were performed using an electrochemiprocess, andF is the Faraday constant
cal analyzer (EG&G, VersaStat) linked to a computer (EG&G Software  aApplication of a magnetic field on a solution that includes
#270/250). Voltage :_and current prodU(_:ed by the_ biofuel cells were moving ions (net current in our system) produces a magnetic
megsured on a variable external rgsstance using an electrometerbody force,Fy, acting on the systet. This force,F,, given
(Keithley 617). All the data were obtained at room temperature, ca. 24 ;

. X o ) . by the Lorentz equation, eq 2, corresponds to the vector product
+ 2 °C. Different magnetic fields applied on the electrochemical cell . . .

of the net current density,,, and the magnetic flux densitf,

were generated by a sequential “ON” and “OFF” process. ; -
A QCM analyzer (Fluke 164T multifunction counter, 1.3 GHz, that is exerted perpendicularly to these two vectérs.

TCXO) and quartz crystals (AT-cut, 9 MHz, Seiko) sandwiched F.=i_xB (2)
between two Au electrodes (area 0.1962craughness factor ca. 3.2)
were employed for the microgravimetric analyses in air. The QCM The Lorentz force acts on the ions of the solution and results
crystals were calibrated by electropolymerization of aniline in 0.1 M jn a momentum transfer to the solvent. Under conditions where
H.SQ; and 0.5 M NaSQ, electrolyte solution, followed by coulometric  the flux of jons occurs orthogonal to the electrode surface and
assay of the resulting polyaniiline film gnd relating the crystal frequency e applied magnetic field, is directed parallel to the surface,
changes to the electrochemically derived polymer rifass. the Lorentz force acts along the electrode surface. This leads
to the formation of a solution flow, which is directed mainly
tangential to the electrode surface and is present only under an
The mechanism of the magnetic field effect on mass- applied magnetic field. This flow results in the formation of
transport-limited electrochemical reactions will be discussed the hydrodynamic boundary layer of thicknegsand a velocity
briefly. We limit our discussion considering only a constant gradient across this layer, Scheme 1B. The hydrodynamic flow
homogeneous magnetic field applied parallel to the electrode results in the decrease 8§ that leads to the accelerated mass
surface plane. An electrochemical reaction occurring at the transport of the electroactive species toward the electrode surface
electrode surface yields a concentration gradient of the elec-and to the enhanced electrochemistry. This leads to an increase

% %

Electrode

Q
Bl
8 |
=
3/
wl |

Theoretical Background

troactive substrate along a diffusion layer of thickness, in the current,|, through the bulk solution, resulting in the

(25) Pardo-Yissar, V.; Katz, E.; Willner, 1.; Kotlyar, A. B.; Sanders, C.; Lill, (27) Bockris, J. O'M.; Reddy, A. K. N.; Gamboa-Aldeco, MJodern
H. Faraday Discus200Q 116, 119-134. ElectrochemistryPlenum Press: New York, 1998.

(26) Baba, A.; Tian, S.; Stefani, F.; Xia, C.; Wang, Z.; Advincula, R. C.; (28) Kendall, P. C.; Plumpton, Glagnetohydrodynamics with Hydrodynamics
Johannsmann, D.; Knoll, Wl. Electroanal. Chem2004 562 95—-103. Vol. 1; Pergamon Press: Oxford, 1964.

J. AM. CHEM. SOC. = VOL. 127, NO. 11, 2005 3981



ARTICLES Katz et al.

Scheme 2. Assembly of the Bioelectrocatalytic Electrodes?
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a(A) The glucose oxidase reconstitution on the FAD-PQQ self-assembled monolayer. (B) The lactic dehydrogenase association with-fI@QNAD
self-assembled monolayer followed by the enzyme cross-linking with glutaric dialdehyde. (C) The cytochrome oxidase association with sbH- Cyt
assembled monolayer on the electrode followed by the enzyme cross-linking with glutaric dialdehyde.

