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ABSTRACT	
FACULTY	OF	NATURAL	AND	ENVIRONMENTAL	SCIENCES	

School	of	Chemistry	

Thesis	for	the	degree	of	Doctor	of	Philosophy	

AMPEROMETRIC	ENZYME	ELECTRODES	

Firas	Ahmed	Thanon	Al‐Lolage	
	

This	 thesis	 studies	 the	 conditions	 required	 to	 achieve	 direct	 electron	 transfer	 and	 the	
experimental	 tests	 needed	 to	 unequivocally	 demonstrate	 that	 it	 occurs.	Many	 publications	
claim	to	observe	direct	electron	transfer	to	redox	enzymes	(for	example	in	the	case	of	glucose	
oxidase)	but	the	evidence	presented	is	often	incomplete	and	unconvincing.	The	first	part	of	this	
thesis	argues	that	the	vast	majority,	if	not	all,	of	these	claims	of	DET	for	GOx	are	incorrect.	It	
presents	 results	 for	 glucose	 oxidase	 (GOx)	 adsorbed	 on	 multi‐walled	 carbon	 nanotubes	
(MWCNTs),	a	typical	nanostructured	GOx	electrode,	that	clearly	show	that	the	surface	redox	
peaks	usually	observed	in	these	cases	are	due	to	free,	adsorbed	flavin	and	not	due,	as	claimed,	
to	 DET	 to	 flavin	 within	 the	 enzyme.	 Also,	 the	 results	 can	 be	 explained	 by	 adsorption	 of	
enzymatically	 active	 GOx	 at	 the	 electrode	 surface	 and	 the	 detection	 of	 the	 decrease	 in	 the	
oxygen	 concentration	 at	 the	 electrode	 surface	 due	 to	 the	 enzyme	 catalysed	 oxidation	 of	
D‐glucose.		

The	second	part	of	this	thesis	establishes	a	flexible	and	structured	method	based	on	the	use	of	
site‐directed	mutagenesis	to	introduce	cysteine	residues	at	specific	locations	on	the	enzyme	
surface	followed	by	the	reaction	between	the	free	thiol	group	and	maleimide	groups	formed	
on	 the	electrode	surface	 to	 immobilise	 the	mutated	enzymes.	 It	 is	preferable	 to	 immobilise	
redox	proteins	and	enzymes	in	a	specific	orientation,	but	still	with	some	flexibility	to	optimise	
reaction	kinetics.	Using	cellobiose	dehydrogenase	(CDH)	as	a	model	system,	multiwall	carbon	
nanotube	 electrodes	 were	 first	 covalently	 modified	 with	 maleimide	 groups	 following	 a	
modular	approach	combining	electrochemical	surface	attachment	and	solid	phase	synthesis	
methodology.	Five	CDH	variants	were	used	in	this	study,	the	CDH‐modified	electrodes	were	
tested	 for	 direct	 electron	 transfer	 (DET),	 showing	 high	 catalytic	 currents	 and	 excellent	
long‐term	 storage	 stability.	 A	 potential‐dependent	 Michaelis‐Menten	 model	 for	 the	 CDH	
modified	GC/MWCNT	has	been	constructed	and	a	master	equation	employed	to	simulate	the	
DET	and	MET	experimental	results.	Several	mechanisms	were	suggested	to	explain	the	DET	
and	 MET	 for	 CDH.	 The	 internal	 electron	 transfer	 (IET)	 has	 been	 shown	 to	 be	 the	 rate	
determining	step	in	the	proposed	mechanism.	This	was	confirmed	by	the	simulated	data	along	
with	the	experimental	results.	The	simulated	data	suggests	the	presence	of	two	populations	of	
immobilised	enzymes,	MET	and	DET	enzyme.	

The	 validity	 of	 the	 aforementioned	 immobilisation	 method,	 was	 further	 examined.	 Three	
bilirubin	oxidase	(BOD)	variants	were	used	in	this	study,	which	were	modified	to	bear	a	free	
cysteine	residue	in	different	positions	at	the	surface	of	the	enzyme,	allowing	fast	and	selective	
attachment	 to	 maleimide‐modified	 GC/MWCNT	 electrodes.	 The	 catalytic	 mechanism	 of	 O2	

reduction	 by	 the	 Magnaporthe	 oryzae	 BOD	 covalently	 immobilized	 on	 multiwall	 carbon	
nanotube	 (MWCNT)	 electrodes,	 in	 the	 presence	 of	 Cl‾	 and	 at	 different	 pH,	 was	
electrochemically	investigated.	The	results	highlight	for	the	first	time	the	influence	of	chloride	
ions	on	the	direct	oxygen	reduction	by	MoBOD	as	a	function	of	pH.		
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Chapter 1 

1 

Chapter	1 Introduction	

1.1 Electron	transfer	mechanisms	

Electron	 transfer	 (ET)	 is	 a	 ubiquitous	 process	 in	 chemistry	 and	 biology.1‐2	 Therefore,	

comprehending	this	process	is	one	of	the	most	active	research	areas	of	science	at	the	moment.	

The	 field	 of	 electron	 transfer	 processes	 has	 developed	 enormously,	 namely,	 in	 the	 field	 of	

bioelectrochemistry.3	The	early	studies	in	the	ET	field	were	on	“isotopic	exchange	reactions”.	

These	 self‐exchange	 reactions	 are	 the	 simplest	 class	 of	 reactions	 in	 chemistry	 because	 the	

reaction	 products	 are	 identical	 with	 the	 reactants,	 and	 no	 chemical	 bonds	 are	 broken	 or	

formed.4	The	electron	transfer	reactions	are	omnipresent	because	they	are	the	fundamental	

event	in	inorganic	and	organic	redox	chemistry,	and	in	electrochemical	processes	and	they	are	

important	to	the	processes	by	which	living	cells	obtain	and	use	energy.1		

In	homogeneous	solution,	there	are	two	mechanisms	of	ET:	i)	inner	sphere	ET	where	the	donor	

and	 acceptor	 are	 covalently	 bonded	 and	 the	 charge	 transfer	 proceeds	 through	 a	 binuclear	

ligand‐bridged	 complex	 between	 the	 two	 groups	 involved;	 ii)	 outer	 sphere	 ET,	where	 the	

charge	 transfer	 is	 completed	 with	 the	 primary	 coordination	 sphere	 (central	 atom	 or	 ion)	

remaining	intact,	meaning	that	the	two	species	involved	(donor	and	acceptor)	remain	separate	

species	 before,	 during,	 and	 after	 the	 ET	 reaction.	 In	 the	 case	 of	 the	 homogeneous	 redox	

reactions,	both	the	donor	and	acceptor	are	in	solution.	Thus,	the	ET	mechanism	only	involves	

species	in	solution.	In	contrast	for	homogeneous	redox	reactions,	at	electrodes,	charge	transfer	

is	 accomplished	 heterogeneously	 between	 an	 electrode	 and	 an	 ionic	 conducting	 solution	

(containing	the	electroactive	species),	meaning	that	the	electrons	move	across	the	boundary	

between	two	phases.		

ET	is	a	quantum	process.1	The	simple	model	for	ET	reactions	was	formulated	by	Marcus,	Hush,	

Levich	and	Dogonadze	 in	a	series	of	articles	starting	 in	 the	1950s.1,	6‐7	Marcus	 introduced	a	

theory	of	electron	transfer,	now	referred	to	as	Marcus	theory.	He	received	the	Noble	Prize	in	

Chemistry	for	this	achievement	in	1992.6		ET	according	to	Marcus	theory	is	mainly	dependent	

on	the	distance	between	the	electron	donor	and	acceptor,	it	expects	that	the	rate	of	ET	between	

a	donor	and	an	acceptor	 is	dependent	on	 the	 thermodynamic	driving	 force	 for	 the	reaction	

(∆G0),	 nuclear	 reorganization	 energy	 (ER),	 temperature	 (T)	 and	 the	 electronic	 coupling	

between	an	electron	donor	and	acceptor	(HDA).8	The	basic	versions	of	the	theory	are	based	on	

the	 segregation	 of	 fast	 electronic	 motion	 and	 slow	 nuclear	 motion	 as	 suggested	 by	

Franck‐Condon	approximation.	Accordingly,	the	ET	happens	by	tunnelling	between	reactant	

and	 product	 nuclear	 vibrational	 surfaces.	 The	 activation	 energy	 for	 the	 ET	 reaction	 (∆G‡)	
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derives	from	the	rearrangement	of	the	nuclear	and	solvent	coordinates	needed	to	transport	

the	reactant	to	an	arrangement	in	which	the	electron	can	transfer	adiabatically	to	the	product	

surface.1	Figure.	1.1	shows	the	Gibbs	free	energy	surface	G(q)	for	an	electron	transfer	reaction	

illustrating	the	reactant	and	product	curves,	where	q	is	the	reaction	coordinate	that	includes	

both	 the	 inner	 and	 outer	 contributions;	 the	 inner	 contributions	 refer	 to	 the	 nuclear	

reorganization	of	the	nuclei	of	the	redox	centres	and	the	outer	contributions	are	related	to	the	

solvent	environment	around	the	reactant	centres.	

 

            Figure	1.1.	Gibbs	free	energy	surface	G(q),		q	is	the	reaction	coordinate,	for	an	electron	transport	
reaction	illustrating	the	reactant	and	product	curves.	∆G0	is	the	thermodynamic	driving	force	for	
the	reaction,	ER	the	reorganisation	energy,	∆G‡	is	the	activation	free	energy,	qR,	q‡	and	qP	are	the	
reactant,	transition	state	and	product	configurations,	respectively.1	

 

In	 the	simple	analysis	of	ET	kinetics,	 the	reactant	and	product	energy	surfaces	are	given	as	

parabolic	(Figure	1.1).	∆G0	is	the	thermodynamic	driving	force	and	∆G‡	is	the	activation	energy	

for	the	ET	reaction.	The	rate	constant	for	ET	between	the	donor	and	acceptor		

	

is	given	by:	

 
∆ ‡

	

where	kDA	is	the	electron	transfer	rate,	 is	the	effective	frequency	of	the	nuclear	motions	

that	transports	the	system	to	the	transition	state	arrangement	q‡,	 	is	the	electron	transfer	
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probability	at	the	nuclear	arrangement	of	the	transition	state,	R	is	the	universal	gas	constant	

and	 T	 is	 the	 absolute	 temperature.	 Adopting	 that	 the	 energy	 surfaces	 of	 the	 reactant	 and	

product	are	parabolic	and	have	the	same	form,	the	activation	free	energy	can	be	given	by:	

	

To	better	understand	the	parameters	included	in	Eq.	1.3,	a	simple	model	is	shown	in	Figure	1.1.	

The	reorganisation	energy	(ER)	depends	on	the	free	energy	necessary	to	rearrange	the	nuclear	

coordinates	for	the	reactant	at	the	equilibrium	state	from	those	related	to	equilibrium	state	for	

the	reactants	qR,	to	those	related	to	the	equilibrium	state	for	the	products,	qP,	without	transfer	

of	the	electron	(see	Figure	1.1).	ER,	consists	of	two	parts:	 inner	sphere	contribution	(energy	

needed	to	change	bond	distances)		and	outer	sphere	contributions	(energy	required	to	reorient	

the	 solvent).1,	 8	 	 Thus,	 small	 values	 of	 ER,	 relating	 to	 similar	 structures	 for	 reactants	 and	

products,	 and/or	wide	parabolic	 free	energy	 surface	 correspond	 to	 larger	values	of	 the	kDA	

because	 of	 the	 easy	 rearrangement	 process.9‐10	 The	 rearrangement	 process	 is	 essential	 in	

defining	the	kinetics	of	ET	between	donor	and	acceptor.	However,	to	unearth	the	nature	of	the	

selectivity	 in	 the	 kinetics	 of	 ET	 between	 biological	 partners,	 it	 is	 crucial	 to	 consider	 the	

pre‐exponential	term	kel	in	Eq.	1.2.	In	accordance	with	the	semiclassical	model	kel	is	given	by:	

	

where	 defines	 the	strength	of	 coupling	between	 the	reactant	and	product	 states	at	 the	

transition	state	arrangement	q‡,	and	ħ	is	the	reduced	Planck	constant.	

Many	 studies	 have	 been	 carried	 out	 to	 calculate	 HDA	 in	 proteins.	 Nonetheless,	 the	

square‐barrier	model	assumes	the	protein	as	a	“frozen	organic	glass”.1	According	to	this	model	

the	HDA	decays	exponentially	with	the	distance	between	donor	and	acceptor:			

		

where	r0	is	the	van	der	Waals	contact	distance,	r	 is	the	distance	between	the	donor	and	the	

acceptor	 and	 β	 represents	 the	 exponential	 reduction	 of	 the	 overlap	 with	 distance	 (decay	

constant)	between	the	donor	and	acceptor.10‐11	Therefore,	Eq.1.2	can	be	divided	into	electronic	

(pre‐exponential)	and	nuclear	(exponential)	terms;	ET	reaches	its	maximum	value	when	the	

nuclear	 factor	 is	 optimised,	 namely,	when	 ‐ΔG0	 =	ER,	 and	 under	 this	 circumstances,	 it	 only	

depends	on	 the	 electronic	 factor	 (HDA).	 The	 exponential	 dependence	of	 the	 rate	 of	 ET	with	

distance	 calculated	 by	Eq.1.2	 to	 1.5	 can	 be	 comprehended	 in	 terms	 of	 the	 decrease	 in	 the	

electronic	 wave‐functions	 of	 the	 donor	 HOMO	 and	 acceptor	 LUMO	 orbitals	 with	 distance.	
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Basically,	these	will	decrease	exponentially	at	larger	distances	from	the	redox	center.1	Indeed,	

Marcus	theory	was	initially	formulated	to	take	into	account	outer	sphere	ET	reactions.	Later,	it	

was	extended	to	consider	the	inner	sphere	ET	reactions	and	heterogeneous	ET.7			

In	 biological	 systems,	 bioenergetic	 processes	 such	 as	 respiration	 and	 photosynthesis	 are	

accomplished	via	proteins	and	enzymes	that	form	the	electron	transfer	chains.12	This	means,	

events	like	multi‐step	ET	occur	in	addition	to	single‐step	ET,	the	multi‐range	ET	is	controlled	

by	proteins	that	contain	metal	ion	complex	cofactors,	namely,	metalloproteins.13‐14	Generally,	

a	 protein	 controls	 the	 electron	 transfer	 by	 modulating	 the	 formal	 potentials	 of	 its	 redox	

centres,	defining	the	local	conditions	to	control	the	ER,	and	forming	proper	electron	tunnelling	

pathways	between	redox	active	sites.15	In	spite	of	the	complexity	of	the	different	ET	chains,	

nature	employs	a	reasonably	limited	palette	of	redox	active	centres;	the	redox‐active	cofactors	

can	be	grouped	into	organic	and	inorganic	cofactors.	The	organic	cofactors	that	can	be	either	

tightly	or	loosely	bound	to	the	protein	include	quinones,	haem	(a,	b,	and	c),	and	flavins	(FAD	

and	FMN),	the	inorganic	cofactors	involve	iron‐sulphur	clusters	,	Cu,	Fe,	Ni,	Se,	Mg,	etc.1			

During	the	past	few	decades,	the	understanding	of	biological	electron	transport	has	developed	

remarkably.7,	10,	16	 In	biological	systems,	ET	happens	at	protein‐protein	 interfaces	and	many	

enzymes	 can	 only	maintain	 their	 activity	 in	 biological	membranes.	 Therefore,	 ET	 to	 redox	

proteins	and	enzymes	that	are	immobilized	at	the	surface‐modified	electrodes	(heterogeneous	

ET	 reactions)	 provides	 a	 suitable	 model	 system	 for	 addressing	 some	 essential	 aspects	 of	

enzyme	 ET.15,	 17	 The	 other	 inspiration	 for	 investigating	 protein	 ET	 at	 an	 electrode	 are	 the	

demands	for	biosensors	and	biofuel	cells.18‐20		

There	 are	 generally	 two	 mechanisms	 of	 ET	 between	 the	 electrode	 and	 an	 enzyme,	 direct	

electron	 transfer	 (DET)	and	mediated	electron	 transfer	 (MET).	The	mediated	 systems	have	

been	extensively	investigated	and	usually	exhibit	high	activity,	however	the	long	term	stability	

can	be	 limited	by	 loss	of	mediator.	 It	 is	widely	believed	 that	DET	would	not	have	 the	same	

drawbacks	with	stability.	Efficient	DET	requires	a	good	connection	between	the	electrode	and	

enzyme	with	the	correct	orientation	and	favourable	distance	as	suggested	by	Marcus	theory.21	

To	achieve	this	it	is	essential	to	employ	a	highly	controlled	technique	of	electrode	modification,	

in	 Chapter	 4	 we	 adopt	 a	 selective	 and	 flexible	 immobilization	 approach	 that	 utilises	 the	

coupling	 of	 an	 amino	 acid	 residue,	 namely	 cysteine,	 with	maleimide	 group,	 to	 form	 stable	

thioether	bonds.22			

Apart	from	mechanistic	studies,	the	major	driving	forces	for	electrochemical	studies	of	redox	

enzymes	at	electrode	surfaces	are	focused	towards	“third	generation”	biosensors	and	biofuel	

cells.	DET	between	enzymes	and	electrodes	is	an	essential	system	for	studying	the	mechanisms	

of	biochemical	reactions.	Nevertheless,	DET	between	enzyme	and	electrode	remains	a	great	
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challenge	as	a	result	of	enzyme	denaturation,	affected	by	biocompatibility,	and	the	distance	

between	the	active	redox	centre	and	the	electrode.23	One	of	the	possible	ways	that	has	been	

suggested	in	the	literature	to	circumvent	this	problem	is	by	controlling	the	enzyme	orientation	

on	the	electrode	surface.24‐26	The	work	presented	in	Chapters	3,	4	and	6	attempts	to	meet	this	

challenge.22,	27		

1.1.1 Direct	electron	transfer	(DET)	

Direct	electrochemistry	between	a	redox‐active	centre	of	protein	and	the	electrode	surface	has	

been	investigated	for	a	number	of	proteins	such	as	cytochrome	c,	horseradish	peroxidase	and	

glucose	oxidase,	etc.28	Investigation	in	this	research	area	increased	in	the	late	1960s,	and	was	

motivated	mainly	by	the	promise	of	feasible	biosensors	for	medical	applications.29	The	notion	

of	direct	electron	transfer	(DET)	 is	simple;	combine	a	conductive	electrode	and	an	enzyme,	

then	 apply	 an	 electrochemical	 potential	 to	 regulate	 the	 flow	of	 electrons	 between	 the	 two.	

Redox	centres	are	investigated	by	observing	the	resulting	electrical	current.30	Figure	1.2	shows	

the	 DET	 mechanism	 of	 bio‐electrochemical	 oxidation	 or	 reduction	 of	 a	 substrate	 by	 an	

oxidoreductase	with	its	redox	cofactor.	

Reversible	 DET	 between	 a	 protein	 and	 an	 electrode	 was	 reported	 for	 the	 first	 time	 for	

cytochrome	c	in	the	late	1970s	at	a	tin	doped	indium	oxide	electrode31	and	at	gold	electrodes	

in	the	presence	of	4,4‐bipyridyl	(bipy)	in	solution.30	However,	DET	is	not	a	common	feature	of	

protein‐modified	 electrodes;	 for	 many	 enzymes	 the	 redox‐active	 centre	 is	 shielded	 by	 the	

apoprotein,	therefore,	ET	is	slow	or	not	feasible	at	all.32	Hence,	mediators	that	shuttle	electrons	

between	electrodes	and	enzymes	are	utilized.	Despite	the	fact	that	many	attempts	have	been	

done	 in	 developing	 the	 concept	 of	 mediated	 electrochemistry	 of	 redox	 enzymes,	 but	 the	

mediation	 may	 not	 be	 the	 best	 approach	 to	 investigate	 fundamentals	 of	 catalytic	 enzyme	

reactions.	Nonetheless,	mediation	remains	essential	for	redox	enzymes	for	which	direct,	fast	

electron	exchange	between	the	active	site	of	 the	redox	enzyme	and	the	electrode	surface	 is	

difficult.1	The	electrochemical	investigation	of	redox‐active	proteins	at	electrodes	established	

an	 electrochemical	 basis	 for	 the	 study	of	 enzyme	 structure,	 obtaining	 valuable	 information	

about	the	kinetic	and	thermodynamic	properties	of	the	redox	protein,	and	the	mechanisms	of	

redox	changes	of	protein	molecules.33		

To	date,	DET	has	been	observed	for	less	than	10%	of	known	redox	proteins.	This	is	because	of	

the	 fact	 that	 the	 electrochemically	 active	 centre	 of	 the	 enzyme	 is	 often	 buried	 deep	 in	 the	

protein	structure.32	The	process	of	ET	is,	at	its	core,	an	electron	tunnelling	process.	Therefore,	

Marcus'	 theory	 predicts,	 and	 experiments	 show	 that,	 the	 rate	 of	 electron	 transfer	 decays	

exponentially	 with	 distance,	 namely,	 when	 the	 distance	 goes	 significantly	 beyond	 atomic	
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dimensions	(>3	Å).34	According	to	Marcus'	theory	ET	rates	are	expected	to	drop	by	104	when	

the	distance	between	an	electron	donor	and	acceptor	is	increased	from	8	to	17	Å.21,	35		

Redox	 enzymes	 can	 be	 classified	 into	 extrinsic	 and	 intrinsic	 enzymes	 according	 to	 the	

mechanism	of	 the	 ET	 reaction.	 Intrinsic	 enzymes,	 such	 as	 glucose	 oxidase	 (GOx),	 have	 one	

region,	 namely,	 the	 vicinity	 of	 the	 prosthetic	 group,	 where	 the	 ET	 reaction	 between	 the	

substrate	 and	 redox	 active	 sites	 of	 the	 redox	 enzyme	 happens.	 Since	 there	 is	 no	 natural	

requirement	for	long	range	ET	pathways	to	the	surface	of	the	protein,	DET	is	very	difficult	to	

achieve32,	36	(see	Chapter	3).	On	the	other	hand,	for	extrinsic	redox	enzymes	such	as	cellobiose	

dehydrogenase	(CDH),	an	electron‐accepting	or	donating	center	is	essential	which	binds	to	the	

enzyme	in	some	protein	fragment	or	at	a	site	not	extremely	close	to	the	active	site	and	hence	

there	are	an	electron	pathway	to	the	surface	and/or	additional	active	site	on	the	surface	for	

another	 protein	 to	 connect	 to,	 making	 them	 an	 excellent	 choice	 for	 DET.36	 For	 CDH	 the	

electrons	are	transported	via	internal	electron	transfer	(IET)	from	the	catalytically	active	flavin	

domain	to	the	haem	domain	which	is	able	to	communicate	with	electrodes	in	a	DET	reaction.32	

Therefore,	it	would	be	crucial	to	immobilise	enzymes	in	a	particular	orientation,	but	still	with	

some	 flexibility	 to	 adjust	 reaction	 kinetics.	 In	 Chapter	 4,	 we	 suggest	 such	 a	method	 using	

site‐directed	mutagenesis	to	introduce	free	cysteine	residues	at	specific	locations	on	the	CDH	

surface	and	utilize	the	reaction	between	the	thiol	group	and	maleimide	groups	formed	at	the	

electrode	surface	to	attach	the	mutated	enzymes.22						

In	this	thesis,	ET	reaction	is	believed	to	be	DET	in	the	sense	of	direct	bioelectrocatalysis	if	the	

reaction	meets	the	following	conditions:	i)	the	redox	group	of	the	enzyme	remains	bound	with	

the	 enzyme	 during	 ET,	 ii)	 ET	 is	 not	 mediated	 by	 a	 diffusive	 or	 a	 non‐diffusive	 artificial	

electroactive	species,	and	iii)	the	oxidized/reduced	forms	of	the	substrate	can	be	monitored	

upon	its	addition	to	the	reaction	system.22,	27,	37	

 

Figure	 1.2.	 DET	 for	 bio‐electrochemical	 reduction	 or	 oxidation	 of	 a	 substrate	 by	 an	
oxidoreductase	with	its	redox	active	cofactor	indicated	in	orange.37	Adapted	from	reference	37.	
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1.1.2 Mediated	electron	transfer	(MET)	

Apart	from	a	few	exceptions,	such	as	horseradish	peroxidase,38	in	practice,	however,	DET	for	

intrinsic	enzymes	has	not	been	very	effective.	Indeed,	when	an	electrochemical	signal	could	be	

detected,	 it	 often	 exhibited	 characteristics	 of	 slow	 electron	 transfer.30	 Alternatively,	 redox	

proteins	are	able	to	use	small	electroactive	molecules	(soluble	mediators)	to	undergo	mediated	

electron	 transfer	 (MET)	 with	 an	 electrode.	 However,	 some	 requirements	 are	 necessary	 to	

create	electronic	communication.37	From	a	practical	point	of	view,	the	following	features	are	

considered	essential	for	ideal	redox	mediators:	i)	well	defined	reversible	voltammetry	with	a	

fast	heterogeneous	rate	constant,	ii)	fast	reaction	with	the	oxidoreductase	enzymes	to	avoid	

blocking	of	the	active	site,	iii)	good	solubility	and	stability	in	both	oxidized	and	reduced	forms	

to	allow	fast	diffusion	between	the	enzyme	and	electrode,	and	iv)	easy	re‐oxidation/reduction	

of	the	mediator	at	the	electrode	surface	at	a	low	overpotential	that	is	unaffected	by	pH.1	Widely	

used	 soluble	 mediators	 include	 quinone	 and	 ferrocene	 derivatives1,	 39‐41	 as	 well	 as	 metal	

complexes	based	on	Os,	Ru	and	Fe.	Commercial	biosensors	based	on	diffusional	mediators	have	

been	commonly	utilized	 in	glucose	biosensors.	Theory	 to	quantitatively	describe	MET	 for	a	

variety	of		electrode	designs	was	formulated	by	Bartlett	and	others.1	Figure	1.3	shows	the	MET	

mechanism	of	bio‐electrochemical	oxidation	or	reduction	of	a	substrate	by	an	oxidoreductase	

with	its	redox	cofactor.	

 

Figure	 1.3.	 MET	 for	 bio‐electrochemical	 reduction	 or	 oxidation	 of	 a	 substrate	 by	 an	
oxidoreductase		with	its	redox	active	cofactor	indicated	in	orange.37	Adapted	from	reference	37.	

 

Mediators	can	be	combined	with	the	structure	of	the	matrix	used	to	immobilise	the	enzyme	

onto	 the	electrode	surface.	Moreover,	enzymes	and	redox	proteins	can	be	modified	 to	have	

mediators	 integrated	 with	 their	 structure.42	 The	 efficacy	 of	 ET	 depends	 on	 the	 transport	
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characteristics	of	the	mediator	and	the	ET	steps	in	the	system	under	investigation.	Ideally,	the	

mediator	 would	 be	 integrated	 close	 to	 the	 prosthetic	 group	 of	 the	 enzyme,	 allowing	 fast		

electron	exchange	between	the	redox	group	and	the	mediator.43		

In	 this	 work,	 we	 have	 used	 ferrocenecarboxylic	 acid	 and	 2,	 2’‐azino‐bis	

(3‐ethylbenzothiazoline‐6‐sulphonic	acid)	(ABTS)	to	compare	DET	and	MET	behaviour	of	the	

cellobiose	 dehydrogenase	 (CDH)	 (Chapter	 4)	 and	 bilirubin	 oxidase	 (BOD)	 (Chapter	 6)	

respectively.	

