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environmental$ analysis$ demands$ sensitive$ and$ accurate$ methods$ for$ sensing$ harmful$ organic$ molecules.$ The$ research$ work$ in$ this$ thesis$ presents$a$novel$affinity$system$for$immobilization$of$bioreceptors,$novel$signal$amplification$ strategies,$and$novel$nanomaterial$based$bio<designs$with$the$improved$biosensor$or$bio<fuel$ cell$(bio<cathode)$performances.$ Firstly,$ a$ new$ affinity$ system$ based$ on$ supramolecular$ host<guest$ interactions$ between$ biotin$ and$ β<cyclodextrin$ (β<CD)$ is$ studied$ where$ an$ association$ constant$ of$ 3$ x$ 10²$ L.mol <1 $ could$be$determined.$This$allows$immobilization$of$a$variety$of$commercially$available$biotin$ labelled$bioreceptors$on$electrogenerated$surfaces$for$biosensing$application.$β<CD$modified$ gold$ nanoparticles$ (Au<NPs)$ were$ successfully$ applied$ as$ an$ "optical$ antenna"$ for$ additional$ SPRi$ signal$ amplification$ using$ quantum$ dot$ (QD)$ labels.$ The$ beneficial$ effect$ of$ the$ combination$ of$ these$ nano<objects$ enables$ the$ construction$ of$ highly$ sensitive$ DNA$ or$ immunosensors.$$ Secondly,$various$kinds$of$nanomaterials$such$as$nanodiamonds,$magnetic$nanoparticles,$ carbon$nanotubes$(CNT),$and$graphene$are$employed$to$modify$transducer$surface$followed$ by$ non<covalent$ functionalization$ with$ pyrene$ derivatives.$ The$ novel$ 3D$ layer<by<layer$ deposition$ of$ nanotubes$ and$ different$ sized$ nanoparticles$ with$ varying$ porosity$ presents$ a$ flexible$approach$towards$construction$of$enzymatic$or$immuno<sensors.$Graphene,$a$material$ with$atomic$thickness$doubles$the$SPR$sensitivity$towards$detection$of$an$antibody.$Finally,$an$ efficient$bioelectrocatalytic$reduction$of$oxygen$is$reported$using$pyrene$functionalized$CNT$ forest$as$a$bio<cathode$for$bio<fuel$cell$applications.$
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6.2$Scaffold$construction$and$their$SEM$characterization$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$108$ 6.3$Anti<CT$antibody$detection$using$the$HRP$label$secondary$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$110$ $$$$$$antibody$for$amperometric$transduction$ 6.4$Anti<CT$antibody$detection$using$the$GOx$for$amperometric$transduction$$$$$$$$$$$$$$$$$$$$$114$ 6.5$Assessment$of$the$scaffolds$with$different$particle$sizes$for$ $ (based(optical(Immunosensor(((((((((((((((((((((((((((((((((((((((((((((((((((((121( 7. 1 (((((((((((((((((((135( 8. 1 (((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((147( Section(IV(-(Experimental(Part(((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((149( IV. 1 of(Abbreviations(((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((157( Publications(and(Presentations(((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((( The$ specificity$ of$ biosensors$ is$ based$ on$ the$ bioreceptors$ used.$ A$ bioreceptor$ is$ a$ biological$ molecular$ species$ (e.g.$ an$ enzyme,$ an$ antibody,$ a$ protein,$ or$ a$ nucleic$ acid)$ or$ a$ living$biological$system$(e.g.$cells$or$whole$organisms)$that$utilizes$a$biochemical$mechanism$ for$recognition.$Bioreceptors$allow$binding$the$specific$analyte$of$interest$to$the$sensor$for$the$ measurement$ with$ minimum$ interference$ from$ other$ components$ in$ complex$ mixtures.$ The$ sampling$component$of$a$biosensor$contains$a$bio<sensitive$layer.$The$layer$can$either$contain$ bioreceptors$ or$ be$ made$ of$ bioreceptors$ covalently$ attached$ to$ the$ transducer.$ The$ most$ common$forms$of$bioreceptors$used$in$biosensing$are$based$on$(a)$enzymatic$interactions,$(b)$ nucleic$ acid$ interactions,$ (c)$ antibody-antigen$ interactions,$ (d)$ cellular$ interactions$ (i.e.,$ microorganisms,$ proteins),$ and$ (e)$ interactions$ using$ biomimetic$ materials$ (i.e.,$ synthetic$ bioreceptors)$ [3,4].$ This$ section$ mainly$ discusses$ the$ class$ of$ biosensors$ that$ uses$ enzymes,$ DNA$and$antibody$probes.$ $ (a)(Enzymes( ( Enzymes$ are$ catalytic$ proteins$ that$ have$ an$ exquisite$ specificity$ for$ certain$ molecular$ structures,$referred$to$as$their$substrates.$Enzyme$catalyzes$the$transformation$of$the$analyte$ or$ an$ auxiliary$ substrate$ into$ a$ product$ that$ contributes$ to$ the$ signal$ capturing$ (e.g.$ electrochemical$ or$ optical$ signal)$ [5].$ They$ are$ used$ for$ the$ detection$ of$ inhibitors$ (heavy$ metals,$ CN < $ etc.)$ via$ enzymatic$ reactions.$ For$ example,$ the$ poison$ cyanide$ is$ an$ irreversible$ enzyme$ inhibitor$ that$ combines$ with$ the$ copper$ and$ iron$ in$ the$ active$ site$ of$ the$ enzyme$ [9].$GOx$is$easy$to$obtain,$cheap,$and$can$withstand$wider$pH$ranges,$ ionic$ strengths,$ and$ temperatures$ than$ many$ other$ enzymes,$ thus$ allowing$ less$ stringent$ conditions$during$the$manufacturing$process$ [10,11].$The$enzyme$is$comprised$of$two$identical$ protein$subunits$containing$one$flavin$adenine$dinucleotide$(FAD)$coenzyme$molecule,$which$ is$ found$ in$ the$ active$ site.$ The$ FAD$ coenzyme$ molecule$ is$ tightly$ bound,$ yet$ not$ covalently$ attached$ to$ the$ enzyme$ [12].( During$ the$ enzymatic$ reaction$ between$ GOx$ and$ glucose,$ the$ FAD$ is$ reduced$ by$ the$ glucose$ producing$ FADH 2$ and$ glucose$ is$ oxidized$ to$ gluconolactone$ [13,14] 
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.$ The$ FADH 2$ can$ then$ be$ oxidized$ by$ dissolved$ O 2$ producing$ H 2 O 2, $ regenerating$ the$ enzyme$to$its$initial$state$[15]$(Scheme( I).$H 2 O 2$ is$then$oxidized$at$the$Pt<electrode$at$0.6$V$ vs$ SCE$ or$ Ag/AgCl,$ leading$ to$ current$ increase,$ which$ is$ directly$ related$ to$ the$ glucose$ concentration.$$ $ ! GO x (FAD) + Glucose GO x (FADH 2 ) + Gluconolactone GOx(FADH 2 ) + O 2 GO x (FAD) + H 2 O 2 H 2 O 2 O 2 + 2H + + 2e - GO x (FAD) + Glucose GO x (FADH 2 ) + Gluconolactone GOx(FADH 2 ) + O 2 GO x (FAD) + H 2 O 2 H 2 O 2 O 2 + 2H + + 2e
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(1)$
$ '''''T'=$(1$+$0.5$πα)-2$≈$1$-$πα'≈$97.7%$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(3)$ $
Where,$α=$e 2 /(4πε 0 ħc)$=$G 0 /(πε 0 c)$≈$ The$ electrochemical$ behaviour$ of$ polypyrene$ is$ relative$ similar$ to$ polypyrrole$ but$ has$ several$ disadvantages$ due$ to$ its$ reduced$ permeability$ and$ its$ loss$ of$ electroactivity$ with$ increasing$film$thicknesses$as$well$as$its$ability$to$be$polymerized$in$an$aqueous$medium$ [16].$ Nevertheless,$ pyrene$ derivatives$ and$ its$ electrogenerated$ films$ also$ have$ the$ advantage$ to$ form$stable$π<stacking$interactions$with$carbonaceous$species$and$are$chemically$stable.$We$ synthesized$ pyrene<β<CD$ (Section( IV),$ which$ allows$ immobilization$ of$ a$ wide$ variety$ of$ biomolecules$having$biotin$or$adamantane$as$functional$group$ (Figure(4) For$ optimal$ particle$ size$ determination,$ one$ analyte$ concentration$ (0.5$ mg.mL electrodes,$ a$ sensitivity$ of$ 77.55$ ±$ 1.5$ µA.µg <1 .mL.cm <2 $ for$ the$ linear$ range$ between$ 0.05$ <$ 0.2$ µg.mL <1$ and$ a$ detection$ limit$ of$ 50$ ng.mL <1 $ could$ be$ determined.$ For$ the$ double<layered$ electrodes,$the$detection$limit$(10$ng.mL <1 )$is$clearly$improved$and$also$a$better$sensitivity$of$ 87.77$ ±$ 2.2$ µA.µg <1 .mL.cm <2$ for$ a$ linear$ range$ between$ 0.01$<$ 0.2$ µg.mL <1$ ((((((((((((((((((((((((((((((((((((( 
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3.3(Electropolymerization(of(pyrene(βACD(