increase in the flow velocity, and the further decreas@mf of the Nernst diffusion layergp, and the thickness of the
This positive feedback mechanism is limited by dissipation in hydrodynamic boundary layed,.2° For the flow moving over
the boundary layer that results in the steady-state flow velocity the plate, the thickness of the hydrodynamic boundary layer is
and steady-state current. This phenomenon, known as theinversely proportional to the square root of the flow velocity.
magnetohydrodynamic effect on electrochemical reactions, is The velocity of the arising flow depends on the applied magnetic
experimentally documented in numerous studies. flux density. As LevicR® has shown thabp is proportional to

In a recent report, we formulated a theoretical model that do, a decrease of the Nernst diffusion layer thickness is expected
accounts for the effects of a static homogeneous magnetic field,upon application of the magnetic field. Using the NaviStokes
directed parallel to the planar semi-infinite electrode surface, equation and the Nernst diffusion layer approximafibme
on electrochemical reactlo_ns at Interfaé:%m the develOpm_ent (29) Levich, V. G.Physicochemical Hydrodynamiddrentice Hall: Englewood
of the model, we used Levich relationship between the thickness ™ cliff, NJ, 1962.

3982 J. AM. CHEM. SOC. = VOL. 127, NO. 11, 2005
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formulated the relation between the limiting current of the redox- Table 1. Composition and Functional Properties of the
active substrate, the magnetic flux density, and the substrateBio¢lectrocatalytic Electrodes

concentration, as described in eé|83. bioelectrocatalytic cofactor surface enzyme surface enzyme
electrode coverage? molescm=2  coverage? mole-cm=2  turnover’s—!
- —1/3~8/9. —2/9 4/31/3 GOx/FAD-PQQ FAD 1.6x 10710 GOx 2x 10712 700
L 0'63(0R) D™ (nFC") B (3) LDH/NAD"-PQQ NAD"15x 10710 LDH7 x 10712 25
COx/Cytc Cytc8 x 10712 COx2x 10712 20