1.2 Enzymes	

Enzymes	 were	 first	 discovered	 in	 1833	 by	 Anselme	 Payen	 and	 Jean	 Persoz.44	 They	 are	

extraordinary	biological	catalysts	with	high	efficiency	and	specificity.45	An	enzyme	active	site	

can	be	defined	 as	 the	district	 that	 binds	 the	 substrate,	mediates	 catalysis,	 and	 releases	 the	

product.46	Comprehending	the	mechanisms	of	enzyme‐catalysed	reactions	is	important	to	the	

study	of	bio‐electrochemical	reactions.47	Theoretically,	better	understanding	can	contribute	to	

the	 development	 of	 new	 implantable	 medical	 devices	 or	 environmental,	 self‐powered	

biosensors.18‐19	 It	 is	necessary	 to	discuss	 some	basic	 terms	used	 in	 enzymology.	A	 complex	

enzyme	consists	of	one	or	more	polypeptide	chains	and	a	metal	ion	or	a	low	molecular	mass	

organic	molecule	at	its	active	site.	The	term	holoenzyme	represents	the	complete	catalytically	

active	 enzyme,	while	 the	 term	apoenzyme	means	only	 the	protein	 constituent.	A	metal	 ion	

cofactor	is	the	metal	ion	that	binds	directly	to	the	protein.	A	prosthetic	group	is	a	small	organic	

molecule	 that	 can	 be	 either	 tightly	 or	 covalently	 bound	 to	 the	 enzyme.45	 In	 the	 1960s,	 the	

functional	information	about	enzymes	was	systematically	encapsulated	into	EC	numbers.	The	

EC	is	a	way	to	classify	enzymes,	by	categorizing	the	reaction	they	accelerate.	The	classification	

is	based	on	several	features	of	the	overall	chemistry	such	as	the	nature	of	the	chemical	bonds	

that	are	broken	or	formed,	cofactors	involved	and	the	nature	of	the	substrates	experiencing	

transformation.48	

Enzymes	are	challenging,	and	it	has	been	complicated	in	many	cases	to	prove	the	mechanisms	

of	their	catalysed	reactions,	from	experiments	alone.	Therefore,	simulations	and	modelling	are	

increasingly	significant,	supplementing	experimental	approaches.47	

1.3 Modification	of	electrode	surfaces	

The	 notion	 of	 chemically	 modified	 electrodes	 (CMEs)	 was	 born	 as	 a	 consequence	 of	 the	

electrochemists’	ambition	to	obtain	complete	control	of	the	chemical	nature	of	the	electrode	

surface.	Basically,	by	attaching	chemical	groups	to	 the	surface,	 the	electrochemists	believed	

that	the	electrode	surface	would	take	on	the	chemical	features	of	the	attached	groups.49	The	
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modification	of	electrode	surfaces	can	provide	insight	into	mechanisms	of	electron	transfer,22,	

24	 and	 surfaces	 of	 interest	 for	 a	 range	 of	 applications	 in	 analytical	 electrochemistry	 and	 in	

energy	conversion.50	Therefore,	it	has	been	an	active	area	of	research	for	over	40	years	dating	

back	 to	 the	 pioneering	 work	 by	 Lane	 and	 Hubbard	 (1973),51	 who	 described	 the	 strong	

chemisorption	of	electroactive	allyl	compounds	on	platinum	(Pt)	electrodes.	Two	years	later,	

Murray52	attached	organosilanes	 to	 the	hydroxyl	groups	present	on	metal	oxide	surfaces	 in	

order	to	functionalise	electrodes	with	amino	groups.	This	was	a	significant	step	because	one	

can	 rationally	 plan	 coupling	 reactions	 with	 the	 amino‐modified	 surface	 to	 attach	 other	

interesting	molecules	 to	 it	 via	 conventional	 solid	 phase	 synthesis.53	 Therefore,	 if	 a	 suitable	

reagent	were	chosen	for	the	electrode	modification,	required	features	such	as	reagent‐based	

control	 of	 the	 rates,	 sensitivity,	 selectivity,	 specificity	 and	 stability	 compared	 to	 the	 bare	

electrode	surface	might	be	obtained.49	

There	have	been	numerous	 types	of	electrode	used	 for	constructing	CMEs	 in	 the	 literature,	

including	platinum,54	gold,55	diamond,56	indium	tin	oxide,57	graphene,58	glassy	carbon	(GC),59	

carbon	nanotube,60	boron	doped	diamond	(BDD)61	and	many	other	electrode	materials.	Three	

different	carbon‐based	electrodes	(GC,	BDD	and	GC/MWCNT)	were	employed	in	this	study.	GC	

was	chosen	due	to	its	high	electrical	conductivity,	good	mechanical	and	dimensional	stability,	

impermeability	 to	gases,	and	high	chemical	resistance.	Furthermore,	 it	has	a	wide	potential	

range	and	is	suitable	for	operating	in	acidic	and	alkaline	condition.62	On	the	other	hand,	BDD	

was	used	because	of	its	excellent	material	properties,	namely,	the	small	background	currents	

and	the	low	adsorption	tendency	(reduced	fouling)	compared	to	other	electrodes.	However,	

BDD	is	not	a	characteristic	electrode	material,	it	is	indeed	a	semi‐conductor	doped	with	boron	

to	exhibit	semi‐metallic	features.63	Indeed,	glassy	carbon	electrodes	modified	with	multiwall	

carbon	nanotubes	(GC/MWCNT)	were	the	main	electrode	type	used	in	this	research,	they	were	

chosen	as	a	model	for	carbon‐based	electrodes	because	of	their	high	surface	area	combined	

with	relatively	low	capacitance.22,	64	These	were	covalently	modified	with	maleimide	groups	

following	a	method	based	on	electrochemical	 surface	attachment	and	solid	phase	synthesis	

methodology,24	detailed	discussion	will	be	provided	in	subsequent	sections.	

1.4 Immobilisation	of	enzymes	

The	 term	 “immobilised	 enzymes”	 was	 approved,	 in	 agreement	 with	 Katchalski‐Katzir's	

suggestion,	at	the	first	Enzyme	Engineering	Conference	in	1971	to	denote	“enzymes	physically	

confined	 or	 localised	 in	 a	 certain	 defined	 region	 of	 space,	 with	 retention	 of	 their	 catalytic	

activities,	 and	 which	 can	 be	 used	 repeatedly	 and	 continuously”.65	 The	 enzymes	 can	 be	

immobilised	 onto	 an	 electrode	 by	 interactions	 ranging	 from	 physical	 adsorption	 and	 ionic	

binding	to	covalent	bonds.66‐69			
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1.4.1 Reversible	physical	adsorption	

One	 of	 the	 simplest	 immobilization	 technique	 is	 non‐specific	 adsorption,	 which	 is	

predominantly	 based	 on	 physical	 adsorption	 or	 ionic	 binding.66	 Physical	 methods	 are	

characterised	 by	weak	 interactions	 such	 as	 hydrogen	 bonds,	 Van	 der	Waals	 forces,	 affinity	

binding,	 hydrophobic	 interactions,	 ionic	 binding	 or	mechanical	 containment	 of	 the	 enzyme	

within	the	support.66,	69‐70	Therefore,	enzymes	can	be	removed	from	the	electrode	(support)	

under	 gentle	 conditions.66	 Enzymes	 can	 be	 adsorbed	 onto	 electrodes	 of	 all	 types,	 but	may	

denature	 and	 block	 electron	 transfer.	 Other	 non‐covalent	 interactions	 are	 hydrophobic	

adsorption,70‐71	 affinity	 binding72	 and	 chelation	 or	 metal	 binding.73	 The	 use	 of	 physical	

adsorption	or	 ionic	binding	for	enzyme	immobilization	is	highly	desirable	because	once	the	

enzymatic	activity	decays,	the	electrode	can	be	renewed	and	re‐loaded	with	active	enzyme.66	

Therefore,	 such	 techniques	 are	 economically	 attractive.	 However,	 it	 suffers	 from	 technical	

problems	such	as	enzyme	leakage	from	the	matrix	due	to	a	weak	interaction	to	the	electrode	

surface.		

1.4.2 Irreversible	enzyme	immobilization	

The	most	 commonly	 used	methods	 for	 enzyme	 immobilization	 are	 irreversible	 procedures	

such	as	entrapment	in	polymers74‐75	and	formation	of	covalent	bonds.	For	the	latter	method,	

various	reactions	have	been	established	depending	on	the	functional	groups	presented	on	the	

surface.76	 Such	 functional	 groups	 can	 also	 be	 introduced	 on	 the	 electrode	 by	 covalent	

modification.	 Cross‐linking	 is	 another	 irreversible	 method	 of	 enzyme	 immobilization,	

accomplished	by	formation	of	 intermolecular	cross‐linkages	between	the	enzyme	molecules	

using		bi‐	or	multifunctional	reagents	such	as	glutaraldehyde.77	However,	for	a	more	stable	and	

controlled	immobilization,	obtaining	covalent	bonds	between	the	enzyme	and	the	electrode	is	

of	interest.		

1.4.2.1 Formation	of	covalent	bonds	

The	reaction	with	functional	groups	present	on	the	protein	surface	often	results	in	covalent	

bonding.	For	example,	 the	 free	amino	groups	of	 lysine	residues	easily	react	with	electrodes	

bearing	 active	 esters,	 such	 as	 the	 commonly	 used	 N‐hydroxysuccinimide	 (NHS)	 esters,	 to	

create	stable	amide	bonds.	Unfortunately,	the	immobilisation	of	proteins	in	aqueous	buffers	

will	compete	with	ester	hydrolysis	for	the	modification	sites	considering	that	NHS	esters	are	

unstable	 under	 aqueous	 conditions.68	 In	 addition,	 the	 nucleophilicity	 of	 the	 amino	 groups	

enables	interactions	to	occur	with	epoxide	functionalised	materials,	which	is	more	preferable	

considering	that	they	are	relatively	stable	to	hydrolysis	at	neutral	pH.	Nonetheless,	random	
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orientations	 of	 enzymes	 immobilized	 through	 their	 amino	 groups	 are	 caused	 by	 the	 large	

number	of	lysine	residues	in	proteins.	

Other	functional	groups	used	for	protein	immobilization	are	the	carboxylic	groups	of	aspartic	

and	glutamic	acid	residues,	which	are	usually	converted	to	their	corresponding	active	esters	in	

situ	 using	 a	 carbodiimide	 coupling	 reagent	 and	 an	 auxiliary	 nucleophile	 such	 as	

N‐(3‐dimethylaminopropyl)‐N′‐ethylcarbodiimide	(EDC)	and	NHS.	The	active	esters	can	then	

react	with	amine‐bearing	supports.	However,	this	method	presents	the	same	disadvantages	as	

the	previous	one,	 since	aspartic	and	glutamic	acid	 residues	are	 rather	plentiful	 in	proteins.	

Furthermore,	 carbodiimides	and	 the	generated	esters	are	quite	unstable	 in	aqueous	media,	

leading	to	relatively	low	reaction	yields.	Also,	there	is	the	risk	that	NHS	esters	formed	on	the	

protein	molecule	may	couple	to	the	lysine	residues	of	other	protein	molecules.	

A	few	selective	immobilization	methods	that	can	proceed	under	mild	physiological	conditions	

have	gained	popularity	in	order	to	address	the	problem	of	random	enzyme	orientation	at	the	

electrode	surfaces.78	Some	of	these	methods	depend	on	the	labelling	of	proteins	with	an	azide	

moiety,	which	can	then	react	with	alkynes79‐80	or	be	activated	with	a	phosphine	to	react	with	a	

variety	of	electrophiles.81‐83	Nevertheless,	the	site‐selective	attachment	technique	also	needs	

an	enzymatic	site‐selective	labelling	procedure	for	the	azide	moiety.	In	addition,	quantitative	

reaction	yields	require	activation	reagents	or	catalysts.	

Another	site‐specific	immobilization	approach	is	performed	by	the	introduction	of	genetically	

encoded	affinity	 tags	 in	 the	protein	structure.	Undoubtedly,	 the	most	well‐known	tag	 is	 the	

polyhistidine	 tag	 (His‐tag),	 usually	 consisting	 of	 six	 sequential	 histidine	 residues	 that	 can	

chelate	metals	 such	 as	 Cu(II),	 Co(II),	 Zn(II)	 or	 Ni(II).84‐85	 Nevertheless,	 the	 strength	 of	 the	

binding	 interaction	 is	 relatively	weak	 (Kd	 ≈	 1‐10	μM),	 and	 the	 selectivity	 of	 this	method	 is	

slightly	low	as	numerous	proteins	have	been	identified	that	are	able	to	bind	to	metal	ions,	and	

consequently,	 competing	 with	 the	 desired	 histidine	 tag.	 Furthermore,	 this	 technique	 is	

generally	used	to	attach	the	tag	at	either	the	C‐	or	N‐terminus	of	the	polypeptide	chain	and	the	

His‐tag	is	a	bulky	group,	hence,	the	choice	of	orientation	is	limited.	

1.4.2.2 A	generic,	modular	approach	to	the	modification	of	carbon	electrodes	with	

maleimide	groups	

In	Chapter	4,	we	examine	a	selective	immobilization	method,	recently	suggested	by	Bartlett	

and	co‐workers,22,	24	which	employs	the	coupling	of	an	amino	acid	residue,	namely	cysteine,	

with	 unsaturated	 carbonyls,	 such	 as	 maleimide,	 to	 form	 stable	 thioether	 bonds.	 The	 key	

advantage	 of	 this	 method	 is	 its	 modular	 approach	 that	 allows	 the	 single	 elements	 of	 the	

modification	to	be	varied	independently.	In	this	case	these	elements	are	a	“linker”,	a	“spacer”,	

and	a	“reactive	group”	(Scheme	1.1).	This	methodology	is	highly	site‐selective,	particularly	for	
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engineered	proteins	to	have	a	single	cysteine	on	the	surface;	proteins	are	known	to	have	a	small	

amount	 of	 surface‐exposed	 cysteine	 residues.86	 This	means,	 the	 protein	 of	 interest	 can	 be	

engineered	to	introduce	a	single	cysteine	on	the	surface	or	to	remove	all	but	one	cysteine	on	

the	surface.		

 

Scheme	1.1.	Reaction	 of	 a	maleimide	 group	 immobilised	 onto	 a	 support	with	 the	 thiol	 of	 a	
cysteine	residue.	

 

Dilution	of	the	maleimide	groups	on	the	surface,	a	condition	suitable	for	accommodating	big	

biomolecules	such	as	enzymes,	was	achieved	by	introducing	a	“passivating	group”	(see	Scheme	

1.1)	.	The	latter	is	a	small	molecule	co‐grafted	at	the	electrode	surface	with	the	linker	to	form	

a	 two‐component	 monolayer	 on	 the	 electrode.	 The	 partial	 coverage	 of	 the	 linker	 and,	

consequently,	 of	 the	 maleimide	 on	 the	 electrode	 surface	 is	 suitable	 to	 access	 the	 target	

functional	 group	 of	 the	 protein	 (cysteine	 in	 this	 case)	 and	 accommodate	 the	 bulky	

macromolecule.	Moreover,	 the	 polarity/charge	 of	 the	modified	 surface	 around	 the	 reactive	

group	 (attachment	point)	 should	be	 compatible	with	 the	protein	 surface	 around	 the	 target	

functional	group,	to	reduce	repulsion	or	denaturation	of	the	enzyme.	Detailed	discussion	will	

be	provided	in	Chapter	4,	Section	4.4.	

1.5 Biosensors	

According	to	the	International	Union	of	Pure	and	Applied	Chemistry	(IUPAC),	biosensor	can	be	

defined	as	“an	integrated	receptor‐transducer	device,	which	is	capable	of	providing	selective	

quantitative	 or	 semi‐quantitative	 analytical	 information	 using	 a	 biological	 recognition	

element”.87			
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Diabetes	mellitus	is	an	international	health	problem.	It	is	a	metabolic	health	disorder	caused	

by	 insulin	deficiency	 and	hyperglycemia,	which	 results	 in	blood	glucose	 levels	being	 either	

higher	 or	 lower	 than	 the	 average	80‐120	mg/dL	 (4.4‐6.6	mM).88	 	 People	with	diabetes	 are	

statistically	 more	 likely	 to	 develop	 heart	 disease,	 blindness	 and	 kidney	 failure	 and	 as	 a	

consequence	 it	 is	 one	 of	 the	 highest	 causes	 of	 disability	 and	 death	 in	 the	 world.89	 The	

complications	of	diabetes	can	be	reduced	through	personal	control	of	blood	glucose	by	both	

management	 and	diagnosis	 of	 diabetes	mellitus	which	 require	 regular	monitoring	of	 blood	

glucose	 levels.	As	 a	 consequence	 glucose	 is	 the	most	 tested	biological	 analyte	with	 glucose	

biosensors	making	up	85%	of	the	whole	biosensor	market.	Most	diabetics	must	test	their	blood	

glucose	levels	every	day.90	Due	to	the	demand,	measurement	of	blood	glucose	has	been	widely	

used	as	a	model	for	researching	new	biosensor	techniques.	The	need	for	glucose	diagnostics	to	

be	 reliable	 and	 controlled	 has	 led	 to	 a	 great	 deal	 of	 research	 with	 many	 new	 detection	

mechanisms	being	proposed.88‐89		

Electrochemical	 glucose	 biosensors	 are	 very	 prominent	 due	 to	 the	 high	 sensitivity,	 ease	 of	

maintenance,	 low	 cost	 and	 reproducibility	 they	 provide.	 Glucose	 oxidase	 enzyme	 based	

amperometric	 glucose	biosensors	 are	 the	most	 common	 testing	devices	 available	 and	have	

been	consistently	tested.	These	sensors	measure	currents	produced	when	electrons	transfer	

occurs	between	the	glucose	oxidase	enzyme	(GOx)	and	an	electrode	surface.91		

Consequently,	 an	 enormous	 number	 of	 publications	 on	 electrochemical	 glucose	 biosensors	

have	appeared	since	Clark’s	initial	publication.92		Electron	shuttles,	i.e.	redox	mediators,	have	

been	 used	 to	 achieve	 fast	 electron	 transfer	 (ET)	 between	 the	 redox	 centre	 flavin	 adenine	

dinucleotide	(FAD)	(which	is	deeply	buried	in	GOx)	and	the	electrode.90	These	electrochemical	

glucose	biosensors	can	be	classified	 into	 three	groups.	So	called	“first	generation”92	glucose	

biosensors,	like	the	work	of	Clark;	“second	generation”	glucose	biosensors	where	an	artificial,	

freely	diffusing	redox	mediator	 is	used;	and	“third	generation”	glucose	biosensors	 in	which	

direct	electrochemical	oxidation	of	the	flavin	active	site	of	glucose	oxidase	occurs.		

1.5.1 First‐generation	glucose	biosensors	

Early	biosensors	were	based	on	monitoring	dissolved	oxygen	consumption	or	detecting	the	

production	of	hydrogen	peroxide	(Figure	1.4A).	According	to	Clark,93	O2	may	be	reduced	at	a	

platinum	(Pt)	electrode	at	a	potential	of	‐0.6	V	vs.	Ag/AgCl	and	the	reduction	current	should	

correspond	 to	 the	 concentration	 of	 glucose	 in	 the	 solution.	 However,	 in	 the	 case	 of	 low	

concentrations	of	glucose,	the	sensitivity	of	the	suggested	electrode	was	not	sufficient	to	record	

the	small	change	in	O2	concentration.	Also,	changes	in	temperature	and	the	ionic	strength	of	

the	solution	can	lead	to	fluctuation	in	the	background	oxygen	concentration.	This	technique	is	

good	in	that	it	is	simple	to	monitor,	especially	when	the	devices	are	small.90	On	the	other	hand,	
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hydrogen	peroxide	(H2O2)	can	be	oxidised	at	Pt	electrode	at	ca.	+0.6	V	Ag/AgCl,	this	system	has	

been	used	in	several	commercial	glucose	biosensor.	However,	the	key	problem	with	the	early	

glucose	 biosensors	 is	 that	 the	 measurement	 of	 hydrogen	 peroxide	 needed	 to	 be	 highly	

sensitive.		As	this	was	influenced	by	interference	of	endogenous	electroactive	species	(such	as	

ascorbic	acid,	uric	acid	and	drugs)	a	considerable	body	of	research	was	done	in	the	1980s	to	

lessen	the	interference	of	other	species	present.	Another	problem	was	oxygen	deficit	where	

the	oxygen	in	biological	fluids	caused	differences	in	oxygen	tension	due	to	low	solubility.94	

1.5.2 Second‐generation	glucose	biosensors	

Second‐generation	glucose	sensors	were	produced	to	counter	first‐generation	limitations	by	

using	 mediators	 (Figure	 1.4B).	 This	 was	 done	 by	 replacing	 oxygen	 with	 redox	 mediators	

(non‐physiological	 electron	 acceptors)	 which	 were	 able	 to	 transport	 electrons	 from	 the	

reduced	FADH2	of	the	enzyme	itself	to	the	working	electrode.	Instead	of	hydrogen	peroxide	a	

reduced	mediator	 is	produced,	resulting	 in	an	amperometric	signal	and	regeneration	of	 the	

oxidized	mediator.94	 A	 large	 number	 of	 electron	mediators	were	 employed	 to	 enhance	 the	

efficacy	 of	 the	 sensor	 including	 ferrocene,	 tetracyanoquinodimethane	 (TCNQ),	 ferricyanide,	

thionine,	methylene	blue,	tetrathialfulvalene	(TTF),	quinones,		and	methyl	viologen.95		

The	main	drawbacks	of	this	method	were	the	contamination	of	the	samples	due	to	mediator	

leakage	as	well	as	the	low	selectivity	of	the	mediators.	To	address	this	problem,	a	polymeric	

backbone	was	introduced,	on	which	the	mediator	is	incorporated	to	produce	a	redox	hydrogel	

as	a	matrix	for	enzyme	immobilisation.	This	suggestion	was	the	first	step	toward	“reagentless”	

amperometric	biosensors.96	Os‐complex	polymers	were	applied	 in	 this	 field	 for	wiring	GOx	

with	the	purpose	of	measuring	glucose	concentration	in	biological	samples.97			

1.5.3 Third‐generation	of	glucose	biosensors	

The	third	generation	of	glucose	biosensors	are	established	based	upon	direct	electron	transfer	

between	the	electrode	and	the	enzyme	and	thus	do	not	require	redox	mediators.	(Figure	1.4C).	

Greater	selectivity	is	expected	when	mediators	are	not	used.	Nonetheless,	only	a	small	number	

of	enzymes,	including	peroxidases,	have	been	shown	to	be	able	to	demonstrate	direct	electron	

transfer	at	normal	electrode	surfaces.98‐99	
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Figure	1.4.	Three	generations	of	 electrochemical	glucose	biosensors	based	on	 (A)	 the	use	of	
natural	oxygen	cofactor,	(B)	artificial	redox	mediators,	and	(C)	direct	electron	transfer	between	
GOx	and	the	electrode	surface.	S:	substrate;	P:	product.90				

 

Direct	electron	transfer	between	redox	enzymes	which	are	close	 to	 the	electrode	surface	 is	

usually	very	slow.	It	may	even	prove	impossible	because	of	the	screenings	of	the	redox‐active	

cofactors	of	the	enzyme	by	the	insulating	protein	shell.	In	spite	of	the	issue	of	the	large	electron	

transfer	 distance,	 there	 are	 continuing	 attempts	 to	 demonstrate	 direct	 electron	 transfer	

between	GOx	and	specifically	prepared	electrode	surfaces.		

There	are	mixed	reports	in	the	literature	concerning	the	DET	catalysed	by	GOx	and	they	claim	

to	 obtain	 DET	 to	 GOx.	 However,	 the	 evidence	 presented	 is	 often	 poorly	 supported	 and	

unconvincing.	

Organic‐conducting	materials	has	been	suggested	to	achieve	direct	electron	transfer	from	the	

surface	based	upon	charge‐transfer	complexes.100	However	the	evidence	suggest	that	this	 is	

not	direct	electron	transfer	but	rather	mediated	by	soluble	component	of	the	salt.101	Organic	

salts,	such	as	tetrathiafulvalene‐tetracyanoquinodimethane	(TTF‐TCNQ),	are	found	to	mediate	

the	 electrochemistry	 of	 pyrrole‐quinolinequinone	 enzymes	 (GDH‐PQQ)	 along	 with	

flavoproteins	(GOx).	Indeed,	many	groups	have	tried	to	demonstrate	direct	electron	transfer	

on	third	generation	glucose	biosensors,	including	TTF‐TFNQ	crystals,102	a	material	consisting	

of	 a	 water	 dispersed	 complex	 of	 polypyrrole‐polystyrensulfonate	 (PPy)	 embedded	 in	
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polyacrylamide	(PA)	which	has	been	prepared	and	tested	as	enzyme	immobilising	system	for	

its	applications	in	amperometric	biosensors.103	

One	route	for	creating	third‐generation	glucose	biosensors	is	to	use	conducting	polymers	such	

as	polypyrrole.		Aizawa	et	al.104	reported	direct	electron	transfer	from	PPy‐entrapped	GOx	on	

a	platinum	electrode.	Mediatorless	glucose	biosensors	based	on	the	GOx/polypyrrole	system	

were	also	suggested	by	Koopal	et	al.105	Nevertheless,	the	high	anodic	potential	of	this	system	

vs.	the	redox	potential	of	FAD/FADH2	implies	the	possibility	of	electron	transfer	mediated	by	a	

surface‐oligomeric	 pyrroles.90	 A	 study	 conducted	 on	 in	 situ	 potentiostatic	

electropolymerization	of	pyrrole	on	a	Pt	electrode	in	a	thin	layer	amperometric	cell	and	the	

entrapment	of	the	enzyme	glucose	oxidase	and	boron‐doped	diamond	electrode	has	also	been	

reported.106	

There	have	been	a	 lot	of	 studies	 into	biosensors	based	on	direct	electron	 transfer,	many	of	

which	 produced	 detailed	 reviews.107‐108	 On	 many	 electrode	 materials,	 proteins	 can	

unexpectedly	adsorb.109	The	interaction	of	the	electrodes	with	proteins	is	mainly	controlled	by	

hydrogen	bonding	as	well	as	dipole‐dipole,	electrostatic,	and	hydrophobic	 interactions.	 It	 is	

essential	to	take	into	account	this	adsorption	at	the	electrode	surface	because	it	may	contribute	

to	the	overall	current	signal	of	biosensors	based	on	more	complex	architectures.	The	suitability	

of	this	can	be	tested	in	control	experiments.	Enzyme	can	be	denatured	at	the	electrode	surface	

during	this	kind	of	adsorption	process	on	noble	metal	or	carbon	electrodes	so	it	is	important	

that	 this	 is	 considered.	 Also	 the	 stability	 of	 the	 adsorbed	 enzyme	 layer	 is	 dependent	 on	 a	

number	of	factors	such	as	the	ionic	strength	of	the	solution,	the	pH,	the	temperature	and	the	

material	of	the	electrode.110		

A	number	of	existing	papers	suggesting	direct	electron	transfer	of	GOx	will	be	discussed.	Direct	

electrochemistry	was	investigated	for	GOx	adsorbed	on	boron‐doped	carbon	nanotubes/glassy	

carbon	 (BCNTs/GC)	 electrode	 with	 cyclic	 voltammetry.111	 Similarly,	 glucose	 oxidase	 was	

effectively	 immobilized	on	the	surface	of	an	indium	tin	oxide	electrode	which	was	modified	

using	inverse	TiO2	opal	structure.112	GOx	was	assembled	on	single	wall	carbon	nanotubes	in	

combination	 with	 a	 new	 amine‐terminated	 ionic	 liquid	 and	 gold	 nanoparticle	 which	 were	

electrodeposited	 onto	 this	 composite.113	 GOx	 was	 also	 immobilized	 on	 a	 nitrogen‐doped	

carbon	nanotube	modified	electrode.114	Based	on	GOx	incorporated	polyaniline	nanowires	on	

carbon	cloth	(CC)	electrode,	an	amperometric	enzyme	biosensor	was	demonstrated,115	and	the	

direct	electrochemistry	of	GOx	immobilized	in	a	film	of	graphite	nanosheets	and	Nafion	was	

examined.116	In	all	the	contributions	mentioned	above	cyclic	voltammetry	showed	stable	and	

well‐defined	redox	peaks	attributed	to	direct	electrochemistry	of	GOx	in	the	absence	of	glucose.	