(A) $$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(B)$ $
$ $ $$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(A)$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$(B)$
$electrode$Г,$is$directly$related$to$the$charge$deposited.$$ $ $$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$ (1)$ $ Q$ is$ the$ charge$ in$ Coulombs,$ n$ is$ the$ number$ of$ electrons$ taking$ place$ in$ polymerization,$F$is$the$Faraday's$constant$
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  As$expected,$the$H3$and$H5$signals$show$the$most$pronounced$shift$to$higher$fields$in$ the$spectrum$of$the$1:1$mixture.$It$has$to$be$noted$that$only$differences$of$the$chemical$shifts$ and$ no$ signal$ doubling$ could$ be$ observed.$ This$ indicates$ a$ fast$ exchange$ rate$ (at$ the$ NMR$ time$scale)$where$just$the$average$of$the$chemical$shift$of$'free'$protons$and$the$protons$in$the$ inclusion$ complex$ is$ observed.$ Only$ a$ separation$ of$ the$ individual$ H6<CH 2 $ proton$ signals$ is$ observed.$This$phenomenon$can$be$assigned$to$the$reduced$rotation$of$this$methylene$group$ in$ presence$ of$ complexed$ biotin$ that$ leads$ to$ two$ distinguished$ peaks$ (H6$ and$ H6',$ respectively).$ Due$ to$ some$ overlap$ of$ the$ H5$ and$ H6$ signals,$ the$ association$ constant$ was$ calculated$ by$ plotting$ the$ chemical$ shift$ changes$ of$ the$ β<CD$ H3$ protons$ at$ varying$ biotin$ concentrations.$The$association$constant$(K 1:1 )$can$be$determined$by$second$order$non<linear$ curve$fitting$[21]$of$the$experimental$data$using$equation$(1):$
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 631 AntiACT(immunosensor(performances(using(500(nm(particles($ To$determine$the$sensitivity$to$anti$CT,$the$immunosensors$were$constructed$with$500$ nm$nanoparticles$and$SWCNTs,$and$tested$with$different$concentrations$of$the$target$analyte$ (0.01$to$500$µg.mL <1 ).$The$calibration$curve$for$the$amperometric$detection$of$CT$antibody$was$ evaluated$ for$ both,$ single$ and$ double<layered$ constructions.$ For$ each$ analyte$ concentration,$ an$immunosensor$was$fabricated$under$same$conditions.$The$sensitivities$were$determined$as$ the$slope$of$the$linear$portion$of$the$calibration$curves$(Figure( 7).$For$single$layered$scaffold$

$Figure( 8 .Figure( 9 $SWCNTs

 89 Figure( 8.( Amperometric'immunosensor'setDup'using'poly(pyrene'βDCD)coated'nanostructured'electrode' and'GOxDCD'as'enzymatic'marker'for'the'detection'of'cholera'antitoxin'(antiDCT).$

7. 2 . 3 (

 23 Functionalization(of(graphene(modified(gold(surface$ Effective$ immobilization$ of$ biomolecules$ on$ the$ sensor$ surface$ has$ been$ considered$ as$ one$ of$ the$ most$ important$ points$ in$ the$ development$ for$ high$ quality$ of$ biosensors.$ As$ a$ matter$ of$ fact,$ one$ of$ the$ first$ steps$ in$ any$ SPR<based$ protocol$ concerns$ the$ way$ that$ the$ receptor$molecules$are$anchored$onto$the$SPR$surface.$The$bioreceptors$are$either$physically$ absorbed$ or$ chemically$ attached$ onto$ the$ sensor$ surface.$ The$ covalent$ immobilization$ strategies$include$chemical$reactions$such$as$amine,$aldehyde$or$thiol$coupling$on$previously$ formed$ functional$ self<assembled$ monolayers$ [19].$ However,$ covalent$ immobilization$ results$ in$ the$ loss$ of$ the$ bioreceptor$ unit$ due$ to$ its$ chemical$ modification.$ Here$ we$ demonstrate$ a$ novel$ approach$ by$ using$ a$ graphene$ layer$ as$ the$ SPR$ bio<interface$ for$ the$ immobilization$ of$ biological$entities$using$affinity$based$systems$preserving$their$activity.$$( The$ approach$ described$ here$ exploits$ the$ direct$ electrodeposition$ or$ non<covalent$ functionalization$ of$ polymer$ bearing$ affinity$ group$ onto$ graphene<gold$ SPR$ interfaces.$ A$ polypyrrole<NTA$film$[20]$was$electrodeposited$onto$the$conventional$and$graphene<modified$ gold$ surface.$ Conversely,$ pyrene<NTA$ film$ [21]$ was$ non<covalently$ attached$ to$ the$ graphene$ surface$via'π<π$stacking$interactions.$ $ The$gold$slides$with$or$without$graphene$were$first$modified$with$polypyrrole$<$NTA$(2$ mmol.L <1 $$in$DMF$+$0.1$mol.L <1 $TBAP)$using$controlled$potential$electrolysis$method.$Pyrrole$<$ NTA$ was$ polymerized$ at$ 0.95$ V$ for$ different$ charges$ 1$ mC.cm <2 ,$ 3$ mC.cm <2 $ and$ 5$ mC.cm <2$ to$ analyze$the$sensitivity$variation.$We$make$another$modification$of$gold$slides$with$polypyrene$ NTA$(2$mmol.L <1 $$in$DMF$+$0.1$mol.L <1 $$TBAP)$$using$electrolpolymerization$of$pyrene$NTA$(1$ mC.cm <2 )$ at$ 1.3$ V$ vs$ Ag/Ag + .$ The$ unique$ structure$ of$ graphene$ allows$ its$ easy$ and$ rapid$ functionalization.$Non<covalent$functionalization$is$particular$interesting$for$the$development$ of$ graphene$ based$ biosensors$ since$ the$ physical$ properties$ of$ the$ graphene$ are$ entirely$ preserved.$ For$ this$ purpose,$ pyrene<NTA$ was$ non<covalently$ attached$ to$ the$ graphene$ by$ drop<casting$ 3$ µL$ of$ 2$ mmmol.L <1 $ pyrene<NTA$ solution$ in$ DMF$ on$ the$ graphene$ and$ dried$ under$ vacuum$ followed$ by$ thorough$ rinsing$ with$ DMF.$ The$ deposit$ was$ then$ electropolymerized$ in$ a$ monomer$ free$ solution$ to$ generate$ a$ polymeric$ monolyaer$ of$ polypyrene<$NTA$by$controlled$potential$electrolysis$at$1.3$V$vs$Ag/Ag + .$ $ The$resulting$coatings$of$respective$polymers$were$used$for$the$successive$attachment$of$ biotinylated$ biomolecule$ via$ subsequent$ coordination$ of$ copper$ (II)$ ions$ at$ the$ NTA$ chelate$ (Figure( 3)$and$the$biotin$groups$of$biomolecule$at$the$Cu 2+ -NTA$complex$[21].$0.01$mol.L <1 $of$ CuCl 2$ acetate$buffer$solution$(0.1$mol.L -1 ,$pH$=$4.8)$was$used$for$the$chelation$procedure.$ $
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 37244 Figure(3."Structure'of'(A)'pyrroleDNTA'and'(B)'pyreneDNTA,'showing'NTA/Cu 2+ /'biotin'interaction. '