wheren is the number of the electrons per molecule involved _
in the Faradaic proces, s the Faraday's numbeR is an T sufae coieiages of FAD and Gytrere essured fy oyl
electrode characteristic sizeandv are the fluid specific density  cox were derived from QCM measurements. All surface coverages were
and kinematic viscosity of the solution, respectivéyandC* calculated vs real electrode surface taking into account the electrode
are the diffusion coefficient and the bulk concentration of the ?hufgﬂr?;ief%‘g%rgge:g}eggglV?;esakcgb&(?ﬁﬂggcm‘_%_sﬁ facter &a. 1.2).
redox species, respectively, aBds the magnetic flux density  LDH turnover numbers were derived from cyclic voltammetry measurements
(in Tesla). The expressiomEC*) represents the value of the in th(ﬁ presence of the saturated substrate concentrations (glucose or lactate).
charge transferred across an electrode interface by a unit volumeg ey e e foT0nee oG Bes CaT et e ey
of the solution upon the electrochemical reaction. Hence, the normal pressure, and this number is below the enzyme saturation. The
body force acting on a unit volume of the solution and, measurements were performed in the absence of magnetic field.
accordingly, the resulting current, should be proportional to the
n, F, andC* in the same power, as was shown. biocatalytic matrix for the oxidation of lactate, Scheme 98.
This theoretical model was successfully applied to analyze The PQQ units in this structure serve as an electrocatalytic
the magnetic field effects on simple electrochemical processescomponent for the oxidation of the biocatalytically generated
(e.g., the reduction of ferricyanide, the reduction of NADH, thus providing a path for electron transfer from NADH
acetophenone, or the electrochemical deposition of to the conductive support and the regeneration of the NAD
Cu) 18.19(supporting informationThe |imiting current,i., of the elec-  cofactor for the continuous activation of the biocatalytic process.
trochemical reaction at the interface is proportionaBt6 (for The third bioelectrocatalytic electrode was assembled by the
C* = constant). Furthermore, at a constant magnetic field, the covalent binding of the unique thiol group of iso-2-cytochrome
limiting current relates to the concentration of the substrate ¢ (Cyt c) to a maleimido monolayer-functionalized electrode
according to the relation. [0 C*43, surface, a process that led to the alignment of the redox protein,
An additional type of force acting on the electrolyte might Scheme 2G5 The Cytc-functionalized surface was reacted with
arise from the magnetic field interactions with the ions in regions the cytochrome oxidase (COx), resulting in the formation of
with a nonuniform concentration of ions. In the presence of a the affinity complex between Cytand COx, which was further
concentration gradient of ions, as a result of a redox reaction atstabilized by cross-linking with glutaric dialdehyde to yield the
an electrode, a force acting on paramagnetic or diamagnetic ionsintegrated bioelectrocatalytic interface for the reduction ef O
is generated? This force has the same direction as the to H,O. The Cytc serves in this system as the specific electron-
concentration gradient of the paramagnetic ions; orthogonal to transfer mediator that stimulates vectorial electron transfer from
the electrode surface, it linearly depends on the concentrationthe conductive support to CGR.
gradient and does not depend on the direction of the magnetic The bioelectrocatalytic electrodes, the reconstituted GOXx/
field. As a result, an additional convective transport of all the FAD-PQQ-electrode for the oxidation of glucose, the integrated
components of the solution could be generated, resulting in | pH/NAD +-PQQ-electrode for the oxidation of lactate, and the
further enhancement of the elecrochemical process. integrated COx/Cyt-electrode for the reduction of oxygen, were
characterized by cyclic voltammetry and quartz-crystal mi-
crobalance (QCM) measuremef$:10.1525The surface cover-
Three bioelectrocatalytic systems were assembled on Auage values of the different biomolecules associated with the
electrodes through multistep procedures outlined in Scheme 2.gjectrodes and the turnover numbers of the bioelectrocatalytic
A gold electrode was initially modified with cystamine to yield  gystems are summarized in Table 1. In the absence of magnetic
an amino-group-functionalized surface, Scheme 2A. The result-fie|q, the bioelectrocatalytic currents generated by the GOX/
ing self-assembled monolayer provided an amine-functionalized FAD-PQQ-electrode and by the LDH/NABPQQ-electrode
interface for the covalent attachment of PQ)that was then  reached the saturated levels at a glucose concentration of 80
used for further covalent binding d¥°(2-aminoethyl)-FAD  mM and at a lactate concentration of 20 mM, respectively.
cofactor @), Scheme 2A, oN°-(2-aminoethyl)-NAD" cofactor Cyclic voltammetry was used to follow and characterize the
(3), Scheme 2B. Apo-gluc.ose ox}giase (apo-GOx) was reCoN- hioelectrocatalytic reactions stimulated by the enzyme-func-
stituted on the monolayer-immobilized FAD cofactor resulting tionalized electrodes in the absence and in the presence of a
in a biocatalytic interface for the oxidation of glucose, where j,cant magnetic field. Figure 1A, curve a, shows a background
the PQQ units served as mediators for the directional electron ., -rant of the reconstituted-GOx-electrode in the absence of
transfer from the FAD cofactor to the Au conductive sup_port, glucose. The addition of glucose, 80 mM, results in the anodic
Scheme 242" Lactic dehydrogenase (LDH) was associated yselectrocatalytic current corresponding to the oxidation of
with the monolayer-immobilized NAD cofactor by affinity g1,,c0se by the reconstituted-GOx system associated with the
cofactor-protein interactions, and the supramolecular structure 5actrode surface, Figure 1A, curve b. Application of a constant
was cross-linked with glutaric dialdehyde to yield the integrated magnetic field o8 = 0.92 T (directed parallel to the electrode
(30) Hinds, G.: Coey, J. M. D.: Lyons, M. E. Glectrochem. Commu00L sgrface) results in an enhancc_ad bioelectrocatalytic anodic current,
3, 215-218. Figure 1A, curve c. The cyclic voltammograms were recorded

Results and Discussions
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Figure 1. Effects of a constant magnetic field on the bioelectrocatalyzed oxidation of glucose by the GOx/FAD-PQQ-electrode. (A) Cyclic voltammograms
measured on the electrode: (a) in the absence of glucose and in the absence of magnetic field; (b) in the presence of glucose, 80 mM, and in the absence
of magnetic field; (c) in the presence of glucose, 80 mM, and in the presence of magnetiBfield,92 T. (B) The dependence of the electrocatalytic

current density on the magnetic flux density at glucose concentration of 80 mM. (C) The dependence of the electrocatalytic current densityase the gluc
concentration at an applied magnetic field correspondir®400.92 T. The cyclic voltammograms were measured in 0.1 M TRIS-buffer, pH 7.0, potential

scan rate 10 m\6~1. The electrocatalytic current densities are derived from the respective cyclic voltammogr&ms G V.

