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Abstract: Enzymaticfuel cells convertthe chemicalenergyof biofuels into electrical
energy.Unlike traditional fuel cell types which are mainly basedon metal catalysts,the
enzymaticfuel cells employ enzymesas catalysts.This fuel cell type can be usedas an
implantablepower sourcefor a variety of medical devicesusedin modernmedicineto
administer drugs, treat ailments and monitor bodily functions. Some advantagesin
comparisorto conventionalfuel cells includea simple fuel cell designand lower cost of
the mainfuel cell componentshoweverthey suffer from severekinetic limitations mainly
dueto inefficiency in electrontransferbetweenthe enzymeand the electrodesurface.ln
this review article, the major researchactivities concernedwith the enzymaticfuel cells
(anodeand cathodedevelopmentsystemdesign, modeling) by highlighting the current
problemg(low cell voltage,low currentdensity,stability) will be presented.

Keywords: biofuel cell; ereymaticelectrode bioelectrocatalysisnodeling

1. Introduction

Enzymaticfuel cells are a type of fuel cells, which employ enzymes(biocatalysts)instead of
conventionalnoble metal catalysts.The working principle is the sameasin conventionalfuel cdls,
namelyfuel is oxidizedat the anodeside andthe electronsthat arereleasedy the oxidationreaction
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are driven through an outer electrical circuit, thus generatingelectric current. Finally, the electrons
reachthe cathode wherethey combinewith an oxidant (typically oxygen)and protonsto a product
(typically water). Theworking principle andmain component®f the conventionajpolymerelectrolyte
membranéPEM) fuel cell andanenzymatidfuel cell aredepictedn Figurel.

Figure 1. Schematigresentatiomf conventionaPEM fuel cell andenzymatichbiofuel cell.
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Utilization of biocatalystgrovidesseveraladvantagesver the conventionainoble metal catalysts.
Biocatalystsare inexpensiveand their extendedusageis expectedto lower the cost of produdion,
opposedo transitionmetal catalystsdueto their limited availability. Theyarehighly efficient systems
exhibiting high turnover numbers,selectivity and activity under mild conditions (neutral pH and
nearbody temperature)The substate specificity diminishesreactantrossover, which theoretically
enablesamembranelestuel cell design.In addition,biocatalystsallow the utilization of morecomplex
fuels (as their natural substratesabundantin nature),opposedto the relatively poor chemistry of
hydrogenandmethanolastypical fuelsfor conventionafuel cells.

However the biocatalystshave some disadvantagesomparedto transition metal catalysts.In
general,redox proteinstend to exhibit their superiorcatalytic propertiesexclusively in their natural
environmentor, in otherwords, naturedid not evolve enzymesfor bioelectrocatalyticahpplications.
This is usually manifestedby the difficulty in establishingelectrical communicationbetweenthe
protein and the electrodesuface and by the limited stability of the biocatalystelectrodeassembly.
Another drawbackof enzymesfrom a chemicalengineeringpoint of view is the lower volumetric
catalystdensity. Enzymesare large molecules,so the numberof active sites per volume is usually
lower comparedo conventionametalelectrodes.

The progressin biofuel cell researchhas often been reviewed in the literature. Minteer and
coworkers,who are very active in the field, have summarizedrecenttrendsand accomplishments,
stresang the use of threedimensional structuresand the commonly employed characterization
technigued1,2]. Emphasison enzymesand their propertieswith respectto biofuel cell applications
hasbeenrecentlyput by Kannanetal. [3] andArmstrong[4]. Summaryof their own pioneeringworks
has beenmadeby Heller [5] andWillner [6,7]. The extensivereviewsby Bartonet al. [8] andBullen
et al. [9] are also worth notingThey provide a useful roadmapby discussinggeneral aspects,
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fundamentaldefinitions and classificationin biofuel cell research.Common featue for previous
reviewsis thatthey covernot only whole biofuel cell assembliebut also single enzymaticelectrodes
with intendedbiofuel cell applications.Our goal is not to duplicate previousreview efforts but to
provide a comprehensiveverview of stateof-the-art enzymaticbiofuel cells. We have limited our
scopeexclusivelyto whole fuel cell systemsemployingat leastone enzymaticelectrodeandfocused
onthedifferentreactant@ndelectrodearchitecturesor the anodicandcathodicreactionsaswell ason
some modeling aspectsin enzymatic fuel cells research.Unfortunately, due to the variety of
experimentalkconditions,i.e., different fuel concentrationsa straightforwardcomparisonin terms of
performancecharacteristicss not possible.We haveratherhighlightedsomeof the accomplishments
in biofuel cell developmenanddiscussedherecenttrendsin this researchield.

2. Enzymatic Fuel Cellsin the Context of Biofuel Cells

Accordingto the traditionaldefinition, enzymaticfuel cells area type of biofuel cells, which utilize
isolatedenzymed8]. If the biocatalystsarelocatedinsideliving cells, the biofuel cells arereferredto
asmicrobial, althoughin arecentreport[10] it wasshownthatnot only bacteriabut alsohumancells
can be employedas catalystsin a fuel cell device.The useof single enzymes(or enzymecascades)
allowsto have definedreactionpathwayson the electrodesurfaceandto overcomethe limited output
performanceof microbial biofuel cells, which is consideredto be due to masstransferresistances
acrosghe cell membrane$8]. On the otherside, enzymesstill cannotcompetewith microbesin terms
of long-term stability andfuel utilization (completeoxidation).

Thereare alsoexamplesn the literature,wherean enzymaticelectrodehasbeencombinedwith a
conventionalcatalystelectrode Provided that an abiotical electrodeusually exhibits higher stability,
metal catalystsfor the anodicreaction[11i 17] and more often for the cathodicreaction[18i 30] have
been employedin orderto completethe electricalcircuit andto testthe bioelectrodesinderii f el
conditions.The presencef onebiocomponenteitheranodeor cathode)commonlyallows the authors
to refer to the studied systemsas biofuel cells. Just recently, a fuel cell incorporating silicon
nanoparticlegor the electrooxidatiorof glucoseandmicroperoxidase. 1 for the reductionof hydrogen
peroxidehasbeenstatedasafi h y krreil3L].0

3. Future Applications of Biofuel Cells

The variety of intendedenzymaticbiofuel cell applicationssuggestedn the literaturetendsto be
roughly brokeninto two classesimplantablepower and generalpower.In generalthe utilization of
suchsystemsas possiblepower generatingdevicesis disputablesince stateof-the-art enzymaticfuel
cells cannotcompetewith the conventionalenergygeneratorsn termsof power outputand stability.
Neverthelessjn the context of electrochemicalpower, worth noting is the prototype bio battery
introducedby Sony®in 2007,which is basedon the enzymaticbiofuel cell configurationreportedby
Sakaietal. [32].

The uniquepropertiesof biocatalystssuggesthe employmentof biofuel cellsin uncommonpiche
applicationsand the most evident are for implantable power [8,9]. The recent advancesin the
developmenbf implantableelectrically operateddevicesraisal the needof new power sourcesthat
would fit their specific requirements. The miniaturization of biomedical devices demarmls

o
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miniaturizationof their power sourcessincethe size of the electricaldeviceis usuallydominatedby
the sizeof the battery[33]. Theoreticallytherearea numberof biomedicalaccessoriethatwould take
advantageof a small implantable power source such as the biofuel cell, including the cardiac
pacemake neurostimulatorshearingandvision devicesdrugpumps,glucosesensorsbladdercontrol
valves,etc [8,9]. However,accordingto Adam Heller, one of the pioneersin the field, biofuel cells
could not competewith conventionallLi-basedbatteriesas powe suppliesfor a pacemakerfdue to
short operationallife) or neurostimulatorgdue to limited power output) [5]. He proposesparticular
applicationdn autonomousinddisposablesensoitransmittersystemdgor monitoringbodily functions[5]

or the integrationin medical feedbacksystemsfor drugdelivery, i.e., for diabetesmonitoring and
control[34]. After all, in spiteof the largeamountof conductedesearchstateof-the-art biofuel cells
are almostexclusivelyin a proofof-conceptstage and oncethe technologyis mature,new potential
applicationscould beidentified.

4. Fuels,Oxidants and BiocatalystsUsedin Enzymatic Fuel Cells
4.1 Fuels

The natureof employedcatalystsin enzymaticfuel cells allows the utilization of numerousfuels
includingvariety of sugarsandlow aliphaticalcohols.The mainfuelsandtherespectiveenzymesused
for their bioelectrocatalytioxidationarelistedin Tablel below.

Themostcommonard intuitive fuel for enzymaticbiofuel cellsis glucosedueto its high abundance
in natureandessentialole in humanmetabolismGlucoseis animportantmetabolicintermediateand
a sourceof energyfor a variety of living organismslt is analdohexosearbohydratendfrom thetwo
stereoisomer®nly the dextrorotatory(D-glucose)is biologically active. Glucoseis involved in the
glycolysis metabolicpathway,whereit is oxidized to pyruvate,which further entersthe citric acid
cycle. Eventually,after seriesof chemicaltransformationsvith a releaseof energy,glucoseis broken
down to CO, and water. Other sugarsthat have beenemployedas fuels are fructose,which is a
structuralisomerof glucoseaswell assomedisaccharideaslactoseandcellobiose.The applicationof
the latter two was governedratherby the high affinity of the enzymecellobiosedehydrogenaséor
thesesubstrates.