Figure( 4 . 1 (

 41 Figure( 4.( Laser' microscope' images' of' (A)' graphene' on' gold' and' (B)' graphene' on' gold' modified' with'polypyrroleDNTA,'along'with'their'height'(in'blue)'and'intensity'(in'green)'profiles.' $ 7.3(Detection(of(Antibody(Cholera(toxin((AntiACT)(

Figure( 5 .$ 7 . 3 . 2 (

 5732 Figure( 5." Schematic' representation' of' graphene' modified' gold' sensing' surface' functionalized' with' NTA' group' coordinated' with' Cu 2+ .' Biotinylated' cholera' toxin' (antigen)' coordinates' with' Cu 2+ /NTA' complex,'

Figure( 6 .

 6 Figure( 6.( SPR' angle' of' conventional' gold' film' modified' with' polypyrroleDNTA' by' controlled' potential' electrolysis' at' 0.95' V' at' different' given' charges' (a)' 1' mC.cm D2 ,' (b)' 3' mC.cm D2 ' and' (c)' 5' mC.cm D2' in' the'

Figure( 8 $

 8 Figure( 8$ shows$ histograms$ for$ the$ change$ in$ reflectivity$ (%)$ of$ conventional$ and$ graphene<modified$ gold$ sensing$ surfaces.$ A$ 9%$ increase$ in$ reflectivity$ was$ recorded$ with$ graphene<based$SPR$biosensor,$while$for$conventional$gold$surface$the$reflectivity$change$was$ 7%.$The$control$experiment$was$performed$with$conventional$gold$surface$in$the$absence$of$ antigen$ giving$ a$ change$ of$ 2%$ in$ the$ reflectivity$ with$ 35$ ng.mL <1 $ of$ antibody.$ The$ values$ of$ angle$shift$and$reflectivity$change$for$different$sensing$surfaces$are$summarized$in$Table(I.$
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 733723191010122385486567879 Figure( 9.( SPR' angle' of' (a)' conventional' gold,' (b)' graphene' modified' gold' surfaces' functionalized' with' polypyreneDNTA'by'controlled'potential'electrolysis'(0.95'V,'1'mC.cm D2 )'with'35'ng.mL D1' of'antiDCT'and'(c)' graphene'-modified'gold'surface'functionalized'nonDcovalently'by'dropDcasting'technique.'
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  Glucose$ biosensors$ are$ some$ of$ the$ most$ successful$ biosensors$ on$ the$ market$ today.$ People$ living$ with$ diabetes$ require$ convenient$ methods$ for$ monitoring$ glucose$ levels.$ Implanted$ sensors$ and$ non<invasive$ sensors$ are$ under$ development,$ but$ currently,$ the$ most$ accessible$approach$is$a$handheld$biosensor$that$analyzes$a$drop$of$blood.$In$the$1960s,$Leland$ C.$Clark$ [16]$ had$ an$ idea$ to$ hold$ the$ enzyme$ very$ close$ to$ a$ platinum$ electrode$ with$ a$ membrane,$ so$ that$ the$ chemical$ changes$ could$ be$ followed$ by$ watching$ changes$ in$ the$ current$at$the$electrode.$This$reliable$concept$led$to$the$development$of$a$series$of$laboratory< sized$ instruments$ based$ on$ the$ sensing$ of$ peroxide.$ To$ make$ a$ portable$ and$ consistent$ glucose$biosensor$for$home$use,$however,$a$change$in$methodology$was$needed.$The$oxygen< to<peroxide$change$is$hard$to$standardize,$because$of$the$need$for$constant$oxygen$levels$and$ interference$ by$ other$ molecules$ in$ the$ blood.$ Instead,$ a$ slightly$ different$ method$ was$

$ Scheme(I.(Enzymatic'activity'of'GOx'and'H 2 O 2' oxidation'equation'of'the'electrochemical'transduction.'

developed.$ Instead$ of$ oxygen,$ a$ mediator$ molecule$ is$ used$ to$ deliver$ the$ signal$ to$ the$ electrode.$Ferrocene,$a$small$molecule$with$an$iron$ion$trapped$between$two$cyclopentadienyl$ rings,$was$found$to$be$an$effective$mediator.$Handheld$sensors$that$use$disposable$electrodes$ with$ enzyme$ and$ mediator$ are$ available$ commercially.$ Now,$ in$ a$ matter$ of$ seconds,$ glucose$ levels$may$be$measured$in$a$small$drop$of$blood.$

.3(Characteristics(of(biosensors(

  