Those	redox	peaks	were	apparently	enhanced	in	the	presence	of	glucose.			
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To	explain	the	apparent	direct	electrochemistry	of	the	GOx	enzyme,	other	reports	stated	that	

glucose	could	be	detected	based	on	a	decrease	of	the	electro‐catalytic	response	of	the	reduced	

form	of	GOx	to	dissolved	oxygen.33,	117	For	example	a	composite	was	constructed	by	dispersing	

multi	walled	carbon	nanotubes	with	a	gold	nanoparticle	colloid	stabilized	by	ionic	liquid	and	

chitosan,118	 or	 by	 means	 of	 complex	 multicomponent	 immobilization	 layers	 such	 as	

GOx‐graphene‐chitosan.119	 In	 addition,	 a	 conductive	 cellulose‐multiwall	 carbon	 nanotube	

matrix	 with	 a	 porous	 structure	 and	 good	 biocompatibility	 was	 prepared	 using	 a	 room	

temperature	ionic	liquid	as	solvent	and	encapsulating	GOx	within	this	matrix.120	Finally	CdTe	

QDs	of	about	3	nm	diameter	were	prepared	and	an	electrochemical	biosensing	platform	for	

glucose	 based	 on	 CdTe/CNTs	 electrode	was	 explored.121	 The	 claimed	 DET	 of	 GOx	 at	 these	

carbon	and	other	nanomaterials	is	often	ascribed	to	some	“special”,	but	not	evidently	specified,	

properties	of	the	nanocarbon	material	or	feasibly	some	specific	interaction	of	the	enzyme	and	

the	carbon	nanotubes.122‐126	

So	 far,	 we	 have	 focussed	 on	 the	 papers	 that	 claim	 DET	 for	 GOx	 (third‐generation	 glucose	

biosensor)	based	on	the	appearance	of	a	pair	of	surface	bound	redox	peaks	at	around	‐0.46	V	

vs.	 SCE	at	pH	7,	 assumed	 to	be	 the	 flavin	 in	 the	 active	 enzyme,	 and	 the	 change	 in	 cathodic	

current	on	addition	of	glucose	at	‐0.25	V	vs	SCE.	It	is	this	claimed	third	generation	of	glucose	

biosensors	that	we	consider	and	show	in	Chapter	3.	Our	argument	is	that	for	the	great	majority	

of	papers	that	claim	such	DET	to	native	GOx	there	is	no	evidence	to	support	the	claim	and	that	

the	results	support	a	completely	different	conclusion.27		

Nevertheless,	there	are	a	few	examples	in	which	the	catalytic	oxidation	of	glucose	appears	to	

happen	 giving	 some	 evidence	 for	 DET.	 For	 instance,	 a	 study	 conducted	 	 by	 Jiang	 and	

co‐workers127	 attached	 GOx	 to	 a	 gold	 electrode	 using	 3,3’‐bithiobis‐

sulfosuccinimidylpropionate	 (DTSSP).	 The	 enzyme	 was	 first	 allowed	 to	 react	 with	 DTSSP	

overnight	to	build	an	amide	bond	between	its	lysine	residues	and	the	DTSSP	ester	group	and	

then	the	disulfide	of	the	DTSSP	was	reductively	attached	to	the	electrode	surface	to	produce	a	

monolayer	 of	 the	 immobilized	 enzyme.	 The	 authors	 noticed	 surface	 redox	 peaks	 for	 the	

modified	electrode	at	about	‐282	mV	vs.	Ag/AgCl	in	solution	at	pH	6.3.	Remarkably,	this	is	~80	

mV	more	positive	than	the	potential	for	adsorbed	flavin.	The	evidence	for	DET	for	that	modified	

electrode	was	also	supported	by	the	observed	catalytic	currents	for	glucose	oxidation	at	‐200	

mV	vs.	Ag/AgCl,	suggesting	that	the	immobilisation	may	have	distorted	the	enzyme	structure	

to	make	the	flavin	more	accessible.	Demin	and	Hall	128	investigated	deglycosylated	GOx	(dGOx).	

They	used	a	His	 tag	at	 the	C‐terminus	 to	 immobilize	 the	non‐glycosylated	GOx	at	a	Cu‐NTA	

modified	 glassy	 carbon	 electrode.	 Compared	 to	 flavin	 adsorbed	 at	 the	 same	 electrode,	 the	

authors	obtained	a	104	mV	positive	shift	in	the	redox	potential	for	the	dGOx.	Although	they	

only	show	very	preliminary	data	for	the	response	to	glucose,	they	do	report	what	seems	to	be	

catalytic	activity	for	the	reduction	of	oxygen.		
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There	 are	 also	 examples	 in	 which	 the	 apoenzyme	 has	 been	 reconstituted	 around	 a	 flavin	

covalently	 attached	 to	 the	 electrode	 surface.	 For	 instance	 Liu	 and	 his	 co‐workers129	

reconstituted	apoGOx	around	flavin	covalently	attached	to	the	ends	of	SWCNTs	aligned	normal	

to	a	thiol	on	top	of	a	gold	electrode	by	self‐assembly.	They	demonstrated	that	for	the	free	flavin	

the	surface	redox	potential	was	‐423	mV	vs.	Ag/AgCl	in	pH	7.0	solution	and	that	this	moved	to	

‐380	mV	upon	reconstitution	into	the	GOx.	No	results	for	glucose	response	were	provided	in	

this	paper	to	show	that	the	reconstituted	enzyme	was	active.		

Thus,	 the	existing	publications	about	direct	electron	transfer	of	GOx	can	be	split	 in	to	three	

groups:	for	the	first	group	the	presence	of	cyclic	or	differential	pulse	voltammetric	peaks	(seen	

around	‐0.46	V	vs	SCE)	attributable	to	oxidation	or	reduction	of	the	flavin	cofactor	portion	of	

glucose	 oxidase	 is	 claimed	 as	 positive	 evidence	 for	 direct	 electron	 transfer	 between	 the	

immobilized	enzyme	and	the	electrode	surface.	The	second	group	relates	to	the	first	but	there	

are	some	attempts	to	prove	that	the	direct	electron	transfer	is	due	to	the	FAD	in	the	active	site	

and	not	from	the	free	FAD	or	some	other	effect.	Groups	have	tried	to	show	this	using	guanidine	

hydrochloride	which	 can	 easily	 strip	 the	 FAD	 active	 centre	 from	 the	 GOx	molecule	 and/or	

remove	the	adsorbed	GOx	from	the	electrode	surface,	however,	it	has	been	shown	to	be	quite	

efficient	 in	 eliminating	 adsorbed	 free	 FAD	 from	 the	 electrode	 surface.	 The	 third	 group	

investigated	the	electron	transfer	for	a	non‐glycosylated	redox	variant	of	GOx.	This	modified	

GOx	enables	its	active	site	to	be	closer	to	the	electrode,	and	within	charge	transfer	distances	

suggested	by	Marcus	theory.	

1.6 Carbon	nanotubes	

Carbon	 nanotubes	 (CNTs)	 were	 first	 discovered	 in	 the	 early	 1990s	 by	 Iijima.130	 Extensive	

research	on	CNTs	was	initiated	in	the	1990s.	Indeed,	this	was	preceded	in	1980	by	the	first	

industrial	creation	of	some	products	now	known	as	CNTs	and	also	the	recorded	observations	

of	hollow	carbon	nanofibers	in	the	early	1950s.131	CNTs	have	a	tubular	structure	and	composed	

of	hexagonal	honeycomb	 lattices	built	 from	sp2	 carbon	units.132	The	diameters	of	CNTs	are	

usually	several	nanometres	and	the	length	is	several	micrometres.110	Basically,	there	are	two	

forms	of	CNT,	single‐walled	carbon	nanotubes	(SWCNTs)	and	multi‐walled	carbon	nanotubes	

(MWCNTs).133‐134	 SWNTs	 (Figure	 1.5A)	 consist	 of	 one	 layer	 of	 a	 seamless	 1D	 structure	 of	

rolled‐up	 graphene131	 and	 MWCNTs	 (Figure	 1.5B)	 which,	 as	 the	 name	 implies,	 include	

numerous	sheets	of	graphite	rolled	into	concentric	tubes.	On	one	hand,	if	these	nanotubes	are	

located	one	within	the	other,	the	subsequent	structure	is	that	of	a	hollow	multi‐walled	carbon	

nanotubes	(h‐MWCNT).135	On	the	other	hand,	if	the	tubes	are	situated	at	a	specific	angle	to	the	

axis	of	the	tube,	the	resulting	structure	is	that	of	bamboo‐like	multi‐walled	carbon	nanotubes	
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(b‐MWCNT).	This	latter	arrangement	leads	to	a	high	quantity	of	edge	sites	on	these	CNTs.136	

Figure	1.5C	shows	the	various	different	MWCNT	morphologies.		

CNTs	represent	a	significant	group	of	nanostructured	materials	with	features	very	different	

from	those	of	conventional	materials,	they	have	a	higher	tensile	strength	than	steel	and	their	

thermal	conductivity	is	better	than	all	but	purest	diamond,	both	properties	can	be	attributed	

to	 the	 strong	 sp2	 bonds	 between	 the	 individual	 carbon	 atoms.	 Furthermore,	 the	 electrical	

conductivity	of	CNTs	are	comparable	to	copper	with	the	capability	to	carry	bigger	currents.131		

 

Figure	1.5.	Basic	structures	of	(A)	single‐walled,	(B)	multi‐walled	CNTs,134,135	and	(C)	the	various	
different	MWCNT	morphologies.136	Adapted	from	references.	134,	135	and	136.	

 

CNTs	are	interesting	for	use	in	electrochemical	biosensors	because	of	their	electron	transfer	

properties.137	It	has	been	suggested	that	the	ET	features	of	CNTs	can	be	enhanced	by	producing	

surface	groups	such	as	amino	groups,	NO2,	carboxyl	groups	or	oxygen.110,	138	The	suitability	of	

CNTs	 as	 immobilization	 templates	 for	 enhancing	 the	 activity	 of	 some	 enzymes	 has	 been	

actively	 studied.139	Moreover,	 the	 large	 surface	 area	of	 CNTs	 increases	 the	 surface	 area	 for	

enzyme	 immobilization	 and	CNTs	 can	 inhibit	 electrode	 fouling	which	 can	happen	 in	NADH	

oxidation.110,	140	

The	construction	of	electrodes	modified	with	CNTs	is	difficult	because	of	the	low	solubility	of	

CNTs	in	most	common	solvents.	Also,	CNTs	are	usually	hydrophobic,	so	they	are	not	readily	

dispersed	 in	 water.	 Therefore,	 CNTs	 are	 often	 dispersed	 in	 organic	 solvents	 and	 then	

drop‐coated	 on	 to	 an	 electrode	 in	 order	 to	modify	 it.	 CNTs	 are	 also	 combined	with	 Teflon	

binder	 (CNT/Teflon	 composite	 electrode).110,	 141	 Among	 various	 functionalities	 on	 the	 CNT	

surface,	in	this	work,	we	used	a	simple	carboxyl‐modified	MWCNT	to	obtain	homogeneous	CNT	

dispersions.			
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1.7 Research	aims	and	thesis	overview	

It	 has	 been	 widely	 claimed	 that	 native	 GOx	 undergoes	 direct	 electron	 transfer	 (DET)	 at	

nanostructured	electrodes.	This	thesis	demonstrates	that	the	vast	majority	of	these	claims	are	

incorrect.		

Hence,	 the	 research	 described	 in	 this	 thesis	 mainly	 focuses	 on	 the	 development	 and	

examination	 of	 a	 new	 strategy	 for	 the	 stable	 immobilization	 of	 redox	 protein	 onto	

carbon‐based	 electrode	 surfaces	 for	 efficient	 direct	 electron	 transfer.	 The	 attachment	 of	

enzymes	at	electrodes	is	of	use	in	many	areas	including	biosensors	and	biofuel	cells.	For	the	

direct	 electron	 transfer,	 the	 orientation	of	 the	 enzyme	 active	 centre,	which	 is	 often	hidden	

inside	the	protein	shell,	has	to	be	controlled	in	order	to	minimise	the	electron	transfer	distance	

and,	 consequently,	 avoid	 the	 use	 of	 the	 redox	 mediators.	 Therefore,	 the	 electrode	 surface	

should	be	functionalised	with	monolayers	of	organic	molecules	appropriate	to	accommodate	

the	 enzyme	 of	 choice,	 taking	 into	 account	 steric	 considerations.	 Also,	 the	 polarity	 of	 the	

modified	electrode	surface	around	the	binding	group	should	be	compatible	with	the	protein	

surface	nearby	 the	 target	 functional	 group,	 to	prevent	 the	denaturation	of	 the	 immobilised	

enzyme.	

In	 this	 study,	we	will	 show	 a	 pioneering	method	 for	 the	 covalent	 immobilisation	 of	 redox	

proteins	at	carbon‐based	electrodes	modified	with	maleimide	groups,	which	only	react	with	

cysteine	residues	introduced	at	the	surface	of	the	protein	by	genetic	engineering.	In	this	way,	

protein	molecules	should	be	immobilised	at	the	electrode	surface	in	a	fixed	orientation.		

Chapter	2	gives	details	of	the	equipment,	chemicals,	the	fabrication		and	characterisation	of	the	

working	electrodes	(GC/MWCNT),	the	construction	of	the	reference	electrodes	(SCE	and	SMSE)	

as	well	as	the	counter	electrode,	methods	for	the	electrografting	and	chemical	modification	of	

carbon	based	electrodes,	and	the	immobilisation	of	the	enzymes	GOx,	CDH	and	BOD.		

Chapter	3	investigates	critically	the	experimental	evidence	and	points	out	the	misconceptions	

that	 are	 common	 in	 the	 literature	 when	 DET	 of	 GOx	 is	 claimed.	 To	 that	 aim,	 we	 present	

experimental	results	for	the	study	of	GOx	adsorbed	on	MWCNTs.	The	results	are	essentially	

identical	to	those	in	many	papers	that	claim	DET	to	GOx	for	CNTs.	We	will	show	how	these	

results	can	be	critically	analysed	to	support	an	entirely	different	conclusion.	

Chapter	 4	 adopts	 a	 flexible	 and	 structured	 method	 based	 on	 the	 use	 of	 site‐directed	

mutagenesis	to	introduce	cysteine	residues	at	specific	locations	on	the	protein	surface	followed	

by	the	reaction	between	the	free	thiol	group	and	maleimide	groups	formed	at	the	electrode	

surface	 to	 attach	 the	 mutated	 enzyme.	 As	 a	 model	 system,	 we	 use	 genetically	 engineered	
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cellobiose	dehydrogenase	(CDH)	variants	with	cysteine	at	different	locations	on	the	enzyme	

surface.		

Moreover,	this	Chapter	aims	to	study	the	kinetics	and	electro‐catalytic	features	of	cellobiose	

dehydrogenase	from	Myriococcum	thermophilum	(MtCDH).	The	electro‐catalytic	properties	of	

the	immobilised	MtCDH	were	investigated	using	cyclic	voltammetry,	taking	into	account	the	

effect	of	solution	pH,	presence	of	calcium	ion	and	different	substrates.	To	study	the	effect	of	the	

position	of	the	free	cysteine	on	the	enzyme	surface,	five	MtCDH	variants	were	used	in	this	work,	

which	were	 engineered	 to	 have	 a	 single	 free	 cysteine	 residue	 in	 different	 positions	 at	 the	

surface	of	the	enzyme.		

Chapter	 5	 provides	 a	 kinetic	 analysis	 for	 the	 results	 obtained	 in	 Chapter	 4,	 based	 on	 the	

steady‐state	 kinetics.	A	potential‐dependent	Michaelis‐Menten	model	 for	 the	CDH	modified	

GC/MWCNT	was	constructed	and	a	master	equation	was	employed	to	simulate	the	DET	and	

MET	experimental	results.			

Chapter	6	broadens	 the	validity	of	 the	same	 immobilisation	method	(based	on	the	covalent	

attachment	 of	 cysteine‐modified	 genetically	 engineered	 enzymes	 at	 maleimide	 modified	

electrodes).	Bilirubin	oxidase	(BOD)	is	a	promising	redox	enzyme	in	the	field	of	biofuel	cells,	

namely	 in	 the	construction	of	 efficient	bio‐cathodes.	 In	 this	 study,	BOD	variants	genetically	

engineered	to	bear	a	free	cysteine	residue	in	different	positions	at	their	surface	were	covalently	

attached	to	maleimide‐modified	GC/MWCNT	electrodes.	BOD	is	considered	to	be	Cl‾	resistant.	

Thus,	 the	 effect	 of	 chloride	 and	 pH	 on	 the	 redox	 state	 of	 the	 immobilized	 BOD	 were	

investigated.		

Chapter	7	presents	an	answer	for	the	question	that	arises	from	this	work:	What	evidence	is	

required	to	demonstrate	DET?	As	well	as	recommendations	and	suggestions	for	future	work.	
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Chapter	2 Materials	and	methods							

2.1 Reagents	

Glucose	oxidase	type	II	(EC	1.1.3.4,	from	Aspergillus	niger,	17	U/mg	solid),	glucose	oxidase	type	

X‐S	(EC	1.1.3.4,	from	Aspergillus	niger,	228	U/mg	solid),	glucose	oxidase	type	VII	(EC	1.1.3.4,	

from	Aspergillus	niger,	100	U/mg	solid)	were	purchased	from	Sigma,	and	stored	at	‐	20°C	when	

not	 in	use.	Glucose	oxidase	 type	GO3A,	batch	614Z,	 (EC	1.1.3.4,	 from	Aspergillus	niger,	335	

U/mg	 protein),	 GOx	 /	 CAT	 ratio	 ≥	 27500	was	 purchased	 from	 BBI	 Solutions,	 UK.	 Catalase	

enzyme	(CAT)	from	bovine	liver	2000‐5000	U/mg	was	purchased	from	Sigma.	The	cellobiose	

dehydrogenase	variants	were	a	kind	gift	from	Dr	Roland	Ludwig	from	the	Department	of	Food	

Science	 and	 Technology	 Food	 Biotechnology	 Laboratory,	 BOKU‐University	 of	 Natural	

Resources	 and	 Life	 Sciences,	 Muthgasse	 18,	 1190	 Vienna,	 Austria.	 The	 bilirubin	 oxidase	

variants	were	kindly	supplied	by	Dr	Nicolas	Mano	from	the	Centre	de	Recherche	Paul	Pascal	

(CRPP‐UPR	8641),	115	Avenue	Albert	Schweitzer	33600	Pessac,	France.	Multi‐walled	carbon	

nanotubes	(30	±	10	nm	in	diameter	and	1	–	5	µm	in	length)	were	purchased	from	NanoLab,	Inc.	

Multi‐walled	 carbon	 nanotubes	 carboxylic	 acid	 functionalized	 (>	 8%	 carboxylic	 acid	

functionalized,	9.5	nm	avg.	diameter	and	1.5	µm	in	length)	were	purchased	from	Aldrich.	All	

other	chemicals	were	of	analytical	grade	and	used	without	 further	purification.	All	aqueous	

solutions	 were	 prepared	 using	 deionized	 Millipore‐Q	 water	 (18.2	 MΩ	 cm)	 from	 a	 Purite	

purification	system.	All	glassware	was	immersed	in	5%	Decon	90	(BDH)	with	distilled	water	

overnight.	They	were	then	washed	and	rinsed	with	deionised	water	thoroughly	before	drying	

in	an	oven	(LEEC	Limited)	at	40	°C	prior	to	usage.	Argon	(Pureshield,	99.998%)	and	oxygen	

were	supplied	by	BOC	gasses.	The	other	chemicals	used	in	this	study	are	listed	in	Table	2.1.	

	

Table	2.1.	List	of	Chemical	used	in	this	study.	

Chemical	 CAS	Number		 Purity	 /	

Grade	

Supplier	

1,	4	Dioxane	 123‐91‐1	 Certified	

ACS	

Fisher	Scientific	

3‐Succinimidopropionic	acid	 5724‐76‐5	 ≥97.0	%	 Sigma	Aldrich	

Acetone	 Lab	reagent	grade	 N‐Grade	 Fisher	Scientific	



Chapter 2 

24 

Acetonitrile	 75‐05‐8	 HPLC	 Fisher	Scientific	

Alumina	 40‐6321‐016/080	 	 Buehler	

Calcium	chloride		 10035‐04‐8	 ≥99.0%	 Fisher	Scientific	

Cellobiose		 528‐50‐7	 ≥98.0%	 Sigma	Aldrich	

Citric	acid	 77‐92‐9	 ≥99.5%	 Sigma	Aldrich	

D	(+)	glucose	 50‐99‐7	 ≥99.5%	 Sigma	Aldrich	

Dimethylformamide	(DMF)	 68‐12‐2	 HPLC	 Fisher	Scientific	

Ethanol	 64‐17‐5	 HPLC	 Fisher	Scientific	

Ferrocenecarboxylic	acid	 1271‐42‐7	 ≥97.0%	 Sigma	Aldrich	

Flavin	adenine	dinucleotide	

disodium	salt	hydrate	

84366‐81‐4	

(anhydrous)	

≥	95.0%		 Sigma	Aldrich	

Hydrochloric	acid	 7647‐01‐0	 37%		 BDH	

L	(+)	glucose		 921‐60‐8	 ≥99.0%	 Sigma	Aldrich	

Liquid	mercury	 	 99.9998	 Alfa	Aesar	

Mercury	chloride	 	 ≥95.0%	 Alfa	Aesar	

Mercury	sulphate	 	 ≥95.5%	 BDH	

N‐(2‐aminoethyl)	acetamide	 1001‐53‐2	 ≥90.0%	 Sigma	Aldrich	

N‐(3‐dimethylaminopropyl)‐N′‐

ethylcarbodiimide	(EDC)	

25952‐53‐8	 ≥98.0%	 Sigma	Aldrich	

N‐Boc‐1,6‐hexanediamine	 51857‐17‐1	 ≥98.0%	 Sigma	Aldrich	

N‐Boc‐6‐aminohexanoic	acid	 6404‐29‐1	 ≥99.0	%	 Sigma	Aldrich	

N‐hydroxysuccinimide	(NHS)	 6066‐82‐6	 ≥98.0%	 Sigma	Aldrich	
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N‐Maleoyl‐β‐alanine	 7423‐55‐4	 ≥97.0	%	 Sigma	Aldrich	

Platinum	(mesh)		 7440‐06‐4	 99.9%	 Goodfellow	

Potassium	chloride	 7447‐40‐7	 ≥	99%	 Fisher	Scientific	

Sodium	 dihydrogen	 orthophosphate	

(	Sodium	phosphate	monobasic)	

7558‐80‐7	 ≥	99%	 Sigma	Aldrich	

Sodium	hydroxide	 1310‐73‐2	 ≥97.0%	 Sigma	Aldrich	

Tetrabutylammonium	

tetrafluoroborate	(TBATFB)	

429‐42‐5	 ≥99.0%	 Sigma	Aldrich	

Tris(hydroxymethyl)aminomethane	 77‐86‐1	 ≥99.9%	 Sigma	Aldrich	

	

2.2 Electrodes	

2.2.1 Working	electrodes	

Working	carbon	electrodes	used	in	this	study	are	glassy	carbon	(GC),	boron	doped	diamond	

(BDD)	 and	multi‐walled	 carbon	 nanotubes	 (MWCNT).	 3	mm	diameter	 (0.071	 cm2)	 GC	 disc	

electrodes	(SIGRADUR	HTW	Hochtemperatur	–	Werkstoffe	GmbH,	Germany),	sealed	in	glass	

tubes	and	contacted	using	copper	wire	and	melted	indium	(Aldrich),	BDD	electrodes	in	inert	

Teflon	body	were	purchased	from	Windsor	Scientific	(Figure	2.1	A)	.	To	prepare	the	GC/	CNT	

electrodes	a	5	µL	of	 the	MWCNT	dispersion	were	placed	onto	 the	 clean	 surface	of	 each	GC	

electrode,	using	a	plastic	mask	(Figure	2.1	B)	of	the	same	dimension	as	the	GC	disc	to	control	

the	spread	of	the	CNT	dispersion,	and	allowed	to	dry	at	room	temperature	for	2	days.	5	µL	of	

the	dispersion	was	used	as	this	gives	a	reasonably	uniform	MWCNT	coverage.	Figure	2.2	shows	

the	optical	micrographs	of	glassy	carbon	(GC)	electrodes	modified	with	different	volumes	of	

the	1	mg/mL	DMF	dispersion	of	multi‐walled	carbon	nanotubes	(MWCNT,	>	8	%	carboxylic	

acid	functionalised,	9.5	nm	avg.	diameter,	1.5	μm	length,	Sigma‐Aldrich).	5	μL	was	chosen	for	

the	enzyme	immobilisation	experiments	as	it	gives	a	reasonably	uniform	surface	coverage.		
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Figure	2.1.	(A)	Examples	of	the	GC	and	BDD	electrodes	employed	during	of	this	study.	(B)	The	
plastic	mask	of	the	same	dimension	as	the	GC	disc	which	was	used	to	control	the	spread	of	the	
CNT	dispersion.	

 

CNTs	are	regarded	as	a	toxic	material.	Indeed,	depending	on	the	method	of	creation,	CNT	may	

contain	a	number	of	toxic	residual	metallic	impurities	such	as	Co,	Fe,	Ni,	and	Mo,	all	of	which	

have	reported	toxic	effects.	Other	reports	have	highlighted	the	potential	role	of	CNT	synthesis	

size,	 composition,	 surface	area,	 and	organics	 in	 the	 toxicity	of	nanotubes.142	Because	of	 the	

associated	hazards	of	handling	and	disposing	of	CNT,	we	treated	this	material	carefully,	 for	

instance,	 lab	 coat,	 mask,	 safety	 glasses,	 and	 double	 gloves	 were	 worn	 at	 all	 time	 when	

preparing	 the	 CNT	 dispersion.	 All	 used	 CNT	 dispersions,	 samples,	 and	modified	 electrodes	

were	kept	in	a	plastic	box	before	disposal.	
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Figure	 2.2.	 Optical	microscope	 images	 of	 GC	 electrodes	 (3	mm	 in	 diameter)	modified	with	
MWCNT	by	drop	casting	1,	2,	3,	4	and	5	μL	of	1	mg	mL‐1	MWCNT	solution	in	DMF.	

 

In	order	to	characterize	the	immobilised	MWCNT	onto	the	GC,	images	were	taken	with	a	Jeol	

6500F	field	emission	gun	scanning	electron	microscope	(FESEM).	The	FESEM	was	utilized	to	

characterize	the	morphology	of	 the	MWCNT	and	the	carboxylic	acid	 functionalized	MWCNT	

with	the	electron	beam	energized	at	20	kV.		

Figure	 2.3	 shows	 the	 FESEM	 images	 of	 the	 carboxylic	 acid	 functionalized	MWCNT	 on	 the	

surface	 of	 the	 GC	 electrode	 at	 different	 magnification	 using	 imaging	 mode	 of	 secondary	

electron	image	(SEI).	At	lower	magnification,	the	MWCNT	has	a	rough	electrode	surface	with	

flake‐like	structure	as	seen	in	Figure	2.4.	As	higher	magnification	was	employed,	a	web‐like	

structure	 which	 is	 attributed	 to	 the	 MWCNT	 can	 be	 seen	 as	 shown	 in	 Figure	 2.3.	 Both	

functionalised	and	bare	MWCNTs	are	formed	as	bundles	with	some	bundles	twisted	together.	