Other fuels that have beenusedin enzymaticfuel cells are aliphatic alcoholssuch as methanol,
ethanoland glycerl. Methanol has beenalreadyidentified as one of the bestfuels in conventional
direct fuel cells, which can be usedas power suppliesfor portableapplications.Ethanolhasdrawn
more attention as a biofuel that can be producedby fermentationof biomas and is already
commerciallyavailable for combustionengines.Glycerol is also an attractive fuel due to its high
energydensity,low vaporpressureandlow toxicity opposedo the latter alcohols.All threealcohols
can be regardedas renewablefuels that can be producedfrom biomassand their utilization in
enzymaticfuel cells could offer newtypesof smallscalepowergeneratorsOtherfuelsthathavebeen
employedare pyruvate, which use was directed by its abundanceand importanceas a metabolic
intermediateand hydrogenas a non-carboncontainingfuel, which is known asa prominentsubstrate
for conventionafuel cells.
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Table 1. Fuelsandenzymesisedin enzymatidiofuel cells.

Fuel Enzyme Co-factor Half-Cell Reaction Natural
Acceptor
glucoseoxidaseEC1.1.3.4 FAD glucoseY gluconel,5lactonet+ 2H + 2d (0
glucose glucosedehydrogenas&C1.1.1.47 NAD seeabove NAD
glucosedehydrogenas&C1.1.5.2 PQQ seeabove quinone
cellobiosedehydrogenas&C 1.1.99.18 FAD, heme seeabove accepto
fructose fructosedehydrogenas&C1.1.99.11 FAD, heme fructoseY 5-dehydrofructose 2H" + 2d acceptor

cellobiose cellobiosedehydrogenas&C1.1.99.18 FAD, heme cellobioseY cellobionel,5lactone+ 2H' + 2d acceptor
lactoseY 4-O-(galactopyranosyyyluconel,5

lactose cellobiosedehydrognaseEC1.1.99.18 FAD, heme _ acceptor
lactone+ 2H" + 2¢€
alcoholdehydrogenase£C1.1.1.1 NAD alcoholY aldehydet+ 2H" + 2d NAD
methanol aldehydedehydrogenase£C1.2.1.5 NAD aldehyde+ H,O Y acid+ 2H" + 2d NAD
formatedehydrogenase£C1.2.1.2 NAD formateY CO,+2H" + 2¢ NAD
alcoholdehydrogenas&C1.1.99.8 PQQ,heme alcoholY aldehydet+ 2H" + 2d acceptor
alcoholdehydrogenase£C1.1.1.1 NAD seeabove seeabove
ethanol  aldehydedehydrgenase*EC1.2.1.5 NAD seeabove seeabove
alcoholdehydrogenas&C1.1.99.8  PQQ,heme seeabove seeabove
alcoholdehydrogenaset, PQQ,heme alcoholY aldehydet+ 2H" + 2d -
glycerol aldehydedehydrogenase®, PQQ,heme aldehydet H,O Y acid+ + 2H* + 2¢ -
oxalateoxidase*,EC 1.2.3.4 FAD, Mn oxalateY 2CO, +2H" + 2d 0,
pyruvate pyruvatedehydrogenase£C1.2.4.1 NAD pyruvate+ C o A ¥cetylCoA+ 2H" + 2d NAD
hydrogen membraneooundhydrogenase, - H,Y 2H" +2¢€ -

*enzymedakingpartin completefuel oxidation

The commonlyreportedanodicsystemsuseonly one enzyme which catalyzegpartial oxidation of
the fuel. The redox processis associatedvith the breakageof one chemicalbond, which limits the
numberof electronghatcanbe gained from the anodicreactionto two. In this context,worth notingis
the employmentof enzymecascadesyhich allow betterutilization of the chemicalenergyof the fuel
andcanbe usedfor completeoxidationto CO,. The cascadef bioelectrochemicairangormationson
the electrodesurfaceallows summationof the electronsfrom everysinglereactionandthusincreags
the total currentdensitydeliveredby the fuel cell. Suchenzymecascadesavebeenpresentedn the
caseof methanolethanol glyceroland pyruvateandexampleswill bediscussedurtherin thetext.

4.2 Oxidants

The most widely employedoxidantin enzymaticbiofuel cells is oxygenand thereare only few
reports of other compounds. The respective half-cell reactions and enzymes used for the
bioelectrochemicaleducton arelistedin Table2 below.

Oxygenis the typical oxidantin conventionafuel cells, whereit is usedin the form of puregasor
air. On the otherside, moleculardioxygenis essentiafor the respirationin all aerobicorganismsand
its ubiquity in humanddirectsits applicationasan oxidantin potentiallyimplantablefuel cell systems.
In the caseof enzymaticfuel cellsit is usuallyuseddissolvedin aqueouslectrolytewherebyits low
water solubility raisesadditionalmasstransportproblemsbut thereare also reportsof enzymaticfuel



Energies2010, 3 80¢

cells utilizing gas phaseoxygen. The four-electronreductionto water catalyzedby the respective
enzymegepresentshe cathodichalf-cell reaction[35,36].

Table 2. Oxidantsandenzymesisedin enzymaticbiofuel cells

Oxidant Enzyme Metal/ Half-cell Reaction
Co-factor
laccaseEC 1.10.3.2 Cu O,+4H" +4d Y 2H,0
oxygen bilirubin oxidase EC 1.3.3.5 Cu seeabove
cytochromeoxidaseEC1.9.3.1  Cu,Fe/ heme seeabove
cytochromec, - Fe/ heme -

hydrogen mi(-:ropero>.<idasd1, - Fe/ heme H,0, + 2H" + 2 ¥ 2H,0
peroxide horseradisiperoxidaseEC 1.11.1.7 Fe/ heme seeabove

(glucose GOx) microperoxidase, - Fe/ heme seeabove
:;:2;22 microperoxidase.l, - Fe/heme CgH,0;,+2H" +2€ Y CgHy,0 + H,0O

Other oxidant that has beenrarely employedis hydrogenperoxide.The highly reactive oxygen
specieshasstrongoxidizing propertiesandcanbe harmful to biological componentsuchasenzymes.
This governsits utilization in two-compartmensystemg37], wheremajor partof the costis dueto the
membraneThereis alsoonereportin theliterature,wherecumenehydroperoxidehasbeenusedasan
oxidantin abiofuel cell basedon two immisciblesolventq38].

4.3. Enzymes
4.3.1.Enzymedor theanodicreaction.

From the enzymeghat are capableof glucoseoxidation glucoseoxidase(EC 1.1.3.4,GOx) is the
mostwidely employedin the areaof biosensorsand biofuel cells. GOx is a dimer, composedf two
identical subunitswith a meantotal molecularmassof 160 kDa, an averagediameterof 8 nm and
isoelectricpoint of about4.2[39]. Theredoxco-factorresponsibldor the catalyticfunction of GOx is
flavin adeninedinucleotide(FAD), which containsa riboflavin moiety. GOx catalyzeshe conversion
of glucoseto gluconolactonewhich spontaneusly hydrolyzesto gluconicacid. The naturalelectron
acceptorfor GOx is oxygen, which in the courseof the natural reactionis reducedto hydrogen
peroxide[39]. As discussedin the previoussection the generatiorof hydrogenperoxidein the vicinity
of the electrodeshouldbe avoided.Moreover,in a membranelessonfigurationthe naturalacceptor
oxygenwould competefor the releasectlectronswith the electrodeandthuswill decreasehe anodic
currentdensity.

Another enzymethat hasbeenwidely usedin biofuel cell applicationsis glucosedehydrogenase
(EC 1.1.1.47,GDH). It hassomeadvantage®ver GOx becausets natural electronaceptoris not
oxygen but is expectedto find limited applicationin implantableenzymaticbiofuel cells since it
requiresa solubleco-factor: nicotinamideadeninedinucleotide(NADH/NAD ). A promisingenzyme,
recently introduced by Gorton and collaboratos for biofuel cell applications is cellobiose
dehydrogenas@C 1.1.99.18 CDH) [18,40]. Its naturalsubstratas cellobiosebut CDH isolatedfrom



Energies2010, 3 80¢

ascomycetéungi canalsooxidize otherdisaccharideaslactoseaswell asvariety of monosaccharides
including glucose The enzymeis a monomercontaininga flavin anda hemedomain.Otherenzymes
from the family of dehydrogenasedbat havebeenusedin enzymatichiofuel cells are PQQdependent
GDH (EC 1.1.5.2)[41] and fructosedehydrogenas¢EC 1.1.99.11 FDH) [42,43] for oxidation of
glucoseandfructoserespectively.

Different dehydrogenasdsavebeenemployedfor the oxidationof alcohols.Worth noting hereare
the enzyme cascadesthat allow full oxidation of the substrate For instance,a sequenceof
NAD-dependengalcoholdehydrogenas@eC 1.1.1.1,ADH), aldehydedehydrogenasgeC 1.2.1.5)and
formatedehydrogenas@C 1.2.1.2)hasbeenusedfor oxidationof methanoto CO, [30]. Thefirst two
enzymedhavebeenusedfor catalyticoxidationof ethanolto acetatewhich hasfurtherbeenconverted
to acetylco-enzymeA (acetytCoA) andsubjectedo a seriesof enzymedrom thecitric acidcycle[44].
Similar approachhas been used in the case of pyruvate, which was convertedto acetylCoA
by pyruvatedehydrogenas€EC 1.2.4.1,PDH) and enteredthe citric acid cycle asin the previous
case [45]. Other, PQQdependentdehydrogenasedhawe been used for partial oxidation of
ethanol[46] and glucose[41] aswell asfor full oxidation of glycerol togetherwith oxalateoxidase
(EC 1.2.3.4,00x) [47]. Hydrogen oxidation has been achievedby employing membraneébound
hydrogenas€MBH), which containsa Ni-Fe catalyticcenterandexhibitshigh toleranceto oxygenand
carbonmonoxide[48].

