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Abstract: We report the electroreduction of O, to water under physiological conditions (pH 7.4, 0.15 M
NacCl, 37.5 °C) at a current density of 5 mA cm~2 and at a potential only 0.18 V reducing versus that of the
reversible O,/H,O electrode at pH 7.4. The immobilized electrocatalyst enabling the reduction is the
electrostatic adduct of bilirubin oxidase from Myrothecium verrucaria, a polyanion at pH >4.1, and the
polycationic redox copolymer of polyacrylamide and poly (N-vinylimidazole) complexed with [Os (4,4'-
dichloro-2,2'-bipyridine),Cl]*2*, cross-linked on carbon cloth. The current density of the rotating electrodes
was O, transport limited up to 8.8 mA cm~2; their kinetic limit was reached at 9.1 mA cm~2. The operational
life of the electrodes depended on their angular velocity, which defined not only the current density but
also the mechanical shear stress stripping the electrocatalyst. When the electrodes were rotated at 300
rpm and were poised at —256 mV versus the potential of the reversible O,/H,O electrode, their 2.4 mA
cm~2 initial current density decreased to 1.3 mA cm~2 after 6 days of continuous operation at 37.5 °C.

Introduction

The four-electron electroreduction of,Qo water under
physiological conditions is of interest because miniature biofuel
cellst with O, electroreducing cathodes and glucose electro-
oxidizing anode%® may power in the future sensors and
actuators implanted in the body. They are likely to be smaller
than batteries, because unlike batteries they do not require &
case and a seal.

The blue, copper-containing oxidases, examples of which
include laccases, ascorbate oxidase, and bilirubin oxidase

catalyze the four-electron reduction of @ water*~8 Among
these enzymes, the laccases were the most stidfeBiarasevich

et al. reported that monolayers of laccases on vitreous carbon

catalyze the four-electron reduction of. Jhe reported electrode
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operated at pH 5 at a current density of 174 cm~2 when
poised near the thermodynamic potential of the reversible O
H,0 electrodé?® Tarasevich et al. also reported operation of an
electrode made of a composite of high surface area porous
carbon and an unidentified laccase at pH 3.5@2 V relative

to the thermodynamic potential at a current density approaching
10 mA cnt2 They did not provide, however, enough detail to
allow others to reproduce their experiméhtTwo recent
studied”18describe the electroreduction of @ water, in the
absence of chloride, in a pH 5 citrate buffer at a current density

'of 5 mA cnr2at—0.13 V versus the reversible potential of the

O,/H,O electrode at 37.5C. The electrocatalyst of these
electrodes was a composite of laccase fi©oriolus hirsutus
cross-linked with a redox polymer on a hydrophilic cloth of
10-um-diameter carbon fibers. The redox polymer, PVI
Os(tpy)(dme-bpyd™3*, [poly-N-vinylimidazole with one-fifth

of the imidazoles complexed with [Os(tpy)(dme-bpyfi™ (tpy

= terpyridine; dme-bpy= 4,4-dimethyl-2,2-bipyridine)], elec-
trically connected (“wired”) the laccase reaction centers to the
fibers. A glucose/@ biofuel cell built with the “wired” C.
hirsutuslaccase cathode had a 5-fold higher power density than
earlier glucose/@cells?

However, the current density of the “wiredC. hirsutus
laccase-carbon cloth cathode was very small at the physiologi-
cal pH of 7.4 and at the physiological chloride concentration
of 0.14 M, because th&. hirsutusdaccase is practically inactive
at neutral pH and is inhibited by CIThe current density of a
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smooth vitreous carbon electrode, made by “wiring” the laccase
from Pleurotus ostreatus)evertheless reachedl00uA-cm2
at a potential 0.19 V reducing relative to the reversible potential
at pH 7 in phosphate-buffered 0.15 M Na€IThe projected
current density for this electrode, were it made as a carbon cloth
composite, would have beern0.3 mA cnt2

Tsujimura et al. recently describ®da carbon felt cathode
coated with bilirubin oxidase frorilyrotheciumverrucaria, an
enzyme used in the clinical asg&y?® of serum bilirubin. The
enzyme catalyzes the oxidation of bilirubin to biliverdin (eq 1)

bilirubin + “/,0, — biliverdin + H,0 (1)

and then to a yet unidentified purple pigméht?® The electrode
poised at—0.17 V versus the reversible potential of the/ O
H,0 electrode operated at 0.5 mA chonly for 2 hina pH 7