	A$ wide$ variety$ of$ optical$ transduction$ formats$ have$ been$ employed,$ where$ changes$ of$ Classic$ SPR$ spectroscopy$ is$ based$ on$ the$ monitoring$ of$ coupling$ angle,$ wavelength,$
	the$interaction$of$light$with$the$biomolecular$system$are$used$to$produce$a$measurable$signal.$ intensity,$ and$ phase$ [34],$ whereas$ SPR$ imaging$ (SPRi)$ is$ based$ on$ the$ measurement$ of$
	These$ changes$ can$ be$ based$ on$ differences$ in$ refractive$ index,$ production$ of$ reflectivity$ of$ monochromatic$ incident$ light$ at$ a$ fixed$ angle$ by$ means$ of$ a$ charge$ couple$
	chemiluminescent$reaction$products,$fluorescence$emission,$fluorescence$quenching,$radiative$ device$(CCD)$camera.$Compared$with$traditional$SPR,$SPRi$offers$main$breakthroughs$such$as$
	and$ non<radiative$ energy$ transfer.$ These$ effects$ can$ be$ monitored$ using$ a$ variety$ of$ optical$ multiplexed$ detection$ and$ real<time$ visualization$ of$ the$ whole$ biochip$ surface.$ It$ monitors$
	$
	Optical$ biosensors$ are$ designed$ to$ translate$ changes$ in$ the$ propagation$ speed$ of$ light$ platforms$ including$ total$ internal$ reflectance$ and$ evanescent$ wave$ technologies,$ simultaneously$ multiple$ bioreceptor/analyte$ bindings$ with$ the$ parallel$ support$ of$ a$ digital$
	through$a$medium$that$contains$biological$material$into$a$quantifiable$signal$proportional$to$ interferometric,$resonant$cavities,$and$biochip$devices.$The$following$paragraph$addresses$the$ image,$ representing$ the$ intensity$ of$ binding$ in$ a$ color$ scale$ [35].$ On$ the$ other$ hand,$ SPRi$
	the$ amount$ of$ biological$ material$ present$ on$ the$ sensor$ surface.$ In$ the$ design$ of$ optical$ popular$emerging$label<free$optical$transduction$format,$surface$plasmon$resonance.$ suffers$from$order$of$magnitude$worse$resolution$than$classical$SPR$[36].$
	biosensors,$ the$ detected$ biological$ material$ is$ often$ modeled$ as$ a$ thin$ film$ with$ a$ finite$ refractive$ index,$ although$ this$ is$ a$ simplification.$ Several$ studies$ have$ been$ performed$ to$ characterize$ the$ dielectric$ properties$ of$ representative$ molecular$ monolayer$ films$ [27,28].$ Surface(plasmon(resonance((SPR)( SPR$techniques$are$widely$popular$in$contemporary$biosensor$development$because$it$is$ 1.1This$ section$ will$ briefly$ list$ main$ performance$ criteria$ and$ discuss$ their$ relation$ to$
	Therefore,$ the$ design$ goal$ for$ all$ optical$ biosensors$ is$ to$ provide$ a$ transducer$ with$ some$ a$ surface<sensitive$ technique$ that$ can$ measure$ real<time$ interactions$ between$ unlabeled$ properties$ of$ the$ receptor$ and$ transducer$ parts$ of$ the$ electrochemical$ biosensors.$ In$ the$
	externally$ measurable$ characteristic$ that$ is$ modified$ by$ changes$ in$ dielectric$ permittivity$ on$ species.$SPR$is$a$phenomenon$that$can$exist$at$the$interface$between$a$metal$and$a$dielectric$ following,$the$most$common$and$most$important$characteristics$of$biosensors$are$discussed.$
	its$surface.$$ material$ such$ as$ air$ or$ water.$ A$ surface$ plasmon$ (commonly$ excited$ by$ optical$ radiation)$ of$ $
	$ the$electrons$at$the$surface$of$the$metal$results$in$an$associated$surface$bond$and$evanescent$ (a)(Sensitivity((
	Due$ to$ a$ number$ of$ advantages,$ optical$ transduction$ is$ one$ of$ the$ most$ widely$ used$ electromagnetic$ wave$ of$ optical$ frequency.$ This$ evanescent$ wave$ has$ a$ maximal$ intensity$ at$
	biosensor$transduction$formats.$For$example,$optical$transduction$can$be$very$rapid$where$the$ the$ interface$ and$ decays$ exponentially$ with$ distance$ from$ the$ interface.$ In$ SPR<based$ Sensitivity$ (S)$ is$ a$ vital$ parameter$ of$ the$ performance$ of$ a$ biosensor.$ For$ an$
	limiting$ factor$ for$ the$ speed$ of$ detection$ is$ often$ a$ diffusion<limited$ process$ of$ the$ biosensing,$ changes$ at$ the$ interface$ (that$ is,$ biological$ recognition$ element$ and$ analyte$ amperometric$biosensor,$sensitivity$is$defined$by$the$slope$of$change$in$current$with$change$
	biomolecular$ recognition$ event.$ Another$ advantage$ of$ optical$ transduction$ is$ that$ the$ binding)$ cause$ changes$ in$ the$ local$ refractive$ index,$ which$ in$ turn$ causes$ changes$ in$ the$ in$concentration:$
	interferences$ that$ can$ hinder$ electrochemical$ transduction$ measurements$ (such$ as$ voltage$ resonance$excitation$of$the$surface$plasmon$[30,31].$The$optical$excitation$of$plasmons$occurs$
	surges,$ harmonic$ induction,$ corrosion$ of$ electrode$ elements,$ and$ radio$ frequency$ only$ under$ proper$ resonance$ conditions,$ that$ is,$ under$ conditions$ of$ attenuated$ total$
	interferences)$are$not$present$[29].$$ reflection$(ATR)$when$the$energy$of$the$photons$of$light$exactly$equals$the$quantum$energy$
	$ level$of$the$plasmons.$$
	Some$ of$ the$ disadvantages$ of$ using$ optical$ transduction$ formats$ include$ detection$
	challenges$ when$ analyzing$ turbid$ samples$ and$ the$ cost$ associated$ with$ detection$ system$ In$1968,$Otto$invented$the$attenuated$total$reflection$(ATR)$method$to$excite$a$surface$
	components.$ Due$ to$ the$ difficulty$ in$ detecting$ biological$ analytes$ directly$ through$ their$ plasmon$[32].$Between$the$prism$and$metal$layer$is$a$layer$with$air.$In$1971,$the$method$was$
	intrinsic$ physical$ properties$ (such$ as$ mass,$ size,$ electrical$ impedance,$ or$ dielectric$ improved$by$Kretschmann$by$applying$a$thin$metal$film$directly$onto$an$ATR$prism,$denoted$
	permittivity),$ biological$ research$ has$ historically$ relied$ upon$ attachment$ of$ some$ sort$ of$ the$ Kretschmann$ configuration$ [33].$ The$ Kretschmann$ configuration$ is$ the$ most$ used$
	"label"$to$one$or$more$of$the$molecules/viruses/cells$being$studied.$The$label$is$designed$to$be$ configuration.$ The$ SPR$ chip$ consists$ of$ a$ prism$ with$ a$ thin$ gold$ film$ upon$ which$ the$
	easily,$measured$by$its$color$or$its$ability$to$generate$photons$at$a$particular$wavelength$and$ bioreceptors$are$immobilized.$Light$is$totally$internally$reflected$from$the$metal<coated$prism$
	acts$ as$ a$ surrogate$ to$ indirectly$ indicate$ the$ presence$ of$ the$ analyte$ to$ which$ it$ has$ been$ face,$ and$ the$ changes$ in$ reflectivity$ are$ measured.$ Surface$ plasmons$ are$ excited$ at$ a$ specific$
	attached$[29].$ incident$ angle$ and$ result$ in$ a$ massive$ reduction$ in$ reflectivity$ at$ that$ angle.$ Changes$ in$ the$
	$ refractive$index$at$the$interface$result$in$a$change$of$the$optimal$angle$required$for$excitation.$
	$ $

(Linear(concentration(range(

  