4.3.2.Enzymedor the cathodicreaction.

The typical enzymesusedfor oxygenreductionare plant and fungal laccasegEC 1.10.3.2)and
bilirubin oxidase(EC 1.3.3.5,BOD). Theseare multi-copperoxidasesthat can oxidize a variety of
substratesandposses$our metalionsclassifiedinto threetypes T1, T2, andT3. The T1 siteis known
to bind the organicsubstrateandthe T2/T3 clustercatalyze the four-electronreductionof oxygento
water [35,36] Laccasesusually exhibit activity at slightly acidic conditions and are commonly
employedat pH 5, while BOD has activity in more alkaline media, which allows its utilization at
neutral pH. Another enzymesystemusedfor oxygenreductionis cytochromeoxidase(EC 1.9.3.1,
COx) andcytochromec, both containinghemeasthe catalyticcenter[49]. From the enzymescapable
of hydrogen peroxide reduction microperoxidasdl (MP-11) [37] and horseradishperoxidase
(EC1.11.1.7 HRP)[50] havebeenemployedin biofuel cell. MP-11 is obtainedby trypsic digestionof
cytochromec andconsistf elevenaminoacidsanda covalentlylinked hemesite, which representhe
active site microenvironmentof the native protein. MP-11 has beenalso usedfor the redudion of
cumeneperoxide which waspreviouslydiscussed38]. AnothermicroperoxidaseMP-8 hasbeenused
asacathodicenzyme catalyzingthe reductionof hydrogenperoxide generatedy GOx [51].
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5. Typical Enzymatic Electrode Assenblies
5.1 Electrontransferasa factor determiningthe electrodearchitecture

Beforestartingto discusshe existingexampleof enzymaticelectrodeemployedn enzymaticfuel
cells, we would like to addressshortly the principal routesof achievingelectrontransfersincethis
determinesto a great extent the electrodeconfiguration As mentionedabove,a key issuein the
developmentof enzymatic electrodes for biofuel cell apgications is the efficient electrical
communicationbetweenthe enzyme and the electrode.If an enzymeis capableof transferring
(renderingor receiving)electrongo the electrodethe processs termedDirect ElectronTransfer(DET).
Lessthan 100 from over 1000redox enzymesare known to featureDET [52]. In general,enzymeghat
tendto exhibit DET possesspatiallyexposededoxrelaylocatednearthe proteinperiphery.

In mostof the caseshowever theredoxunit is deeplyburiedinto the proteinstructureandisolated
with a thick carbohydrateshell. In orderto overcomethe kinetic barrierfor electrontransfer,a redox
active speciesxcalled mediatorcanbe introducedto the bioelectrocatalyticsystem.t is usedto shuttle
electronsbetweenthe enzymeand the electrodeand the processis referrad to as MediatedElectron
Transfer(MET). The basicelectrontransferprinciplesin the contextof biosensorsapplicablealsoto
enzymaticbiofuel cells, havebeenreviewedby Schuhmanret al. [53] andthe maintypesof mediators
usedin biofuel cells researctaresummarizedn arecentreview[1].

Mediators tend to be very helpful for achieving electrical communicationbut the increased
complexity of the systemdue to the introduction of additionalcomponentgaisesfurther problems.
Apart from theintrinsic propertiesof the mediator(stability, toxicity), additionalissuesassociatedavith
mediatordiffusion or leachinghaveto betackled.

Thereis a hugevariety of immobilization strategiedor both enzymesand mediatorsthat include
simplephyscal adsorptioncovalentattachmentgrosslinking andentrapmentn polymericgels.Quite
oftentheimmobilizationapproachis a combinationof theseIn generalmonolayerconfigurationgend
to be displacedby multilayers or other threedimensional(3D) structuresin order to increasethe
currentoutput. 3D-structurescan also provide suitableimmobilization matricesfor the enzymesand
thusretainfor longertime their activity. Providedthat efficient electricalcommunications achieved,
essentialproblem that could possibly ariseis the limited masstransportof the fuel. Comparedto
conventional fuel cell electrodes,the enzymatic electrodesexhibit higher complexity and the
immobilization proceduresare usually associatedvith complicatedchemistry Someof the typical
enzymaticelectrodearchitecturesregivenin Figure?2.

We have classified the enzymatic electrodes present in the literature in the following three groups:
assemblies without electron transfer mediator utilizing nanostructurediaisatas immobilization
matrix (Figure 2A), assemblies involving immobilized mediatdfiqure 2B) and assemblies with
mediator attached to a polymer backboRgre 2C) and the respective examples further in the text
are presented according to this clasation.
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Figure 2. Schematigresentatiomf typical enzymaticelectrodammobilizationprocedures.
(A) Architecture basedon nanostructurednaterialswithout electron transfer mediator.
(B) Architecturebasedon enzymesandmediatorsentrappedn a threedimensionamatrix.
(C) Architecturebasedn mediatorsattachedo a polymerbackbone.
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5.2 Configurationswithoutelectrontransfermediator
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Enzymaticelectrodeconfigurationswithout electrontransfermediatorare usuallyrealizedwith the
help of carbon nanostructurednaterials[42,43,54,55](see Figure 2A) or less often by covalent
attachmenbf the enzymeon selfassemblednonolayermodified surface[49]. In this ways different
enzymedike GOx[54,55], FDH [42,43], CDH [18], laccasd12,15,43,5658], BOD [35,42,59,60fnd
MP-8 [51] havebeenimmobilized.

For instance Dong and co-workershave useda viscousgel comprisingcarbonnanotubegCNTY9)
andionic liquid (1-butyl-3-methylimidazoliumhexafluorophosphatél) asanimmobilization matrix
for GOx [61]. In other papers GOx was immobilized on carboxylated singlewalled carbon
nanotubeg S WC N Tépsesjtedby two different methodson a poroussilicon substratg55] or in
a CNTshydroxyapatite composite [54]. S WC N T wwese employed also for the immobilization
of CDH [18].

Nanostructuredmaterials were also used as immobilization matrix for FDH. In one of the
configurationsFDH was adsorbedn a celluloseMWC N T tatrix appliedwith the help of a room
temperatureonic liquid (RTIL), whichwasusedto dissolvethe cellulose[42]. Anothernanostructured
immobilization matrix was reported by Kano et al., where FDH was adsorbedon Ketjen
Black-madified carbonpaper{43]. In someelectrodeconfigurationsenzymeswvereadsorbedn graphite,
like CDH from DichomeraSaubinetii40], MBH [48] or PQQdependentDH (EC 1.1.99.8)51].

Similar as in the case of anodic enzymes, immobilization proceduresinvolving cambon
nanostructureanaterialshave beenappliedin the caseof cathodicenzymesaswell. BOD hasbeen
adsorbedn S WC N Tirbtle presencef bovineserumalbumin(BSA) andglutaraldehge (GA) asa
crosslinker [59,62] or in the celluloseM WC N T matrix, which wasmentionedabove[42]. Thereare
alsoreportsof biocathode®sbtainedoy immobilizationof BOD on Ketjen Black nanoparticle$43,60].
Similarto BOD, laccasse adsorbedn acarbonaerogel43] or differentC N T-basedmnatriceq12,56-58]
have beenrepored.

Biocathodesfor hydrogen peroxide reduction have been constructedalso after adsorption of
MP-8 [51] or HRP [50] on graphite.Worth noting are also the efforts of covalentattachmentof
cathodic enzymes,as in the caseof MP-11 on a gold surface functionalized with a cystamine
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monolayer{37,38] or COx and cytochromec, which wastetheredvia site-specific couplingthrougha
maleimidemonolayef49].

5.3. Configurationsbasedon diffusionalandimmobilizedmediators

5.3.1.Typical mediatoreemployedn enzymatidfuel cells.

The enzymaticelectrodeconfigurationswithout mediatorare still outnumberedy mediatorbased
configurations.The mediatorswhich are commony usedin enzymaticfuel cells canbe divided into
two groups:free diffusive andimmobilized mediators The mediatorsare usuallyenzymespecific. An
overview of typically used mediatorsfor GOx and their formal redox potentialsare disclosedin
Table3. It shouldbe notedthatthe formal redoxpotentialof the mediatorsvarieswith conditions(pH,
solubke or immobilized etc) moreoverseveralredox processesan be associatedwith a given
compound.The potential values presentedn the table are basedon the respectivereferencesand
shouldberegardedhot asabsolutebut ratherasbenchmarkvalues.

Table 3. Typical mediatordor GOx-basedjlucoseoxidation

Redox Potentia] Recalculated Redox

Mediator Vv Potential, V/ vs.SHE H Reference
ferrocenemonocarboxyliacid ~0.34agiage ~054 7 [58]
p-benzoquinone ~0.02sce ~0.26 7 [22]
phenazinenethosufate 0.08sce 0.32 6 [63]
pyrroloquinolinequinone 10.13sce 0.11 7 [37]
8-hydroxyquinoline5-sulfonicacid 0.065sce 0.305 5 [64]
tetrathiafulvalene 0.222ag/agC] 0.419 7 [65]

*V vs Ag/AgCl =V vs SHET 0.197 V vs SCE=V vs SHET 0.24.