Figure 1. Structure of the bilirubin oxidase “wiring” redox polycation
PAA—PVI—[Os(dcl-bpy}CI] T2+,

salt), L-sodium ascorbate, 4-acetaminophen, Nal®aCl, NaOH,

; KCNS, KBr, and NaF were purchased from Sigma (St. Louis, MO).
phosphate-buffered 0.1 M KCI solutiéh. Poly(ethylene glycol) (400) diglycidyl ether (PEGDGE) was purchased
Bilirubin oxidase (BOD) is a monomeric protein with a from Polysciences Inc. (Warrington, PA). A fresh solution of BOD in
molecular mass of 60 kDa. Parts of its sequence are homologousH 7.4 20 mM phosphate buffer (PB) was prepared daily. The uric
with those of other multicopper oxidases, such as laccfses, acid was dissolved in dilute NaOH and then neutralized with dilute

ascorbate oxidas®,and ceruloplasmirfé having a copper- H3PO, to yield a 10 mM aqueous solutiGh.The electrochemical
binding His—Cys—His®triad. The copper ions of these enzymes Measurements were performed in PBS (pH 7.4 20 mM phosphate-
are classified into three types by their optical and magnetic buffered 0.15 M NaCl) except in the experiments where the pH and

propertiest Type | (blue) copper ions have a characteristic Cys
to Cu (ll) charge-transfer band near 600 nm. The type | copper
center accepts electrons from the electron-donating substrat
of the enzyme and relays these to the r@duction site. The
latter is a trinuclear cluster, consisting of a type Il copper ion
and a type Il pair of cupric ions with a characteristic 330-nm
shouldert® Shimizu et af334 has shown that BOD is also a
multicopper oxidase, containing one type I, one type Il, and
two type Il copper ions.

Here we describe persistent four-electron electroreduction of
O, to water under physiological conditions at previously
unattained current densities and potentials. The reaction is
catalyzed by the electrostatic adduct of BOD and a redox
polymer tailored to donate protons and mediate the transport
of electrons from the electrode to the enzyme.

Experimental Section

Chemicals and Materials.Bilirubin oxidase (EC 1.3.3.5) frorivl.
verrucaria, catalase from bovine liver (EC 1.11.1.6), uric acid (sodium
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anion dependences of the steady-state electroreductior, efe@
studied. In these, borate, citrate, acetate, phosphate, and Tris buffers
were employed. All solutions were made with deionized water that

Qvas passed through a purification train (Sybron Chemicals Inc.,

Pittsburgh, PA). Carbon cloth (Toray TGPH-030) was received, as a
sample, from E-TEK (Somerset, NJ). Ultrapure &d argon were
purchased from Matheson (Austin, TX).

Synthesis of the Redox Polymer PAAPVI—[Os(4,4-dichloro-
2,2-bipyridine) ,CI] /2. 4,4-Dinitro-2,2-bipyridineN,N-dioxide was
prepared as describé®” 4,4-dichloro-2,2-bipyridine (dcl-bpy) was
synthesized from 4;4initro-2,2-bipyridine N,N'-dioxide by modifying
the procedure of Maerker et 38 Os(dcl-bpy)Cl, was prepared as
follows: (NH4).OsCk and"dcl-bpy were dissolved in ethylene glycol
in a 1:2 molar ratio and refluxed under argom foh (yield 85%)3°
The Os(dcl-bpy)Cl, was then complexed with the 1:7 polyacrylamide
poly(N-vinylimidazole) (PAA-PVI) copolymer and purified as de-
scribed® Figure 1 shows the structure and the stoichiometry of the
PAA—PVI—[Os(4,4-dichloro-2,2-bipyridinexCI] ** redox polymer.

Electrodes.The carbon cloth electrodes were made by the reported
three-step procedufé Their substrates were 3-mm-diameter vitreous
carbon electrodes mounted in Teflon sleeves. In the first step, the
substrates were polished with 0.261 Al,O; powder (Buehler, Lake
Bluff, IL) rinsed and sonicated for 10 min in ultrapure water. The
polishing step was repeated until no voltammetric features beyond water
oxidation were observed in a 50 mV!sscan in PBS through the 0.2-
and 1-V range. The electrodes were then dried in an air stream. In the
second step, the 350m-thick carbon cloth (nominal 78% void fraction,
composed of 1@em-diameter fibers) was cut into 4-mm-diameter disks.
These were cemented, using conductive carbon paint (SPI, West
Chester, PA), to the surface of the substrate electrodes. The substrate-
bound cloth was made hydrophilic by exposueatl Torr Q plasma
for 5 min#° The rotating ring-disk electrodes (RRDE), with 3-mm-
diameter vitreous carbon disks and platinum rings were similarly made.
In these, the platinum electrodes were cycled in 0.5 }8®} until the
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voltamogramms showed the characteristics of a clean platinum
electrode. In the third step, the electrocatalyst was deposited on the
carbon cloth. The deposition solution consisted of;d0of 10 mg
mL~! aqueous redox polymer solution, 2 of PB, 2 uL of 46 mg
mL~1BOD in PB, and 2L of 7 mg mL™* PEGDGE in water. A S¢L
aliquot of the mixed solution was pipetted onto the mounted hydrophilic
carbon cloth, which was promptly wetted and penetrated by the solution.
The electrodes were cured for at least 18 h at room temperature before
they were used.