in the presence of variable concentrations of glucose, while the oxidation of lactate by the LDH/NADPQQ-integrated
applying a constant magnetic field correspondingdte- 0.92 system associated with the electrode, Figure 2A, curve b.
T, and, similarly, the cyclic voltammograms were recorded upon Application of a constant magnetic fielB,= 0.92 T results in
applying different magnetic field intensities, while using a the enhanced bioelectrocatalytic anodic current, Figure 2A, curve
constant glucose concentration of 80 mM. These results werec. As before, the cyclic voltammograms were recorded in the
analyzed according to eq 3. The lagversus logB plot at a presence of variable concentrations of lactate, while applying a
constant glucose concentration of 80 mM reveals a slope thatconstant magnetic field = 0.92 T, and upon the application
corresponds to 0.343 0.019 R? = 0.976), as predicted by  of different magnetic field intensities, while using a constant
the model i O B3), Figure 1B. The logd. versus logC* plot lactate concentration of 20 mM. The results were analyzed
at a constant magnetic field of 0.92 T reveals a slope of £14 according to eq 3. The log versus logB plot at a constant
0.01 /%= 0.999), nearly as expected from the theoretical model lactate concentration of 20 mM reveals a slope that corresponds
(i. O C*43), Figure 1C. to 0.330+ 0.043 R2 = 0.959), as predicted by the modgl {0
Figure 2A, curve a, shows a background cyclic voltammo- BY3), Figure 2B. The log, versus logC* plot at a constant
gram corresponding to the LDH/NABPQQ-integrated elec-  magnetic field of 0.92 T reveals a slope of 1840.01 R2 =
trode in the absence of lactate. The addition of lactate, 20 mM, 0.998), which is smaller than the expected value from the
results in a bioelectrocatalytic anodic current corresponding to theoretical modeli( O C*43), Figure 2C. A possible reason
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Figure 2. Effects of a constant magnetic field on the bioelectrocatalyzed oxidation of lactate by the LDH/R@Q-electrode. (A) Cyclic voltammograms

measured at the electrode: (&) in the absence of lactate and in the absence of magnetic field; (b) in the presence of lactate, 20 mM, and in the absence of
magnetic field; (c) in the presence of lactate, 20 mM, and in the presence of magnetiBfield,92 T. (B) The dependence of the electrocatalytic current

density on the magnetic flux density at lactate concentration of 20 mM. (C) The dependence of the electrocatalytic current density on the éattateooonc

at an applied magnetic field & = 0.92 T. The cyclic voltammograms were measured in 0.1 M TRIS-buffer, pH 7.0, containing, Z&@hM, potential

scan rate 10 m\s~1. The electrocatalytic current densities are derived from the respective cyclic voltammograms @e V.

for this deviation from the theoretical model could be the fact bubbling). The bioelectrocatalytic cathodic current correspond-
that the LDH/NAD"-PQQ-system is catalytically less effective ing to the reduction of @by the COx/Cytc-modified electrode
than the reconstituted GOx system. Thus, the electrocatalyticis shown in Figure 3, curve b. Application of a constant magnetic
oxidation of lactate may not be fully controlled by mass transport field of B = 0.92 T (directed perpendicularly to the diffusion
within the entire concentration region (the mass-transport of O,) results in the enhanced bioelectrocatalytic cathodic
limitation was the main assumption in the theoretical motfel).  current, Figure 3, curve c. The observed increase in the
The application of a constant magnetic field in the direction pjoelectrocatalytic current (ca. 30%) is smaller than that in the
perpendicular to the electrode surface showed only a minutetwo bioelectrocatalytic oxidative systems (reconstituted GOXx/
effect on the bioelectrocatalytic anodic currents, probably FAD-PQQ-system and LDH/NAD-PQQ-integrated system).
because of an edge effect. These results imply that the enhancegthe magnetic effect on the electrochemical reductionof@y
bioelectrocatalytic anodic currents, indeed, originate from a griginate from several possible mechanisms: The magnetohy-
Lorentz force exerted on the systems under the applied constangygdynamic effect is possible assuming that ther@uction
magnetic field parallel to the electrode surface. . on the electrode is at least partially limited by the mass-transport
The bioelectrocatalytic reduction of,@as studied by cyclic proces$! An additional effect of magnetic field on the