When GDH is employedfor glucoseoxidation, the regeneratiorof NADH on electrodesurfaces
usually takesplace at high overpotentialswhich necessitatethe use of mediatorsasin the caseof
GOx. The mostcommonmediatorsare presentedn Table4 anddetailsof the electrodearchitectures
aregivenfurtherin thetext.

Table 4. Typical mediatordor GDH-basedjlucoseoxidation

Redox Potentia] Recalculated Redox

Mediator Vv Potential, VV vs.SHE H Reference
poly(methylenédlue) 10.10 pgiagel 0.1 6 [66]
poly(brilliant cresylblue) 10.11agiagcl 0.09 7 [62]
methyleneggreert 10.201 0.05pg/agc 0/0.15 6 [56]
Meldolablue - - - [67]
Nile blue 10.35ag/aqci 710.15 7 [68]
Thionine - - - [57]

*methylenegreenexhibitstwo redoxpairs
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Enzymeswhich catalyze oxidation of other organic fuels (Table 1) have beenalso employed
in mediatorbasedenzynatic electrodeconfigurations.An overview of typically used mediatorsin
these systemsis listed in Table 5 and the respectiveelectrodeassembliesare discussedfurther
throughouthetext.

In the case of oxygen reduction systems the most notable example of a mediator is
2,2 azinobis(3-ethylbenzthiazoling-sufonic acid) (ABTS). ABTS is the most widely exploited
mediatorbothfor laccasg17] andBOD [11]. It hasaredoxpotentialof about0.49V versus Ag/AgCI
(0.69V vs SHE)at pH 7 [65], which is closeto the redox potentialsof multi-copperoxidasesOther
mediatorshat havebeenemployedare Ru(bpy}>*®* [69] and potassiunferricyanide[32] both for the
electricalcouplingof BOD.

Table 5. Typical mediatordor otherfuelsoxidation

. Redox Recalculated Redox
Fuel Mediator Potential, V Potential, V vs.SHE PH Reference
benzylviologen 10.555ce 710.31 7.5 [30]
thanol hylp-
methano teramethylp- 6 1550 037cce 0.1850.277 710 [24]
phenylenediamine
Nile blue 10.35ag/aqc1 70.15 7 [68]
h I 9/Ag
ethano poly(methylenegreen) - - - [44]
glycerol poly(methylenegreen) - - - [23]
pyruvate  poly(methylenggreen) - - - [45]

5.3.2.Architectureswith diffusionalmediators.

Biofuel cellsinvolving diffusional mediatorsare not expectedto haveany practicalapplicationas
implantabledevicesand such studiesusually addressa novel enzymeimmobilization matrix. For
instance,Dong et al. have constructedbiofuel cells with GOx entrappedin a C N T-6hi#tosan
suspension[70] or in a C N T-&Lsgel [71] and used ferrocene monocarboxylicacid (FMCA)
as a mediator.Soluble FMCA was usel alsoin biofuel cells basedon MWC N T iged with GOx
and a lipid [58] or glutaraldehyddunctionalized chitosan[72]. Benzoquinonewas adoptedas a
mediator for GOx covalently attachedthrough carbodiimide coupling to electropolymerizedblend
of 3-methylthiophenandthiophene3-acetic acid [22]. Similar approachwasalsousedfor otherfuels
as in the caseof methanoloxidation by PQQdependentADH mixed with graphite pastein the
presenceof soluble N,N,NgNG&tetramethyip-phenylenediaminglTMPD) [24]. The utilization of
diffusional mediator is common also for studies on microfluidic biofuel cells, which are
usually focusednot on the electrodeperformancebut rather on masstransportand designissues
i.e, a study on oxygen limitations in a microfluidic biofuel cell comprising soluble GOx and
phenazinemethosulphat§s3].
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5.3.3.Architectureswith immobilizedmediators.

More commonin the areaof biofuel cells is the applicdion of immobilized mediator.Numerous
strategiegor immobilizationof enzymesandmediatorson the electrodesurfacehavebeenreportedin
the literature[20,32,57,59,62,65,67,786]. In this sectionwe concentrag on thoseproceduresvhich
usethreedimensionamatricedike polymerslipids andC N T 6rsombinationof these(Figure2B) to
incorporateenzymeandmediatorssincetheseconfiguratiors aremorepracticallyrelevant.

Tingry andcoworkersemployed8-hydroxyquinoline5-sulfonicacid (HQS) andABTS asmediators
for glucoseoxidation and oxygen reduction,respectively[64,73,76] The mediatorswere entrapped
together with GOx and laccaseor BOD on carbon tube electodes and polypyrrole layer was
electropolymerizeaver the respectiveanodeand cathodeassemblieslt wasshownthatthe electrode
stability increasd if the enzymewas covalenly grafted to a poly(aminopropylpyrrole)film and
subsequentlgrosslinked with poly(ethyleneglycol) diglycidyl ether(PEGDGE)[73]. HQSandABTS
werealsoco-entragpedwith GOx andlaccasen polypyrrolenanowiresgrownon anodizedaluminum
oxidetemplateg[74].

Another interestingmatrix for enzymeimmobilization involving liquid-crystalline cubic phase
which resembleshe naturalenvironmenbf membrangroteins wasintroducedby Bilewicz et al. [65].
Thecubicphasewaspreparedy mixing monoolein(1-oleoykrac-glycerol) with enzymesanddifferent
mediators,including tetrathiafulvalene(TTF) and ABTS. The same mediatorswere also usedin
electrodearchitecturaogethemwith MWC N T @nda polyion complexformedby poly-L-lysine (PLL)
andpoly(sodium4-styrenesulfonatgPSS)[75].

A chargetransfercomplex(CTC), formed by TTF andtetracyanoquinodimethani@ CNQ), which
was grown on polypyrrole surfaceand coveredwith protective gelatin layer was employedby our
group as a glucoseoxidation anode[77]. Another matrix for immobilization of GOx was formed by
gelatin MWC N T éndferrocend78].

Similar approachefiavebeenusedfor constructionof mediatorbasedsystemsemployingGDH as
the biocatalyst. For instance, Kano and co-workers immobilized 2-methyt1,4-naphthoquinone
(Vitamin K3, VK3) and potassiumferricyanideas anodic and cathodicmediators,respectively,in a
polyion complex matrix formed by polyacrylic acid and PLL [32]. Mao and co-workers reported
severalimmobilization strategiesutilizing C N T @rsd different azine dye-basedmediatorsfor the
regeneation of the NADH co-factor, including polymethylene blue (polyMB) [59,66] and
poly(brilliant cresyl blue)[62], which wereelectropolymerizedvertheC N T @Ricosebasedbiofuel
cellsbasedbn C N T weseconstructedlsowith otherazinebasednediatorssuchasMeldolablue [67]
andNile blue[68].

Worth notingis alsothe Nafionrbasedmmobilizationmatrix introducedby Minteerandco-workers,
whereinmodificationof the polymerwith quaternannammoniumsaltsprovidedsuitableenvironmentor
the biocatalystswhile retaning their electrical properties.NeutralizedNafion was also usedtogether
with methylenegreen, electropolymerizedon carbon paper for the oxidation of ethanol [29,44,69]
andpyruvate[45].
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5.4. Mediatorsattachedo a polymerbackbone

As alreadydiscussedthe utilization of mediatos has a significant role in the establisiment of
efficient electricalcommunicatiorbetweernthe enzymeandthe electrodesurfacebut in manycaseghe
electrodestability canbeinfluencedby mediatodeaching A promisingstrategyinvolving the covalent
attachmenbof the mediatorto a polymerbackbonehasbeenusedin orderto overcomethis problem
(seeFigure2C). Someexamplef suchmediatorsystemausedin enzymaticbiofuel cells areoutlined
in Table6 below.

The most notableexample,originally introducedby Adam Heller, is the utilization of Osbased
redox hydrogelsas mediatorsand immobilization matrices.Heller and co-workerspublishedseriesof
papes, employing GOx as the anodic catalystand laccase[79-81] or BOD [82-85] for the cathode
reactionand PEGDGEwas usedfor crosslinking of the resultingassembliesThe immohlization of
enzymesvasbasedn electrostatiénteractionshecauseherespectivenydrogelswerepolycationicand
enzymesverepolyanionicat neutralpH [80].

Theredoxpotentialof the polymerwastunedby variationof theresiduedorming the Oscomplexes,
which were typically attachedto a poly(N-vinylimidazole) (PVI) or poly(4-vinylpyryridine) (PVP)
backbondor theanodeanda co-polymerbetweerPVI andpolyacrylamide(PAA) for the cathode.