Instrumentation and Cell. The measurements were performed using
a bipotentiostat (CH-Instruments, electrochemical detector model
CHI832) and a dedicated computer. The temperature was controlled
with an isothermal circulator (Fisher Scientific, Pittsburgh, PA). The
dissolved @ concentration was monitored with an, @lectrode
purchased from BAS (West Lafayette, IN). The electrodes were rotated
using a Pine Instruments rotator (Austin, TX). The measurements were
carried out in a water-jacketed electrochemical cell at 3Z.Bontaining
50 mL of PBS. At the start of the experiments, argon was bubbled
through the solution for a least 15 min, followed by oxygen. To maintain E (V)

a fixed volume of solution in the cell, the bubbled gases were _. . AT .
d with water by passage throuah a bubbler. which alsoF:gure 2. Cyclic voltammogram of the “wired” bilirubin oxidase-coated
presaturate y P g 9 ! carbon cloth electrode under argon. PBS (0.15 M NaCl, pH 7.4; 20 mM

contained PBS. The potentials were measured versus a commercial Aghhosphate) buffer, 37.8C, and 50 mV st scan rate. Total loading, of the
AgCl (3 M KCI) reference electrode. The counter electrode was a 44.6 wt % BOD, 48.5 wt % redox polymer, 6.9 wt % PEGDGE cross-
platinum wire (BAS). In the coulometric measurements, the scan rate linker composite, 0.6 mg cni. Current densities based on the 0.126*cm

2.8

Current Density / mA/ cm’
)

-2.8 Y

0 0.4 0.8

was 1 mV st

BOD Assay. The absorption spectra of the BOD solutions were
measured at 25C with an Agilent 8453 UV~ visible spectrophotometer
following the procedure of Hiros&. The concentration of BOD was
calculated using its reported molar absorption coefficient of 38706 M
cmt at 610 nnttt42

Results

The open circuit potential of a vitreous carbon electrode on
which BOD (without redox polymer) was adsorbed wia360
mV versus Ag/AgCl in pH 7.4 PBS under 1 atm &t 37.5°C
or —196 mV versus the potential of the reversiblg)O under
the same conditions. The open circuit potential of a similar
electrode, but with a thin adsorbed film of the electrostatic
adduct of the redox polymer and BOD, was remarkably higher,
+530 mV versus Ag/AgCl, only-26 mV versus the potential
of the reversible @/H,0 electrode. No spectroscopic evidence
was found for complex formation between the copper ions of
BOD and the polymer: When the water-soluble copolymer of
acrylamide andN-vinylimidazole was added to the BOD
solution in PB, the spectrum of the enzyme did not change.

Figure 2 shows the cyclic voltammogram of the composite
“wired” BOD-coated carbon cloth electrode under argon at 50
mV s~ 1in PBS buffer at 37.3C. The coating of the electrode
consisted of 44.6 wt % BOD, 48.5 wt % polymer, and 6.9 wt
% PEDGE. Its voltammogram is characteristic of a polymer-
bound osmium complex with an apparent redox potential of
+350 mV versus Ag/AgCl. At 1 mV S scan rate, the
voltammogram exhibited a symmetrical wave, with only slight
separation of the oxidation and reduction peakB{= 5 mV).
At 50 mV s1 the separation was substantially increas&Bg
= 53 mV). The width of the peaks at half-heigBi,,m, was 90
mV, close to the theoretical width of 90.6 mV for an ideal
Nernstian one-electron-transfer reaction. In contrast with wired
laccases, wher&Ey, andE,nm increased with the PEDGE weight

(41) Hirose, J.; Inoue, T.; Sakuragi, H.; Kikkawa, M.; Minakami, M.; Morikawa,
T.; lwamoto, H.; Hiromi, K.Inorg. Chim. Actal998 273 204-212.