Figure	2.4	shows	the	FESEM	images	of	the	bare	MWCNTs	on	a	GC	electrode	prepared	using	the	

drop‐casting	 technique.	 Unlike	 MWCNTs	 functionalised	 with	 carboxylic	 acid,	 the	 bare	

MWCNTs	have	a	much	rougher	surface	with	a	granular	structure	at	low	magnifications	as	seen	

in	Figure	2.4.	However,	the	bare	MWCNTs	have	the	same	morphologies	as	the	functionalised	

MWCNTs	at	higher	magnification	as	shown	in	Figure	2.3.	The	FESEM	images	also	reveal	that	

both	functionalised	and	bare	MWCNTs	are	well	distributed	on	the	surface	of	the	GC	electrode.	

This	implies	that	the	surface	area	of	the	bare	MWCNTs	may	be	larger	than	the	surface	area	of	

the	MWCNTs	functionalised	with	carboxylic	acid.		
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Figure	2.3.	FESEM	images	of	the	carboxylic	acid	functionalized	MWCNTs	on	the	surface	of	GC	
electrode	with	different	magnifications.	The	GC/MWCNT	electrode	was	prepared	by	drop	casting	
of	a	5	µL	aliquot	of	1	mg	mL‐1	MWCNT	dispersion	onto	the	cleaned	surface	of	GC.	
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Figure	 2.4.	 FESEM	 images	 of	 MWCNTs	 on	 the	 surface	 of	 GC	 electrode	 with	 different	
magnifications.	The	GC/MWCNT	electrode	was	prepared	by	drop	casting	of	a	5	µL	aliquot	of	1	mg	
mL‐1	MWCNT	dispersion	onto	the	cleaned	surface	of	GC.	

 

2.2.2 Reference	electrodes	and	counter	electrodes	

For	all	electrochemical	measurements	described	in	this	study,	a	homemade	saturated	calomel	

electrode	(SCE)	was	used	as	the	reference	electrode.	However,	when	the	chloride	ion	is	not	

desired	 in	 the	 electrolyte,	 a	 homemade	 saturated	mercurous	 sulfate	 electrode	 (SMSE)	was	
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employed	as	the	reference	electrode.	The	reference	electrodes	were	fabricated	as	reported	by	

Bartlett143	and	inherited	from	the	previous	student.	The	reference	electrodes	consist	of	two	

body	parts;	one	piece	was	a	glass	tube	with	a	platinum	wire	sealed	in	the	middle	of	the	tube	in	

which	both	ends	of	the	wire	were	left	exposed	to	the	air	and	another	piece	was	like	a	Pasteur	

pipette	with	a	fine	sintered	glass	frit	at	the	tip	as	shown	in	Figure	2.5.	

 

Figure	2.5.	(A)	A	platinum	wire	sealed	inside	a	glass	tube	with	both	ends	of	the	wire	are	exposed.	
The	screw	lid	was	used	to	connect	the	two	body	parts	together.	(B)	pipette‐like	glass	body	with	
thread	at	one	end	and	frit	at	the	other	end.	

	

Liquid	mercury	was	placed	on	one	side	of	the	glass	tube	until	the	platinum	wire	was	entirely	

covered.	In	making	an	SCE,	a	paste	made	out	of	Hg2Cl2,	KCl,	and	liquid	mercury	was	put	in	the	

glass	tube	and	a	glass	wool	plug	was	used	to	hold	the	paste	in	the	tube.	The	filled	glass	tube	is	

shown	in	Figure	2.6.	

 

Figure	2.6.	The	glass	tube	filled	with	liquid	mercury	and	a	paste	made	out	of	Hg2Cl2	and	KCl.	A	
glass	wool	plug	was	used	to	hold	the	paste	in	the	tube.	
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The	glass	tube	was	then	put	inside	the	pipette‐like	glass	body	which	was	filled	with	saturated	

KCl.	The	same	procedure	was	followed	to	make	an	SMSE	but	a	paste	made	out	of	K2SO4	and	

Hg2SO4	was	used	instead	of	the	paste	made	out	of	the	Hg2Cl2	and	KCl	while	the	pipette‐like	glass	

body	was	filled	with	saturated	K2SO4	instead	of	the	saturated	KCl	respectively.	The	tip	of	the	

SMSE	and	SCE	were	immersed	in	saturated	K2SO4	and	saturated	KCl	respectively	when	not	in	

use.	The	reference	electrodes	were	always	rinsed	with	the	purified	deionised	water	and	dried	

in	 a	 stream	 of	 argon	 gas	 before	 use.	 The	 reference	 electrodes	 were	 checked	 regularly	 for	

bubbles,	 and	 the	 respective	 solution	 was	 added	 when	 necessary.	 The	 SMSE	 was	 normally	

employed	in	order	to	avoid	chloride	ion	contamination.	In	most	cases,	the	SCE	was	used	for	

easier	comparison.	

A	platinum	gauze	(1.0	cm2)	was	employed	as	the	counter	electrode.	A	platinum	wire	was	sealed	

inside	a	glass	body	with	both	ends	of	the	platinum	wire	exposed	to	the	air.	A	platinum	gauze	

was	connected	to	the	platinum	wire	using	a	spot	welder.	The	counter	electrodes	were	cleaned	

with	flame	prior	to	usage	to	remove	any	contaminants.	Figure	2.7	shows	the	platinum	gauze	

used	during	the	electrochemical	experiments.	

 

Figure	2.7.	Platinum	gauze	used	in	this	work.	

 

2.3 Electrochemical	cell	

Electrochemical	glass	cells	(10	mL)	with	five	necks	were	employed	when	the	solutions	need	to	

be	 either	 deoxygenated	 with	 Ar	 (Pureshield,	 BOC)	 or	 oxygenated	 with	 the	 pure	 oxygen	

(Pureshield,	BOC).	Figure	2.8	shows	electrochemical	cell	used	in	this	work.	
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Figure	 2.8.	 The	 jacketed	 glass	 cell	 used	 for	 the	 electrochemical	 experiments	 in	 this	 work;	
five‐neck	cell.	The	glass	cells	can	be	connected	to	a	thermostatically	controlled	water	bath	using	
rubber	tubes.	

 

Electrochemical	 measurements	 were	 performed	 in	 the	 glass	 cell	 with	 a	 standard	

three‐electrode	 arrangement,	 using	 either	 a	 µAutolab	 type	 III	 or	 an	 Autolab	 PGSTAT	 302	

(Ecochemie,	 Netherlands).	 The	 three‐electrode	 system	 consists	 of	 a	 working	 electrode,	 a	

reference	 electrode	 and	 a	 counter	 electrode	 Figure	 2.9	 shows	 a	 schematic	 diagram	 of	 the	

experimental	setup	used	in	this	project.		

 

Figure	2.9.	Schematic	diagram	of	the	experimental	setup	used	in	this	project.	
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2.4 Glassy	carbon	(GC)	electrode	polishing	

Before	 the	experiments,	 the	GC	electrodes	were	polished	by	using	 silicon	carbide	polishing	

paper	 (grade	 1200),	 then	 alumina	 slurries	 (1.0	 and	 0.3	 µm,	 Buehler)	 on	 polishing	 cloths	

(Buehler).	The	polished	GCE	was	sonicated	in	deionized	water	(DI)	for	7	min	and	it	was	dried	

in	a	stream	of	argon	(Ar)	gas.	Then,	it	was	sonicated	again	in	ethanol	for	13	min.	Furthermore,	

the	cleaned	surface	of	glassy	carbon	electrodes	were	dried	in	a	stream	of	argon	(Ar)	gas	and	

the	cleaned	electrodes	were	covered	with	pipette	tips.	

2.5 Fabrication	of	GC/MWCNT	electrodes	and	immobilization	of	

GOx	

10	 mg	 of	 MWCNTs	 was	 dispersed	 in	 10	 mL	 dimethylformamide	 (DMF)	 with	 the	 aid	 of	

ultra‐sonication	 to	give	a	1	mg	mL‐1	black	 suspension.	The	MWCNT	modified	glassy	 carbon	

(GC/MWCNTs)	electrode	was	prepared	by	drop	casting	of	5	µL	of	the	MWCNT	dispersion	onto	

the	 cleaned	 surface	 of	 GC.	 Then,	 the	modified	GC	 electrode	was	 allowed	 to	 dry	 at	 ambient	

temperature	 before	 use.	 To	 immobilize	 GOx,	 the	 GC/MWCNT	 electrode	was	 incubated	 in	 a	

solution	 of	 1	 kU	 GOx	 (corresponding	 to	 a	 1	 mM	 solution	 of	 enzyme)	 dissolved	 in	 0.1	 M	

phosphate	 buffer	 solution	 (pH	 6.8)	 for	 12	 hours.	 1	 U	 of	 GOx	 will	 oxidize	 1.0	 µmole	 of	

β‐D‐glucose	to	D‐gluconolactone	and	H2O2	per	minute	at	pH	5.1	at	35	°C.	

2.5.1 Electrochemical	analysis	of	GOx‐modified	GC/MWCNT	electrodes	

Cyclic	voltammetry	measurements	of	GOx‐modified	GC/MWCNT	electrodes	were	carried	out	

in	0.1	M	deoxygenated	phosphate	buffer	solution	(pH	6.8)	from	‐0.8	to	‐0.2	V	vs.	SCE	at	a	scan	

rate	of	60	mV	s‐1.	All	solutions	were	deoxygenated	by	bubbling	gas	argon	for	30	min	before	

applying	potential	and	were	blanketed	with	argon	atmosphere	during	the	entire	experimental	

period	 to	protect	 the	 solution	 from	oxygen.	The	 glucose	 experiments	were	done	 in	 oxygen	

saturated	PBS,	aliquots	of	glucose	(500	mM)	in	0.1	M	phosphate	buffer	solution	(pH	6.8)	were	

added	then	the	solution	in	the	electrochemical	cell	was	mixed	using	magnetic	stirrer	and	CVs	

reported	after	each	addition		at	a	scan	rate	of	60	mV	s‐1	vs.	SCE.	All	experiments	were	performed	

in	thermostated	electrochemical	cell	at	24	°C.	

2.5.2 Determination	of	the	pH	dependent	redox	potential	of	glucose	oxidase			

Cyclic	voltammetry	measurements	for	GC/MWCNT/GOx	electrodes	were	carried	out	in	0.1	M	

buffers,	 pH	 values	 (4.5	 –	 8.5).	Measurements	were	 performed	 in	 buffer	 (depending	 on	 pH	

sodium	citrate,	sodium	phosphate,	or	tris	(hydroxymethyl)	aminomethane	(TRIS)‐buffer	were	
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used)	with	0.1	M	potassium	chloride	and	5	mM	magnesium	chloride.	Buffer	solutions	were	

deoxygenated	 by	 purging	 with	 Ar	 gas	 for	 at	 least	 30	 min	 prior	 to	 electrochemical	

measurements	by	CV.			

	

Table	2.2.	 Composition	 of	 the	 buffers	 used	 in	 the	 determination	 of	 the	 pH	 dependent	 redox	
potential	of	glucose	oxidase	as	reported	by	Vogt	et	al.144	

pH	 Buffer(s)	

4.5	 	0.1	M	citrate	buffer,	0.1	M	KCl,	5	mM	MgCl2	

5.0	

5.5	

6.0	 0.1	M	citrate	buffer,	0.1	M	KCl,	5	mM	MgCl2;	in	other	measurements:	0.1	M	

phosphate	buffer,	0.1	M	KCl,	5	mM	MgCl2	

6.5	 0.1	M	phosphate		buffer,		0.1	M		KCl,	5	mM	MgCl2	

7.0	

7.4	

7.6	

7.8	

8.0	 	0.1	M	Tris	buffer,	0.1	M	KCl,	5	mM	MgCl2	

8.5	

 

2.6 Stepwise	modification	of	GC,	BDD	and	GC/MWCNT	electrodes	

with	maleimide	

Working	 carbon	electrodes	used	 in	 this	 study,	GC,	BDD	and	MWCNT	were	modified	with	 a	

mixture	of	two	primary	amines,	Scheme	2.1.	A	solution	containing	N‐Boc‐1,6‐hexanediamine	

(2	 mM),	 N‐(2‐aminoethyl)	 acetamide	 (18	 mM)	 and	 TBATFB	 (0.1	 M)	 in	 acetonitrile	 was	

prepared	 and	 deoxygenated	with	 argon	 (20	min)	 in	 the	 electrochemical	 cell.	 The	 covalent	

attachment	 of	 the	 primary	 amines	 onto	 GC/MWCNT	 electrodes	 was	 carried	 out	 by	

chronoamperometry	 holding	 the	 electrode	 potential	 at	 +2	 V	 vs.	 SCE	 for	 180	 s.	 Then	 the	
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electrode	was	washed	with	acetonitrile,	and	the	BOC‐linker	was	de‐protected	 in	4	M	HCl	 in	

dioxane	(45	min)	under	gently	stirring.	For	the	coupling	of	6C‐spacer,	a	solution	containing	

N‐Boc‐6‐aminohexanoic	acid	(10	mM),	NHS	(60	mM)	and	EDC	(0.1	M)	in	DMF	was	prepared	

and	stirred	for	15	min.	Electrodes	were	immersed	for	16	h,	then	washed	with	acetonitrile	and	

water	and	dried.	The	6C‐spacer	was	de‐protected	in	4	M	HCl	in	dioxane	(45	min)	under	gently	

stirring.	For	the	coupling	of	maleimide,	a	solution	containing	N‐maleoyl‐β‐alanine	(25	mM),	

NHS	(60	mM)	and	EDC	(0.1	M)	in	DMF	was	prepared	and	stirred	for	15	min.	Electrodes	were	

immersed	for	16	h,	then	washed	with	acetonitrile	and	water	and	dried.		

 

Scheme	 2.1.	 Sequential	 electrochemical	 and	 solid‐phase	 preparation	 of	maleimide‐modified	
working	electrodes.	Reagents	and	conditions:	1)	Attachment	of	linker	and	capping	group	at	the	
electrode	 surface	 via	 electrochemical	 oxidation	 of	 N‐Boc‐1,	 6‐hexanediamine	 and	
N‐(2‐aminoethyl)	acetamide	in	acetonitrile	containing	TBATFB,	applying	a	constant	potential	of	
2	V	vs.	SCE	for	180	s.	2)	Boc‐deprotection	of	the	linker	in	4	M	HCl	in	dioxane	(45	min),	followed	by	
EDC/NHS	coupling	of	6C‐	spacer	in	DMF	(16	h).	3)	Boc–deprotection	of	the	spacer	in	4	M	HCl	in	
dioxane	(45	min),	followed	by	EDC/NHS	coupling	of	maleimide	group	in	DMF	(16	h).	
	

2.7 Immobilization	of	MtCDH	variants	

The	variants	were	supplied	in	50	mM	acetate	buffer	(pH	5.5)	and	stored	in	the	freezer	at	‐30	°C.	

The	storage	buffer	of	the	enzyme	was	exchanged	from	a	pH	5.5	acetate	(50	mM)	to	a	pH	7.0	

phosphate	buffer	(50	mM)	using	mini	dialysis	devices	provided	with	a	PES	membrane	(Fisher	

Scientific)	with	10	kDa	cut	off.	10	μL	of	enzyme	solution	were	placed	in	each	membrane	and	

the	 dialysis	 devices	 were	 immersed	 in	 gently	 stirred	 phosphate	 buffer	 (250	 mL)	 for	 10	
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minutes;	250	mL	of	fresh	buffer	were	then	put	in	and	the	dialysis	units	were	immersed	for	20	

minutes;	finally	the	dialysis	units	were	immersed	in	500	mL	of	fresh	buffer	in	the	fridge	for	2	

hours.	After	dialysis,	3	μL	of	the	CDH	variant	of	choice	were	placed	on	each	maleimide‐modified	

electrode,	which	was	then	stored	in	the	fridge	(4	°C)	overnight.	

 

Scheme	 2.2.	 Immobilization	 of	 the	 CDH	 variant	 of	 choice	 from	 a	 pH	 7.0	 solution	 on	 the	
maleimide‐modified	working	(GC,	BDD,	and	MWCNT)	electrodes.	

 

2.7.1 Analysis	of	CDH‐modified	GC/MWCNT	electrodes	

Cyclic	voltammetry	measurements	of	CDH‐modified	electrodes	were	performed	in	50	mM	Tris	

buffer	 (pH	7.4),	 containing	30	mM	CaCl2.	All	 solutions	were	deoxygenated	 by	 bubbling	 gas	

argon	for	30	min	before	applying	potential,	and	for	two	minutes	after	every	addition	of	glucose	

from	a	1	M	stock	solution	(in	the	same	buffer	used	for	the	measurement).	CVs	were	performed	

utilising	the	software	Nova	1.10,	usually	sweeping	the	potential	at	1	mV/s	from	‐0.35	to	0.1	V	

vs.	SCE	in	direct	electron	transfer	(DET)	experiments.	Electrodes	were	also	tested	for	mediated	

electrochemistry	 in	 deoxygenated	 50	 mM	 tris	 buffer	 (pH	 7.4),	 in	 the	 presence	 of	 0.2	 mM	

ferrocenecarboxylic	acid	and	30	mM	CaCl2	at	2	mV	s‐1	by	cycling	the	potential	from	0.0	to	0.4	V	

vs.	SCE.	Aliquots	of	glucose	(1	M)	in	deoxygenated	50	mM	tris	buffer	(pH	7.4)	in	the	presence	

of	0.2	mM	ferrocenecarboxylic	acid,	and	30	mM	CaCl2	were	added	and	CVs	reported	after	each	

addition.	The	data	were	analysed	using	the	software	Origin	9.	

2.8 Immobilization	of	MoBOD	variants	

The	variants	were	 supplied	 in	25	mM	sodium	phosphate	buffer	 (pH	6.0)	 and	 stored	 in	 the	

freezer	at	‐80	°C.	The	storage	buffer	of	the	enzyme	was	exchanged	from	a	pH	6.0,	25	mM	NaPi	
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buffer	to	a	pH	7.0,	50	mM	phosphate	buffer	using	the	same	method	which	has	been	described	

in	 Section	 2.7.	 After	 dialysis,	 3	 μL	 of	 the	 BOD	 variant	 of	 choice	 were	 placed	 on	 each	

maleimide‐modified	electrode,	which	was	then	stored	in	the	fridge	(4	°C)	overnight.		

 

Scheme	 2.3.	 Immobilization	 of	 the	 BOD	 variant	 of	 choice	 from	 a	 pH	 7.0	 solution	 on	 the	
maleimide‐modified	GC/MWCNT	electrodes.	

 

2.8.1 Oxygen	reduction	studies	on	the	BOD‐modified	GC/MWCNT	electrodes	

For	 oxygen	 reduction	 reaction	 on	 the	 BOD‐modified	 GC/MWCNT	 electrodes,	 oxygen	 was	

purged	through	the	cell	containing	10	ml	of	buffer	solution	for	8	minutes.	This	was	optimized	

by	bubbling	oxygen	for	different	durations	such	as	3,	5,	8	and	10	minutes.	8	min	was	adopted	

as	it	gives	a	maximum	ORR	limiting	current.	Therefore,	no	more	oxygen	purging	was	employed.	
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Chapter	3 Native	glucose	oxidase	(GOx)	does	not	

undergo	direct	electron	transfer	(DET)	at	carbon	

nanotube	electrodes	

3.1 Overview	

Glucose	 oxidase	 (GOx)	 (E.C.	 1.1.3.4)	 has	 been	 a	 long‐standing	 field	 of	 research	 for	

electrochemical	applications,	dating	back	to	the	1960s	when	Clark	and	Lyons	pioneered	the	

development	of	oxygen	electrode	based	enzyme	electrodes.145‐146	The	employment	of	the	GOx	

in	the	field	of	the	biosensors	is	gaining	increasing	popularity	because	it	is	it	is	readily	available	

and	highly	active,	it	is	a	very	stable	and	robust	enzyme	and,	most	significantly,	the	monitoring	

of	its	substrate,	‐D‐glucose,	in	vivo	is	vital	for	the	management	of	diabetes.	Therefore,	a	huge	

number	 of	 studies	 on	 electrochemical	 glucose	 biosensors	 using	 GOx	 have	 performed	 since	

Clark’s	 initial	publication.	These	electrochemical	glucose	biosensors	can	be	categorised	 into	

three	 classes.	 So‐called	 “first	 generation”92	 glucose	 biosensors,	 it	 is	 either	 a	 layer	 of	 GOx	

entrapped	over	an	oxygen	electrode,	measurements	are	made	based	on	the	monitoring	of	a	

co‐reactant	(oxygen),	or	electrode	consists	of	a	metallic	sensing	layer	covered	by	immobilized	

glucose	 oxidase,	 measurements	 are	 made	 based	 on	 the	 monitoring	 of	 product	 (hydrogen	

peroxide)	of	the	natural	enzymatic	reaction.147	 	The	“second	generation”	glucose	biosensors	

have	 been	 designed	 by	 replacing	 the	 oxygen	with	 diffusive	 artificial	 redox	mediator	 in	 the	

enzymatic	reaction,	the	notable	example	being	the	work	of	Cass	et	al.148	using	ferrocenes.	The	

“third	generation”	glucose	biosensors,	in	which,	the	electron	gained	from	glucose	oxidation	is	

transferred	directly	to	the	electrode	via	the	active	site	of	the	enzyme;	direct	electrochemical	

oxidation	of	the	flavin	active	site	of	glucose	oxidase	occurs.	It	is	this	last	case	that	we	consider	

in	this	Chapter.		

It	 has	 often	 been	 suggested	 that	 native	 GOx	 undergoes	 direct	 electron	 transfer	 (DET)	 at	

nanostructured	 electrodes.	 Over	 the	 past	 15	 years,	 DET	 has	 been	 reported	 in	 the	 case	 of	

electrodes	based	on	the	enzyme	GOx	and	carbon	nanotubes	(CNT).111,	113‐114,	118,	121,	123,	138,	149‐185	

The	 redox	 active	 centre	 of	 GOx	 is	 shielded	 from	 the	 electrodes	 by	 a	 glycoprotein	 coat	

preventing	efficient	electron	 tunnelling.186‐188	The	 claimed	DET	of	GOx	at	 these	nanocarbon	

materials	 is	 often	 ascribed	 to	 some	 “special”,	 but	 not	 clearly	 specified,	 properties	 of	 the	

nanostructured	materials	or	possibly	some	specific	interaction	of	the	enzyme	and	the	carbon	

nanotubes.	The	present	study	focuses	on	the	indications	that	stand	against	the	claimed	DET	of	

the	GOx	modified	CNT	electrode.	Our	argument	 is	 that	 in	 the	vast	majority,	 if	not	all,	of	 the	

research	papers	which	claim	such	DET	to	GOx	there	is	no	evidence	to	support	the	claim	and	
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that	the	results	support	an	entirely	different	explanation.	GOx	and	MWCNTs	are	not	simple,	

pure,	well	defined,	reagents;	both	can	contain	significant	amounts	of	impurities,	and	both	can	

be	subject	to	batch	to	batch	variations.	In	this	study,	four	different	suppliers/sources	of	glucose	

oxidase	 and	 two	 of	MWCNTs	have	 been	 used	 to	 examine	 the	 claimed	DET	of	 GOx	 at	 these	

nanocarbon	materials.	

3.2 Aim	of	the	work	

The	claimed	DET	of	the	GOx	that	has	been	reported	in	the	literature	is	debatable	and	arguably	

incorrect.	 In	 this	 chapter,	 we	 present	 expermental	 results	 for	 GOx	 adsorbed	 on	MWCNTs,	

which	show	that	the	results	can	be	explained	by	adsorption	of	enzymatically	active	GOx	at	the	

electrode	 surface.	 The	 presented	 data	 indicate	 that	 DET	 may	 not	 be	 happening	 for	 any	

GOx/CNT‐based	electrode.	The	electrodes	were	sensitive	to	D‐glucose	in	oxygenated	solutions	

indicating	the	O2‐mediated	enzymatic	oxidation	of	D‐glucose.	The	experimental	evidence	that	

are	common	in	the	literature	(when	DET	of	glucose	oxidase	is	claimed)	are	critically	examined	

to	point	out	the	fallacies	and	errors	in	a	logical	manner.	The	results	that	will	be	shown	in	this	

chapter	are	essentially	identical	to	those	in	many	papers	in	the	literature	that	claim	DET	to	GOx	

for	CNTs.	We	will	 show	how	 these	 results	 can	be	 critically	 analysed	 to	 support	 an	 entirely	

different	conclusion.	

3.3 Glucose	oxidase	(GOx)	

Glucose	oxidase	from	Aspergillus	niger	is	a	homodimer,	containing	two	non‐covalently	bound	

flavin	 adenine	 dinucleotide	 (FAD)	 cofactors,	 one	 per	 subunit.189	 The	 enzyme	 is	 heavily	

glycosylated,	with	a	 carbohydrate	 content	of	16	 ‐	25%.190	 Its	molecular	weight	 varies	 from	

approximately	130	to	175	kDa	depending	on	the	level	of	glycosylation.191	GOx	belongs	to	the	

glucose/methanol/	 choline	 (GMC)	 oxidoreductase	 family.	 A	 significant	 feature	 of	 GOx	 from	

Aspergillus	niger	 is	 its	 very	high	 substrate	 specificity	 for	 the	‐anomer	of	D‐glucose.192	The	

enzyme	catalyses	the	oxidation	of	β‐D‐glucose	to	gluconic	acid	by	employing	molecular	oxygen	

as	an	electron	acceptor.		Its	catalytic	reaction	occurs	via	a	“ping‐pong”	mechanism	in	which	one	

of	the	oxidised	flavin	active	sites	(FAD)	in	the	GOx	reacts	with	the	D‐glucose	to	give	the	reduced	

flavin	(FADH2)	and	the	product	D‐glucono‐1,5‐lactone.	

 6 12 6 

6 10 6 2      

The	reduced	flavin	in	the	GOx	is	then	oxidised	by	reaction	with	oxygen	

2 2 2 2             
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The	 two	 flavin	 active	 sites	 are	 buried	 deeply	 within	 the	 structure	 of	 GOx	 and	 there	 is	 no	

evidence	 for	 redox	 communication	 between	 them.190	 Despite	 the	 fact	 that	 the	 amino	 acid	

content	of	GOx	has	been	investigated	and	explained	on	a	number	of	publications,	but	little	was	

known	about	its	crystal	structure	until	the	early	1990s.189	Indeed,	the	early	work	in	the	field	of	

glucose	 biosensors	 was	 performed	 without	 the	 knowledge	 of	 the	 crystal	 structure	 of	 the	

enzyme.	The	crystal	structure	was	produced	and	published	by	Hecht	et	al.	in	1993.190,	193	Figure	

3.1	shows	the	cartoon	representation	of	secondary	structure	of	GOx.		The	access	to	the	flavin	

active	site	is	down	a	narrow	channel	developed	at	the	interface	between	the	two	homodimers.	

Such	structure	serves	to	insulate	the	flavin	active	sites	from	non‐specific	electron	transfer	with	

redox	species	 in	the	biological	system	and	controls	the	 local	environment	around	the	flavin	

ensuring	high	selectivity	towards	‐anomer	of	D‐glucose194	and	no	activity	with	L‐glucose.			

 

Figure	3.1.	Cartoon	representation	of	secondary	structure	of	GOx.	The	image	was	obtained	with	
PyMol	software,	PyMol	visualizations	are	based	on	the	crystal	structure	of	GOx	from	Aspergillus	
niger,	PDB	code	1gal.192		

 

The	crystal	 structure	 for	 the	de‐glycosilylated	GOx	 in	Figure	3.1	also	reveals	 that	 the	 flavin	

active	sites	are	at	least	17	Å	from	the	surface	of	the	protein.	Thus,	in	reality	this	distance	will	

be	rather	longer	for	the	native	enzyme	where	the	carbohydrate	makes	more	than	16%	of	the	

mass	 of	 the	 enzyme.195‐197	 There	 have	 been	 numerous	 investigations	 of	 electron	 transfer	

through	enzymes.198‐201	Although	they	may	differ	in	some	details,	these	reports	all	agree	that	

the	rate	of	electron	transfer	through	the	protein	drops	off	exponentially	with	distance	and	that	

fast	 electron	 transfer	 through	 proteins	 can	 only	 be	 achieved	 if	 the	 distance	 between	 the	
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electrode	and	 the	enzyme	 redox	 sites	 is	8	Å	or	 less.	The	direct	 electron	 transfer	DET	 rates	

should	decrease	by	ca.	104	when	the	distance	is	increased	from	8	to	17	Å.186	This	makes	the	

observation	of	DET	for	native	glucose	oxidase	rather	unlikely.	