Table 6. Mediatorsimmobilizedon a polymerbackbone

_ ) Redox Recalculated Redox
Fuel/Oxidant Mediator ] ] pH Reference
Potential, V Potential, V vs.SHE
T O.lgAg/AgC| 0.01 5 [80]
T O.lgAg/AgC| 0.01 7 [86]
Ospolymer 0.095ag/aqc 0.292 5 [81]
T O.lGAg/AgC| 0.04 7 [85]
glucose 10.11 pgagal 0.09 5 [87]
poly(vinylferrocene) 0.30ag/aqc 0.50 7 [25]
2-methytl,4  onpy | 10.27 agiage 10.07 7 [20]
naphtoquinone™
(Vitamin KS) onPAAmM T 0-25Ag/AgCI 10.05 7 [28]
lactose Ospolymer 0.15agaqc 0.35 - [88]
0.36ag/aqc 0.56 7 [86]
oxygen Ospolymer
0.55 pg/aqc 0.75 5 [79]

Worth noting is the introduction of 13-atom long for the anode[80] and 8-atom long for the
cathode[79] flexible spaces tetheringthe complexedOs to the polymer backbone.The improved
performanceof the respectiveelectrodeswas attributedto the long tethes, which allowed not only
better approachof the redox centersto the enzymebut also facilitated electrontransfe between
neighboringredoxcentergseeFigure 3). Sofar, biofuel cells basedon the conceptof Os-basedredox
hydrogelsexhibit the bestcharacteristicsn the contextof implantableapplicationand other groups
havealsoadoptedhis procedurgor immaobilization of GOx [87,89] or otherenzymeg18,90].
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Figure 3. (A) Structureof anodicOs polymerwith a 13-atomflexible spacerbetweenthe
polymer backboneand the Os comgdex. Reprintedwith permissionfrom [86]. Copyright
2002AmericanChemicalSociety.(B) Schematigresentatiorof electronconductionin Os
redoxhydrogelsReprintedfrom referencg91] with permissiorfrom Elsevier.
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Similar approachin the designof enzymaticelectrodeshas beenemployedby other groups.For
instance, glucose oxidation anode was preparedby graft polymerization of vinylferrocene and
acrylamideontothe carbonblack surfaceafterwhich GOx wasadsorbedndcrosslinked by GA [25].
Nishizawaand co-workersreportedseveralbiofuel cells using VK s-functionalizedpolymersattached
to a PLL [20,60] or a polyallylamine (PAAmM) [28] backbone.The polymeric mediator was
immobilizedtogetherwith GDH anddiaphoras€EC 1.6.99-, Dp) on Ketjen Black nanoparticlesand
theresultinganodewasemployedn biofuel cell in the presencef solubleNADH.

6. Kinetics of BioelectrochemicalReactionson Biofuel Cell Electrodes
6.1 Anodereaction

As it wasshownin Table1 differentfuels canbe consideredor possibleapplicationin enzymatic
fuel cells. In this contextglucoseoxidationhasbeenmostly studieddueto the intendedenzymaticfuel
cell applicationas an implantablepower sourcein humanbody [18,32,80,82,92] Besidesglucose,
oxidation of fructose[42,43] and recentlylactose[18,88] have beenalso studied.In the following
sectionsummaryof kinetic studieson oxidationof organicfuelsin enzymaticfuel cellsis reviewed.

6.1.1.Bioelectrachemicaloxidationof glucose.

Influenceof the following parametersike type of enzyme ,enzymemodification,type of mediator,
glucoseconcentrationpH, presencef oxygen,buffer concentrationactive surfacearea,stability, etc
on the bioelectroclemicalglucoseoxidationhasbeenstudied.Glucoseoxidationis catalyzedoy GOXx,
GDH andCDH [18,20,32,92,93]Accordingto literature,mechanisnof glucoseoxidationby GDH is
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MET [32,60], while in the caseof CDH both MET and DET are possible[18]. The mechanisnof
glucoseoxidation by GOXx is still a matterof controversyin the scientific community. Somestudies
claim DET mechanismwhile otherdueto isolationof the redoxactive centerby a carbohydrateshell
claim MET asonly possiblemechanism.

DET mechanisnfor glucoseoxidation by GOx was reportedby severalgroups[54,55,61,94,95]
Dongandco-workersemployedC N T-f ssiscousgel asanimmobilizationmatrix for GOx [61]. The
anodewastestedin a biofuel cell andthe observedpencircuit potential(o.c.p.)andshortcut current
wereattributedto DET of GOX, but the authorsdid not showany polatization curvesfor their system
underthe investigatedconditions.Wang et al. immobilized GOx on S WC N Td&ositedon silicon
substrateandthe resultingelectrodewasemployedin a compartmentlesand mediatorlesbiofuel cell
configuration[55]. The power outputwas evaluatedn presenceof 4 mM glucoseand the observed
currentswereagainattributedto DET, althoughthe recentlyreportedactivity for glucoseoxidation of
silicon nanoparticlegancompromisehesefindings[31].

C N T-byslroxyapatite composite has been also meant to facilitate DET of GOx [54]. This
conclusionwas basedon the observatiorof a redox peak,which value correspondedo the value for
the FAD/FADH, couplebut the GOx-basedanodewasengagedn a Nafion-separatedbiofuel cell with
a ferrocenemediatorin the anodic compartmentOther authorsalso consideredDET promotedby
CNT b despitethe observationof the respectiveFAD peak there was no current responsen
presenceof glucose[95]. According to them, possible explanationof this phenomenonwas the
blockingof glucoseacces$o GOx activesite dueto associatiorof GOxwiththeC N T 5.

Common feature of all studiesclaiming DET in the case of GOx is application of carbon
nanomaterial$or enzymeimmobilization.The DET mechanisms usuall evidencedy appearancef
FAD/FADH, redox peak, but these studiesfailed to show oxidation currentsin presenceof glucose
which could be probablytakenasan indicationof absencef DET in the caseof GOx. Accordingto a
recentreviewthereareindications of possibleproteindenaturationnducedby C N T [B]s consequently
the preseceof free or exposed-AD closeto the electrodesurfaceshouldnot be excluded.

In the caseof mediatecdelectrontransfermechanismamongsthe variousmediatorghatwereused,
worth noting arethe Os-basedredox hydrogelsin the caseof GOx [79,80]and CDH [18] andVK3 in
the caseof GDH [20,32]

Activity of enzymaticelectrodesfor glucoseoxidation can be improved by enzymepurification
and/ormodification.Purified GOx showshighercatalyticactivity for glucoseoxidationin comparison
to unpurified enzyme[92]. MichaelisMenten constantsof 1.9 + 0.2 mM for the purified GOx
and 2.5 £ 0.4 mM for the commercialGOx underargon atmospheraising Os mediatorhave been
reported[92]. Lower activity of unpurified enzymewas attributedto weakeningof the electrostatic
bondbetweerthe polyanionicenzymeand polycationicredox polymer, causingtheir dissociationand
makingthefi wi r leseeffeative.

RecentlyMano et al. showedthat the deglycosylationof GOXx yields a fully active deglycosylated
enzyme(dGOx) which is capableto oxidize glucoseon glassycarbonelectrodein absenceof any
mediator(seeFigure 4A) [94]. Onsetpotentialof 10.490 V versws Ag/AgCI (i 0.29vs. SHE), which
corresponddo the reversible potential of the FAD/FADH, couple was reported(see Figure 4B).
They calculatedthe rate of electrontransferby usingthe Laviron formalismfor GOx and dGOx and
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obtained0.2 and1.58s * respectivelyAlso electronturnoverratefor glucoseoxidationby dGOxwas
estimatedo be 1300 , while in the caseof nativeenzymeit wasabout700s * [94].

Figure 4. (A) Direct electrooxidatiorof glucoseby dGOx adsorbedn glassycarbon.(B)
Cyclic voltammogramsof GOx (dotted line) and dGOx (solid line) adsorbedon glassy
carbonelectrodesReprintedfrom referencg94]. CopyrightWiley-VCH Verlag GmbH &
Co.KGaA. Reproducedvith permission.
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In anothemaperby Mano andco-authorg82] the influenceof the Osloadingin different polymers
on glucoseoxidation by GOx was studied.The obtainedresultsshowedthat the enzymeactivity was
increasingwith an increaseof Os loading, which was attributedto increaseof apparentelectron
diffusion constanin Ospolymer.

For biofuel cell operationwith fuel and oxidantin the samesolution, low sensitivity of the anode
reactionto oxygenis very important. This issue has beenexperimentallyinvestigatedfor different
glucoseoxidizing enzymeslt hasbeenshownthatin the caseof GOx evenin the presenceof very
efficient electron transfer mediatorslike Os polymer influence of oxygenis still significant [92].
Unlike GOx, CDH is littl e sensitiveto oxygen.Tascaet al. determinedurnovernumbersfor CDH in
presenceof oxygen and two other electronacceptorsand obtained0.09 s * for oxygen compared
to 16.8s * for 2,6-dihcloroindophenoand19.6s * for 1,4benzoquinongl8]. If oxygenis the natural
electronacceptoi(like in caseof GOXx, seeTablel), theinfluenceof oxygenis difficult to be negleced
evenin presencef very efficient electrontransfemmediatorssuchasOs polymers.

Influence of the increaseof active surface area on enzyme activity was studied by many
groups [20,32] In generaladdition of carbon nanomaterial§Ketjen Black, C N T Gircreasesthe
electrodeactive surface areaand is beneficial for enzyme activity. Sakai et al. studied glucose
oxidationby GDH in presencef Dp andVK 3 on glassycarbonandglassycarbonmodified by carbon
fiber electrods [32]. Upon additionof carbonfibers catalyticcurrentsfor glucoseoxidationincreased
but not linearly in comparisornto surfacearea(e.g, 20 times higher surfaceareaproduced5.9 times
highercurrents) This wasattributedto slow diffusion of H*, which was a productof glucoseoxidation,
out of the catalystlayer. The accumulatiorof H* wasdecreasingH valuein the catalyst layer andin
this way it was changingenzymeactivity. To checkthis assumptiorthey conductedexperimentsat
differentbuffer concentrationgandobtainedoptimal buffer concentratioraroundl1.0 M, which resulted
in almostthe sameincreasein oxiddion currentscomparedto increaseof surfacearea(15 times
comparedo 20) [32].
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Togo et al. studiedalso the influence of addition of Ketjen Black on the activity of GDH VK3
mediatedelectrodefor glucoseoxidation[20]. They obtained10 times higher currentsin presenceof
KetjenBlack andbroadeningf thelinearrangeof the concentratiordependencée.g.on glassycarbon
electroddinearrangewasbelow5 mM, while with Ketjen Black abovel0 mM glucose).The addition
of carbonnanoparticleslid not changethekineticsof glucoseoxidationandonsetpotentialfor glucose
oxidationremainedhe same namelyabouti 0.3V vs. Ag/AgCI (1 0.1V vs.SHE) [20].