(42) Hiromi, K.; Yamaguchi, S.; Sugiura, Y.; lwamoto, H.; HiroseBiosci.
Biochem.1992 56, 1349-1352.
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geometrical area of the 4-mm-diameter carbon cloth disk.

fraction in the catalystAE, and Eynm did not vary with the
PEGDGE weight fraction in the “wired” BOD electrodes. As
will be shown below, the kinetic limit of their current density
depended, however, on the weight fraction of the PEGDGE
cross-linker. Upon 4-h cycling of the potential at 50 mts
between 0.0 ane-0.5 V versus Ag/AgCI, the heights of the
voltammetric peaks of the electrodes rotating at 1000 rpm
decreased only by less than 5%, at 375

The reproducibility of the @electroreduction currents of the
electrodes rotating at 1000 rpm wad0% or better both for
different batchesn= 4) and within batchesn(= 12). When
the electrodes were rotated at 4000 rpm, the reproducibility was
only +28% between the batches air@0% within the batches.

Because two-electron BOD-catalyzed electroreduction,of O
to H,0,**45 might compete with the desired four-electron
reduction, HO, production was tested for using RRDEs having
“wired” BOD carbon cloth disks and platinum rings. I8,
were produced on the disk, it would have been detected at the
ring poised at+0.750 mV versus Ag/AgCl, the #D, being
electrooxidized to @on the platinum ring at this potential. (A
similar experiment was performed to investigate the formation
of H,O, during the electroreduction of f»n disks of RRDE
electrodes modified with cytochroneeand analog46-49).

When Q was electroreduced on the disk at increasing current
densities between 0 and 5 mA chnthe ring current remained
unchanged and was negligibly small (Figure 3A), showing that
H»O, was not produced on the disk. Furthermore, catalase,

(43) Bard, A. J.; Faulkner, L. RElectrochemical Methods. Fundamentals and

Applications John Wiley and Sons: New York, 2001.

(44) Shoham, B.; Migron, Y.; Riklin, A.; Willner, I.; Tartakovsky, Biosens.
Bioelectron.1995 10, 341-352.

(45) Wang, J.; Ozsoz, MElectroanalysisl99Q 2, 647-650.

(46) Collman, J. P.; Fu, L.; Herrmann, P. C.; Zhang, Stiencel997, 275,

949-951.

) Collman, J. P.; Fu, L.; Herrmann, P. C.; Wang, Z.; Rapta, M.; Broring,
M.; Schwenninger, R.; Boitrel, BAngew. Chem., Int. Ed. Endl998 1998
3397-3400.

(48) Collman, J. P.; Rapta, M.; Broring, M.; Raptova, L.; Schwenninger, R.;

Boitrel, B.; Fu, L.; L'Her, M.J. Am. Chem. S0d.999 121, 1387-1388.
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buffer at 37.5°C. Scan rate, 1 mV-$. Other conditions as in Figure 2. (B)
Current density versus the square root of the angular velaeit) (for the pH

electrode poised at300 mV vs Ag/AgCl in PBS at 37.5C (open circles)

and the current density calculated by Levich equation (solid line) (see text).
Conditions, other than angular velocities and the 1 athp@ssure, as in
Figure 2.

which would have decomposed any®3 that might have been
produced into @ had no effect on the ring current, confirming
that HO, was not a byproduct of the electroreduction oft®
water. After 10 h of @ electroreduction at-1 mA current, the
50-mL solution of the cell tested negative for,® in a
colorimetric ABTS-horseradish peroxidase test that would have
detected uM H,0..

Figure 5. pH dependence of the steady-state current density under 1 atm
O, for the electrode poised at300 mV vs Ag/AgCl, 1000 rpm. Other
conditions as in Figure 2.

The precipitation is attributed to the formation of a charge-
neutral electrostatic adduct between the cationic polymer and
the anionic enzyme (p= 4.1). In experiments where the weight
percentage of the cross-linker was varied, while the BOD/redox
polymer weight ratio was fixed at 1:1, the optimal PEGDGE
weight percentage was found to be 6.9. The resulting optimal
catalyst was composed of 44.6 wt % BOD, 48.5 wt % polymer,

Figure 3B shows the dependence of the current density onand 6.9 wt % PEDGE at 0.6 mg crhtotal loading. The effect

the square root of the angular velocity of the rotating electrode,
w2 Up to 3500 rpm, where the current density reached 8.8
mA cm™2, the current increased linearly with*2 in accordance
with the Levich equation, showing that it was @ansport-
limited under 1 atm @when the electrode was poisecHs?00
mV versus Ag/AgCl. Above 3500 rpm, the current continued
to increase withw/2, but no longer linearly, until it reached
the kinetic limit of 9.1 mA cn2.