	(c)(Detection(limit(
	The$limit$of$detection$(LOD)$of$a$biosensor$is$one$of$the$most$important$parameters$to$
	be$determined.$It$is$an$especially$critical$performance$criteria$for$detection$of$analytes$present$
	at$low$concentration$or$detection$of$adsorbed$molecules$with$low$molecular$weight.$The$LOD$
	is$typically$defined$as$
	'LOD'=$k'x$std background'''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' (2)$
	Where$k'is$the$signal<to<noise$ratio$and$std background' is$the$standard$deviation$of$the$background$
	signal.$ The$ value$ of$ k' can$ be$ chosen$ deliberately$ depending$ on$ the$ desired$ accuracy$ of$ the$
	LOD$but$is$typically$3.$
	The$ sensitivity$ and$ the$ detection$ limit$ are$ related$ but$ are$ entirely$ different$ figures$ of$
	merit.$ Sensitivity$ is$ used$ to$ define$ the$ lowest$ value$ determined$ above$ zero$ concentration$
	while$ the$ detection$ limit$ describes$ the$ minimum$ resolvable$ difference$ between$ two$
	measurements$at$any$concentration$[37].$
	(d)(Response(time(
	S""= Response$time$is$easily$determined$for$each$analyte$addition.$It$is$the$time$necessary$for$ d(current) d(concentration) d(current) S""= d(concentration) the$ output$ signal$ (current,$ reflectivity)$ to$ reach$ its$ maximum$ value$ following$ the$ analyte$
	This$is,$however,$only$straightforward$if$the$sensor$response$is$linear.$ addition.$ Response$ time$ depend$ upon$ the$ analyte,$ co<substrate$ and$ product$ transport$ rates$
	through$ different$ layers$ or$ membranes.$ Therefore,$ the$ thickness$ and$ permeability$ of$ these$
	For$ optical$ biosensors,$ sensitivity$ is$ fundamentally$ determined$ by$ how$ efficiently$ the$ layers$are$essential$parameters.$$
	electromagnetic$ field$ associated$ with$ the$ optical$ transducer$ couples$ to$ biomolecules$ in$
	contact$with$the$sensor$surface$[37].$
	(b)The$ linear$ range$ of$ a$ sensor$ is$ defined$ as$ the$ range$ in$ which$ the$ sensor$ signal$ is$
	proportional$ to$ a$ change$ in$ concentration.$ In$ most$ cases$ the$ (operational)$ range$ of$ a$ sensor$
	corresponds$to$the$linear$range.$
	(
	(

(e)(Reproducibility,(stability(and(lifetime(

  

	Sensor$ measurements$ are$ reproducible$ if$ the$ same$ results$ are$ obtained$ with$ different$
	sensors$ in$ different$ laboratories$ with$ the$ same$ sensor$ architecture.$ If$ the$ sensor$ yields$ the$
	same$ value$ of,$ for$ example,$ concentration$ in$ several$ measurements$ it's$ reproducible.$
	Repeatability$means$several$measures$with$the$same$biosensor.$
	Another$ measure$ for$ sensor$ performance$ that$ is$ a$ potential$ source$ of$ confusion$ is$ the$
	stability$ of$ a$ sensor.$ Sensor$ stability$ can$ mean$ different$ things$ including$ but$ not$ limited$ to$
	working$stability,$storage$stability,$and$long<term$stability.$

1.2(Immobilization(methods(

  

	Most$of$the$biological$molecules$such$as$enzymes,$antibodies,$cells$etc.$have$very$short$
	lifetime$in$solution$phase.$Thus,$they$have$to$be$fixed$in$a$suitable$matrix.$The$immobilization$
	of$ the$ biological$ component$ against$ the$ environmental$ conditions$ results$ in$ decreased$
	enzyme$ activity$ [38,39].$ The$ activity$ of$ immobilized$ molecules$ depends$ upon$ surface$ area,$
	porosity,$ hydrophillic$ character$ of$ immobilizing$ matrix,$ reaction$ conditions$ and$ the$
	methodology$ chosen$ for$ immobilization.$ The$ next$ section$ covers$ the$ main$ strategies$
	employed$for$biomolecule$immobilization.$
	1.2

.1(Physical(Adsorption( The

  

$physical$adsorption$utilizes$a$combination$of$electrostactic$and$hydrophobic$forces,$ hydrogen$bonds,$and$ionic$forces$to$attach$the$biomaterial$to$the$surface$of$the$sensor$(Figure( 6).$ Many$ substrates$ such$ as$ cellulose,$ silica$ gel,$ glass,$ hydroxyapatite$ and$ collagen$ are$ well$ known$ to$ adsorb$ biocomponents.$ This$ method$ is$ very$ simple,$ however,$ employed$ forces$ are$ not$very$strong$and$biomolecules$attached$by$this$method$may$be$released$or$not$persist$[40].$$ ! (

Figure(6.(Schematic'representation'of'physical'adsorption'of'biomolecules'onto'polymer'films'represented' by'electrostatic'interactions.' ' 1.2.2(Matrix(Entrapment( (

  

	Matrix$ entrapment$ by$ conducting$ polymer$ entails$ the$ application$ of$ an$ appropriate$
	potential$ to$ a$ transducer$ soaked$ in$ aqueous$ solution$ containing$ both,$ biomolecules$ and$
	monomers.$The$biological$macromolecules$in$the$immediate$vicinity$of$the$electrode$surface$
	are$thus$incorporated$into$the$growing$polymer$(Figure( 7
	This$strategy$involves$the$immobilization$of$the$biomolecules$into$a$polymer$composite$
	material.$A$polymer$composite,$as$the$name$implies,$results$if$at$least$one$of$the$phases$is$a$
	polymer-either$ conducting$ or$ non<conducting.$ Non<conducting$ polymers$ are$ polymeric$
	binders,$ such$ as$ starch,$ gels,$ epoxy,$ methacrylate,$ or$ silicone,$ which$ are$ used$ to$ impart$ a$
	certain$physical,$chemical,$or$biological$stability$to$the$matrix$[41].$Conducting$polymers$are$
	basically$ organic$ conjugated$ polymers,$ offering$ many$ useful$ electrochemical$ characteristics$
	such$as$low$ionization$potentials,$high$electric$conductivity,$and$high$electronic$affinity.$

).$Because$this$entrapment$process$ does

  $ not$ allow$ chemical$ reactions$ between$ the$ ''in' situ''$ formed$ polymers,$ the$ biomolecules$ thus$preserve$their$biological$activity.$The$advantage$of$electrochemical$entrapment$lies$in$the$ simplicity$ and$ speed$ of$ the$ one<step$ procedure$ [41].$ It$ also$ allows$ the$ electrogeneration$ of$ polymers$ with$ precise$ spatial$ resolution$ over$ conductive$ surfaces,$ whatever$ their$ size$ and$

	geometry.$
	!