Stability of enzymaticelectrodeswvas usually studiedupon its storageunderdry conditionsor in
buffer. After GDH/VKj3 electrodeswere stored dry they retained about 80% of their acivity
during 7 days,while the activity of electrodestoredunderwet conditionsdecreasedignificantly over
the sametime period. It was assumedhat the leachingof the enzymeor disruptionof electronrelay
systemunderwet conditionscould bethereason[20].

6.1.2.Bioelectrochemicabxidationof otherfuels.

Oxidation of fructoseby FDH adsorbedon carbonnaromaterials( C N Tob Ketjen Black) was
studied[42,43] The open circuit potential (0.c.p.)wasi0.028V vs Ag/AgCl (0.169V vs SHE)
at 22 °C [42] and70.05V vs Ag/AgCl (0.147V vs SHE) [43] at 25 °C in presene of 200 mM
fructose Thesevaluesare closeto formal redox potential of FDH (aroundi 0.039V vs Ag/AgCl;
0.158V vs SHE) which is takenas an indication that the mechanisnof fructoseoxidation by FDH
proceedshroughthe hemesite [43]. Similar to CDH FDH hashemeand FAD domains[43]. The
observedo.c.p. value suggestshat hemedomainis orientedto the electrodesurface,while FAD
domainfacesthe solutionside.Fructoseoxidationtakesplaceon FAD domain,whichis regenerateth
intramolecularelectrontransferreactionwith the hemedomain. Finally hemedomainexchangesn
direct way electronswith the electrodesurface.Also similar to CDH FDH haslittle sensitivity to
oxygensinceoxygenis notits naturalelectronacceptof42].

Oxidation of lactose by CDH was studiedby Stoicaet al. [88] and Tascaet al. [18]. As it was
alreadydiscussedCDH exhibitsboth DET andMET dueto the presenceof hemeand FAD domains.
DET is usuallyattributedto actionof heme while MET to actionof FAD. Tascaetal. showedrecently
thatin presenceof fast electrontransfermediatorlike Os polymer MET is thermodynamicallynore
favorablethanDET (seeFigureb) [18].

Stoicaet al. have studied the influence of Os polymer modification and enzyme loading on activity
of CDH for lactose oxidatiof88]. Fourdifferent typesof Osredox hydrogelfiave beentested Formal
redox potentials 0©<** couples in different polymers were constant (around 150ven¥&g/AgCl;
350 nV vs SHE). Polymers differed in regard to monomer composition, Os loading as well as the
lengh and flexibility of the spacer chain between the polymer backbone and the Os complex. The
observed differences in the activity for glucose oxidation between different polymers were attributed to
the different hydrophilicity of the polymer backbones ane libcal buffer capacity of the polymer
film. More hydrophilic polymers were more active. The increase of the ratio of CDH to polymer
increased the current for glucose oxidation without showing any maximum in the investigated range of
CDH loadingq88].
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Figure 5. Oxidation of lactoseon CDH modified electrods in the presencg MET) or
absence(DET) of Os redox polymer. Reprintedwith permissionfrom reference[18].
Copyright2008 AmericanChemicalSociety.
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Tascaet al. studiedthe substratespecificity of CDH to differentfuelsin presencef Os polymeras
a mediator[18]. CDH was found to be active for oxidation of severalsugarslike lactose,glucose,
cellobiose, maltose,mannose galactoseand xylose. The onsetpotential for oxidation reactionwas
practicallyindependenbn fuel, but the currentdensitieswerevery substratesensitive which indicated
substratesensitiveenzymekinetics[18].

6.2 Cathodereacion

Oxygenis usuallyusedasan oxidantfor enzymaticfuel cell operationandthe oxygenreductionis

catalyzedypically by laccaseor BOD. Both enzymegatalyzeoxygenreductionto water(seeTablel).
The mechanisnof oxygenreductioncanbe DET or MET. Biocathodesonsistingof laccaseand Os
polymer[79] or ABTS asmediatord17] showedsuperiorbehaviorto platinum(Figure6A). Thebetter
performanceof the Osbasedbiocathodewas also proven by scanningelectrochemicamicroscopy
(SECM) experimentswhere the authorsusedtip generatiorsubstratecollection mode The current
appliedby thetip (l)) generatedxygen,which wasthenreducedby the enzymemodified substrateat
current(l) definedby the appliedpotential. The correspondingollection efficiency (I4/1;) definedby
oxygendiffusion at pH 7.2 wasreachedalreadyat overpotentiabf 1 0.3V in the caseof BOD cathode
versus 0.65V for Pt (Figure6B) [96].

In case of MET, activity for oxygen reduction can be improved by modifying the mediator molecule.
Manoetal. [79] improved the activity of Os polymer for oxygen reduction by introducing long tethers,
which increased the apparent electron diffusion constant of Os polymer and efficiency towards oxygen
reduction. The apparentelectron diffusion coefficient increasedwith two orders of magnitude
(7.6+ 0.3E-7 versusb.2+ 0.8E-9 cnr’ s * for the previouslyusedpolymed [79].
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Figure 6. (A) Oxygen reduction by laccasebiocahode comparedto platinum and
glassycarbon cathodes Reprinted from [17] with permission from Elsevier.
(B) Dependenceof the collection efficiency (Is/lt) on the overpotential (d) in tip
generatiorsubstratecollection modeSECM for Ptin 0.5 M H,SO, (solid line) andfor Pt
(full circleg andfi wi rB&®D cathode(emptycircleg atpH 7.2,0.2 M phosphatéuffer.
Reprintedwith permissiorfrom [96]. Copyright2003AmericanChemicalSociety
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DET for oxygenreductionwasreportedin caseof laccaseadsorbedn carbonnanomaterial$43],
laccaseon carbonnanotubeq12], laccaseon carbon electrodes[36] and BOD on spectrographic
graphite(SPG)[35]. In the caseof DET the mechanisnof reactiondependsstrongly on the type of
support[35]. Laccaseand BOD were adsorbedon bare SPG or 3-mercaptopropioni@acid modified
gold (MPA-gold) electrodesln the caseof BOD on SPGelectrodeDET was observedwhile in the
case of selfassembledmonolayer modified gold catalytic action was observedonly in presence
of mediator. These results indicate that enzyme orientation on two different electrodesis

different(Figure7) [35].

Figure 7. Schematicpresentationof proposedmechanismsf DET from electrodesto
BOD connectedA) via theT1 siteand(B) via the T2/T3 cluster Reprintedfrom [35] with
permissiorfrom Elseviet
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DET oxygenreductionwasstudiedby varyingtype of enzymeadsorbedn highly-orderedpyrolytic
graphite(HOPG)electrodg43]. At pH 5 BOD showedsuperiorperformancehanthe laccasasolated
from Rhusvernicifera but lower than the laccasefrom Trametessp. (TsLac) which suggestedhe
utilization of the latter in a fructoseoxygen biofuel cell. In order to increasethe electrodeactive
surfaceareaand currentintensitiesenzymeswere adsorbedn two typesof carbon(Ketjen black and
carbonaerogel. Higher activity for oxygenreductionwas obtainedin the caseof the TsLacadsorbed
on carbonaerogethanon KetjenBlack (4 mA cm' 2 comparedo 1 mA cm ? for KetjenBlack)[43].

In general the oxygen biocathodeis limited by the low oxygen concentrationsin solution
(e.g, 0.229 mM in buffer comparedto 9 mM in air). To overcomethis limitation Sakai et al.
constructedhir breathingcathodeusing BOD adsorbedn carbonfibers which increasedsignificantly
currentdensitiedor oxygenreduction[32].

7. Fud Cell Configurations and Performance

An overview of sometypical enzymaticfuel cell configurationsbasedon literature findings is
presentedn Table7 below.As statedabove it is difficult to comparedirectly the performancef these
biofuel cells due to the variety of experimentalconditions. Neverthelesswe have enclosedthe
maximumpower densitiesandthe respectivefuel concentrationsn orderto provide an orientationof
theirtypical values.

7.1 Biofuelcellsbasedon glucoseasa fuel and GOxasthebiocatalyst

As it was alreadydiscussedboth DET and MET electrodeconfigurationswith GOx have been
reported. However, DET configurations usually do not provide sufficient evidencesfor DET
mechanismlike polarization curves for glucose oxidation and for this reasonthey will be not
commentedin the following section.MET configurationscan be basedon mediatorsentrappedn
differentmatricesor attachedo a polymerbackbone.

7.1.1.Mediators entrapped in different matrices

Somecharateristic fuel cell configurationsin this group were basedon the use of ferrocens as
mediatos [50,78], mediatorsimmobilizedin a polypyrrole matrix [64,76], monooleincubic phaseas
immobilizationmatrix [65] or useof chargetransfercomplexeg97].