The optimal composition of the electrocatalyst was deter-
mined for electrodes rotating at 1000 rpm and poisett 20
mV versus Ag/AgCI. In the first group of experiments, the cross-
linker (PEDGE) was fixed at 6.9 wt %, and the total loading of
all film components was fixed at 0.6 mg cf Figure 4 shows
the dependence of the current density of BOD through the 20
70 wt % range. From 20 to 45 wt %, the current density
increased with the weight percentage of BOD, reaching 4.6 mA
cm~2 at 45.2 wt %. Above 50 wt % BOD, the current density
declined rapidly. At 60 wt % BOD, precipitation was observed.

of the total loading on the kinetic limit of the catalytic current
was not optimized, because the optimum would have varied
with the ratios of the components.

Unlike in the cases of wired glucose oxid#s&2 and of wired
laccasesd? cross-linking by periodate oxidation of the BOD
oligosaccharides did not lead to useful wired BOD electrodes,
even though BOD contains 6.3 wt % carbohydfate.

The pH dependence of the steady-state current density of O
electroreduction was measured with the electrode pois€8@d
mV versus Ag/AgClin 0.15 M NaCl while the electrode rotated
at 1000 rpm. Phosphate, borate, citrate, or Tris was added at
20 mM concentration to maintain the desired pH. The de-
pendence of the current on the pH is shown in Figure 5. As
seen in the figure, the current density increased with pH until

(50) Binyamin, G.; Heller, AJ. Electrochem. Sod.999 146, 2965-2967.

(51) Vreeke, M.; Maidan, R.; Heller, AAnal. Chem.1992 64, 3084-3090.

(52) Binyamin, G.; Cole, J.; Heller, Al. Electrochem. So200Q 147, 2780~
2783.
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different anions under 1 atm @or the electrode poised at300 mV vs
Ag/AgCl, 1000 rpm. Other conditions as in Figure 2.

it reached a plateau at pH 7.5 and then declined above pH 10.5.
In the pH 6-10.5 range, the current density was nearly 25 9
independent of pH, varying by less that10%. Up to pH 9,
there was no irreversible change in the current characteristics;
above pH 10.5, the drop in the current density was irreversible.
Because copper-binding anions, particularly halide anions,
inhibit the laccases and because blood contains 0.14 M chloride,
the effect of added anions was investigated. In these experi-
ments, the electrode rotated at 1000 rpm and was poised at
300 mV versus Ag/AgCl in a pH 7.4, 20 mM phosphate buffer 051
solution. The results are summarized in Figure 6. The current
density was nearly independent of the concentration of chloride, 0 ' '
added as NaCl, through the-Q M range. Above 1.5 M NaCl 0 2 4 6
concentrations, a decline in the current density was, nevertheless, Time / Days
observed. When bromide was added, the current density declinedsigure 8. Stability of the ‘wired’ enzyme carbon cloth electrode poised at
monotonically as the KBr concentration was raised from 0 and 1300 mV vs Ag/AgCl under 1 atm £300 rpm. Other conditions as in
1 M. At 1 M KBr, the current density was about 25% lower Figure 2.
than in the absence of bromide. A steeper decline was again -
observed at 1.5 M KBr concentration. Adding of fluoride (as at 300 rom, where the current was thapsport limited. At ,300
NaF) inhibited the electroreduction of,Oabout 30% of the rpm, the shear stress z:ctmgﬁgn the nm of the 4-mm-diameter
current density being lost when the concentration of fluoride elactrode was L& 105N m=. The time dependence of the
was raised from 0 to 0.5 M and about 90% being lost when the current density of an electrode poisedas00 mv Vers‘is A
concentration was further raised to 1 M. Thiocyanate, added asAgCI rqtathg at 300 rpm n PBS under 1 atn ﬁt 37.5°Cis
KCNS, strongly inhibited the electroreduction, the current shown in Figure 8. In the first 6 days of op.era.mon, the cﬁurrent
density dropping to 0 already at 0.25 M KCNS. The maximum dropped by l?SS than 10% per day: The initial 2.4 mA"€m
current density was about the same when the solutions Werecurr(_ent density d_ropped to 1.3 mA chafter 6 days of
buffered at pH 7 with Tris, acetate, or phosphate. contlnuous;operatmn._ After storage of _th_e_ dry electrodes_ for 1
Figure 7 shows the temperature dependence of the currentmcmth at_ 4°C under air, 95t 3% of the |n_|t|_al current density .
density of the electrode poised 4800 mV versus Ag/AgCl, was retained. The presence of electrooxidizable blood constitu-