voltammetry using the COx/Cyeé-functionalized electrode.  jactrochemical reduction of Qvas discussed in the literature,
Figure 3, curve a, shows a background current on the COx/Cyt

c-integrated electrode in the absence of(the air dissolved in (31) Kishioka, S.; Yamada, A Aogaki, FElecroanalysis2001, 13, 1161
the background electrolyte solution was removed by argon 1164.
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Figure 3. Cyclic voltammograms of the COx/Cytelectrode: (a) in the 2.5

absence of oxygen (under Ar) and in the absence of a magnetic field; (b)
in the presence of &under air) and in the absence of a magnetic field; (c)
in the presence of £(under air) and in the presence of a magnetic field,
B = 0.92 T. The cyclic voltammograms were measured in 0.1 M TRIS-
buffer, pH 7.0, potential scan rate 10 nsv™.
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and it originates from the paramagnetic properties of O
molecules’®32 Also, the Q solubility in water is increased in
the presence of magnetic field, and this might further contribute
to the enhancement of the bioelectrocatalytic proéeghe
complexity of the system does not allow us, however, to analyze
guantitatively the magnetic field effect on the electrochemical -
process. One may conclude that all three bioelectrocatalytic i
processes that were examined in the presence of the modified WA
electrodes are enhanced in the presence of the constant magnetic 2‘.11 2 08 204 0
field, but the extent of the effect is dependent on the specific log(B / T)
system.

The enhancement of the anodic and cathodic bioelectrocata-
lytic processes by the applied magnetic field brings us to the
suggestion that the output of the biofuel cells consisting of
bioelectrocatalytic electrodes may be improved under an applied
magnetic field* Two different configurations of the biofuel
cells were constructed, and the magnetic field effects on them
were studied. The first biofuel cell includes the biocatalytic
anode based on the LDH/NABintegrated electrode oxidizing
lactate as a fuel and the bioelectrocatalytic cathode based on
the COXx/Cytc-integrated electrode reducing @s an electron
acceptor, Scheme 3A. Figure 4A shows the voltagerrent
curves of the biofuel cell in the presence of 20 mM lactate
solution saturated with air. The voltageurrent curves were
measured at variable loading resistancési(— icen loading 0 2 4 6 8 10 12 14 16
function)3® The loading functions of the biofuel cell measured R/ kQ
in the absence and in the presence of the magnetic e, Figure 4. Enhancement of the performance of the biofuel cell composed

0.92 T, are shown in Figure 4A, curves a and b, respectively. of the L DH/NAD*-PQQ-anode and COx/Cgtcathode: (A) The loading
dependences measured at variable external resistances: (a) in the absence
(32) Rabah, K. L.; Chopart, J.-P.; Schloerb, H.; Saulnier, S.; Aaboubi, O.; of magnetic field; (b) in the presence of magnetic fieBd= 0.92 T. (B)

log (I / pAcm2)

S I~

(3] w
R

gglegrga””r M.; Elmi, D.; Amblard, JJ. Electroanal. Chem2004 571, The dependence of the short-circuit current density on the magnetic flux
(33) (a) Aogaki, R.; Kishioka, SChem. Lett1999 473-474. (b) Kishioka, S.;  density. (C) The power density output generated by the biofuel cell: (a) in

Yamada, A.; Aogaki, R.; Kiyoshi, T.; Goto, A.; Shimizu, Them. Lett. the absence of magnetic field; (b) in the presence of magnetic Beid,

200Q 656-657. 0.92 T. The biofuel cell operated upon pumping of the solution (flow rate