3.4 A	selection	of	papers	claim	DET	to	GOx	

In	spite	of	the	issue	of	the	large	electron	transfer	distance	(Figure	3.1),	there	are	continuing	

attempts	to	demonstrate	DET	between	the	active	site	joined	FAD	cofactor	of	GOx	and		carbon	

nanotubes	 and	 more	 recently	 with	 other	 additives,	 Table	 3.1	 shows	 an	 extensive	 list	 of	

examples	 that	 claim	 DET	 to	 GOx.	 DET	 for	 GOx	 at	 different	 nanostructured	 materials	 is	

discussed	in	a	number	of	recent	reviews.123‐124,	126,	138,	163	The	evidence	presented	to	support	

these	claims	of	DET	for	GOx	are	(see	Table	3.1):	i)	the	appearance	of	a	pair	of	surface	redox	

peaks	at	around	‐0.46	V	vs.	SCE	at	pH	7,	assumed	to	be	the	flavin	within	the	enzyme,	and	ii)	

changes	in	the	current	on	addition	of	glucose	that	correlate	with	the	glucose	concentration.	The	

claimed	DET	of	GOx	at	these	nanocarbon	materials	is	often	described	using	two	theories.	It	is	

either	a	CNT	“plug	into”	a	GOx’s	active	site,	or	that	GOx	partially	unfolds	enabling	the	charge	

transfer	between	the	FAD	cofactor	and	CNT.	The	vast	majority	of	these	claims	of	DET	for	GOx	

are	supported	by	a	“me	too”	argument	that	the	data	presented	closely	resemble	that	already	in	

the	literature	in	papers	that	claim	DET.	
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Table	3.1. A	selection	of	papers	that	claim	direct	electron	transfer	(DET)	to	glucose	oxidase	(GOx) 

Authors	 Title	 Reference	 Surface	redox	
peaks	

Ef
fe
ct
	o
f	p
H
	

Ef
fe
ct
	o
f	s
ca
n
	r
at
e	

G
lu
co
se
/O

2
	c
u
rr
en
t	 Comments	

B.	Kowalewska,	K.	
Jakubow	

“The	impact	of	immobilization	process	
on	the	electrochemical	performance,	
bioactivity	and	conformation	of	glucose	
oxidase	enzyme”	

Sens.	Actuat.	B‐Chem.	
238	(2017)	852‐61	

‐0.438	and	‐0.	440	
V	vs.	Ag/AgCl,	pH	
7.0	

	 	 	 4‐(pyrrole‐1‐yl)	benzoic	
acid	modified	MWCNT	EIS	

Z.P.	Kang,	K.L.	Jiao,	C.	
Yu,	J.	Dong,	R.Y.	Peng,	
Z.Q.	Hu,	S.Q.	Jiao,		

“Direct	electrochemistry	and	
bioelectrocatalysis	of	glucose	oxidase	
in	CS/CNC	film	and	its	application	in	
glucose	biosensing	and	biofuel	cells”	

RSC	Adv.	7	(2017)	
4572‐9	

‐0.454	V	vs.	
Ag/AgCl,	pH	7.2	

	 	 	 Carbon	nanochips	(CNCs)	
and	chitosan	(CS)	

X.	Zhong,	W.	Yuan,	Y.	
Kang,	J.	Xie,	F.	Hu,	C.M.	
Li	

“Biomass‐derived	hierarchical	
nanoporous	carbon	with	rich	
functional	groups	for	direct‐electron‐
transfer‐based	glucose	sensing”	

ChemElectroChem	3	
(2016)	144‐51	

ca.	‐0.45	V	vs.	SCE,	
pH	7.4	

	 	 	 	

Y.	Zhao,	W.B.	Li,	L.J.	
Pan,	D.Y.	Zhai,	Y.	
Wang,	L.L.	Li,	W.		

“ZnO‐nanorods/graphene	
heterostructure:	a	direct	electron	
transfer	glucose	biosensor”	

Sci.	Rep.	6:32327	
(2016)		

ca.	‐0.39	V	vs.	SCE,	
pH	5.8	
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K.	Vijayaraj,	S.W.	
Hong,	S.‐H.	Jin,	S.‐C.	
Chang,	D.‐S.	Park	

“Fabrication	of	a	novel	disposable	
glucose	biosensor	using	an	
electrochemically	reduced	graphene	
oxide–glucose	oxidase	biocomposite”	

Anal.	Methods	8	
(2016)	6974‐81	

‐0.46	V	vs.	Ag/AgCl,	
pH	7.0	

	 	 	 	

Y.H.	Song,	X.P.	Lu,	Y.	
Li,	Q.H.	Guo,	S.L.	Chen,	
L.Q.	Mao,	H.Q.	Hou,	L.	
Wang	

“Nitrogen‐doped	carbon	nanotubes	
supported	by	macroporous	carbon	as	
an	efficient	enzymatic	biosensing	
platform	for	glucose”	

	

Anal.	Chem.	88	
(2016)	1371‐7	

‐0.384	V	vs.	
Ag/AgCl	sat.	KCl,	
pH	7.0	

	 	 	 GOx/CT/ZnS‐CdS/PGE	

EIS	

O.	Saglam,	B.	
Kizilkaya,	H.	Uysal,	Y.	
Dilgin	

“Biosensing	of	glucose	in	flow	injection	
analysis	system	based	on	glucose	
oxidase‐quantum	dot	modified	pencil	
graphite	electrode”	

Talanta	147	(2016)	
315‐21	

ca.	‐0.42	V	vs.	
Ag/AgCl	sat.	KCl,	
pH	6.0	

	 	 	 	

M.	Qi,	Y.	Zhang,	C.M.	
Cao,	Y.	Lu,	G.Z.	Liu	

“Increased	sensitivity	of	extracellular	
glucose	monitoring	based	on	AuNP	
decorated	GO	nanocomposites”	

RSC	Adv.	6	(2016)	
39180‐7	

‐0.481	V	vs.	SCE,	pH	
7.0	

	 	 	 GC/GOx‐Ph‐AuNPs	

A.	Muthurasu,	V.	
Ganesh	

“Glucose	oxidase	stabilized	fluorescent	
gold	nanoparticles	as	an	ideal	sensor	
matrix	for	dual	mode	sensing	of	
glucose”	

RSC	Adv.	6	(2016)	
7212‐23	

‐0.464	V	vs.	
Ag/AgCl,	pH	7.0	

	 	 	 H2O2	detection	on	Au	

D.B.T.	Mascagni,	C.M.	
Miyazaki,	N.C.	da	
Cruz,	M.L.	de	Moraes,	
A.	Riul,	M.	Ferreira	

“Layer‐by‐layer	assembly	of	
functionalized	reduced	graphene	oxide	
for	direct	electrochemistry	and	glucose	
detection”	

Mater.	Sci.	Eng.	C	
Mater.	Bio.	App.	68	
(2016)	739‐45	

‐0.415	V	vs.	SCE,	pH	
6.3	

	 	 	 glucose	measurement	at	‐0.3	
V	
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Y.G.	Liu,	X.M.	Zhang,	
D.N.	He,	F.Y.	Ma,	Q.	
Fua,	Y.	Hu	

“An	amperometric	glucose	biosensor	
based	on	a	MnO2/graphene	composite	
modified	electrode”	

RSC	Adv.	6	(2016)	
18654‐61	

‐0.39	V	vs.	SCE,	pH	
6.0	

	 	 	 	

J.	Liu,	Z.M.	He,	S.Y.	
Khoo,	T.T.Y.	Tan	

“A	new	strategy	for	achieving	
vertically‐erected	and	hierarchical	TiO2	
nanosheets	array/carbon	cloth	as	a	
binder‐free	electrode	for	protein	
impregnation,	direct	electrochemistry	
and	mediator‐free	glucose	sensing”	

Biosens.	Bioelectron.	
77	(2016)	942‐9	

‐0.479	V	vs.	SCE,	pH	
7.4	

	 	 	 EIS	

Z.J.	Li,	L.Y.	Sheng,	A.	
Meng,	C.C.	Xie,	K.	Zhao	

“A	glassy	carbon	electrode	modified	
with	a	composite	consisting	of	reduced	
graphene	oxide,	zinc	oxide	and	silver	
nanoparticles	in	a	chitosan	matrix	for	
studying	the	direct	electron	transfer	of	
glucose	oxidase	and	for	enzymatic	
sensing	of	glucose”	

Microchim.	Acta	183	
(2016)	1625‐32	

‐0.513	V	vs.	SCE,	pH	
7.4	

	 	 	 GOx/rGO‐Zn‐Ag/GCE	

DPV	measurement	of	
glucose	with	O2	in	solution	

X.	Li,	Y.	Jiang,	B.	Xu,	
L.T.	Qu,	Y.J.	Shi,	H.B.	
Shao	

“Glucose	oxidase	immobilization	by	
volume	shrinkage	of	graphene	as	
"Door‐Function"	microelectrode”	

J.		Electrochem.	Soc.	
163	(2016)	B169‐
B75	

‐0.525	V	vs.	SCE,	pH	
6.76	

	 	 	 GOx@ERGO	mocroelectrode	

J.	Li,	M.M.	Lu,	Z.N.	Tan,	
Y.B.	Xu,	Y.C.	Zhang,	
X.Y.	Hu,	Z.J.	Yang	

“One‐step	solvothermal	preparation	of	
silver‐ZnO	hybrid	nanorods	for	use	in	
enzymatic	and	direct	electron‐transfer	
based	biosensing	of	glucose”	

Microchim.	Acta	183	
(2016)	1705‐12	

‐0.357		V	vs.	SCE,	
pH	7	

	 	 	 Silver‐
ZnO/GOx/Nafion/GCE	

EIS	

S.W.	Lee,	K.Y.	Lee,	
Y.W.	Song,	W.K.	Choi,	
J.	Chang,	H.	Yi	

“Direct	electron	transfer	of	enzymes	in	
a	biologically	assembled	conductive	
nanomesh	enzyme	platform”	

Adv.	Mater.	28	
(2016)	1577‐84	

‐0.38	V	vs.	Ag/AgCl	
ssat.	KCl,	pH	7.2	

	 	 	 GOx/PEI/nanomesh/Au	
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K.T.	Lee,	Y.C.	Liang,	
H.H.	Lin,	C.H.	Li,	S.Y.	
Lu	

“Exfoliated	SnS2	nanoplates	for	
enhancing	direct	electrochemical	
glucose	sensing”	

Electrochim.	Acta	
219	(2016)	241‐50	

‐0.45	V	vs.	Ag/AgCl,	
pH	7.4	

	 	 	 MWCNT/e‐SnS2/GOx	

S.	Kumar‐Krishnan,	A.	
Hernandez‐Rangel,	U.	
Pal,	O.	Ceballos‐
Sanchez,	F.J.	Flores‐
Ruiz,	E.	Prokhorov,	
O.A.	de	Fuentes,	R.	
Esparza,	M.	
Meyyappan	

“Surface	functionalized	halloysite	
nanotubes	decorated	with	silver	
nanoparticles	for	enzyme	
immobilization	and	biosensing”	

	

J.	Mater.	Chem.	B	4	
(2016)	2553‐60	

‐0.455	V	vs.	SCE,	pH	
7.4	

	 	 	 HNT/AgNP‐GOx	

glucose	measurement	by	
H2O2	detection	in	O2	sat.	
soln.	

S.	Kumar‐Krishnan,	S.	
Chakaravarthy,	A.	
Hernandez‐Rangel,	E.	
Prokhorov,	G.	Luna‐
Barcenas,	R.	Esparza,	
M.	Meyyappan	

“Chitosan	supported	silver	nanowires	
as	a	platform	for	direct	
electrochemistry	and	highly	sensitive	
electrochemical	glucose	biosensing”	

RSC	Adv.	6	(2016)	
20102‐8	

‐0.455	‐0.55?	V	vs.	
SCE,	pH	7.4	

	 	 	 CS/AgNWs/GOx/GCE	

H2O2	detection	

S.	Gupta,	C.R.	Prabha,	
C.N.	Murthy	

“Functionalized	multi‐walled	carbon	
nanotubes/polyvinyl	alcohol	
membrane	coated	glassy	carbon	
electrode	for	efficient	enzyme	
immobilization	and	glucose	sensing”	

J.	Environ.	Chem.	Eng.	
4	(2016)	3734‐40	

‐0.426	V	vs.	
Ag/AgCl	3	M	KCl,	
pH	7.0	

	 	 	 PVA‐MWCNT/GAD/GOx	

V.R.	Gonçales,	R.N.P.	
Colombo,	M.A.O.S.	
Minadeo,	E.Y.	
Matsubara,	J.M.	
Rosolen,	S.I.	Córdoba	
de	Torresi	

“Three‐dimensional	graphene/carbon	
nanotubes	hybrid	composites	for	
exploring	interaction	between	glucose	
oxidase	and	carbon	based	electrodes”	

J.	Electroanal.	Chem.	
775	(2016)	235‐42	

‐0.46	V	vs.	Ag/AgCl	
sat.	KCl,	pH	7.4	
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L.X.	Fang,	B.	Liu,	L.L.	
Liu,	Y.H.	Li,	K.J.	Huang,	
Q.Y.	Zhang	

“Direct	electrochemistry	of	glucose	
oxidase	immobilized	on	Au	
nanoparticles‐functionalized	3D	
hierarchically	ZnO	nanostructures	and	
its	application	to	bioelectrochemical	
glucose	sensor”	

Sens.	Actuat.	B‐Chem.	
222	(2016)	1096‐102	

‐0.426	V	vs.	SCE,	pH	
7.0	

	 	 	 Au‐ZnO/GCE	

R.A.	Escalona‐
Villalpando,	A.	Dector,	
D.	Dector,	A.	Moreno‐
Zuria,	S.M.	Durón‐
Torres,	M.	Galván‐
Valencia,	L.G.	Arriaga,	
J.	Ledesma‐García	

“Glucose	microfluidic	fuel	cell	using	air	
as	oxidant”	

Int.	J.	Hydrogen	
Energy	41	(2016)	
23394‐400	

‐0.48	V	vs.	SCE,	pH	
7.0	

	 	 	 GOx/MWCNT‐GA	

Ferrocynanide	used	as	
mediator	for	glucose	
response	

R.X.	Zhao,	X.Q.	Liu,	
J.M.	Zhang,	J.	Zhu,	
D.K.Y.	Wong	

“Enhancing	direct	electron	transfer	of	
glucose	oxidase	using	a	gold	
nanoparticletitanate	nanotube	
nanocomposite	on	a	biosensor”	

Electrochim.	Acta	
163	(2015)	64‐70	

‐0.41	V	vs.	Ag/AgCl	
3	M	KCl,	pH	7.4	

	 	 	 TNT‐
GNP/[Demin]Br/Nafion	

/GOx/GCE	

DPV	glucose	measurements	

M.	Zhao,	Y.	Gao,	J.Y.	
Sun,	F.	Gao	

“Mediator	less	glucose	biosensor	and	
direct	electron	transfer	type	
glucose/air	biofuel	cell	enabled	with	
carbon	nanodots”	

Anal.	Chem.	87	
(2015)	2615‐22	

‐0.463	V	vs.	
Ag/AgCl,	pH	7.2	

	 	 	 glucose	response	in	
deoxygenated	buffer,	
oxidation	current	

X.P.	Zhang,	D.	Liu,	L.B.	
Li,	T.Y.	You	

“Direct	electrochemistry	of	glucose	
oxidase	on	novel	free‐standing	
nitrogen‐doped	carbon	
nanospheres@carbon	nanofibers	
composite	film”	

Sci.	Rep.	5:09885	
(2015)	

‐0.43	V	vs.	Ag/AgCl	
sat.	KCl,	pH	7.0	

	 	 	 GOx/NCNSs@CNFs	

uniform	shift	in	CV	for	
glucose	in	N2	sat	buffer	
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L.	Zhang,	C.S.	Zhou,	J.J.	
Luo,	Y.Y.	Long,	C.M.	
Wang,	T.T.	Yu,	D.	Xiao	

“A	polyaniline	microtube	platform	for	
direct	electron	transfer	of	glucose	
oxidase	and	biosensing	applications”	

J.	Mater.	Chem.	B	3	
(2015)	1116‐24	

‐0.393	V	vs.	SCE,	pH	
5.5	

	 	 	 	

Z.H.	Yu,	Y.N.	Kou,	Y.	
Dai,	X.Y.	Wang,	H.	
Wei,	D.G.	Xia	

“Direct	electrochemistry	of	glucose	
oxidase	on	a	three‐dimensional	porous	
zirconium	phosphate‐carbon	aerogel	
composite”	

Electrocatalysis	6	
(2015)	341‐7	

‐0.483	V	vs.	SCE,	pH	
7.0	

	 	 	 	

Y.K.	Ye,	S.	Ding,	Y.W.	
Ye,	H.C.	Xu,	X.D.	Cao,	S.	
Liu,	H.J.	Sun	

“Enzyme‐based	sensing	of	glucose	
using	a	glassy	carbon	electrode	
modified	with	a	one‐pot	synthesized	
nanocomposite	consisting	of	chitosan,	
reduced	graphene	oxide	and	gold	
nanoparticles”	

Microchim.	Acta	182	
(2015)	1783‐9	

‐0.418	V	vs.	
Ag/AgCl,	pH	7.0	

	 	 	 	

Z.J.	Yang,	Y.B.	Xu,	J.	Li,	
Z.Q.	Jian,	S.H.	Yu,	Y.C.	
Zhang,	X.Y.	Hu,	D.D.	
Dionysiou	

“An	enzymatic	glucose	biosensor	based	
on	a	glassy	carbon	electrode	modified	
with	cylinder‐shaped	titanium	dioxide	
nanorods”	

	

Microchim.	Acta	182	
(2015)	1841‐8	

‐0.422	V	vs.	SCE,	pH	
7.0	

	 	 	 	

Z.J.	Yang,	Y.	Cao,	J.	Li,	
Z.Q.	Jian,	Y.C.	Zhang,	
X.Y.	Hu,	

“Platinum	nanoparticles	functionalized	
nitrogen	doped	graphene	platform	for	
sensitive	electrochemical	glucose	
biosensing”	

Anal.	Chim.	Acta	871	
(2015)	35‐42	

	

‐0.296	V	vs.	SCE,	pH	
6.0	

	 	 	 	

L.	Xia,	J.F.	Xia,	Z.H.	
Wang	

“Direct	electrochemical	deposition	of	
polyaniline	nanowire	array	on	reduced	
graphene	oxide	modified	graphite	
electrode	for	direct	electron	transfer	
biocatalysis”	

RSC	Adv.	5	(2015)	
93209‐14	

‐0.447	V	vs.	SCE,	pH	
7.4	

	 	 	 GOx/PANi/rGO/GE	

detect	oxidation	current	
with	glucose	in	N2	sat.	buffer	



Chapter 3 

49 

M.	Velmurugan,	S.	
Sakthinathan,	S.M.	
Chen,	C.	Karuppiah	

“Direct	electron	transfer	of	glucose	
oxidase	and	electrocatalysis	of	glucose	
based	on	gold	
nanoparticles/electroactivated	
graphite	nanocomposite”	

Int.	J.	Electrochem.	
Sci.	10	(2015)	6663‐
71	

‐0.404	V	vs.	
Ag/AgCl,	pH	7.0	

	 	 	 GOx/AuNPs‐EGr/SPCE	

T.	Terse‐Thakoor,	K.	
Komori,	P.	Ramnani,	I.	
Lee,	A.	Mulchandani	

“Electrochemically	functionalized	
seamless	three‐dimensional	graphene‐
carbon	nanotube	hybrid	for	direct	
electron	transfer	of	glucose	oxidase	
and	bioelectrocatalysis”	

Langmuir	31	(2015)	
13054‐61	

‐0.459	V	vs.	
Ag/AgCl	3	M	KCl,	
pH	7.0	

	 	 	 	

Q.Q.	Sun,	Y.N.	Yu,	J.J.	
Li,	S.J.	Bao	

“In	situ	growth	of	metallic	silver	on	
glucose	oxidase	for	a	highly	sensitive	
glucose	sensor”	

RSC	Adv.	5	(2015)	
34486‐90	

‐0.474	V,	no	Ref.	
given,	pH	7.4	

	 	 	 Au‐GOx/Nafion	

Y.H.	Song,	J.Y.	Chen,	
H.Y.	Liu,	Y.G.	Song,	
F.G.	Xu,	H.L.	Tan,	L.	
Wang	

“Conformation,	bioactivity	and	
electrochemical	performance	of	
glucose	oxidase	immobilized	on	
surface	of	gold	nanoparticles”	

Electrochim.	Acta	
158	(2015)	56‐63	

ca.	‐0.47	V	vs.	SCE,	
pH	7.0	

	 	 	 AuNPs‐GOx/GCE	

AuNPs‐MHA‐GOx/GCE	

AuNPs‐MUA‐GOx/GCE	

Y.J.	Shi,	X.	Li,	M.H.	Ye,	
C.G.	Hu,	H.B.	Shao,	L.T.	
Qu	

“An	imperata	cylindrical	flowers‐
shaped	porous	graphene	
microelectrode	for	direct	
electrochemistry	of	glucose	oxidase”	

J.		Electrochem.	Soc.	
162	(2015)	B138‐
B44	

‐0.489	V	vs.	SCE,	pH	
6.86	

	 	 	 DPV	measurement	of	
glucose	in	air	sat.	buffer	

A.A.	Sehat,	A.A.	
Khodadadi,	F.	
Shemirani,	Y.	
Mortazavi	

“Fast	immobilization	of	glucose	oxidase	
on	graphene	oxide	for	highly	sensitive	
glucose	biosensor	fabrication”	

Int.	J.	Electrochem.	
Sci.	10	(2015)	272‐86	
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	 	 	 use	hydroquinone	mediator	

B.	Liang,	X.S.	Guo,	L.	
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nanotube	for	improving	glucose	
sensing”	

Int.	J.	Hydrogen	
Energy	40	(2015)	
2199‐206	
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Chapter 3 

51 

H.	Hu,	M.	Feng,	H.	
Zhan	

“A	glucose	biosensor	based	on	partially	
unzipped	carbon	nanotubes”	

Talanta	141	(2015)	
66‐72	

‐0.470	V	vs.	SCE,	pH	
7.0	

	 	 	 PUCNT/GOx/GCE	

DPV	glucose	measurement	

EIS	

J.X.	Guo,	T.	Zhang,	C.G.	
Hu,	L.	Fu	
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transfer	of	a	redox	enzyme	on	
graphene	oxide	electrodes”	

Phys.	Chem.	Chem.	
Phys.	16	(2014)	
17426	
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An,	H.J.	Lee,	S.	Park,	
Y.‐K.	Choi,	J.H.	Kim,	
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Slade	

“An	optimised	glucose	oxidase	
bioelectrode	exhibiting	high	
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L.	Liu	

“Direct	electrochemistry	of	glucose	
oxidase	on	sulfonated	graphene/gold	
nanoparticle	hybrid	and	its	application	
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nanotubes‐cetyltrimethyl	ammonium	
bromide	hybrid	film	and	its	
biosensing”	

Nanosci.	
Nanotechnol.	Lett.	5	
(2013)	712	

‐0.415	V	vs.	SCE,	pH	
7.0	
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application	to	glucose	detection”	

Electrochim.	Acta,	55	
(2010)	8606	
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B.C.	Janegitz,	R.	
Pauliukaite,	M.E.	
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‐0.815	V	vs.	
Ag/AgCl,	pH	7.0	
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Abbreviations:				

																																																																																																																																																								

AuNPs	–	gold	nanoparticles																																																																																										GO	–	exfoliated	graphene	oxide				

AgNWs	–	silver	nanowires	 																																																																																					GR‐MWCNTs	–	graphene‐multiwalled	carbon	nanotubes	

ATPES	–	3‐aminopropyltriethoxysilane	 																																																														Hb	–	hemoglobin	

BDD	–	boron	doped	diamond	 																																																																																					MHA	–	mercaptohexadecyl	acid	

CS	–	chitosan																																																																																																																						MUA	–	mercaptoundecanoic	acid	

MWCNT	–	multi	walled	carbon	nanotube																																																																	GE	–	graphite	electrode	

EIS	–	electrochemical	impedance	spectroscopy	 																																																		NCNs@CNFs‐nitrogen‐doped	carbon	nanospheres@carbon	nanofibres	

DPV	–	differential	pulse	voltammetry	 																																																														NCNT	–	nitrogen‐doped	carbon	nanotube	

ERCGr	–	electrochemically	reduced	carboxy‐graphene																																								NS‐G	–	nitrogen,	sulfur	dual‐doped	graphene	

ERGO	–	electrochemically	reduced	grapheme	oxide	 																																							PANi	–	poly(aniline)	

EGr	–	electroactivated	graphite	 																																																																										PDA	–	polydopamine	

e‐SnS2	–	exfoliated	tin	disulphide																																																																																PEI	–	poly(ethylenimine)	

Fc	–	ferrocene																																																																																																																				PGE	–	pencil	graphite	electrode	

FCA	–	ferrocene	carboxylic	acid																																																																																		PVA	–	polyvinyl	alcohol	

FCF	–	flexible	carbon	fibre																																																																																													rGO	–	reduced	graphene	oxide	

FcMA	–ferrocene	monocarboxylic	acid																																																																					SPCE	–	screen	printed	carbon	electrode		

FcMeOH	–	ferrocene	methanol																																																																																				SWV	–	square	wave	voltammetry	

GA	–	glutaraldehyde																																																																																																							TNT‐GNP	–	titanate	nanotube‐gold	nanoparticle	
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3.5 Electrochemistry	of	carbon	nanotube	electrodes	with	

adsorbed	GOx	

In	order	to	evaluate	the	electrochemistry	of	carbon	nanotube	electrodes	with	adsorbed	GOx,	

cyclic	voltammograms	were	performed	in	deoxygenated	phosphate	buffer	solution	(PBS)	at	a	

scan	rate	of	60	mV	s‐1.	Figure.	3.2	shows	cyclic	voltammograms	recorded	at	bare	glassy	carbon	

(GC)	(a),	glassy	carbon	with	adsorbed	glucose	oxidase	(GC/GOx)	(b),	glassy	carbon	drop	coated	

with	 carboxylate	 functionalised	 multiwall	 carbon	 nanotubes	 (GC/MWCNT)	 (c),	 and	 glassy	

carbon	drop	coated	with	carboxylate	functionalised	multiwall	carbon	nanotubes	and	adsorbed	

glucose	 oxidase	 (GC/MWCNT/GOx)	 (d)	 obtained	 in	 deoxygenated	 0.1	 M	 phosphate	 buffer	

solution,	pH	6.8.	The	glucose	oxidase	was	adsorbed	on	the	GC	and	GC/MWCNT	electrodes	by	

incubation	 for	12	h	 in	 a	 solution	 containing	1	kU	GOx	dissolved	 in	0.1	M	phosphate	buffer	

solution	(pH6.8).	