rotating at 1000 rpm in PBS under 1 atra. Ghe current density ents did not harm the electrodes. A transient 5% increase in the
increased with temperature up to 60:. and then declined  current density was observed when either 0.1 mM ascorbate or

rapidly. The increase was reversible only up to ¥D, the 0.1 mM ascorbatfe and 0'1_7 mM acetamin_ophen was added, a_lnd
enzyme being denatured at higher temperatures. The Arrheniug? transient 25%_ Increase in current density was observed with
plot (not shown) of the temperature dependence yielded ano'48 mM urate in the solution.
activation energy ofEat = 28.2 kJ mofl. The observed
activation energy for the denaturing of the enzyme was 77 kJ
mol~2. Potentials. Xu et al. measured spectrophotometrically the
When rotating at 4000 rpm, where the shear stress on theredox potential of an aerated pH 5.3 solution of recombinant
rim on the fiber cloth was 0.7 N m3, the electrodes were M. verrucaria BOD at 20°C, reporting+260 mV versus Ag/
mechanically unstable. For this reason, their stability was testedAgCl or —440 mV relative to the potential of the reversible
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02/H0 electrode at the same pPflin pH 7.8 50 mM Tris through the redox polymer. The ratio also depends on the nature
buffer, Shimizu et al. reported a potential 6873 mV versus of the bond between the wire and the enzyme, which determines
Ag/AgCI3* at ambient temperature-174 mV versus the  the maximum electron current from the redox polymer to BOD.
reversible H,O electrode potential at this pH. The open circuit In the absence of bonding, the BOD and the redox polymer
potential of the @ electrode made by adsorbing BOD on would phase-separate, the entropy of mixing of two macromol-
vitreous carbon was-360 mV versus Ag/AgCl under 1 atm  ecules being too low prevent their separation. As discussed
O, at 37.5°C and at pH 7.4, consistent with the latter value. above, intimate contact between the electrostatically bound BOD
This potential was-196 mV versus that of the reversible/O  and its wire lowers the kinetic resistance for electron transfer
H.O electrode under these conditions. The open circuit potential from the wire to BOD.
of the “wired” BOD electrode, made by cross-linking the Cross-linking reduces the segmental mobility on which the
electrostatic adduct of BOD, a polyanion above pH 4.1, and electron conduction in the redox polymer films depends.
the redox polycation of Figure 1 on carbon cloth, weS30 Because electrons diffuse as they are transferred when reduced
mV versus Ag/AgCl, only 26 mV below that of the reversible and oxidized redox centers collide, the highest electron diffu-
O,/H20 electrode, at pH 7.4 under 1 atm @nd at 37.5°C. sivities are being reached when the film is not cross-linked.
The cause of the remarkable increase in potential upon wiring However, in absence of cross-linking the films dissolve, and
the BOD is not known. The redox potential of the PARVI— when inadequately cross-linked, they are sheared off the rotating
[Os(4,4-dichloro-2,2-bipyridine)ClI] 2+ “wire” (Figure 1) was electrodes§® With 6.9 wt % PEDGE cross-linker, the films were
+350 mV versus Ag/AgCl or-180 mV versus the pH 7.4 open  mechanically stable at 300 rpm where the maximum shear stress
circuit potential of the “wired” BOD electrode under 1 atra.O  at the rims of the electrodes was 1x4102 N m~2. At this
Voltammetric Characteristics. The slight separation of the  angular velocity, the current density was 2.4 mA cfn
voltammetric peak heights at 1 mV’sscan rate is indicative Polarization. Electroreduction of @started at the open circuit
of a reversible surface-bound couple. The linear dependence ofpotential of the wired BOD electrode;530 mV versus Ag/
the peak heights on the scan rate also shows that the redoXAgCl. When the electrode rotated at 4000 rpm where, as will
couples of the polymer are surface-confirfédhe voltammetric be shown below, the current was no longert@nsport limited,
peaks were narrower and less separated than those in the earlighe current density was 6.8 mA crhat +380 mV versus Ag/
PVI—-Os(tpy)(dme-bpy)™3-based laccase electrode, whaig, AgCl (=176 mV versus the potential of the reversiblgk}O
was 120 m\A7 The difference is attributed to faster charge electrode at the same pH) and the current density reached 9.1
transport through the “wire” of this study. Repetitive cycling mA cm=2 at +300 mV versus Ag/AgCl-276 mV versus the
over a 4-h period at 37.5C did not change the shape of the reversible potential. The value of 6.8 mA cfat —176 mV
voltammograms of the electrodes rotating at 1000 rpm, and their versus the potential of the reversiblg/B,0 electrode represents
peak currents decreased only by less than 5%. a greater than 13-fold increase over current density reported by
Reproducibility. When the electrodes rotated at 1000 rpm, Tsujimara et al?? whose solution was not a physiological buffer,
the apparent batch-to-batch reproducibility, as well as the within- and whose cathodes operated only for a few hours.