(34) Few reports have discussed the influence of a magnetic field on fuel cells 1 mL-min~1) composed of 0.1 TRIS-buffer, pH 7.0, containing Ca@b
performance (not biological). These reports do not deal, however, with the M |actate. 20 mM. and oxvgen (the solution equilibrated with air).
magnetohydrodynamic effect. Cf.: (a) Leddy, J.; Chung, H33 Power ’ ' ’ ygen ( q )
Sources Proceeding®00Q 144-147. (b) Okada, T.; Wakayama, N. I;

Wang, L. B.; Shingu, H.; Okano, J.; Ozawa, Hlectrochim. Acta2003 . . . L
48, 531-539. (c) Leddy, J.; Zook, L. A.; Amarasinghe, S. U.S. Patent 6,- The open-circuit voltagé/y, is ca. 120 mV and is independent

207,313,27 March 2001. . N .
(35) Bockris, J. O'M.; Srinivasan, Sruel Cells: Their Electrochemistry; of th_e applied ma_‘gnetlc field. Thl§ value corres_ponds to the
McGraw-Hill Book Company: New York, 1969. maximum theoretical valdé determined by the difference of
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discussed above. This originates from the fact that LDH/NAD

2 A electrode exhibits a relatively low bioelectrocatalytic activity,
100k b and thus the lactate oxidation represents the limiting step in
the overall process proceeding in the biofuel cell. The electrical
sl a power density output? = i-V, of the biofuel cell was plotted
S as a function of the external load resistarRefigure 4C. One
= ol can see that the power density output in the presence of the
=~ magnetic fieldB = 0.92 T, Figure 4C, curve b, is substantially
> larger than that in the absence of the magnetic field, curve a.
aor The maximum power output values in the absence and the
presence of magnetic field, 4/@W-cm 2 and 12.4uW-cm2,
201 respectively, were observed at an external load resistanRe of
. . . . . . . = 1.2 kQ, indicating that the internal resistance of the biofuel

0 100 200 300 400 500 600 cell is the same in the absence and upon application of the
magnetic field. The ideal voltagecurrent relationship for an
electrochemical generator is rectanguifai The experimental
voltage-current density plots deviate from the rectangular shape,
and the fill factor,f = Pmax (isdVoo) 1, corresponds to ca. 0.34
in the absence as well as in the presence of the magnetic field.
The small values of the fill factor and the voltageurrent
density dependence shape close to the linear function support
the assumption that the electrochemical process in the biofuel
cell is mass-transport limited, and thus the constant magnetic
field leads to the enhanced power output as a result of the
magnetohydrodynamic effect. The power output from the cell
is, however, small and of limited practical utility. This low
power output is due to several reasons that include a small
potential difference between the mediator units associated with
. s ‘ the anode and cathode, low turnover rates of the bioelectro-
0 2 4 6 8 10 catalytic processes at the two electrodes, and the low current
R / kQ densities that originate from the monolayer configurations of
Figure 5. Enhancement of the performance of the biofuel cell composed the biocatalysts linked to the electrodes. Thus, the experiments
of the GOX/FAD-PQQ-anode and COXx/Cgicathode: (A) The loading  and the results should be considered as a concept demonstrating

dependences measured at variable external resistances: (a) in the absen T - - - .
of magnetic field: (b) in the presence of magnetic fidd= 0.92 T. (B) tfie viability of an external magnetic field in enhancing biofuel

The power density output generated by the biofuel cell: (a) in the absence C€lls performance. The same concept may be applied to other
of magnetic field; (b) in the presence of magnetic figdd= 0.92 T. The biofuel cells consisting of thin film-functionalized electrodés.