 

Figure	3.2.	Cyclic	voltammograms	of	different	electrodes	in	0.1	M	deoxygenated	phosphate	buffer	
solution	(PBS)	(pH	6.8)	at	the	scan	rate	of	60	mV	s‐1	(a)	Bare	GC,	(b)	GC/GOx,	(c)	GC/MWCNT	and	
(d)	GC/MWCNT/GOx.	The	GC/MWCNT	electrode	was	prepared	by	drop	casting	of	a	5	µL	aliquot	
of	1	mg	mL‐1	MWCNT	(carboxylic	acid	functionalized)	dispersion	onto	the	cleaned	surface	of	GC.	
GOx	was	 immobilized	using	 incubation	 in	a	solution	of	1	kU	GOx	dissolved	 in	0.1	M	phosphate	
buffer	solution	(pH	6.8)	for	12	h.		
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In	 the	 absence	 of	 adsorbed	 GOx	 the	 voltammetry	 of	 the	 bare	 GC	 electrode	 (a)	 and	 the	

GC/MWCNT	multiwall	carbon	nanotube	electrode	(c)	are	featureless.	The	background	double	

layer	charging	current	is	considerably	larger	for	the	GC/MWCNT	electrode	due	to	the	much	

greater	surface	area;	the	surface	area	of	the	GC/MWCNT	electrode	is	ca.	100	times	more	than	

bare	GC	electrode.	An	estimated	area	of	ca.	14	cm2	was	calculated	using	the	method	suggested	

by	Peigney	et.al	202	for	9.5	nm	MWCNTs	with	7‐9	walls.	For	the	two	electrodes	after	incubation	

in	the	GOx	solution	there	is	a	very	clear	pair	of	redox	peaks	in	the	case	of	the	GC/MWCNT/GOx	

electrode	(d)	but	no	obvious	change	for	the	GC	electrode	(compare	(a)	and	(b)).		For	the	pair	

of	 redox	 peaks	 at	 the	 GC/MWCNT/GOx	 electrode	 at	 60	mV	 s‐1	 the	 formal	 potential	 (E◦)	 is	

ca.	‐0.459	V	vs.	SCE	with	a	peak‐to‐peak	separation	(∆Ep)	of	0.021	V,	the	cathodic	and	anodic	

peak	currents	and	charges	are	approximately	equal.		

The	results	shown	in	Figure	3.2	are	basically	identical	to	those	in	the	literature	reported	for	

GOx	at	 carbon	nanotube	electrodes	and	are	 frequently	 taken	as	evidence	of	direct	 electron	

transfer	to	 flavin	 in	the	redox	active	site	of	GOx	(for	examples	see	Table	3.1).	However,	 the	

crystal	structure	of	GOx	(Figure	3.1)	makes	it	clear	that	the	electron	transfer	distance	from	the	

enzyme’s	 cofactor	 FAD	 to	 an	 electrode	 surface	 is	 large	 and	 thus,	 no	 effective	 and	 fast	DET	

should	be	expected.	Therefore,	the	symmetrical	and	well‐defined	peaks	shown	in	Figure	3.2	

(d)	could	be	attributed	to	the	presence	of	 free	FAD	within	the	commercial	GOx,203‐205	which	

seems	to	be	sufficient	to	produce	those	peaks	taking	into	account	the	dramatic	increase	of	the	

enzyme	loading	as	a	result	of	the	significant	increase	in	the	electrode	surface	area;	the	surface	

area	of	the	GC	/	CNT	electrode	is	ca.	100	times	more	than	bare	GC	electrode.202	This	conclusion	

is	discussed	further	in	Section	3.14.	

3.6 Effect	of	scan	rate	on	voltammetry	of	GC/MWCNT/GOx	

The	effect	of	scan	rate	on	the	voltammetry	performance	has	been	employed	in	the	vast	majority	

of	the	literature	reported	for	GOx	at	carbon	nanotube	electrodes	(see	Table	3.1	for	examples).	

The	linear	dependence	of	the	anodic	peak	current	and	cathodic	peak	current	on	the	scan	rate	

are	taken	as	evidence	for	a	quasi‐reversible	surface‐controlled	process	for	the	redox	reaction.	

To	investigate	the	electrochemistry	of	the	adsorbed	species,	different	scan	rate	studies	were	

first	performed	at	the	GC/MWCNT/GOx	electrode	which	was	prepared	using	pure	carboxylate	

functionalised	MWCNTs	and	the	results	are	shown	in	Figure	3.3.	The	second	different	scan	rate	

studies	 were	 done	 at	 the	 GC/MWCNT/GOx	 electrode	 which	 was	 prepared	 using	 impure	

MWCNTs	 (the	metallic	 impurities	 in	 these	MWCNTs	are	discussed	 in	Section	3.13)	 and	 the	

results	 are	 shown	 in	 Figure	 3.4.	 	 The	 voltammetry	 on	 the	 two	 different	 electrodes	 is	 very	

similar.	In	both	cases	the	redox	peak	currents	(Ipa	and	Ipc)	increase	linearly	with	increasing	scan	

rates	from	10	to	1000	mV	s−1	indicative	of	a	surface	adsorbed	redox	species.	The	peak‐to‐peak	
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separation	(∆Ep)	increase	linearly	with	increasing	scan	rates	with	the	cathodic	(Epc)	and	anodic	

(Epa)	 peak	 potentials	 shifting	 in	 positive	 and	 negative	 directions	 respectively.	 For	 the	

carboxylate	functionalised	MWCNTs	the	redox	charge	is	4.3	µC	and	for	the	impure	MWCNTs	

4.2	µC.	Assuming	a	surface	area	of	14	cm2	and	a	two	electron	process	this	corresponds	to	a	

coverage	of	around	1.5	pmol	cm‐2.	

	

Figure	3.3.	(A)	Cyclic	voltammograms	of	GC/MWCNT/GOx	electrode	in	deoxygenated	0.1	M	PBS	
(pH	6.8)	at	different	scan	rates	(from	(a)	to	(l):	10,	20,	40,	60,	80,	100,	200,	300,	400,	600,	800	and	
1000	mV	s‐1).	(B)	After	background	current	subtraction.	(C)	Shows	the	linear	dependence	plot	of	
peak	currents	with	scan	rate.	The	GC/MWCNT	electrode	was	prepared	by	drop	casting	of	a	5	µL	
aliquot	of	1	mg	mL‐1	MWCNT	(pure,	carboxylic	acid	functionalized)	dispersion	onto	the	cleaned	
surface	of	GC.	GOx	was	immobilized	using	incubation	in	a	solution	of	1	kU	GOx	dissolved	in	0.1	M	
phosphate	buffer	solution	(pH	6.8)	for	12	h.	
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Figure	3.4.	(A)	Cyclic	voltammograms	of	GC/MWCNT/GOx	electrode	in	deoxygenated	0.1	M	PBS	
(pH	6.8)	at	different	scan	rates	(from	(a)	to	(l):	10,	20,	40,	60,	80,	100,	200,	300,	400,	600,	800,	
1000	mV	s‐1).	(B)	After	background	current	subtraction.	(C)	Shows	the	linear	dependence	plot	of	
peak	currents	with	scan	rate.	The	GC/MWCNT	electrode	was	prepared	by	drop	casting	of	a	5	µL	
aliquot	 of	 1	mg	mL‐1	 impure	 MWCNT	 dispersion	 onto	 the	 cleaned	 surface	 of	 GC.	 GOx	 was	
immobilized	using	incubation	in	a	solution	of	1kU	GOx	dissolved	in	0.1	M	phosphate	buffer	solution	
(pH	6.8)	for	12	h.	

	

The	 background	 currents	 were	 subtracted	 (Figure	 3.3B	 and	 Figure	 3.4B)	 using	 a	 baseline	

(subtract	baseline)	created	in	Origin	9.0.	The	baselines	were	created	individually	for	each	half	
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of	 the	voltammograms	 (anodic	 and	 cathodic)	using	300	points	 automatically	placed	on	 the	

curve	through	the	potential	range,	points	were	then	deleted	from	the	potential	range	of	the	

peak.	The	remaining	points	were	interpolated	using	B‐spline	function	to	produce	the	baseline.	

To	further	reveal	the	behaviour	of	the	carbon	nanotube	electrodes	with	adsorbed	GOx,	such	

performance	 can	 be	 modelled	 by	 the	 Laviron	 equation206	 for	 estimation	 of	 the	 transfer	

coefficient	(α)	and	the	heterogeneous	electron	transfer	rate	constant	(ks).	This	equation	was	

chosen	 as	 it	 is	widely	 used	 in	 publications	 that	 claim	 to	 observe	DET	 for	 GOx.	 In	 order	 to	

evaluate	 the	 effect	 of	 the	 residual	 metallic	 impurities	 present	 within	 the	 CNTs	 on	 the	

heterogeneous	electron	transfer	rate	constant	for	the	species	immobilised	on	the	GC/MWCNT	

electrode,	 the	 kinetic	 analysis	 for	 the	 electrodes	 used	 in	 Figure	 3.3	 and	 Figure	 3.4	 were	

accomplished	 by	 processing	 the	 cyclic	 voltammograms	 within	 the	 Laviron	 model.	 This	

mathematical	 approach	 uses	 the	 ΔEp,	 namely,the	 overpotential	 /	 (cathodic–anodic)	 peak	

potential	separation	as	a	way	to	determine	the	heterogeneous	electron‐transfer	rate	constant	

(ks),	which	should	be	a	function	of	the	scan	rate.207		

	The	standard	rate	constant	(ks)	for	2	electron	transfer,	and	the	transfer	coefficients	for	anodic	

(αa)	 	 	and	cathodic	(αc)	reaction	were	determined	using	the	equation	of	Laviron	derived	for	

linear	 potential	 scan	 and	 based	 on	 the	 Butler‐Volmer	 approximation.	 Overpotentials	

(Ep‐Emid)	are	the	only	experimental	data	required	to	employ	this	Butler‐Volmer	method.8	α	

generally	lies	between	0.3	to	0.7	but	0.5	is	normally	taken	as	the	value	of	α	in	the	absence	of	

actual	measurements.	However,	the	α	value	is	not	always	0.5.208	Therefore,	the	determination	

of	α	is	crucial	in	order	to	estimate	the	apparent	rate	constant	(ks).	Thus,	Epa/pc‐Emid	was	plotted	

separately	as	a	function	of	log	v,	which	gives	two	branches,	in	order	to	determine	the	value	of	

α.	Hence,	using	a	Laviron	trumpet	plot	of	peak	separations	(Epa/pc‐Emid)	versus	log	scan	rate	(v)	

in	a	 linear	 fitting	for	the	anodic	and	cathodic	branches	at	high	scan	rate	yields	two	straight	

lines.206	Both	of	 the	 linear	 fits	should	be	obtained	where	∆Epeak	>	200/n	mV,	where	n	 is	 the	

number	of	electrons	exchanged.209	These	allow	us	to	determine	the	ks	value	using	equations	

3.3	and/or	3.4	

	 		

																				

where	Vc	and	Va	at	zero	overpotential	are	the	intercept	points	of	the	extrapolated	lines	for	the		

cathodic	 and	 anodic	 branches,	 respectively.207	αa	 and	 ac	 values	 can	 be	 calculated	 from	 the	

slopes	of	linear	parts	of	the	Epa/pc	‐	Emid	vs.	Log	v	dependence	using	the	equations	3.5	and	3.6.	
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where	R	is	the	gas	constant,	T	is	the	temperature	in	Kelvin	(K),	n	=	2	is	the	number	of	electrons	

transferred,	F	is	the	Faraday	constant,	αc	and	αa	are	transfer	coefficient	of	anodic	and	cathodic,		

respectively.	Figure	3.5A	shows	the	Laviron	plots	of	Epa/pc	‐	Emid	versus	logarithm	of	the	scan	

rate	used	to	estimate	the	charge	transfer	rate	constant	of	the	GC/MWCNT/GOx	electrode	which	

was	 constructed	using	pure	MWCNTs.	Figure	3.5B	displays	 the	Laviron	plots	of	Epa/pc	‐	Emid	

versus	the	logarithm	of	the	scan	rate	used	to	estimate	the	charge	transfer	rate	constant	of	the	

GC/MWCNT/GOx	electrode	which	was	fabricated	using	impure	MWCNTs.	The	results	shown	

in	 Table	 3.2	 confirmed	 a	 significant	 increase	 in	 the	 charge	 transfer	 rate	 constant	 of	 the	

GC/MWCNT/GOx	electrode	(prepared	using	impure	MWCNTs	when	compared	with	the	charge	

transfer	rate	constant	of	the	GC/MWCNT/GOx	electrode	(prepared	using	pure	MWCNTs).	

 

Figure	3.5.	Laviron	 trumpet	plot	of	 the	 logarithm	of	 the	scan	rate	versus	Epa/pc	 ‐	Emid	used	 to	
estimate	 the	 transfer	 coefficient	 and	 	 charge	 transfer	 rate	 constant	 of	 the	 GC/MWCNT/GOx	
electrode	 in	 deoxygenated	 0.1	M	 PBS	 (pH	 6.8)	 at	 different	 scan	 rates	 (10‐2400	mV	 s‐1).	 The	
electrodes	were	prepared	as	in	Figure	3.2	(A)	using	pure	carboxylic	acid	functionalized	MWCNTs;	
(B)	using	impure	MWCNTs.	

	

Table	3.2.	Electron	transfer	coefficient	(α)	and	heterogeneous	electron	transfer	rate	constant	
(ks)	for	GC	/	MWCNT	/	GOx	electrodes.	

CNT	type	 Transfer	coefficient	
for	anodic	(αa)	

Transfer	
coefficient	for	
cathodic	(αc)	

Rate	constant	(ks)	/	s‐1	

Pure	MWCNTs	
(carboxylic	

acid	
functionalized)	

0.3±0.2	

	

0.3±0.2	

	

6.7±0.2	

	

Impure	
MWCNTs	

0.4±0.2	

	

0.4±0.2	

	

11.0±0.2	

	



Chapter 3 

69 

The	 Laviron	 equation	 was	 developed	 from	 the	 Butler‐Volmer	 expressions.208	 In	 the	

Butler‐Volmer	equation,	α	 is	defined	 for	one	electron	 transfer	process	 in	which	αa	+	αc	=	1.	

Therefore,	in	the	case	of	α	for	a	2	electron	transfer	process	such	as	for	FAD,	the	α	for	anodic	

and	cathodic	branches	does	not	add	to	1	because	they	might	refer	to	different	transition	states.		

Figure	3.6	shows	Laviron	“trumpet	plots”206	for	the	two	sets	of	voltammograms	(Figure	3.3	and	

Figure	 3.4).	 These	 trumpet	 plots	 can	 also	 be	 analysed	 to	 extract	 estimates	 of	 the	 electron	

transfer	 kinetics	 for	 the	 adsorbed	 species,	 however	 there	 are	 some	 complications	 in	 this	

analysis	because	the	original	Laviron	equations	refer	to	a	reaction	which	includes	one	electron	

and	because	the	results	in	the	voltammetry	can	be	affected	by	iR	drop210	that	will	increase	the	

peak	separations,	particularly	at	high	scan	rate	when	the	peak	current	is	largest.	In	addition,	in	

common	with	results	for	many	surface	redox	couples,	the	trumpet	plots	show	a	residual	peak	

separation	at	low	scan	rate	that	is	not	accounted	for	in	the	Laviron	theory.174,	211‐212	

 

Figure	 3.6.	 Plots	 of	 Epa/pc	 ‐	 Emid	 against	 log	 scan	 rate	 for	 GC/MWCNT/GOx	 electrodes	 in	
deoxygenated	0.1	M	PBS	(pH	6.8)	at	different	scan	rates	(10‐2400	mV	s‐1).	The	lines	are	calculated	
using	 the	 theoretical	 expression	 of	Laviron	with	 α	=	0.4	 for	anodic	and	 cathodic	 curves.	The	
electrodes	 were	 prepared	 as	 in	 Figure.3.2.	 Black	 line,	 squares:	 using	 pure	 carboxylic	 acid	
functionalized	MWCNTs;	pink	line,	triangles:	using	impure	MWCNTs.	
	

Regardless	of	the	precise	details	of	the	Laviron	analysis	 it	 is	clear	that	the	electron	transfer	

kinetics	for	the	surface	bound	redox	species	are	fast	(at	least	6.5	s‐1)	and	this	is	inconsistent	

with	long	range	electron	transfer	over	17	Å	as	would	be	required	by	the	crystal	structure	of	

GOx.	 Thus	 although	 these	 redox	 peaks	 appear	 in	 a	 region	 that	 might	 be	 consistent	 with	

oxidation/reduction	of	the	flavin	in	the	GOx	active	site	it	seems	much	more	likely	that	there	is	

some	other	explanation	for	the	voltammetric	peaks.	
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3.7 Denaturation	using	guanidine	hydrochloride	

One	 piece	 of	 evidence	 that	 has	 been	 suggested	 in	 the	 literature150‐152,	 213	 to	 support	 the	

assumption	that	the	redox	peaks	are	due	to	DET	to	GOx	is	the	effect	of	guanidine	hydrochloride.	

It	 has	 often	 been	 suggested	 that	 guanidine	 hydrochloride	 at	 high	 concentration	 can	 easily	

dissociate	 FAD	 from	 the	 active	 site	 of	 GOx	 and/or	 denature	 GOx	 and	 displace	 it	 from	 the	

electrode	 surface.150‐151,	 214‐216	 It	 is	 also	 known	 that	 high	 concentrations	 of	 guanidine	

hydrochloride	have	little	effect	on	FAD	directly	adsorbed	at	electrode	surfaces.150‐152,	213	Figure	

3.7	 shows	 the	 results	 of	 this	 type	 of	 experiment	 for	 our	 GC/MWCNT/GOx	 electrode.	 After	

incubation	of	the	electrode	in	3	M	guanidine	hydrochloride	solution	for	12	h,	the	redox	peak	

has	approximately	halved	 in	 size.	 Indeed,	 these	 results	 appear	 to	 support	 the	 idea	 that	 the	

redox	 peaks	 are	 due	 to	 DET	 to	 GOx.	 Nonetheless,	 the	 situation	 is	 more	 complex.	 High	

concentrations	of	guanidine	hydrochloride	are	known	to	denature	proteins.217		

 

Figure	3.7.	Cyclic	voltammograms	in	0.1	M	deoxygenated	PBS	(pH	6.8)	at	a	scan	rate	of	60	mV	
s‐1	 for	 the	GC/MWCNT/GOx	 electrode	 (red	 lines)	 before	 (A)	 and	 after	 (B)	 incubation	 in	 3	M	
guanidine	 hydrochloride	 solution	 for	 12	 h,	 the	 black	 lines	 are	 the	 corrected	 baseline.	 The	
GC/MWCNT	electrode	was	prepared	by	drop	casting	drop	casting	of	a	5	µL	aliquot	of	1	mg	mL‐1	
MWCNT	 (carboxylic	 acid	 functionalized)	 dispersion	 onto	 the	 cleaned	 surface	 of	GC.	GOx	was	
immobilized	using	incubation	in	a	solution	of	1	KU	GOx	dissolved	in	0.1	M	PBS	(pH	6.8)	for	12	h.	

 

To	 evaluate	 the	 effect	 of	 the	 guanidine	 hydrochloride	 on	 the	 free	 FAD	 which	 may	 have	

dissociated	away	 from	the	enzyme	due	 to	conformational	changes	during	 immobilization,	a	

control	experiment	was	performed.	To	that	aim,	the	GC/MWCNT	electrode	was	modified	with	

flavin	and	human	serum	albumin,	a	65	kDa	heart	shaped,	soluble	protein	with	no	redox	centres	

of	 its	 own.218	 In	 this	 case,	 the	GC/MWCNT	electrode	was	 immersed	 in	 a	mixture	of	 human	

serum	 albumin	 and	 FAD	 for	 4	 h	 and	 then	 the	 electrode	 was	 incubated	 in	 3	 M	 guanidine	

hydrochloride	for	12	h.	Figure	3.8A	shows	the	voltammetry	for	the	GC/MWCNT/(albumin	+	

FAD)	electrode	before	incubation	in	3	M	guanidine	hydrochloride	solution.	Surface	redox	peaks	

for	 the	 adsorbed	 flavin	 are	 clearly	 visible	 around	 ‐0.454	 V	 vs.	 SCE.	 After	 incubation	 with	
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guanidine	hydrochloride	these	peaks	are	significantly	reduced,	again	nearly	half	of	the	redox	

peak	has	disappeared	(Figure	3.8B).	Thus	we	cannot	conclude,	based	on	the	effect	of	guanidine	

hydrochloride	that	the	redox	peaks	must	be	associated	with	DET	to	GOx.	They	could	as	readily	

be	 explained	 as	 due	 to	 free	 flavin	 at	 the	 electrode	 surface	 that	 is	 significantly	 reduced	 in	

coverage	when	incubated	with	guanidine	hydrochloride	when	a	protein,	GOx	or	human	serum	

albumin,	is	also	present	on	the	surface.	Most	probably	this	is	caused	by	co‐desorption	of	the	

flavin	with	the	denatured	protein.	

The	importance	of	this	experiment	is	that	the	albumin	+	FAD	mixture	has	been	used	as	a	model	

for	the	commercial	GOx	because	it	contains	protein	and	free	FAD.	Thus,	the	experiment	done	

in	guanidine	hydrochloride	as	reported	in	the	literature	is	not	convincing	evidence	to	support	

the	claimed	direct	electron	transfer	between	the	GOx	and	the	CNT	electrodes.		

 

Figure	3.8.	Cyclic	voltammograms	in	0.1	M	deoxygenated	PBS	(pH	6.8)	at	a	scan	rate	of	60	mV	
s‐1	for	the	GC/MWCNT/albumin	+	FAD	electrode	(red	lines)	before	(A)	and	after	(B)	incubation	in	
3	M	guanidine	hydrochloride	solution	 for	12	h,	 the	black	 lines	are	 the	corrected	baseline.	The	
GC/MWCNT	electrode	was	prepared	by	drop	casting	drop	casting	of	a	5	µL	aliquot	of	1	mg	mL‐1	
MWCNT	(carboxylic	acid	functionalized)	dispersion	onto	the	cleaned	surface	of	GC.	(Albumin	+	
FAD)	was	immobilized	using	incubation	in	a	solution	of	0.6	x	10‐6	M	FAD	in	1.9	mg	mL‐1	human	
serum	albumin	for	4	h.	

 

3.8 Adsorbed	flavin	

An	obvious	candidate	for	the	adsorbed	redox	species	seen	on	the	GC/MWCNT/GOx	electrodes	

is	flavin	adsorbed	directly	on	the	electrode	surface,	but	where	could	this	free	flavin	come	from?	

There	are	two	obvious	sources,	free	flavin	as	an	impurity	in	the	original	enzyme	solution203‐205	

or	 flavin	 that	 dissociates	 from	 the	 enzyme	 during	 the	 incubation	 of	 the	 electrode	with	 the	

enzyme.	The	presence	and	gradual	release	of	 free	FAD	from	commercially	available	glucose	

oxidase	were	investigated	using	a	GC	electrode	covered	by	a	dialysis	membrane	(Sigma	No.	

D9777)	during	incubation	with	the	GOx	solution.	To	avoid	the	dialysis	membrane	displacing	
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the	 drop	 coated	 MWCNTs,	 the	 GC	 electrode	 was	 employed	 rather	 than	 the	 GC/MWCNT	

electrode.	This	membrane	has	a	typical	molecular	weight	cut‐off	of	14,000	Dalton.	Therefore	

only	the	FAD	can	penetrate	through	the	membrane	but	GOx,	with	a	relative	molecular	weight	

around	160	kD,	cannot.	Figure	3.9	displays	the	cyclic	voltammograms	of	the	glucose	oxidase	

immobilised	on	the	GC	electrode	covered	by	dialysis	membrane	in	0.1	M	PBS	(pH	6.8)	at	a	scan	

rate	 of	 70	 mV	 s‐1.	 For	 the	 GC	 electrode	 incubated	 with	 the	 freshly	 prepared	 solution	 of	

as‐received,	commercial	GOx	(Figure	3.9A)	weak	anodic	and	cathodic	peaks	around	‐0.452	V	

vs.	SCE	can	be	seen.	For	the	dialysis	membrane	covered	GC	incubated	in	an	aged	solution	of	the	

same	GOx	(Figure	3.9B)	the	same	redox	peaks	are	clearly	visible	but	in	this	case	the	intensity	

is	larger.	The	adsorbed	redox	peaks	in	these	experiments	are	significantly	less	prominent	than	

those	at	 the	GC/MWCNT	electrodes	(compare	Figure	3.2	and	3.9)	but	this	 is	because:	 i)	 the	

dialysis	membrane	acts	as	a	diffusional	barrier	to	the	flavin	reaching	the	GC	surface,	and	ii)	the	

area	of	the	GC	electrode	is	much	less	than	that	for	the	GC/MWCNT	electrode.	Nonetheless,	the	

experiment	clearly	 indicates	that	 free	flavin	 is	present	 in	solution,	 that	 it	 is	 there	 in	greater	

amounts	 in	the	aged	enzyme	solution,	showing	that	the	flavin	does	dissociate	from	the	GOx	

over	time,203	and	that	it	adsorbs	at	the	electrode	surface	to	give	redox	peaks	in	the	same	region	

as	seen	for	the	GC/MWCNT/GOx	electrode.	The	flavin	in	GOx	is	known	to	be	strongly	bound	

and	not	to	be	removed	by	dialysis	at	neutral	pH219	but	it	is	also	know	that	flavin	is	adsorbed	to	

the	 enzyme.	 The	 importance	 of	 this	 observation	 lies	 in	 its	 implications	 for	 direct	 electron	

transfer	of	glucose	oxidase	electrode	 that	have	been	claimed	 in	many	research	papers	 (see	

Table	3.1	for	examples).	Therefore,	it	is	clear	that	the	pair	of	well‐defined	redox	peaks	obtained	

in	Figure	3.2	was	indeed	due	to	free	FAD	electrochemistry.	

 

Figure	 3.9.	 Cyclic	 voltammograms	 of	 the	 glucose	 oxidase	 immobilised	 on	 the	 GC	 electrode	
covered	by	dialysis	membrane	in	0.1	M	PBS	(pH	6.8)	at	a	scan	rate	of	70	mV	s‐1	(red	lines),	the	
black	lines	are	the	corrected	baselines.	The	GC	electrode	was	incubated	in	a	solution	of	1	kU	GOx	
dissolved	in	0.1	M	phosphate	buffer	solution	(PH	6.8)	for	3	h.	(A)	The	GOx	solution	was	freshly	
prepared,	(B)	the	glucose	oxidase	solution	was	prepared	48	h	prior	to	incubation.	

An	attempt	has	been	made	to	overcome	the	problem	of	the	presence	of	free	FAD	in	commercial	

glucose	oxidase.	The	idea	was	to	block	the	adsorption	of	FAD	onto	the	surface	of	the	GCE	by	
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passivating	the	surface	using	a	molecule	that	has	a	higher	affinity	to	the	surface	than	FAD.	Two	

molecules	have	been	tested;	pyranine	(8‐hydroxypyrene‐1,	3,	6‐trisulfonic	acid	trisodium	salt)	

was	drop	cast	onto	GCE.	Then	the	electrode	was	incubated	in	FAD.	The	same	experiment	was	

carried	out	using	1‐pyrencarboxylic	acid	(see	Figure	3.10	for	structures).	Figure	3.11	shows	

the	cyclic	voltammograms	of	GC/FAD,	GC/	pyranine/FAD	and	GC/1‐pyrencarboxylic	acid/FAD	

electrodes.	The	surface	concentration	of	electroactive	FAD	on	the	surface	of	these	electrodes,	

Γ	(in	mol/cm2),	was	estimated	using	the	Faraday’s	Law:	

                     

where	 Q	 is	 the	 charge	 consumed	 in	 coulombs,	 obtained	 from	 integrating	 the	 anodic	 (or	

cathodic)	 peak	 area	 in	 cyclic	 voltammograms	 under	 the	 background	 correction,	 F	 is	 the	

Faraday	constant,	n	=2	is	the	number	of	electrons	transferred,	A	is	the	geometric	area	of	the	

glassy	carbon	electrodes	(0.071	cm2)	and	ρ	is	the	roughness	of	the	cleaned	electrode.	As	1	and	

0.3	µm	alumina	slurries	were	employed	in	GCE	polishing,	a	value	of	2	was	used	for	ρ	in	this	

calculation.220	Table	3.3	shows	the	surface	coverage	for	the	adsorbed	FAD	at	the	surface	of	GC,	

GC	/	pyranine	and	GC	/	1‐pyrencarboxylic	acid	electrodes.		