the batch reproducibility, of the Qelectroreduction currents Mass Transport and Kinetics. The Levich-Koutecky plo”
was better thas=10%. This reproducibility does not necessarily for electrode rotating at an angular velociyFigure 3B) shows
imply that the composite catalysts were identical wittkib0%, that the Levich equation = 0.62nFAcD?3 161212 is
because at 1000 rpm the current was limited byt@nsport, rigorously obeyed up to 3500 rpm, where the current density is

not by the kinetics of the electrocatalyst. When the electrodes 8.8 mA cnt2 The correspondence between the measured
were rotated at 4000 rpm, where the currents were already(circles) and the predicted currents (solid line) is exact for the
limited by the kinetics of the catalytic films, but the electrodes O, diffusivity D = 2.4 x 1075 cn? s7%, the G solubility ¢ =
were already mechanically unstable, the reproducibility was only 1.07 x 107® mol cni3, and the kinematic viscosity = 0.091
+28% between the batches af#td20% within the batches. cn? s of the 0.15 M NacCl solution at 37.5C, whenn, the
Composition. The optimal enzyme-to-polymer weight ratio number of electrons electroreducing the, ®@quals 4 and the
was near 1:1 (Figure 4). At a lower weight fraction of enzyme, areaA is 0.126 cm.58-50 Above 3500 rpm, the current is
the current was limited by the BOD-catalyzed rate of O controlled by the kinetics of the electrocatalytic reaction. When
reduction. When the weight fraction of enzyme was higher, the the electrode rotates at 4000 rpm and the current is kinetically
current was limited by the electronic resistance of the film, the controlled, the measured Tafel slope-i422 mV/decade, the
redox polymer being an electron conductor and the enzyme antheoretical slope for ©electroreduction at 37.5C 51
insulator®455 Above 60 wt % BOD, where the electrostatic Absence of Inhibition in Physiological Solution.The pH
adduct precipitated, the increased resistance resulted in increasedependence of the current density of the “wired” BOD electrode
separation of the voltammetric peaks. At the optimal weight differed from the pH dependence of the maximal turnover rate
ratio, the upper limits of three currents, of the flow of electrons Vnax of the dissolved enzyme. When the enzyme is dissolved,
from the electrode to the redox polymer, from the redox polymer
to BOD, and from BOD to @ are equal. The optimal ratio )
decreases when the maximum turnover rate of the enzyme is(57) Bard A. J.; Faulkner, L. RElectrochemical methods: Fundamentals and
)

. . . appllcatlons 2nd ed.; John Wiley and Sons: New York, 2001; p 341.
higher and decreases when electrons diffuse more rapidly (ss) Battino, R.Oxygen and Ozonédlubility data series (Pergamon, Oxford,

(56 Aok| A.; Rajagopalan, R.; Heller, Al. Phys. Chem1995 99, 5102~

1981), vol. 7.

(53) Xu, F.; Shin, W.; Brown, S. H.; Walhleithner, J. A.; Sundaram, U. M.;  (59) Lobo, V. M. M.Handbook of electrolyte solutior{Elsevier, Amsterdam,
Solomon, E. I.Biochim. Biophys. Actd996 1292 303-311. 1989).

(54) Ohara, T. J.; Rajagopolan, R.; Heller, Anal. Chem.1993 65, 3512— (60) Weast, R. CHandbook of Chemistry and Phys{&@RC Press, Boca Raton,
3517. 1986).