e TR e e eoae. 560 . and  The second biofuel cell system that was studied included the
oxygen (the solution equilibrated with air). GOx/FAD-PQQ-electrode as an anode for the oxidation of
glucose and the COx/Cwyt-electrode as a cathode for the
the redox potentials of PQQ and Qy{Epqg’ = —0.125 \#4° reduction of @, Scheme 3B. Figure 5A, curve a, shows the
and Ecy® = 0.03 V29, which mediate the electron-transfer loading function Ve — icen, 0f the biofuel cell in the absence
processes between the biocatalyst units and the electrodes. Ibf magnetic field. Application of the magnetic fielB,= 0.92
can be seen, however, that the applied constant magnetic fieldT, results in the enhancement of the current density output of
significantly affects the current density output of the biofuel the biofuel cell by ca. 30%, Figure 5A, curve b. The respective
cell. This is expected in view of the enhanced bioelectrocatalytic minor increase of the power density output in the presence of
anodic current observed in the cyclic voltammetry experiment. magnetic field is shown in Figure 5B, curves a and b, in the
The short-circuit current denSitj/Sc, increases from the value absence and the presence of magnet|c flﬁd,Z 0.92 T’
of ca. 100uA-cm2in the absence of the magnetic field to the  respectively. The smaller effect of the magnetic field on this
value of ca. 30QA-cm™2in the presence of the magnetic field,  pjofuel cell originates from the fact that the oxygen-reducing
B=0.92T. The values of the short-circuit current densidy, ~ cOx/Cyt c-electrode exhibits lower biocatalytic activity as
generated by the biofuel cell were measured at different compared to the GOx/FAD-electrode. Thus, ther€duction
magnetic fields, and the results were analyzed according to eqprcess that is the limiting step of the overall process controls
3. The logisc versus lodB plot at a constant lactate concentration ihe effect of the magnetic field on the power output of the
of 20 mM and the saturated.@oncentration reveals a slope  pigfyel cell. Since the @bioelectrocatalytic cathodic reaction
that corresponds to 0.332 0.041 R = 0.988), as predicted s oniy slightly affected by the magnetic field, the total effect
by the model i 0 BY%), Figure 4B. The experimental value of ¢ magnetic field on the biofuel cell process is determined by
the slope is though similar to the theoretically predicted value; 1o small enhancement of the cathodic process.
even the system is composed of two bioelectrocatalytic elec-

trodes a_‘nd_ the Qreduc_:lng 6|e(_:tr0de COUId_be affected _by the (36) Erdey-Gruz, TKinetics of Electrode ProcesseAdam Hilger: London,
magnetic field according to different possible mechanisms as 1972} pp 133-141.
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Scheme 3. Configurations of the Biofuel Cells on the Basis of (A) Lactate-Oxidizing LDH/NAD*-PQQ-Electrode as an Anode and O,-
Reducing COx/Cyt c-Electrode as a Cathode. (B) Glucose-Oxidizing GOx/FAD-PQQ-Electrode as an Anode and O,-Reducing COx/Cyt
c-Electrode as a Cathode
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Conclusions PQQICOx/Cytc cell was observed at a magnetic field of 0.92
The study has described the effects of a constant magneticT and an external load of 1.le< Qur results indicate that one
has to search for the magnetic field effects on the electrode that

field (applied parallel to the electrode surface) on surface- . )
confined bioelectrocatalytic systems associated with electrodes CONtrols the power output of the biofuel cells to improve the

Specifically, we found pronounced magnetic field effects on biofuel cell performance. Other biofuel cgll configu_rations, such
the bioelectrocatalytic oxidation of glucose and the bioelectro- &S the use of a laccase cathode, are being examined. However,
catalytic oxidation of lactate by the reconstituted GOx electrode the magnetic field effect on the biofuel cell performance should
and a structurally organized LDH/NABPQQ electrode, re- be observed for mgss-trangport-hmﬁed systgm;. For biofuel cells
spectively. The results were nicely correlated with a magneto- that do not meet this condition, the magnetic field effect should
hydrodynamic model that was formulated by us. A small D€ negligible.

magnetic field effect was demonstrated for the bioelectrocata- ) )

lytic reduction of Q by an integrated COx/Cyt-electrode. The Acknowledgment. This research is supported by the Israel
magnetic field effect on this system is, at present, mechanisti- S¢iénce Foundation.

cally unclear. Besides the general biochemical implications of . . ] )

the results that might shed light on the magnetic field effects ~ SUPPorting Information Available:  The images of the

on biocatalytic electron-transfer reactions occurring at membrane €XPerimental setup and a diagram of the system are given as
interfaces, we demonstrated the utility of the magnetohydro- Supportlng Information (S1). This material is available free of
dynamic effect for enhancing the power output of biofuel cells. charge via the Internet at http://pubs.acs.org.
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