 

	

Figure	3.10.	Molecular	structures	of	the	pyranine	and	1‐pyrencarboxylic	acid.	
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Table	3.3.	The	surface	coverage	for	the	adsorbed	FAD	at	the	surface	of	bare	GC,	GC/	pyranine	
and	GC/1‐pyrencarboxylic	acid	electrodes.	

Electrode	 GC	 GC	/	pyranine	 GC	/	1‐pyrencarboxylic	acid	

Surface	
coverage/	
mol	cm‐2	

(1.05±	0.2)	x	10‐12	 (0.14±0.04)	x	10‐12	 (0.03±0.01)	x	10‐12	

	

The	results	shown	in	Table	3.3	confirmed	a	significant	decrease	in	the	concentration	of	the	FAD	

adsorbed	onto	the	surface	of	GC	/	pyranine	and	GC	/	1‐pyrencarboxylic	acid	electrode	when	

compared	with	the	FAD	adsorbed	onto	bare	GC	electrode.	This	shows	that	both	pyranine	and	

1‐pyrencarboxylic	acid	have	the	ability	to	block	the	FAD	adsorption	onto	the	surface	of	the	GC	

electrode.	Indeed,	those	experiments	were	not	further	investigated	because	the	pyranine	and	

1‐pyrencarboxylic	acid	were	expected	to	block	the	adsorption	of	the	GOx	as	well.	

 

 

	
Figure	3.11.	(A)	Cyclic	voltammograms	of	the	GC	electrode	in	0.1	M	PBS	(pH	6.8)	at	a	scan	rate	
of	70	mV	s‐1	after	 incubation	 in	10‐5	M	FAD	 for	30	min.	 (B)	Cyclic	voltammograms	of	 the	GC/	
pyranine	electrode	in	0.1	M	PBS	(pH	6.8)	at	a	scan	rate	of	70	mV	s‐1	after	incubation	in	10‐5	M	FAD	
for	30	min.	(C)	Cyclic	voltammograms	of	the	GC/pyrencarboxylic	acid	electrode	in	0.1	M	PBS	(pH	
6.8)	at	a	scan	rate	of	70	mV	s‐1	after	incubation	in	10‐5	M		FAD	for	30	min.		
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3.9 Catalase	(CAT)	Interference	in	Glucose	Oxidase	Electrode	

Free	 flavin	 is	 not	 the	 only	 impurity	 in	 commercial	 samples	 of	 GOx	 that	 can	 complicate	

interpretation	of	the	voltammetry.	A	survey	of	seventy	reported	articles	23,	33,	100,	102‐103,	106,	112‐

121,	149,	153,	155‐158,	160‐161,	164,	167‐171,	175‐177,	179‐186,	205,	213,	221‐247		on	GOx‐immobilised	electrodes	shows	

that	ca.	90%	of	these	papers	have	employed	as	supplied	glucose	oxidase	obtained	from	Sigma	

Aldrich	with	no	further	purification.	The	main	problems	in	the	manufacture	of	glucose	oxidase	

are	 the	 low	 yield	 and/or	 the	 parallel	 production	 of	 catalase	 (CAT).191	 According	 to	 the	

specification	sheet	given	by	Sigma,	it	can	be	seen	that	the	different	grades	of	GOx	have	different	

ratios	of	GOx	/	CAT.	The	ratio	of	GOx	/	CAT	for	type	VII	is	about	15,	which	was	used	by	about	

17%	of	these	papers;	the	ratio	for	type	X‐S	is	about	30,	which	was	used	by	approximately	27%	

of	these	papers;	and	the	ratio	is	about	7.5	for	type	II,	which	was	used	by	46%	of	those	papers.	

On	the	other	hand,	nearly	10%	of	the	papers	used	a	pure	glucose	oxidase	acquired	from	other	

suppliers.	In	this	section,	the	effects	of	the	presence	of	catalase	in	the	commercially	available	

as	received	glucose	oxidase	purchased	from	different	suppliers	was	studied.	

Catalase	(EC	1.11.1.6)	 is	a	 tetrameric	enzyme	that	catalyses	the	decomposition	of	hydrogen	

peroxide	and	peroxidatively	oxidises	alcohol,	formate	or	nitrate	using	hydrogen	peroxide.248	

The	four	subunits	of	the	enzyme	are	identical	with	a	relative	molecular	weight	of	57	kDa.	Each	

sub‐unit	 contains	 a	 high	 spin	 ferriprotoporphyrin	 IX	 redox	 group.249‐250	Many	 groups	 have	

studied	the	electrochemistry	of	catalase	immobilised	on	electrode	surfaces.251	Immobilisation	

of	catalase	at	nanostructured	electrode	surfaces	such	as	carbon	nanotube	electrodes	shows	

evidence	of	a	well‐defined	pair	of	surface	redox	peaks	at	around	‐0.47	V	vs.	SCE.252‐253	These	

redox	peaks	shift	by	around	59	mV	pH‐1	and	are	close	to	the	redox	potential	expected	for	the	

haem	Fe(II)/Fe(III)	redox	centre.27,	254	

Figure	 3.12	 shows	 the	 cyclic	 voltammogram	 of	 GC/MWCNT/CAT	 electrode	 in	 0.1	 M	

deoxygenated	PBS	(pH	6.8)	at	a	scan	rate	of	60	mV	s‐1.	CVs	were	recorded	in	the	potential	range	

of	‐0.8	to	‐0.2	V	vs.	SCE.	A	pair	of	well‐defined	and	reversible	redox	peaks	can	be	observed	for	

GC/MWCNT/CAT	electrode.	The	anodic	peak	potential	(Epa)	and	the	cathodic	peak	potential	

(Epc)	of	 the	redox	peaks	of	 the	CAT	are	 located	at	 ‐0.43	and	 ‐0.47	V,	 respectively.	Thus,	 the	

formal	potential	calculated	was	‐0.45	V	±	1	mV	vs.	SCE	and	the	peak	potential	separation	(ΔEp)	

was	found	to	be	46	mV	at	60	mV	s‐1.	The	charge	associated	with	this	redox	process	(5.0	µC)	is	

very	similar	to	that	seen	for	the	adsorbed	GOx	in	Figure	3.3	and	3.4.	These	results	are	very	

similar	to	those	in	the	literature	for	catalase.251‐253	Interestingly,	the	formal	potential	for	the	

surface	 redox	 couple	 on	 the	 GC/MWCNT/GOx	 electrode	 prepared	 using	 GOx	 from	 Sigma	

(Figure	3.2)	was	also	‐0.46	V	vs.	SCE.		
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Figure	3.12.	Cyclic	voltammograms	of	GC/MWCNT/CAT	electrode	 in	0.1	M	deoxygenated	PBS	
(pH	6.8)	at	the	scan	rate	of	60	mV	s‐1.	The	GC/MWCNT	electrode	was	prepared	by	drop	casting	of	
a	5	µL	aliquot	of	1	mg	mL‐1	MWCNTs	(carboxylic	acid	functionalized)	dispersion	onto	the	cleaned	
surface	of	GC.	CAT	was	immobilized	using	incubation	in	a	solution	of	1	kU	CAT	dissolved	in	0.1	M	
phosphate	buffer	solution	(pH	6.8)	for	12	h.	

 

It	could	be	argued	that	the	effects	of	CAT	on	the	voltammetry	of	the	adsorbed	GOx	was	not	

taken	into	consideration	in	most,	if	not	all,	of	already	published	papers	that	claimed	DET	of	the	

GOx.	In	this	study,	the	effect	of	the	presence	of	CAT	in	GOx	from	Sigma	was	investigated.	To	this	

purpose,	we	 compared	 results	 for	 three	 different	 GC/MWCNT/GOx	 electrode	 preparations.	

The	first	electrode	was	prepared	using	a	purified	GOx	(purchased	from	BBI)	with	a	GOx/CAT	

ratio	 ≥	 27500,	 the	 second	 electrode	 was	 prepared	 using	 type	 II	 GOx	 from	 Sigma	 with	 a	

GOx/CAT	ratio	of	7.5,	the	third	electrode	(control	experiment)	was	prepared	using	the	purified	

GOx	but	with	CAT	added	so	the	ratio	of	GOx/CAT	was	7.5	to	mimic	the	Sigma	type	II	enzyme.	

In	 all	 cases	 the	 electrodes	 were	 treated	 in	 the	 same	 way	 with	 the	 GOx	 immobilized	 by	

incubating	the	electrodes	in	a	solution	of	1	kU	mL‐1	GOx	in	0.1	M	phosphate	buffer	solution	(pH	

6.8)	for	12	h.	The	results	are	shown	in	Figure	3.13.			

For	the	electrode	prepared	with	the	purified	GOx	the	redox	peaks	are	still	present	but	are	much	

smaller	than	those	for	the	other	two	electrodes.	Significantly,	the	redox	peaks	in	the	case	of	the	

type	II	enzyme	and	for	the	purified	GOx	mixed	with	CAT	are	very	similar.	From	this	we	conclude	

that	catalase,	present	as	an	impurity	in	many	commercial	GOx	samples	can	contribute	to	the	

redox	peaks	seen	in	the	voltammetry	at	around	‐0.46	V	vs.	SCE	in	pH	6.8	solution.	
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Figure	3.13.	Cyclic	voltammograms	in	0.1	M	deoxygenated	PBS	(pH	6.8)	at	a	scan	rate	of	60	mV	
s‐1.	A)	For	the	GC/MWCNT/GOx	electrode	(prepared	using	pure	GOx	from	BBI)	(black	line)	and	
GC/MWCNT/GOx	 electrode	 (prepared	 using	 GOx	 from	 Sigma)	 (red	 line).	 B)	 For	 the	
GC/MWCNT/GOx	 electrode	 (black	 line)	 and	 GC/MWCNT/GOx+CAT	 electrode	 (red	 line).)	 The	
MWCNT	electrode	was	prepared	as	in	Figure	3.2	using	carboxylic	acid	functionalized	MWCNTs.	

 

The	importance	of	the	control	experiment	is	that	the	mixture	(pure	GOx	+	CAT)	was	used	as	a	

model	 for	 the	 commercial	 GOx	 from	 Sigma	 because	 it	 contains	 CAT.	Hence,	 the	 CAT	 is	 the	

second	candidate	for	the	adsorbed	redox	species	seen	on	the	GC/MWCNT/GOx	when	GOx	from	

Sigma	is	employed.	

3.10 Drop	casting	GOx	

Pure	GOx	was	used	to	prepare	the	GC/MWCNT/GOx	electrode	for	the	result	shown	in	Figure	

3.13	(black	lines).	However,	small	peaks	can	be	seen	in	the	CVs.	As	the	incubation	in	the	GOx	

solution	was	done	for	12	h,	those	small	peaks	can	be	attributed	to	the	dissociation	of	the	FAD	

from	the	active	site	of	the	GOx.	An	alternative	method	to	adsorb	the	GOx	on	the	GC/MWCNT	

electrode	is	to	drop	cast	a	solution	of	the	enzyme	onto	the	surface	rather	than	incubating	the	

electrode	in	a	solution	of	GOx	for	12	h.	In	the	drop	casting	experiments,	5	µL	of		GOx	solution	

(5	U	of	enzyme)	was	put	onto	the	GC/MWCNT	electrode	and	then	left	to	dry	in	the	refrigerator	

at	4°C	for	one	hour	before	use.	The	results	are	shown	in	Figure	3.14.	For	the	type	II	GOx	from	

Sigma,	the	drop	casting	method	still	produces	surface	redox	peaks	around	‐0.46	V	vs.	SCE	but	

they	are	somewhat	less	pronounced	(redox	charge	1.7	µC)	than	those	from	the	12	h	incubation	

method	(compare	with	Figure	3.2).	In	contrast,	for	the	purified	GOx	from	BBI,	the	redox	peaks	

produced	by	the	drop	casting	method	are	very	small	(redox	charge	0.46	µC).		

These	results	strongly	suggest	that	the	surface	redox	peaks	seen	around	‐0.46	V	vs.	SCE	are	not	

associated	with	DET	of	GOx	but	rather	arise	from	the	impurities	in	the	enzyme	solution	and/or	

flavin	that	dissociates	from	the	GOx.		



Chapter 3 

78 

 

Figure	3.14.	Cyclic	voltammograms	in	0.1	M	deoxygenated	PBS	(pH	6.8)	at	a	scan	rate	of	60	mV	
s‐1	 for	 the	 GC/MWCNT/GOx	 electrode	 (using	 pure	 GOx)	 (black	 line)	 and	 GC/MWCNT/GOx	
electrode	(using	GOx	from	Sigma)	(red	line).	The	MWCNT	electrode	was	prepared	as	in	Figure	3.2	
using	carboxylic	acid	functionalized	MWCNTs.	GOx	was	immobilized	by	drop	casting	of	5	µL	(5	U)	
GOx	solution.	

3.11 Effect	of	solution	pH	

The	 pH	 dependence	 of	 the	 voltammetry	 has	 been	 employed	 in	 the	 vast	 majority	 of	 the	

literature	 reported	 for	 GOx	 at	 carbon	 nanotube	 electrodes.	 The	 slope	 of	 linear	 regression	

equation	which	is	in	close	agreement	with	the	theoretical	value	of	‐58.5	mV	pH‐1	is	taken	(in	

the	 literature)	as	an	evidence	 for	 the	participation	of	 two	protons	and	 two	electrons	 in	 the	

redox	reaction.	The	electrochemistry	of	 the	carbon	nanotube	electrodes	with	adsorbed	GOx	

could	be	due	to	redox	reaction	of	FAD,	which	is	bound	to	the	enzyme	molecule	or	not	(free	

FAD),	and	can	be	expressed	as:	

2 ‐

Hence,	we	studied	the	effect	of	pH	on	the	GC/MWCNT/GOx	electrode	in	different	deoxygenated	

pH	 solutions	 at	 a	 scan	 rate	 of	 60	 mV	 s‐1.	 Figure	 3.15	 shows	 the	 pH	 dependence	 of	 the	

voltammetry	for	GOx	at	carbon	nanotube	electrodes	in	various	buffer	solutions	(pH	4.5‐8.5).	It	

can	be	seen	here	that	a	pair	of	stable	and	well‐defined	redox	peaks	for	GOx	is	observed	in	each	

pH	solution.	Both	the	Epa	and	Epc	move	to	negative	and	positive	directions	with	increasing	and	

decreasing	pH.	The	redox	potentials	shift	by	~50	mV	per	pH	unit.	The	results	shown	in	Figure	

3.15	are	basically	 identical	 to	 those	 in	 the	 literature	described	 for	GOx	at	 carbon	nanotube	
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electrodes	and	are	frequently	taken	as	evidence	of	direct	electron	transfer	to	flavin	in	the	redox	

active	site	of	the	enzyme	(for	examples	see	Table	3.1).	

 

Figure	 3.15.	 (A)	 Cyclic	 voltammograms	 of	 the	 GC/MWCNT/GOx	 electrode	 in	 various	
deoxygenated	pH	solutions	(4.5	to	8.5)	at	a	scan	rate	of	60	mV	s‐1.	The	MWCNT	electrode	was	
prepared	as	 in	Figure	3.2	using	carboxylic	acid	 functionalized	MWCNTs.	GOx	was	 immobilized	
using	incubation	in	a	solution	of	1	kU	GOx	dissolved	in	0.1	M	phosphate	buffer	solution	(pH	6.8)	
for	12	h.	(B)	Shows	the	linear	dependence	of	peak	potential	with	pH.	
 

In	 order	 to	 explore	 the	 origin	 of	 the	 surface	 redox	 peaks,	 the	 pH	 dependence	 of	 the	

voltammetry	was	reviewed	comprehensively.	The	two	flavin	redox	groups	in	GOx	are	deeply	

buried	 within	 the	 protein190,	 193	 and	 their	 environment	 should	 not	 be	 changed	 upon	

immobilisation	of	the	enzyme	at	the	electrode	surface.	However,	it	could	be	affected	if	there	is	

a	 significant	 perturbation	 to	 the	 enzyme	 structure	 which	 could	 be	 caused	 by	 the	

immobilisation	 of	 the	 enzyme.	 Any	 significant	 disruption	would,	 of	 necessity,	 substantially	

disrupt	the	catalytic	activity	of	the	enzyme.	The	redox	potentials	of	flavins	in	flavoproteins	are	

known	 to	 change	 depending	 on	 the	 conditions	 around	 the	 flavin	 and	 the	 extent	 of	 solvent	

exposure.255	Thus,	it	is	expected	that	the	redox	behaviour	pH	dependence	of	the	flavin	in	the	

adsorbed	GOx	 to	be	unchanged	 from	that	of	 the	solution	enzyme.	The	determination	of	 the	

redox	potential	of	flavin	in	GOx	in	solution	is	difficult	because	the	two	flavin	redox	groups	are	

deeply	buried	inside	the	protein	shell.	The	features	of	GOx‐bound	FAD	cannot	be	determined	

by	 cyclic	 voltammetry	 because	 the	 exchange	 current	 is	 too	 low.	 Therefore,	 it	 is	 crucial	 to	

perform	a	classical	redox	titration256	in	which	a	mediator	creates	electrochemical	equilibrium	

with	both	the	GOx	and	the	electrode.	Vogt	et	al.144	recently	overcame	this	problem	using	UV/vis	

spectroelectrochemistry.	In	this	section,	a	comparison	between	the	results	of	our	study	of	the	

pH	 dependence	 of	 the	 surface	 redox	 peaks	 to	 their	 recent	 results	 for	 GOx	 in	 solution,	was	

conducted.	To	this	aim,	the	pH	dependent	redox	potentials	for	the	couple	observed	for	glucose	

oxidase	immobilised	on	the	surface	of	GC	/	CNT,	were	measured	between	pH	4.5	and	8.5	using	

cyclic	voltammetry.		Figure	3.16	shows	a	plot	of	the	mid	peak	potentials	for	two	replicates	of	
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the	GC/MWCNT/GOx	electrodes	plotted	as	a	function	of	pH	(curves	(c)	and	(d)	in	the	figure).	

For	comparison,	the	results	for	the	pH	dependence	of	the	redox	potentials	of	flavin	and	GOx	in	

the	solution	which	were	provided	by	Vogt	et	al.	were	also	plotted	in	Figure	3.16.	On	one	hand,	

there	is	a	significant	difference	between	our	experimental	data	and	the	redox	potential	for	GOx	

in	 solution	 (curves	 a,	 c	 and	 d).	 On	 the	 other	 hand,	 the	 curves	 for	 the	 surface‐bound	 redox	

process	 and	 flavin	 in	 the	 solution	 (curves	 b,	 c	 and	 d)	 are	 reasonably	 close	with	 a	 notable	

deviation	in	the	lines	occurring	above	pH	7.	For	flavin	which	is	present	in	the	solution,	in	their	

paper	Vogt	et	al.	also	showed	that	the	pH	dependence	changes	from	‐50	mV	pH‐1	below	pH	7	to	

‐27	mV	pH‐1	above	pH	7.	This	change	corresponds	to	a	pKa	for	the	flavohydroquinone	of	around	

6.8	which	is	 in	agreement	with	the	 literature.257	A	similar	shift	 in	the	redox	potential	of	the	

enzyme‐bound	FAD	from	that	of	the	free	FAD	at	pH	7	was	also	reported	by	Liu	et	al.129	for	the	

experiments	where	the	apo‐enzyme	was	reconstituted	around	surface	immobilised	FAD.	Thus,	

it	can	be	concluded	that	the	redox	peaks	for	the	couple	observed	at	carbon	nanotube	electrodes	

with	adsorbed	GOx	are	from	FAD	adsorbed	on	the	electrode	surface	and	not	from	FAD	that	is	

deeply	buried	in	enzyme	active	site.	

	  

Figure	 3.16.	 Redox	 potentials	 of	 GOx	 (a)	 and	 FAD	 (b)	 investigated	 using	 UV/vis.	
spectroelectrochemistry	as	reported	by	Vogt	et	al.144	compared	with	replicate	experimental	data	
(c,	d)	obtained	from	cyclic	voltammetry	of	GC/MWCNT/GOx	electrodes	in	the	pH	range	between	
pH	4.5	and	8.5.	Measurements	were	performed	in	deoxygenated	0.1	M	buffers	(depending	on	pH	
sodium	 citrate,	 sodium	phosphate,	or	 tris	 (hydroxymethyl)	aminomethane	 (TRIS)‐buffer	were	
used)	with	0.1	M	potassium	chloride	and	5	mM	magnesium	chloride	at	a	scan	rate	of	60	mV	s‐1.	
The	overlaid	points	(black	dots)	are	the	redox	potentials	take	from	the	literature	given	in	Table	
3.1.	In	all	cases,	the	values	have	been	converted	to	the	NHE	scale.	



Chapter 3 

81 

The	potentials	and	pH	dependent	redox	potential	obtained	in	Figure	3.16	for	electrodes	with	

adsorbed	GOx	 are	 in	 agreement	with	 literature	 data	 for	 flavin	 adsorbed	 on	GC258	 and	 CNT	

electrodes.174		

Figure	3.16	also	shows	a	plot	of	the	different	redox	potentials	reported	in	the	literature	(taken	

from	 Table	 3.1).	 It	 is	 clear	 that	 the	 vast	 majority	 of	 the	 results	 matches	 with	 the	 curve	

corresponding	to	adsorbed	FAD	and	are	considerably	shifted	(>100	mV)	 from	the	potential	

expected	for	GOx‐bound	FAD.	Nonetheless,	only	three	publications,	the	three	circled	points,	fall	

close	 to	 the	 potential	 expected	 for	 GOx‐bound	 FAD.	 These	 correspond	 to	 Yang	 et	 al.,259		

Eskandari	et	al.260	and	Li	et	al.261	 It	 is	not	clear	why	 these	 three	are	outliers.	However,	 it	 is	

obvious	 in	 each	 case	 that	 there	 is	 no	 evidence	 for	 the	 catalytic	DET	 from	 the	 responses	 to	

glucose.	Li	and	Yang	both	utilised	as‐	supplied	GOx	from	Amresco	and	in	both	cases	Nafion	was	

employed	in	the	preparation	of	the	modified	electrodes.	In	Li’s	case	the	GOx	was	adsorbed	on	

a	glassy	carbon	electrode	modified	with	silver‐ZnO	hybrid	nanorods.	In	Yang’s	case	the	GOx	

was	adsorbed	together	with	platinum	nanoparticle	functionalized	nitrogen	doped	graphene.	In	

both	 cases	 glucose	was	detected	at	negative	potentials	 through	 the	decrease	 in	 the	oxygen	

reduction	 current	 upon	 addition	 of	 glucose	 to	 oxygen	 saturated	 buffer.	 In	 the	 work	 of	

Eskandari	et	al.	the	enzyme	was	covalently	immobilised	on	gold	coated	magnetic	iron	oxide	

and	these	were	held	(using	a	permanent	magnet)	at	the	surface	of	a	gold	plate	electrode.	In	the	

latter	 study,	 the	 non‐catalytic	measurement	 and	 the	 response	 to	 glucose	 experiment	were	

performed	in	oxygen	saturated	buffer.	

Therefore,	it	can	be	concluded	that	the	redox	peaks	shown	in	the	literature	(see	Table	3.1)	for	

the	surface	bound	redox	couple	cannot	be	taken	as	evidence	for	DET	to	the	flavin	in	the	active	

site	of	GOx.	Rather	they	almost	certainly	arise	from	free	FAD	adsorbed	directly	on	the	electrode	

surface.		

3.12 Response	to	glucose	

Figure	3.17	shows	a	typical	set	of	data	for	the	voltammetry	of	the	GC/MWCNT/GOx	electrode	

with	different	concentrations	of	glucose.	These	results	are	representative	of	those	reported	in	

the	 literature	 by	 many	 groups	 for	 GOx	 adsorbed	 on	 MWCNTs	 and	 a	 variety	 of	 other	

nanomaterial	electrode	surfaces	for	which	direct	electron	transfer	to	glucose	oxidase	has	been	

claimed	(see	Table	3.1	for	examples).		

It	 is	 widely	 claimed	 in	 the	 literature	 that	 the	 surface	 redox	 peaks	 seen	 on	 the	 MWCNT	

electrodes	 with	 adsorbed	 GOx	 are	 due	 to	 direct	 electron	 transfer	 to	 the	 active	 site	 of	 the	

enzyme.	However,	in	our	study,	the	results	presented	so	far	have	confirmed	that	the	observed	
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redox	peaks	are	due	to	the	adsorption	of	some	impurity,	possibly	free	flavin,	onto	the	electrode	

surface.	If	this	is	the	case	how	does	the	glucose	response	of	these	electrodes	arise?	

 

Figure	3.17.	Cyclic	voltammograms	showing	oxygen	reduction	on	a	GC/MWCNT/GOx	electrode	
in	oxygen	 saturated	0.1	M	PBS	pH	6.8	 containing	different	 concentration	of	L	and	D	glucose	
recorded	at	60	mV	s‐1.	The	GC/MWCNT/GOx	electrode	was	prepared	as	in	Figure	3.2	using	pure	
carboxylic	 acid	 functionalized	MWCNTs.	 Inset	 relative	 current	 for	 the	 CV	 experiments;	 total	
glucose	(black	line),	D‐glucose	(red	line).		

 

Figure	 3.17	 also	 reveals	 the	 impact	 of	 adding	 aliquots	 of	 L‐glucose	 to	 the	 solution	 in	 the	

electrochemical	 cell.	 The	 addition	 of	 L‐glucose	 is	 an	 excellent	 control	 experiment	 to	 show	

whether	the	response	arises	from	the	enzymatic	reaction	or	comes	about	in	some	other	way	

although	 it	 is	 scarcely	 ever	 used	 in	 the	 literature.	 In	 this	 case	 (Figure	 3.17),	 where	 upon	

addition	of	aliquots	to	increase	the	concentration	of	L‐glucose	in	the	cell	there	is	no	change	in	

the	current	(compare	each	pair	of	dashed	and	solid	curves),	whereas	upon	each	addition	of	an	

aliquots	of	D‐glucose	to	increase	its	concentration	in	the	cell	the	current	changes	(compare	the	

solid	curves).	This	rules	out	changes	in	the	current	because	of	purely	physical	effects,	such	as	

changes	 in	 solution	 viscosity	 etc.	 caused	 by	 addition	 of	 glucose,	 and	 non‐specific	

electrochemical	reactions,	and	clearly	shows	that	the	process	is	in	some	way	enzyme	catalysed;	

L‐glucose	experiment	has	also	been	used	to	indicate	that	the	immobilized	GOx	is	still	active	and	

specific	to	D‐glucose.		
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The	results	shown	in	Figure	3.17	are	often	taken	as	evidence	for	DET	of	GOx	at	carbon	nanotube	

electrodes.	Nevertheless,	there	are	a	number	of	serious	problems	with	this	analysis.	First,	the	

current	response	corresponds	to	a	decrease	in	the	reduction	current	arising	at	the	electrode	

not	the	oxidation	current	expected	to	correspond	to	enzymatically	catalysed	electrochemical	

oxidation	of	glucose.	Second,	the	surface	redox	peaks	around	‐0.46	V	vs	SCE	are	unaffected	by	

addition	of	D‐glucose	with	both	oxidation	and	reduction	peak	clearly	present	throughout	and	

simply	moving	with	the	changing	background.	Third,	the	position	of	the	onset	of	the	reduction	

current	on	addition	of	D‐glucose	starts	at	‐0.25	V	vs	SCE,	far‐off	from	the	potential	of	the	surface	

redox	peaks.		