(55) Ohara, T. J.; Rajagopolan, R.; Heller, Anal. Chem.1994 66, 2451 (61) Bard, A. J.; Faulkner, L. RElectrochemical methods: Fundamentals and
2457, appllcatlons 2nd ed.; John Wiley and Sons: New York, 2001; p 103.
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Vmax Was high only through the pH-88 range.Vmax declined
rapidly at both higher and lower pH, only one-third Bf,ax
being retained at pH &.In contrast, the “wired” BOD electrode
retained its high current density through the pH1® range.
Importantly, the variation of the current was negligibly small
within the pH 7.35-7.45 range of normal human arterial blood
(Figure 5). Above pH 10.5, the electrode was irreversibly

with the electrode rotating at 2000 rpm under 1 atpp Where
the current was @transport controlled. Because the current was
O, transport limited at 1000 rpm, the 28.2 kJ mblalue
represents the activation energy for diffusion of oxygen in the
solution8” The 77 kJ mot?! activation energy for current loss
is similar to that for the thermal denaturation of other enzyffes.
Stability. At high angular velocity £ 1000 rpm), the electrode

damaged because of enzyme denaturation. The observed damageas mechanically unstable, its catalytic film being sheared off.
above pH 10.5 is consistent with results of Samejima et al. who When the electrode, poised-&#800 mV versus Ag/AgCl, was

found, by tracking the circular dichroism as a function of pH,

rotated at 300 rpm under 1 atm, @t 37.5°C, it lost less than

that the enzyme is denatured upon ionization of its tyrosine 10% of its current per day of continuous operation for 6 days

residue$? The voltammetric characteristics of the redox
polymer did not change up to pH 11.
Laccases are strongly inhibited by halide anié&$? includ-

(Figure 8). The “wired” BOD electrode was far more stable
than suggested by Tanaka'’s study of the stability of the dissolved
enzyme, showing loss of half the activity afteh in phosphate

ing the chloride anion, because these bind with their catalytic buffer at 37°C.26 It was also more stable than that of an
type Il Cu centers and prevent electron transfer from their type immobilized BOD electrode used in the clinical monitoring of

| Cu to their type Il Cu clusterd&®#1 The current density of the

the concentration of bilirubin. The half-life of the clinical

“wired” laccase electrodes declined at pH 5 by 60% when the bilirubin-monitoring electrode was much shorter than that of

chloride concentration was raised from 0 to 0.2Nh contrast,
the current density of the “wired” BOD electrode declined only
by 6%. The loss remained small evenl M NaCl at pH 7.4

(Figure 6). Other copper-binding anions inhibited the electro-

reduction of Q, the inhibition declining in the order CNS>
F~ > Br~ >Cl~ (Figure 6). This order is only in partial
agreement with the order CNS- F~ > CI~ > Br~ of solution-
phase inhibition of the free enzyme reported by Hirose ét al.
for BOD and by Xu et aP383for laccases. Significantly, the
inhibition of the “wired” BOD cathode by chloride at its 0.096

the cathode of this study, only 17 h at 32% and 8 h at 40
oc_44

The most readily cathode electooxidized constituents of blood,
urate, ascorbate and acetaminophen, at their physiological
concentration$? did not damage the cathode poised+&00
mV/Ag/AgCl in PBS buffer at 37.8C. When 0.1 mM ascorbate,
or 0.1 mM ascorbate and 0.17 mM acetaminophen was added,
the current transiently decreased by 5%, and when 0.48 mM
urate was added, the decrease was 25%. While Binyamin et
al.%> showed that the electrooxidative polymerization of urate

0.106 M concentration in normal human blood was so small in a redox polymer film with a higher density of cationic sites

that physiological variation in chloride concentration will not
affect the Q electroreduction current. The electrode differed

and thus a higher urate concentration in the film caused
degradation of its electrocatalytic properties, no such damage

in this respect from the dissolved BOD-based cathode of was observed in the present films.

Tsujimura et al2? the current of which depended strongly on
the concentration of KCl in the-80.1 M range. The observed
partial loss of Q electroreduction current at very high chloride
concentration$ 1.5 M NacCl) is not attributed to specific binding
of chloride to copper centers of BOD. lIts likely cause is the

Conclusion

The study describes the first electrode on which i©®
electroreduced to water physiological conditions at a current
density of 9.1 mA cm? at a potential-0.26 V relative to the

screening of the charges of the electrostatically bound poly- reversible potential of the £H.0 electrode. The electrode has
cationic and polyanionic segments of the cross-linked redox N0 leachable components, making it suitable for use in flow

polymer—BOD adduct at high ionic strength, causing their
dissociation and making the “wiring” of the enzyme ineffec-
tive_54,55,66

Temperature DependenceThe O electroreduction current
increased with the temperature up to 8D when the rate of
increase was about 1T h~! and declined rapidly when the
temperature exceeded 68C. The decline is attributed to the

systems, and with a yet to be added thin bioinert film, for use
in animals. It could well serve as the cathode of a miniature
biofuel cell that might power implanted sensors and actuators
for about 1 week.
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