$

Figure( 7.( Schematic' representation' of' entrapment' within' a' polymer' matrix' during' its' electrochemical' growth.' ' 1

.2.3(Direct(electropolymerization(of(biomolecules$ $

  $ are$ more$ applicable$ to$ small$ biomolecules$ such$ as$ peptides,$ short$ oligonucleotides,$oligosaccharides,$vitamins,$and$coenzymes$[45,46].$

	immobilization$ concepts
	An$ alternative$ to$ the$ entrapment$ of$ biomolecules$ in$ polymers$ and$ the$ post<
	biofunctionalization$ of$ affinity$ films$ was$ to$ give$ electropolymerizable$ properties$ to$ the$
	biomolecule$ itself$ (Figure( 8).$ In$ 1992,$ Lowe$ et' al.' described$ the$ electropolymerization$ of$
	glucose$ oxidase$ that$ was$ chemically$ modified$ with$ 30$ pyrrole$ groups$ [42].$ The$ covalent$
	modification$ of$ GOx$ was$ carried$ out$ by$ coupling$ its$ amine<terminated$ protein$ shell$ with$
	carboxyethyl$ pyrrole$ in$ the$ presence$ of$ carbodiimide.$ However,$ this$ concept$ of$ polypyrrole$
	formation,$also$developed$by$Schuhmann$et' al.,' was$required$to$undergo$a$copolymerization$
	process$with$regular$pyrrole$[43].$As$a$consequence,$the$enzyme$immobilization$resulted$in$a$
	combination$ of$ entrapment$ and$ electrochemical$ polymerization$ rendering$ the$ enzyme$ less$
	accessible.$ Recently,$ Papper$ et.al.' has$ shown$ the$ direct$ electropolymerization$ of$ a$ protein$
	concanavalin$A<pyrrole$on$to$a$multi<walled$carbon$nanotube$deposit$[44].$
	The$ advantages$ of$ this$ approach$ are$ the$ simplicity$ and$ rapidity$ of$ the$ one<step$
	procedure$and$the$theoretically$high$biomolecule$density$of$the$resulting$polymer$film.$Such$

  $ this$ material.$ Several$ approaches$ have$ been$ developed$ to$ provide$ a$ steady$ supply$of$graphene$in$large$areas$and$quantities,$amenable$for$mass$applications.$ $ The$ first$ approach$ is$ exfoliation$ of$ highly$ oriented$ pyrolytic$ graphite$ (HOPG)$ using$ pieces$ of$ adhesive$ tape,$ which$ eventually$ leads$ to$ some$ single$ layers$ of$ graphene$ [106].$ This$ technique$ produces$ the$ best<quality,$ least<modified$ forms$ of$ graphene,$ and$ is$ the$ main$ approach$for$scientific$research.$ $ Chemical$ methods$ have$ been$ also$ tried$ to$ upscale$ the$ graphene$ yields.$ As$ shown$ in$ Figure( 15A,$ the$ first$ step$ is$ to$ oxidize$ graphene$ under$ strong$ acid,$ which$ creates$ a$ large$ number$ of$ oxygen<containing$ functional$ groups,$ such$ as$ carboxyl,$ epoxide$ and$ hydroxyl$

1/137$is$the$fine$structure$constant.$Graphene$only$reflects$ <'0.1%$of$the$incident$light$in$the$visible$region$[103],$rising$to$~2%$for$ten$layers$[102].$Thus,$ we$can$take$number$of$layers,$each$absorbing$A'≈$1$-$T'≈$πα'≈$2.3%$over$the$visible$spectrum.$ $ The$atomic$thickness$and$strong$broadband$absorption$of$graphene$cause$it$to$exhibit$ very$different$reflectivity$for$transverse$electric$and$transverse$magnetic$modes$in$the$context$ of$ a$ total$ internal$ reflection$ structure,$ which$ is$ sensitive$ to$ the$ media$ in$ contact$ with$ the$ graphene.$A$graphene$refractive$index$sensor$can$quickly$and$sensitively$monitor$changes$in$ the$local$refractive$index$with$a$fast$response$time$and$broad$dynamic$range$[104].$ $ (i)(Production(of(graphene( The$term$"graphene"$used$in$literature$includes$a$wide$range$of$graphene-like$structures$ which$ differ$ in$ the$ preparation$ method$ and,$ consequently$ in$ the$ chemical$ structure,$ shape$ and$size.$Graphene$was$first$produced$by$micromechanical$exfoliation$of$graphite$[105].$This$ approach$still$gives$the$best$samples$in$terms$of$purity,$defects,$mobility$and$opto<electronic$ properties.$ However,$ it$ is$ clear$ that$ large<scale$ assembly$ is$ needed$ for$ the$ widespread$ application$ ofgroups$ on$ the$ graphene$ surface$ [107].$ These$ groups$ make$ graphene$ oxide$ (GO)$ hydrophilic$ and$ are$ thus$ able$ to$ be$ dissolved$ into$ a$ single$ sheet$ in$ water$ or$ polar$ organic$ solvents.$ The$ graphene$ oxide$ is$ then$ reduced$ by$ some$ compounds$ (like$ hydrazine)$ or$ by$ heating$ in$ a$ reducing$atmosphere$to$regain$to$a$certain$extent$the$structure$and$property$of$graphene.$ $ Chemical$ vapour$ deposition$ is$ the$ third$ approach$ and$ it$ can$ produce$ large$ areas$ of$ single$layer$graphene$[108]$by$passing$hydrocarbon$vapors$over$metallic$substrates,$like$Ni$or$

  Graphene$ has$ a$ highly$ extended$ π<system.$ Non<covalent$ intermolecular$ interactions$ involving$ π<systems$ are$ pivotal$ to$ the$ stabilization$ of$ proteins,$ enzyme-drug$ complexes,$ DNA-protein$complexes,$organic$supramolecules,$and$functional$nanomaterials$[110<114].$The$ presence$ of$ graphene$ layer$ also$ increases$ the$ adsorption$ of$ organic$ molecules$ due$ to$ π$ <π$ stacking.$$ Non<covalent$functionalization$by$π<interactions$(as$in$the$case$of$carbon$nanotubes)$is$ an$attractive$synthetic$method,$because$it$offers$the$possibility$of$attaching$functional$groups$ to$ graphene$ without$ disturbing$ the$ electronic$ network$ [115].$ The$ pyrene$ moiety$ has$ been$ reported$to$have$a$strong$affinity$toward$the$basal$plane$of$graphite$via'π-stacking$[116].$Xu$et' $small$modification$can$change$a$biosensor$into$a$bioanode$or$a$biocathode$in$a$biofuel$ cell$ set<up.$ A$ fuel$ cell$ generally$ converts$ chemical$ energy$ into$ electrical$ energy$ in$ a$ continuous$process$as$long$as$fuel$is$supplied.$A$sub<class$of$fuel$cells$are$biofuel$cells$(BFCs)$where$the$involved$redox$processes$are$generally$catalyzed$by$enzymes$in$their$purified$form$ or$ within$ an$ organism.$ Biological$ fuel$ cells$ come$ in$ two$ main$ varieties:$ enzymatic$ and$ microbial.$The$goal$of$using$these$technologies$is$to$develop$environmentally$friendly$power$ sources$ capable$ of$ operation$ on$ fuels$ that$ would$ be$ readily$ available$ in$ the$ environment.$ These$ fuels$ would$ also$ be$ non<toxic$ and$ yield$ harmless$ emissions.$ The$ main$ difference$ between$ enzymatic$ and$ microbial$ fuel$ cells$ is$ which$ biological$ system$ is$ catalyzing$ the$

	1.4(Biofuel(Cells$
	with$ functional$ polymers$ without$ affecting$ their$ specific$ properties$ [119].$ Such$
	functionalization$not$only$allows$the$reproducible$immobilization$of$bioreceptor$units$but$can$
	also$increase$the$biocompatibility$of$these$materials.$
	$
	(
	(

exfoliation-reduction'process'to'generate'individual'sheets'of'reduced'graphene'oxide'from'graphite,'and' (B)'by'chemical'vapour'deposition'(Method'II,'left)'or'by'solvothermal'reaction'(Method'III,'right)'[109].' (A) (B)

(ii)(NonAcovalent(Functionalization(of(graphene( al.