Ferrocenebasedfuel cell has beenreportedby Pizzariello et al. [50]. As an oxidant hydrogen
peroxide was used in a Nafiseparated biofuel cell configatton. The cathode was formed by
spraying a mixture of HRP, ferrocene, graphite particles and a londarinert polyester support and
coupled with equivalent GOlased anode. The power extracted from the cell was 0.15 & iom
presence of 1 mM fuel dnoxidizer. The cell exhibited remarkable letgm stability, which
was tested by a sophisticategstem for supplying and circulating fresh anolyte and catholyte
throughthecell [50].
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Table 7. Examplesof enzymaticoiofuel cells.

. Enzymes Mediators Powgr Fuel .
Fuel/Oxidant Anode/Cathode Anode/Cathode Den3|t)T/,2 Concentration, Reference
e Wem mM
GOx/COXx,
glucose/Q cytochromes PQQf 5 1 [49]
glucose/Q GOx/laccase ferrocene/ 15.8 10 [54]
glucose/Q GOx/BOD HQS/ABTS 42 10 [76]
glucose/Q GOx/laccase TTF/ABTS 7 15 [65]
glucose/Q GOx/laccase  Ospolymer/Ospolymer 137-350 15 [79-81]
glucose/Q GOx/BOD Ospolymer/Ospolymer  50-480 15 [82-85]
glucose/HO, GOx/MP-11 PQQf 160 1 [37]
glucose/HO, GOx/HRP ferrocene/ferrocene 0.15 1 [50]
glucose/Q GDH/laccase azinedyest 5838.7 4560 [56,67]
glucose/Q GDH/BOD azinedyest 52/53.9 40 [59,62]
glucose/Q GDH/BOD VK offerricyanide 1450 400 [32]
glucose/Q CDH/- Ospolymert 157 100 [18]
lactose/Q CDH/laccase Ospolymer/Ospolymer 1.9 34 [88]
fructose/Q FDH/laccase -/- 850 200 [43]
fructose/Q FDH/BOD -/- 126 200 [42]
methanol/Q ADH/- benzylviologen/ 670 100 [30]
ethanoli(HO,) PQQ ADH/ e n 15 25 [46]
ethanolQ o, / BOD groe'z(nr;‘/eRtSz't';?; 460 1 [69]
PQQ ADH
glycerollo,  PQQ AdDH / poly(methylene 1320 100 [47]
00X green)f
pyruvate/Q o / po'ﬁgzt&"e”e 930 100 [45]

*PDH is thefirst enzymein a cascadeomprisingenzymedrom thecitric acidcycle

Tingry and co-workersintroducedseveralbiofuel cell configuratiors basedon immobilization of
enzymeandmediatorin polypyrrole[64,73,76] After optimizationof the polypyrrole layer thickness
the electrodesdasedon GOx/HQSandBOD/ABTS wereemployedin a concentriccell configuration,
which demonstratechaximumpoweroutputof 42 W cm' % at 10 mM glucoseconcentratiorf76]. The
stability of the electrodeswith entrappedenzymeswas also comparedto electrodespreparedby
covalentgrafting [73]. The biofuel cell power output was lower in the caseof covalentlyattached
enzymes(20 W cm'?at 0.3 V) but remainedconstantafter 45 daysintermittent use The improved
stability was discussedn the contextof enzymedenaturationor mediatorleaching from the more
permeablepolypyrrole matrix in the caseof entrappedenzymeelectrodeg[73]. In the casewhen
polypyrrole nanowires(seeFigure 8A) were usedas a matrix for the sameenzyme/mediatosystems
the fabricatedbiofuel cells exhibitedhigherpowerdensity(by two ordersof magnitud¢ comparedo
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the film -type biofuel cells [74]. The increasewvasascribedo the increasen surfaceareaandenzyme
loading Theinfluenceof nanowiredengthwasalsotestecandasthe lengthwasreducedirom 16 pn
to 8 um, o.c.p.increasedseeFigure 8B) but the maximumpower densitydecreasedrom about280
to 150 W cm'?[74].

A membraneless cell based on GOx and laccase was constructed with mooobiephaseas
immobilization matrix [65]. The performance of the cell employing ABTS as the cathodic mediator
and different anodic mediators was tested. The modestabwasobtainedwhenTTF was employed
as anodic mediator with o.c.p. of 0.45nd amaximumpowerdensityof ca. 7 pW cm'? at voltage of
about 0.125V [65]. In another report, where TTF was immobilized in a polyion complex and
MWCNTO6s, the nanotubes were found to i mprove
and shift to more negative potentifif$]. After combination with identical BOD/ABTS cathodes, the
membraneless biofuel cell exhibited o.c.p. of Ov6&nd a maximum power density of 150 W tm
at 0.35V in presence of 100 mM glucose at&7[75].

The anode architecture, used by our group (discussed by the anode architectures based o
immobilized mediators) comprising CTC based on TTF and TCNQ was coupled with entional
PEM-based Pt cathode and the performance of the resultingtlilmugh cell was tested under
different conditiong97].

Figure 8. (A) Field emisson scanningelectronmicroscoly (FESEM)imagesof 80 nm
diameter polypyrroleHQS-GOx nanowires grown using anodized aluminum oxide
(AAO)-Si template The insetshowsa crosssectionalview. (B) Dependencef the power
density on the cell voltage for biofuel cells employing nanowireswith different length.
Reprintedfrom [74] with permissiorfrom Elsevier
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7.1.2.Mediatorsattachedo a polymerbackbone

The advantagef systems,employing mediator attachedto a polymer backbonewere already
addressedn the sectionregardingthe existing electrodearchitectures Ferrocenemediatedglucose
oxidation anode based on this approachwas incorporatedin a membraneslectrode assembly
(MEA)-typefuel cell with a Pt catalystfor gaspha® oxygenreduction[25]. The cell performancevas
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testedunderflow conditionsat roomtemperaturen presencef 100mM glucoseandrestts indicated
increasecturrentandpoweroutputafterimpregnationof the GOx anodewith 1% Nafion solution[25].
Other, more notable examples of enzymatic biofuel cells using mediatorpolymer assemblies
were basedon the Os redox hydrogels,which were discussedabove.The performanceof a biofuel
cell using (PVP-[Os(N,N&dialkylated2,23biimidazolef]?*®") for immobilization of GOx ard
(PAA-PVI-[Os(4,%4-dichloro-2,26bipyridine)CI] 7?) for immobilization of BOD was studied at
different conditions[83]. The influenceof pH, temperatureand glucoseand chloride concentrationn
oxygenor air atmospheravastested(Figure9). It wasfound that the cell powerwas not affectedby
chlorideconcentratiorup to 0.15M, which wasa positivereault, sincechlorideanionsarea common
inhibitor of multi-copperoxidaseswith atypical concentratiorof 0.14M in physiologicalfluids.

Figure 9. Dependencef the powerdensityof Os polymerbasedbiofuel cell on (A) pH,
(B) temperatureand (C) chloride concentratiorunder constantpolarizationat 0.52 V in
presenceof 15 mM glucose. Reprinted with permissionfrom [83]. Copyright 2003
AmericanChemicalSociety.
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The progressn the designof the redoxhydrogelsbasedon the respectivebiofuel cells performance
canbeclearlyfollowed. For instance superiorfuel cell performancé268 W cm'? at0.78Vin 15 mM
glucosesolution) was achievedby introducinga 13-atomlong flexible spacerin the anodicpolymer
and combinationwith a laccasebasedcathode[80]. The operationin a membranelessonfiguration
wasrealizedby maintaininglower rate of electrontransferto oxygenthanto the redox polymer[80].
This approachallowed also for power density of 480 W cm'? at 0.6 V at pH 7.2 with BOD
as the cathodic biocatalyst [82]. Another worth mentioning achievementwas a power density
of 350 W cm'? at 0.88V with laccaseat pH 5 in stagnansolutionwith 15 mM glucose[79]. The
high power densitywas attaineddue to the introduction of 8-atom spacerin the cathodicpolymer,
analogoudo theflexible tetherin the caseof anodicenzyme.

Carbonfiberswith alengthof 2 cm anda diameterof 7 um wereusedasa supportin nearlyall the
studiesby Heller andco-workers.The electrodesverealsoimplantedin a grapeandit wasfound that
the power output dependedon the position of the cathodefiber. The cell exhibited higher power
density(240 W cm'? at0.52V) if the cahodefiber waslocatednearthe skin of the grapedueto the
higheroxygenconcentrationthanif it waslocatednearthe centerof the grape(47 (W cm' ?) [83].

Recently, Mano reportedimproved cell power of 280 W cm'? at pH 5 in presenceof 5 mM
glucoseusing GOx from anothersource(Penicillium pinophilun) andhigh stability undercontinuous
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operationat 0.88 V [93]. Moreover, since the commercialsamplesof GOx from Aspergilusniger
contain various impurities and the compositionof the same supplier varies from batch to batch,
two-fold increasen maximumpowerdensitywasobservedvhenpurified GOx wasused[92].

In summarythe enzymaticbiofuel cells basedon the conceptof Osbasedredox hydrogelsexhibit
the best characteristicso far in the contextof implantabbe applicationand the approachhas been
adoptedy othergroupsasa standargrocedurdor testingMET [18,88,90]

7.2 Biofuelcellsbasedon glucoseasa fueland GDH and CDH asbiocatalysts

Othercommonenzymefor glucoseoxidation,employedin enzymaticbiofuel wasGDH. As shown
abovein thetext,thee n z y meguéalelectronacceptolis NAD andnot oxygenasin the caseof GOx.
This is a significant advantagewhen aiming a membranelessonfiguration due to the reduced
crossover of reactantdut the utilization of solubleco-factor excludegshe applicationof suchsystems
asimplantabledevices.

For instance,severalbiofuel cells basedon azine dyes as mediatorsfor the regeneratiorof the
NADH co-factor were constructedby Mao and co-workers[56,59,62,66] The biofuel cells exhibited
reasonableerformanceat ratherhigh glucoseconcentrationstanging from 30 to 45 mM. The use
of CN T allewed DET at the cathodeard when BOD immobilized on carbonfiber microelectrodes
wasemployed the enhancemenf masstransportallowed cathodiccurrentdensitiesof 105 pA cm' 2
underambientair and255pA cm 2 underoxygenatmospherat 0.3V vs Ag/AgCl (0.5V vs SHE)[59].
In the samereferencea promising approachwas introducedby the co-immobilization of ascorbate
oxidase(EC 1.10.3.3)on both electrodesn orderto eliminatethe interferenceby ascorbicacid. The
respectivebiofuel cell demonstratechigh toleranceagainstascorbicacid in buffer and improved
performancen humanserum.The poweroutputin serumwasstill lower thanin buffer, suggestinghe
existenceof otherkinds of interferingspecieg59].

In otherstudiesVK ; was employedto regeneratép, which was oxidizing the NADH reducedby
GDH (seeFigure 10) [28]. The resultinganodeswere combinedwith polydimetylsiloxanecoated
Pt [20,28] or a BOD-basedcathode[60] and the respectivebiofuel cells performancewas testedin
presenceof solubleNADH. The sameapproachfor the cathodearchitecturewas usedin a work by
Kano and co-workersbut this time all componentsncluding NADH were immobilizedin a polyion
matrix [32]. Combinationwith a BOD-basedjasphasecathodeanda cellophaneseparatoallowedthe
fabricationof a passivetype biofuel cell with high output The cell generatd 1.45mW cm 2 at 0.3V
(0.c.p.0.8V) in presenceof 0.4 M glucoseand after connectionin seriesof two fuel cell stacks(two
biofuel cellsin parallel)operationof portableelectronicdeviceswasachieved32].

CDH wasalsousedas anodicenzymein biofuel cells. CDH andS WC N Twéere entrappedn Os
polymer and the resulting anode was employed together with a Pt cathoe in a whole fuel
cell configuration,which showedo.c.p. of 0.5V and a maximum power densityof 157 pW cm'?
in 100 mM glucosesolution[18]. In anotherstudy CDH adsorbedn graphiteelectrodewas engaged
togetherwith identicallaccasecathodein a membranelesand mediatorlesdiofuel cell [40]. The cell
demonstratedower performancein presenceof glucosecomparedto lactoseand cellobiose and
reducedstability whenthe electrolytewas mixed, which wasattributedto enzymedesorptionfrom the
electrodesurface.The possibility of DET, the utilization of variousfuels and the lower affinity to
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oxygen comparedto other electron acceptorsdefine CDH as a poweaful altermative to GOXx for
enzymatidbiofuel cell applications.

Figure 10. Reaction schemes in a biel cell based on GDH/Dp/VKbioanode and Pt
cathode. Reprinted frof28] with permission from Elsevier.
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7.3. Biofuelcellsbasedon fuelsotherthanglucose

The ability of CDH to oxidize different sugarswas alreadyaddressedout its high affinity towards
lactose motivated the developmentof a membraneles®©s polymer basedlactoseoxygen biofuel
cell [88]. Thecell comprisinglaccaseasthe cathodiccatalystdemonstratethaximumpowerdensityof
about1.9 pW cm'? at 0.28 V in presenceof 7.4 mM lactoseat pH 4.3 and the currentdensitywas
foundto belimited by the anodicprocessmostlikely dueto the limited amountof immobilized CDH.
Osmediatedbioelectrocatalysisallowed also the coupling of tryptophanrepressotbinding protein
from Archaeoglobudulgidus with a Pt cathodein a membranelessiofuel cell with 8 mM NADH
asafuel [90].

Fructose oxidation by FDH was used in biofuel cells basedon DET [42,43] In one of
the configurationsbasedon celluloseMWC N T thatrix the cell showedmaximum currentdensity
of 577 A cm ? and powerdensityof 126 uW cm' 2 in presencef 200mM fructoseat pH 5 androom
temperaturaisingBOD asthe cathodeenzyme[42]. Better performancaunderthe sameconditionswas
achievedby simple adsorptionof FDH on Ketjen Black-modified carbonpaperand combinationwith
laccaseimmobilized on carbonaerogelsuppot. The maximum power density reached850 W cm' 2
at0.41V understirring (seeFigurel1l) [43].

Enzymaticfuel cell utilizing alcoholsasfuels wereconstructecaswell. Full oxidationof methanol
to CO, by a cascad®f enzymesandsubseqgantregeneratiorof NADH by Dp andbenzylviologenvas
addressedlreadyin 1998by Palmoreet al., but all componentdaking partin the bioelectrochemical
reaction, including enzymeswere dissolved in the anolyte [30]. In another MET-based system
employingPQQdependenADH the two-compartmentell generategrowerof 0.25mW cm 2 at0.67V
in presenceof 1% methanoland soluble TMPD as mediator[24]. The high power densityand high
0.c.p.(1.4V) wereachievedoy usingpotassiunmpermanganateathode.
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More widely exploitedalcoholin the developmenbf biofuel cells was ethanol[44,46,51,68,69]
Worth noting is the employmentof multi-enzyme cascadesstarting with ADH and AldDH for
bioelectrochemicainimicking of thecitric acidcyclereportedby Minteeretal. [44].

ETHANOL

Figure 11.Dependence of power density on current density generateshégompartment
fructoseoxygen biofuel cell without (1) and with stirring (2) in presence of 200 mM
fructose at 25°C. Reprinted from referenc43] with permission of the PCCP
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Figure 12. (A) Schematicpresentatiorof a biofuel cell basedon ethanolas a fuel for
bioelectrochemicamimicking of the citric acid cycle (B) Representativ@ower curvesof
biofuel cellsemploying differentnumberof enzymes. Reprintedirom [44] with permission
from Elsevier
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ADH andAldDH catalyzedthe oxidation of ethanolto acetatewhich in the presenceof CoA and
ATP wasconvertedto acetylCoA by acetytcoenzymeA syntheaise(EC 6.2.1.0) andfurther entered
theK r e bydleyseeFigurel2A). After combinatiorwith a Pt cathodetheinfluenceof the numberof
immobilizedenzymeson the performanceof the two-compartmenbiofuel cell wastested.In presence
of 100mM ethanolthe respectivecells exhibitedmaximumpowerdensityrangingfrom 116 W cm 2
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in the case of one enzyme (ADH) to 1.01 mW cm'? when all six enzymeswere employed
(seeFigure12B) [44].

A veryinterestingapproacHor thedesignof a biofud cell wasdemonstratetty Ramanaviciugtal.,
by the introduction of a membranelessand mediatorlesssystem, which utilized ethanol and
glucose[51]. ADH was simply adsorbedn a graphiteanodeand servedfor the oxidation of ethanol
and GOx and MP-8 were co-immobilized on the cathode,where MP-8 catalyzedthe reduction of
hydrogenperoxide,generatedsa by-productfrom the oxidationof glucoseby GOx (seeFigure13A).
Unfortunately,no datafor the power outputwas presentedut the cell generagd the highestvoltage
andcurrentdensitiesn presencef 10 mM glucoseand 10 mM ethanol,comparedo the caseswhen
only glucose ethanolor hydrogenperoxidewereused(seeFigure13B) [51].

Figure 13. (A) Schematiconfigurationof a biofuel cell employingethanolandglucoseas
fuels and QH-ADH and MP-8/GOx as catalytic anode and cathode, respectively.
(B) Currentvoltage behaviorof the respectivebiofuel cell in presenceof (1) 10 mM

hydrogenperoxide,(2) 10 mM of glucose (3) 10 mM of ethanoland(4) 10 mM of ethanol
and10mM of glucose Reprintedfrom [51] with permissiorfrom Elsevier

Minteer and co-workers demonstratedalso the utilization of multi-enzymesystemsfor glycerol
oxidation [23,47] An enzyme cascadeimmobilized in neutralizedNafion allowed the complete
oxidationof glycerolto CO, anda maximumpowerdensityof 0.445mW cm' % in presencef 100mM
substrateThe useof high surfaceareaMWC N T @ssmmobilization matrix increasedhe power up
to 1.32mW cm' 2 underthe sameconditions[47].

The MET-basedcascadapproachwasusedalsofor completepyruvateoxidation[45]. The system
employingfive dehydrogenaseachieveda maximum power densityof 0.93 mW cm'? in presence
of 100 mM pyruvate. The samegroup reportedalso a biofuel cell basedon pyruvateoxidation by
immobilized mitochondriawhich could be consideredasa cellular compartmentontainingdissolved
enzymesn theinternalmatrix [98]. Underthe sameconditionsthe organellebasedfuel cell exhibited
amaximumpowerdensityof 0.20mW cm' 2 andthe nearly5-fold increasevasattributedto the higher
volumetriccatalyticactivity of isolatedenzymesandthe eliminaton of additionalresistanceandmass
transporfimitationsassociateavith the mitochondrialmembrang45].