' 

[117]$prepared$stable$aqueous$dispersions$of$graphene$nanoplatelets$using$a$water<soluble$ pyrene$derivative,$1<pyrenebutyrate$as$a$stabilizer.$GO$was$functionalized$with$pyrene$butyric$ acid$ in$ the$ presence$ of$ a$ base,$ and$ the$ resulting$ product$ was$ reduced$ with$ hydrazine.$ Graphene$ is$ much$ more$ flexible$ and$ less$ expensive$ than$ ITO$ since$ its$ precursor$ is$ hydrocarbon$gas/graphite.$To$improve$the$power$conversion$efficiency$of$graphene,$

Wang

$et' al.'[118]$non<covalently$modified$a$graphene$film$with$pyrene$butanoic$acid$succidymidyl$ester$ (PBSA).$ The$ π-π$ interactions$ between$ graphene$ and$ PBSA$ have$ a$ negligible$ effect$ on$ the$ optical$ adsorption$ of$ the$ graphene$ film$ in$ the$ visible$ region.$ This$ improved$ the$ power$ conversion$ efficiency$ to$ 1.71$ %$ for$ functionalized$ graphene$ compared$ with$ pristine$ graphene$ (0.21$%).$These$π-interactions$are$thus$of$great$importance$in$device$and$sensing$applications$ of$carbon$nanotubes$and$graphene$sheets.$ $ In$ conclusion,$ as$ described$ for$ the$ nanostructures,$ the$ functionalization$ of$ all$ nano< objects,$in$order$to$immobilize$the$bioreceptor$units$for$biosensing$applications,$is$a$constant$ challenge.$ Efficient$ methods$ for$ the$ bio<functionalization$ of$ nanomaterials$ have$ been$ addressed$ in$ this$ thesis$ work.$ Almost$ all$ nanomaterials$ can$ be$ equipped$ with$ appropriate$ functions$via$direct$functionalization$(in$some$cases$already$during$synthesis),$or$via$coating$ Areaction.$This$thesis$deals$with$enzymatic$bio<fuel$cells$for$the$fabrication$of$bio<cathodes.$ $ Enzymatic(Biofuel(Cells( In$ enzymatic$ biofuel$ cells,$ specific$ enzymes$ are$ tethered$ to$ two$ electrodes,$ performing$ reactions$that$supplies$electrons$from$the$fuel$at$one$electrode$(anode)$by$reducing$oxygen$or$ H 2 O 2 $ at$ the$ other$ electrode$ (cathode).$ Enzymatic$ biofuel$ cells$ convert$ chemical$ energy$ by$ means$ of$ an$ enzymatic$ process$ as$ can$ be$ seen$ in$ Figure( 16.$ The$ particularity$ of$ enzymatic$ biofuel$ cells$ is$ the$ high$ specificity$ towards$ the$ "fuel"$ (sugars,$ alcohols$ or$ hydrogen$ at$ the$ anode$and$the$reduction$of$oxidants$(O 2 ,$H 2 O 2 )$at$the$cathode$to$generate$electrical$power.$ $ There$ are$ numerous$ and$ highly$ appealing$ advantages$ of$ enzymatic$ fuel$ cells$ (EFCs)$ in$ comparison$ with$ fuel$ cells$ (FCs):$ they$ are$ based$ on$ "green"$ catalysers$ (that$ can$ be$ mass< produced$ at$ demand$ in$ bioreactors$ instead$ of$ noble$ metals$ that$ requires$ highly$ polluting$ mining$operations),$the$electrodes$can$be$regenerated$by$the$enzyme$renewal$(in$comparison$ with$the$more$difficult$cleaning$of$the$poisoned$FCs).$Thanks$to$the$energy$conversion$under$ mild$conditions$(20°C$<$40°C$at$neutral$pH)$and$the$specificy$to$the$substrates,$such$electrical$ power$generators$can$be$used$in$complex$media$found$in$living$organisms$or$vegetables$with$ no$separation$between$the$bioanode$and$the$biocathode$[120<123].$It$is$therefore$not$necessary$ to$work$with$liquefied$hydrogen$and$there$is$as$much$energy$in$one$jelly$donut$as$in$77$cell$ phone$ batteries<$ only$ if$ we$ could$ transform$ it$ to$ usable$ energy$ as$ the$ living$ organism$ can$ [124].$These$advantages$made$enzymatic$biofuel$cells$promising$power$supplyers$for$portable$ electronic$devices,$biosensors,$medical$implants,$or$other$type$of$biorelated$electrical$devices.$ $ ! $

Table ( 1.(Spectroscopic'data'of'the'chemical'shift'of'β'DCD'protons'of'"free"'β'DCD'and'of'the'1:1'β'

 ( 

	DCD'biotin'complex.$			
	Proton	δ (ppm) free	δ (ppm) 1:1 complex	Δδ (ppm)
	H1 (7H,d)	5.041	5.041	0.000
	H3 (7H,t)	3.934	3.898	-0.036
	H6 (14H, 2t overlapped)	3.851	3.837	-0.014
	H5 (7H,dt)	3.819	3.777	-0.042
	H2 (7H,dd)	3.622	3.616	-0.006
	H4 (7H,t)	3.554	3.564	0.010
	!			

  <1 

  )$ was$ used.$ After$ labelling$ with$ the$ horseradish$ peroxidase<tagged$ goat$ anti<rabbit$ IgG$ relative$standard$deviation$(RSD)$of$three$identically$formed$structures$was$2.8%$for$100$nm,$ 3.76%$for$500$nm$nanoparticles,$and$5.46%$for$2.4$µm$microbeads.$
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	Figure(6.'Histogram'for'initial'evaluation'of'different'monoD'and'doubleDlayered'nanostructured'scaffolds'
	using' SWCNT,' MWCNT' and' mNP' (500' nm),' SWCNT' and' mNP' (100' nm' and' 500' nm),' and'
	SWCNT/microD'beads'(2.4'µm)'along'with'a'control'experiment'for'nonDspecific'binding'of'HRP'labelled'
	secondary' antibody' on' poly(pyreneDβDCD)' modified' scaffolds' without' antigen' receptor.' The' current'
	densities' were' obtained' after' HRP' labelling' of' the' immobilized' analyte' with' the' secondary' antibody' (0.5'
	mg.mL	D1	)' in' PBS' containing' 2' mmol.L	D1	' hydroquinone' and' 3' µmol.L	D1	' of' H 2 O 2 .' Applied' potential:'D0.1' V' vs'
	Ag/AgCl.'				

Table ( II.(Enzymatic'performances'of'different'nanoscaffolds'for'antiDCT'GOx'immunosensor.$

 ( The$change$in$maximum$current$density$for$non<specific$binding$of$antibody$represents$ an$ error$ of$ 5%$ compared$ to$ specific$ immune$ interactions.$ The$ comparison$ of$ the$ measured$ current$ densities$ of$ various$ scaffolds,$ clearly$ shows$ that$ the$ most$ sensitive$ amperometric$ immunosensor$ was$ based$ on$ the$ nanoscaffold$ constructed$ with$ 500$ nm$ nanoparticle$ with$ higher$ maximum$ current$ density$ and$ sensitivity$ values$ (11.71$ µA.cm <2 ,$ 116.2$ µA.L.mol<1 .cm <2 ),$ compared$ to$ microbeads$ (4.8$ µA.cm <2 ,$ 29.7$ µA.L.mol<1 .cm <2 )$ and$ 100$ nm$ (3.2$ µA.cm <2 ,$ 47.44$ µA.L.mol<1 .cm <2 ).$Again,$scaffold$containing$only$nanotubes$(2.8$µA.cm <2 ,$22.7$µA.L.mol<1 .cm <2 ),$ had$lowest$current$density$and$sensitivity$but$comparable$to$that$of$microbeads.$ It's$ evident$ that$ there$ is$ again$ a$ significant$ increase$ in$ the$ performance$ of$ immunosensor$constructed$with$500$nm$NPs$scaffolds,$with$optimal$pore$sizes$to$immobilize$ large$number$of$bioreceptors$which$are$several$hundred$nanometers$in$size$and$even,$further$ allows$ unhindered$ diffusion$ of$ the$ H 2 O 2$ to$ the$ electrode$ surface.$ Significant$ features$ of$ the$ the$created$pores$are$sufficient$for$the$diffusion$of$GOx$but$after$its$anchoring,$the$remaining$ space$is$not$sufficient$for$the$subsequent$anchoring$of$other$proteins.$ This$demonstrates$the$flexibility$of$the$developed$approach,$which$can$be$adjusted$and$ be$ optimized$ to$ the$ size$ of$ both$ the$ bioreceptor$ unit$ and$ the$ analyte$ (small$ molecules$ or$ biomacromolecules).$A$convincing$reproducibility$was$also$obtained$for$the$enzyme$biosensor$ configuration$with$RSDs$of$1.7%$for$100$nm,$2.2%$for$500$nm$nanoparticles,$and$2.9%$for$2.4$ µm$ microbeads,$ evaluating$ three$ identically$ formed$ structures.$ Significant$ features$ of$ the$ glucose$biosensor$are$summarized$in(Table(III.$
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			40 40		
	Figure( 9.( Histogram' for' initial' evaluation' of' different' doubleDlayered' nanostructured' scaffolds' using' SWCNT,'SWCNT'and'mNP'(100'nm'and'500'nm),'and'SWCNT/microDbeads'(2.4'µm)'along'with'a'control' experiment' for' nonDspecific' binding' of' GOxDCD' labelled' secondary' antibody' on' poly(pyreneDβDCD)' 20 30 mono layer J max (µA cm -2 ) mono layer mono layer double layer double layer mono mono layer 20 30 mono layer J ) double layer max (µA cm -2 double mono layer layer mono mono mono layer layer
	modified'scaffolds'without'antigen'receptor.'The'current'densities'were'obtained'after'GOxDCD'labelling'of' layer layer
	the'immobilized'analyte'with'the'secondary'antibody'(500'µg.mL 10 10	D1	)'in'0.1'mol.L	D1	'PBS'containing'glucose'
	(0.3'mol.L	D1	).'Applied'potential:'0.6'V'vs'Ag/AgCl.'	
			0 0		
			mNP free mNP free	MWCNT-mNP MWCNT-mNP	SWCNT-mNP SWCNT-mNP	SWCNT-mNP SWCNT-mNP	SWCNT-µNP SWCNT-µNP
			SWCNTs SWCNTs	(100 nm) (100 nm)	(100 nm) (100 nm)	(500 nm) (500 nm)	(2.4 µm) (2.4 µm)
						$
	Figure( 10.' Histogram' of' the' measured' J max ' values' at' 70' mmol.L	D1'	containing' glucose' solution' obtained'

GOx$immunosensor$are$summarized$in(Table(II.$ $ with'different'monoDand'doubleDlayered'scaffolds'on'PtDelectrodes'using'SWCNT,'SWCNT'and'mNP'(100' nm'and'500'nm)'and'SWCNT/microDbeads'(2.4'µm)'along'with'control'experiment'performed'with'monoD layered'MWCNT'and'mNP'(100'nm)''scaffolds.'Applied'potential:'0.6'V'vs'Ag/AgCl'in'0.1'mol.L D1 PBS'.$

Table ( III."Enzymatic'performances'of'different'nanoscaffolds'for'Glucose'biosensor."

 ( 

	Particle(size(A(	CNTs(A	CNTs(A	100(nmA(	100(nmA(	500(nm(	500(nmA(	2.4(µm(A(	2.4(µmA(
	layers(		mono(	double(	mono(	double(	A(mono(	double(	mono(	double(
			layer(	layer(	layer(	layer(	layer(	layer(	layer(	layer(
	Current$density:$ J max $(µA.cm <2 )$	<$	17.6$±$0.3$ 27.8$±$0.8$ 41.7$±$0.7$ 18.1$±$0.8$ 24.4$±$0.5$ 14.6$±$1.0$ 16.9$±$0.5$
	Sensitivity$ (mA.L.mol <1 .cm	<2 )$	<$	1.0$	1.9$	3$	1.4$	4.5$	0.4$	0.5$

( ( $ Figure( 2.( Raman'spectrums'of'pristine'single'layer'graphene'on'(A)'SiO2'(in'red)'and'(B)'gold'(in'blue)' substrates.$

Table (

 ( 

					Au + Graphene +
			10		polypyrrole-NTA
					Au +
			8		polypyrrole-NTA
		ΔR (%)	4 6	
				Control
			2	
			0	
					(a)	(b)	(c)
					$
	Figure( 8." Histograms' for' reflectivity' change' (%)' with' 35' ng.mL
	Sensing(surfaces(		Angle(shift((m°)(	Change(in(reflectivity(
					(%)(
	Au<polypyrrole$NTA$(1$mC.cm	<2 )$	196$	7$
	Au<polypyrrole$NTA$(3$mC.cm	<2 )$	138$	3.6$
	Au<polypyrrole$NTA$(5$mC.cm	<2 )$	100$	2$
	Au<Graphene<polypyrrole$NTA$$$$	328$	9$
	(1$mC.cm	<2 )$		
	Au<Graphene<polypyrrole$NTA$$$$	80$	2$
	(1$mC.cm	<2 )(without$antigen)$	
					I.$
	$			

D1

' of' antiDCT' for' (a)' gold' surface' functionalized'with'polypyrrole'-NTA'in'absence'of'antigen'as'a'control'experiment;'(b)'gold'surface'and' (c)'grapheneDmodified'gold'surface'functionalized'with'polypyrrole'-NTA'in'the'presence'of'antigen.'

Table(I.$Resonance$angle$shift$and$change$in$reflectivity$of$different$sensing$surfaces$for$35$

ng.mL

<1$ 

of$anti<CT.$
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In$conclusion,$we$have$shown$that$non<covalently$functionalization$of$vertically$aligned$ CNT$ forests$ with$ anthraquinone$ derivatives$ bearing$ pyrene$ groups$ enhance$ the$ direct$ electrical$ communication$ from$ the$ electrode$ the$ T1$ copper$ site$ of$ the$ enzyme.$ This$ novel$ strategy$improves$the$bioelectroctalytic$reduction$of$dioxygen$along$with$the$increase$in$the$ stability$of$the$electrocatalyst$which$always$remain$a$weak$point$in$most$of$the$biological$fuel$ cells$reported.$
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Figure"7.'Linear'range'of'the'calibration'curves'for'antiDCT'with'HRPDassisted'amperometric'transduction' of'(A)'SWCNT'D'NP'(500'nm)'-'SWCNT'layer,'and'(B)'SWCNT'D'NP'(500'nm)'-'SWCNT'D'NP'(500'nm)'-' SWCNT'layer.'

Significant$features$of$the$HRP$immunosensor$are$summarized$in(