The	 behaviour	 observed	 in	 Figure	 3.17	 can	 be	 explained	 by	 the	 fact	 that	 there	 is	 oxygen	

dissolved	in	the	solution.	Therefore,	it	is	the	reduction	of	oxygen	that	starts	at	‐0.25	V	vs	SCE	

at	 the	 MWCNT	 electrode.	 Accordingly,	 the	 change	 in	 current	 on	 addition	 of	 D‐glucose	

corresponds	to	a	decrease	in	the	oxygen	reduction	current.	This	change	can	be	attributed	to	

the	decline	in	oxygen	reduction	current	owing	to	the	depletion	of	oxygen	in	GC/MWCNT/GOx	

electrode;	the	oxygen	at	the	electrode	surface	is	consumed	by	the	enzyme	catalysed	reaction	

with	glucose	according	to	the	following	mediated	enzymatic	processes:	

2

2 2 2 2					 																			 	

Depending	 on	 the	 electrode	 material	 and	 the	 solution	 composition,	 the	 oxygen	 reduction	

reaction	 (ORR)	 proceeds	 by	 a	 two‐electron	 mechanism	 or	 via	 “direct”	 four‐electron	

mechanism.	For	most	carbon	electrode	materials,	the	indirect	peroxide	pathway	is	more	likely	

to	be	the	mechanism	of	ORR,	which	involves	two	sequential	2‐	electron‐transfer	steps	where	

peroxide	 is	 produced	 as	 an	 intermediate.262	 On	 CNT	 electrodes,	 the	 ORR	 proceeds	 to	 give	

H2O2263	and	there	is	a	large	overpotential	region	over	which	the	H2O2	is	unreactive.264	However,	

in	 the	 cases	 where	 metal	 nanoparticles	 such	 as	 Au	 nanoparticles	 are	 incorporated	 at	 the	

electrode,	it	is	possible	to	detect	the	H2O2	produced	by	the	enzymatic	reaction	(see	Table	3.1	

for	examples).	Thus,	the	results	in	Figure	3.17	indicate	that	there	is	enzymatically	active	GOx	

immobilised	at	the	electrode	surface.	However,	it	is	not	able	to	undergo	DET	at	the	electrode	

at	any	considerable	rate.	In	the	next	section,	the	ORR	at	MWCNT	electrodes	is	further	discussed.	

3.13 The	oxygen	reduction	reaction	at	carbon	nanotube	electrodes	

It	is	widely	believed	that	the	oxygen	reduction	reaction	is	very	sensitive	to	impurities	and	there	

are	many	 research	papers	 that	 have	highlighted	 the	 fact	 that	 carbon	nanotubes,	which	 are	

created	from	metallic	catalyst,	contain	residual	metallic	impurities.132,	265‐266	This	unavoidable	

presence	 of	 the	 metallic	 impurities	 would	 confuse	 the	 researchers	 when	 analysing	 the	
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performance	of	the	carbon	nanotubes,	especially	in	their		application	on	biosensor	and	biofuel	

cell.267	The	removal	of	 such	residual	metallic	 impurities	 is	practically	hard	 to	achieve.	Even	

after	attempting	several	acid	washing	methods,	the	impurities	concentration	is	in	the	range	of	

several	wt%.265,	268			

In	this	section,	two	types	of	carbon	nanotubes	have	been	used;	multi‐walled	carbon	nanotubes	

(30	 ±	 10	 nm	 in	 diameter	 and	 1	 ‐	 5	 µm	 in	 length	 from	 NanoLab	 Inc.),	 and	

carboxylic‐acid‐functionalized	 multi‐walled	 carbon	 nanotubes	 (>	 8%	 carboxylic‐acid‐

functionalized,	 average	 9.5	 nm	 in	 diameter	 and	 1.5	 µm	 in	 length	 from	 Sigma‐Aldrich).	

According	to	the	specification	sheet	given	by	the	suppliers,	the	carboxylic‐acid‐functionalized	

carbon	nanotubes	 should	 have	 higher	 purity	 than	 the	 other	 nanotubes.	 This	 has	 also	 been	

supported	by	the	energy	dispersive	spectroscopy	(EDS)	spectra	presented	in	Figure	3.18.	

 

Figure	3.18.	EDS	spectra	of	the	MWCNT	on	the	GC	electrodes,	magnification:	5000x,	accelerating	
voltage:	20.0	kV.	The	GC/MWCNT	electrodes	were	prepared	by	drop	casting	of	5	µL	of	1	mg	mL‐1	
MWCNT	 onto	 the	 cleaned	 surface	 of	 GC.	 A)	MWCNTs	 from	NanoLab	 Inc.	 B)	 carboxylic	 acid	
functionalized	MWCNTs	from	Sigma‐Aldrich.		

 

For	 the	 MWCNTs	 from	 NanoLab	 Inc,	 the	 spectrum	 shown	 in	 Figure	 3.18A	 confirmed	 the	

existence	of	 residual	 iron	 impurities	with	 the	multi‐walled	carbon	nanotubes.	On	 the	other	
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hand,	the	carboxylic‐acid‐functionalized	multi‐walled	carbon	nanotubes	from	Sigma‐Aldrich,	

Figure	3.18B,	show	no	evidence	by	EDS	for	metallic	impurities.	However,	the	oxygen	fraction	

is	 much	 higher,	 consistent	 with	 carboxylic	 acid	 functionalization.	 Several	 electrochemical	

experiments	were	 conducted,	 the	ORR	 and	 the	 response	 to	 glucose	were	 studied	 using	GC	

electrodes	modified	with	the	two	different	types	of	MWCNTs.	The	results	are	shown	in	Figure	

3.19	and	3.20.					

 

Figure	 3.19.	 Cyclic	 voltammograms	 recorded	 at	 60	 mV	 s‐1	 showing	 the	 response	 of	 (A)	
GC/MWCNT	 electrode	 in	 different	 oxygen	 concentration	 and(B)	 GC/MWCNT/GOx	 in	 oxygen	
saturated	0.1	M	PBS	pH	6.8	containing	0,	4,	8,	12	and	16	mM	of	glucose.	The	GC/MWCNT/GOx	was	
prepared	as	in	Figure	3.2	using	impure	MWCNTs	from	NanoLab,	Inc.	

 

 

Figure	 3.20.	 Cyclic	 voltammograms	 recorded	 at	 60	 mV	 s‐1	 showing	 the	 response	 of	 (A)	
GC/MWCNT	electrode	and	(B)	GC/MWCNT/GOx	in	oxygen	saturated	0.1	M	PBS	pH	6.8	containing	
0,	4,	8,	12	and	16	mM	of	glucose.	The	GC/MWCNT/GOx	was	prepared	as	 in	Figure	3.2	using	
carboxylic	acid	functionalized	pure	MWCNTs.	

 

ORR	occurs	in	both	cases	(Figure	3.19A	and	Figure	3.20A).	The	current	onset	starting	at	around	

‐0.25	V	vs	SCE.	This	current	is	clearly	dependent	on	the	concentration	of	dissolved	oxygen	in	

solution	as	it	decreases	with	the	increasing	length	of	time	that	the	solution	is	deoxygenated	by	
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purging	 with	 Ar.	 When	 all	 the	 oxygen	 is	 removed	 from	 solution	 the	 current	 disappears.	

Comparing	 the	 two	 electrodes,	 the	 currents	 are	 about	 the	 same	 in	 both	 cases	 but	 for	 the	

MWCNTs	with	the	Fe	impurity,	Figure	3.19A,	there	is	an	obvious	peak	in	the	current	around							

‐0.4	V	vs	SCE	which	is	not	seen	for	the	purified	carboxylate	modified	MWCNTs.	This	is	probably	

because	the	impurity	acts	as	an	electrocatalyst	for	the	ORR.265	As	a	carbon	nanotube	modified	

electrode	is	used,	even	for	purified	MWCNTs,	it	is	very	difficult	to	prove	that	no	traces	of	the	

metal	catalyst	which	is	used	for	the	creation	of	the	nanotubes	are	remaining.266		

Figure	 3.19B	 and	 3.20B	 show	 the	 response	 of	 GC/MWCNT/GOx	 electrodes	 which	 were	

constructed	 using	 impure	 (from	 NanoLab,	 Inc.)	 and	 pure	 MWCNTs	 (from	 Sigma‐Aldrich)	

respectively.	Compared	to	the	results	for	ORR	on	the	different	MWCNT	electrodes	observed	in	

Figure	3.19A	and	3.20A,	it	is	clear	that	the	oxygen	reduction	current	is	less	at	the	corresponding	

electrodes	with	adsorbed	GOx	indicating	that	the	enzyme	partially	blocks	the	catalytic	sites	for	

oxygen	 reduction	 at	 the	 surface.	 It	 is	 also	 obvious	 that	 the	 onset	 potential	 and	 potential	

dependence	 of	 the	 reduction	 current	 is	 very	 similar	 in	 the	 corresponding	 cases	 (compare	

panels	A	and	B	in	each	case).	

Interestingly,	these	results	highlight	the	fact	that	the	differences	in	performance	of	different	

GOx	carbon	nanotube	electrode	preparations	(in	the	literature)	are	likely	due	to	the	different	

levels	of	impurity	present	in	each	case.	In	light	of	these	conclusions,	it	is	very	likely	that	the	

claimed	bioelectrocatalytic	oxidation	of	glucose	on	the	GC/MWCNT/GOx	electrode	is	in	fact	an	

ORR	which	is	catalysed	by	residual	metallic	impurities	present	within	the	CNTs.	

3.14 The	suggestions	of	these	results	

A	new	hypothesis,	different	from	the	general	viewpoint,	is	put	forward	in	this	study;	DET	may	

not	be	happening	for	any	GOx/MWCNT‐based	electrode.	Indeed,	the	GOx	immobilized	on	the	

surface	 of	 MWCNTs‐modified	 electrode	 is	 unable	 to	 demonstrate	 DET	 with	 the	 electrode.	

However,	 it	 retains	 its	 catalytic	 activity.	 The	 results	 obtained	 show	 that	 the	 appearance	 of	

surface	redox	peaks	around	‐0.46	V	vs	SCE	is	unconvincing	evidence	for	DET	to	GOx	but	rather	

is	explained	by	adsorption	of	impurities,	most	probably	free	flavin	as	well	as	catalase,	onto	the	

nanostructured‐electrode	material.	The	high	surface	area	of	the	nanoelectrode	material	plays	

a	role	here	in	increasing	the	magnitude	(charge)	of	these	surface	redox	peaks.	Nonetheless,	the	

enzyme	 is	 also	 immobilised	 at	 the	 electrode	 surface	 and	 this	 immobilised	 enzyme	 remains	

enzymatically	active.	Therefore,	the	electrochemical	response	to	glucose	observed	at	potential	

cathodic	of	around	‐0.25	V	vs	SCE	is	due	to	the	decrease	in	dissolved	oxygen	concentration	at	

the	electrode	surface	due	to	the	enzyme	catalysed	oxidation	of	D‐glucose.	This	behaviour	 is	

consonant	 with	 the	 “first	 generation”	 glucose	 electrode	 rather	 than	 a	 “third	 generation”	

behaviour	with	DET	to	the	GOx.	Four	different	suppliers/sources	of	glucose	oxidase	and	two	of	
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MWCNTs	have	been	used	to	evaluate	the	claimed	DET	of	GOx	at	these	nanocarbon	materials.	

Significantly	the	behaviour	of	the	GOx/CNT	system	is	dominated	by	the	effects	of	impurities	in	

both	 the	 enzyme	preparation	used,	 flavin	 and	 catalase	 in	 the	GOx,	 and	 in	 the	MWCNTs,	 Fe	

impurities	that	catalyse	oxygen	reduction.	These	impurities	are	not	taken	into	account	by	many	

authors.		

The	conclusions	in	this	chapter	here	have	answered	the	questions	that	have	been	raised	by	

several	authors	in	regards	to	the	evidence	for	DET	of	GOx.	An	investigation	of	GOx	which	was	

immobilised	in	chitosan	on	MWCNTs	by	Wang	et	al.172		led	to	a	conclusion	where	there	was	no	

evidence	 for	 DET	 even	 though	 surface	 redox	 peaks	 were	 observed	 and	 the	 presence	 of	

enzymatically	active	GOx	at	 the	surface	of	 the	electrode	mediated	by	 ferrocene	was	shown.	

They	concluded	that	the	redox	peaks	came	from	an	adsorbed	form	of	enzymatically	inactive	

GOx.	However,	 it	 is	more	 likely	 that	adsorbed	 free	 flavin	was	present	considering	 that	 they	

employed	as‐received	GOx.	Goran	et	al.174	used	carbon	nanotubes	and	nitrogen‐doped	carbon	

nanotubes	using	type	X‐S	GOx	from	Sigma	Aldrich	in	order	to	study	GOx.	They	concluded	that	

adsorbed	 GOx	 was	 enzymatically	 active	 when	 a	 redox	 mediator	 (1,	 4‐benzoquinone)	 was	

added	or	oxygen	was	present	and	that	the	surface	redox	peak	was	the	result	of	flavin	that	was	

not	 enzymatically	 active.	 Wooten	 et	 al.184	 used	 GOx	 (from	 Sigma‐Aldrich)	 immobilized	 in	

chitosan	on	MWCNTs	and	found	no	evidence	for	DET.	They	concluded	that	the	electroactive	

flavin	seen	in	the	voltammetry	was	not	part	of	enzymatically	active	GOx.		

Thus,	a	similar	effect	could	be	seen	on	any	GOx	electrodes	regardless	of	electrode	materials	

such	 as	 other	 nanomaterials	 which	 include	 graphene,	 gold	 nanoparticles	 or	 with	 various	

different	“additives”	namely	chitosan	or	Nafion.	

3.15 Do	MWCNTs	show	“special”	properties?	

Carbon	nanotubes	(CNTs)	were	first	discovered	in	the	early	1990s.130	Extensive	research	on	

CNTs	was	 initiated	 in	 the	 1990s.	 Indeed,	 this	was	 preceded	 in	 1980	 by	 the	 first	 industrial	

creation	of	some	products	now	known	as	CNTs	and	also	the	recorded	observations	of	hollow	

carbon	 nanofibers	 in	 the	 early	 1950s.131	 CNTs	 have	 a	 tubular	 structure	 and	 composed	 of	

hexagonal	honeycomb	lattices	built	from	sp2	carbon	units.132	The	diameters	of	CNTs	are	usually	

several	nanometres	and	the	length	is	several	micrometres.	Basically	,	there	are	two	forms	of	

CNT,	 single‐walled	 carbon	 nanotubes	 (SWCNTs)	 and	 multi‐walled	 carbon	 nanotubes	

(MWCNTs).133‐134	 CNTs	 are	 interesting	 for	 use	 in	 electrochemical	 biosensors.	 It	 is	 widely	

believed	 that	 they	 have	 “special”	 electrochemical	 properties.137	 Furthermore,	 it	 has	 been	

suggested	that	the	ET	features	of	CNTs	can	be	enhanced	by	producing	surface	groups	such	as	

amino	groups,	NO2,	carboxyl	groups	or	oxygen.		However,	a	question	that	arises	from	this	study	

is	 to	 what	 extent	 carbon	 nanotubes	 show	 “special”	 properties	 with	 regard	 to	 their	
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electrochemistry	in	applications	in	glucose	electrodes.	Taking	a	closer	look	at	our	results,	it	is	

clear	that	there	is	nothing	specific	about	the	use	of	MWCNTs	that	enhances	the	performance	of	

the	electrode	beyond	the	fact	that	the	MWCNT	layer	deposited	on	the	glassy	carbon	supporting	

electrode	provides	a	high	real	surface	area,	estimated	in	this	case	to	be	14	cm2.	Moreover,	the	

charging	current	in	the	phosphate	buffer	solution	at	the	GC	electrode	is	much	greater	per	unit	

real	area	(100	F	cm‐2)	than	that	at	the	MWCNT	surface	(8	F	cm‐2),	Figure	3.2.	This	difference	

can	 be	 ascribed	 to	 the	 difference	 in	 the	 electronic	 structure	 of	 the	 two	materials	 and	 the	

consequent	difference	in	the	density	of	states	(DOS)	at	the	Fermi	level.269‐270	Thus,	the	MWCNTs	

and	 carbon	nanomaterials	 do	have	 a	 “special”	 property	 but	 it	 has	 nothing	 to	 do	with	 their	

ability	to	transfer	electrons	to/from	native	GOx.	

3.16 Conclusions	

In	this	chapter,	it	has	been	demonstrated	that	the	evidence	presented	in	the	literature	for	the	

vast	 majority	 of	 cases	 in	 support	 of	 direct	 electron	 transfer	 (DET)	 to	 glucose	 oxidase	 at	

electrodes	 constructed	 for	 various	 nanomaterials,	 particularly	 carbon	 nanotubes	 (CNTs)	 of	

various	forms,	is	unconvincing,	arguable	or	debatable.	The	present	study	has	shown	that	the	

surface	redox	peaks	usually	observed	in	these	cases	are	due	to	free,	adsorbed	flavin	and	not,	as	

claimed	to	be,	due	to	DET	to	flavin	within	the	enzyme.	In	most	cases,	 this	 free	flavin	comes	

predominantly	 from	 impurities	present	 in	 the	 commercial	 enzyme	when	 it	 is	used	without	

purification.	In	addition,	the	continuing	release	of	FAD	from	the	enzyme’s	active	site	has	also	

been	 recorded.	 We	 have	 also	 shown	 that	 catalase,	 also	 present	 in	 significant	 amounts	 in	

commonly	used	commercial	sources	of	GOx,	is	a	concern.		

The	 redox	 potential	 of	 the	 GOx‐bound	 FAD	 cannot	 be	 determined	 by	 conventional	

voltammetry.	Recently,	a	parallel	set	of	such	redox	potentials,	over	a	range	of	pH,	has	been	

determined	by	Vogt	et	al.144	for	both	free	and	GOx‐bound	FAD.	At	pH	7.0,	the	redox	potentials	

were	‐0.32	V	and	‐0.44	V	vs.	SCE	for	GOx‐bound	FAD	and	free	FAD,	respectively.	The	peaks	

corresponding	 to	 GOx‐bound	 FAD	 were	 not	 seen	 in	 the	 previously	 published	 papers	 that	

claimed	DET	of	GOx	because	DET	did	not	take	place.	Thus,	the	observed	electrochemistry	was	

due	to	adsorbed	free	FAD.						

The	obtained	 results	have	also	 confirmed	 that	 the	 commonly	 reported	 response	 to	 glucose	

seen	in	the	presence	of	oxygen	is	due	to	the	consumption	of	oxygen	by	adsorbed	GOx,	which	

should	be	enzymatically	active	but	electrochemically	inactive,	that	is	present	at	the	electrode	

surface	and	that	metal	impurities	present	in	the	MWCNTs	play	an	important	role	in	providing	

the	 response	 associated	 with	 the	 oxygen	 reduction.	 In	 this	 respect,	 it	 is	 ironic	 that	 the	

commonly	 reported	 results	 that	 claim	 DET	 for	 GOx,	 as	 given	 in	 Table	 3.1,	 are	 largely	
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contributed	by	impurities.	Therefore,	our	clear	conclusion	is	that	there	is	no	evidence	for	direct	

electron	transfer	to	native	glucose	oxidase.	

Up	to	now,	numerous	types	of	enzymes	have	been	studied	for	their	electrochemical	properties.	

The	enzymes	with	coupled	redox	centers	have	shown	an	encouraging	performance	as	they	can	

facilitate	interaction	between	the	electrode	and	the	active	redox	center.	The	next	generation	

biosensors	require	new	enzymes,	designed	and	made	by	genetic	engineering.271	Indeed,	it	is	

crucial	to	develop	a	new	strategy	for	the	enzyme’s	 immobilisation	by	employing	genetically	

engineered	enzymes	with	specific	surface	groups	to	allow	a	more	targeted	approach.	 In	the	

next	Chapter,	the	focus	will	be	on	cellobiose	dehydrogenase	(CDH)	which	could	have	the	added	

advantage	of	oxygen	independent	response	and	structures	supporting	intramolecular	electron	

transfer	between	the	catalytically	active	center	and	an	electrode.	
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Chapter	4 Amperometric	cellobiose			

dehydrogenase	electrode	

4.1 Overview	

Electrodes	modified	with	redox	proteins	and	enzymes	are	fundamental	in	the	construction	of	

biosensors	 and	biofuel	 cells.	The	extraordinary	advantages	of	 the	 enzymes’	 employment	 in	

such	applications	are	moderate	working	temperature,	operation	close	to	the	physiological	pH,	

and	 in	 addition	 high	 activity	 and	 excellent	 selectivity	 toward	 the	 enzyme’s	 substrate.272	

Furthermore,	 devices	 that	 utilise	 enzymes	 can	 be	 entirely	 biocompatible	 and/or	

biodegradable,	making	 them	 an	 ideal	 choice	 in	 the	 field	 of	 implantable	medical	 devices	 or	

environmental,	self‐powered	biosensors.18‐19	Nevertheless,	the	lack	of	long‐term	operational	

stability,	 as	well	 as	 the	 short	 shelf‐storage	 life	 of	 enzymes	 have	 not	 been	 solved	 yet.68	 	 In	

addition,	direct	electron	 transfer	 (DET)	 to	 redox	enzymes,	which	are	 close	 to	 the	electrode	

surface	 is	 usually	 very	 slow.	 It	may	 even	 prove	 impossible	 because	 of	 the	 shielding	 of	 the	

prosthetic	 group	 (redox‐active	 cofactors)	 of	 the	 enzyme	 by	 the	 surrounding	 insulating	

apoprotein	shell.32,	110	The	key	factor	for	DET	is	that	the	redox‐active	centre	of	the	enzyme	is	

orientated	properly	and	 is	within	the	assumed	electron	tunnelling	distance	of	 less	 than	8	Å	

from	the	electrode	surface.2	Therefore,	effective	DET	between	the	electrode	surface	and	the	

enzyme	 is	 not	 always	 achieved;	 it	 has	 been	 shown	 for	 less	 than	 10%	 of	 the	 known	 redox	

enzymes.32,	273	This	problem	was	resolved	by	introducing	external	redox	mediators	(artificial	

electron	 shuttles).274‐276	However,	 the	mediator	not	 only	 adds	 an	 extra	 step	 to	 the	 electron	

transfer	chain	but	also	introduces	interferences	in	a	biosensor	and	reduces	the	potential	in	a	

biofuel	 cell.	 In	 some	 cases,	 these	 issues	 can	 be	 defeated	 by	 the	 optimal	 immobilisation	 of	

enzymes	 at	 electrode	 surfaces.	 Clearly,	 the	 immobilised	 enzyme	 should	 be	 strongly	 bound,	

keep	its	structure,	and	maintain	its	activity.277‐278	Thus,	the	intrinsic,	short	lifetime	of	enzymes	

can	 be	 increased	 by	 immobilisation.279	 The	 ideal	 immobilisation	 procedure	 would	 be	

applicable	 to	 a	 broad	 range	 of	 enzymes	 and	 electrode	 types.	 Also,	 enzymes	 should	 be	

immobilised	in	such	a	way	as	to	control	the	orientation	of	the	enzyme	on	the	electrode	surface	

in	order	to	optimise	DET	without	using	any	redox	mediators.	The	work	in	this	Chapter	attempts	

to	meet	this	challenge.	

4.2 Aim	of	the	work	

A	part	of	this	study,	which	has	been	recently	published	by	Bartlett	and	co‐workers	in	2017,22	

aims	to	develop	a	flexible	method	for	a	stable,	site‐specific	covalent	immobilisation	of	redox	
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proteins	and	enzymes	at	electrode	surfaces.	To	that	end,	an	approach	has	been	described	based	

on	the	use	of	site‐directed	mutagenesis,	to	introduce	cysteine	residues	at	specific	locations	on	

the	protein	surface,	followed	by	reaction	between	the	free	thiol	and	a	maleimide	group	on	the	

electrode	 surface	 to	 attach	 the	 mutated	 enzymes.	 As	 a	 model	 enzyme,	 cellobiose	

dehydrogenase	(CDH),	was	covalently	attached	to	carbon	nanotube	electrodes.	The	electrode	

surfaces	were	first	modified	with	maleimide	groups	following	a	modular	approach	based	on	

an	electrochemical	attachment	of	two	primary	amines	at	the	electrode	surface	and	application	

of	solid	state	synthesis	procedure.	The	key	advantage	of	this	electrode	modification	procedure	

is	 its	 modular	 approach	 that	 allows	 the	 single	 elements	 of	 the	 modification	 to	 be	 varied	

independently.24	 The	CDH‐modified	 electrodes	were	 tested	 for	DET,	 showing	high	 catalytic	

currents,	excellent	selectivity,	and	a	great	long‐term	storage	stability.	

Another	aim	 for	 this	 study	was	 to	 investigate	 the	kinetics	and	electrocatalytic	behaviour	of	

cellobiose	 dehydrogenase	 from	Myriococcum	 thermophilum	 (MtCDH).	 Five	MtCDH	 variants	

have	been	used	in	this	work,	engineered	to	bear	a	free	cysteine	residue	in	different	positions	

at	 the	surface	of	 the	enzyme,	allowing	 fast	and	selective	attachment	 to	maleimide‐modified	

electrodes.	Cyclic	voltammetry	experiments	with	the	MtCDH‐modified	electrodes	were	carried	

out	in	buffered	solutions	at	pH	7.4	(physiological	pH),	at	increasing	concentrations	of	glucose,	

showing	direct	 electron	 transfer	 (DET)	between	 the	 enzyme	and	 the	 electrode	 surface	 and	

allowing	discrimination	between	the	different	MtCDH	variants.	Calibration	curves	for	glucose	

were	 recorded,	 and	 the	 data	 were	 fitted	 to	 the	 Michaelis‐Menten	 equation,	 enabling	 the	

determination	of	kinetic	parameters	for	the	immobilised	MtCDH	variants.	Moreover,	the	effect	

of	solution	pH	was	studied,	and	experiments	in	the	presence	and	absence	of	calcium	chloride	

were	 carried	 out	 to	 reach	 a	 better	 understanding	 of	 the	 DET	 and	MET	mechanism	 of	 this	

enzyme.	

4.3 Immobilisation	of	cysteine‐modified	genetically	engineered	

proteins	

There	are	many	procedures	 to	 immobilise	redox	proteins	and	enzymes	at	electrodes	 in	 the	

literature.32	 However,	 in	most	 cases,	 they	 do	 not	 allow	 control	 over	 the	 orientation	 of	 the	

enzyme	on	the	electrode	surface.	Enzymes	can	be	immobilised	on	a	support	using	a	variety	of	

methods,	ranging	from	physical	adsorption	and	ionic	binding	to	stable	covalent	bonds.66‐69	The	

covalent	immobilisation	of	enzymes	onto	electrode	surfaces	is	made	possible	via	the	reaction	

between	strong	nucleophilic	groups	on	 the	enzyme	surface	and	an	electrode	modified	with	

functional	groups.66	Despite	the	enormous	amount	of	research	accomplished	and	ongoing	in	

the	 field	of	 enzyme	 immobilisation,32	 there	are	 still	 limitations.	For	 instance,	 the	use	of	 the	

amino	acid	chain	for	coupling	is	not	specific;	there	is	always	the	possibility	for	more	than	one	
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amino	acid	in	the	protein	which	to	react	with	the	modified	electrode	surface.	As	a	consequence,	

the	protein	may	be	imperfectly	orientated	on	the	modified	electrode,	giving	inefficient	direct	

electron	 transfer.	 Moreover,	 the	 active	 cite	 of	 the	 enzyme	 may	 become	 blocked	 by	 the	

immobilisation	 and/or	 the	 conformation	 may	 be	 changed	 by	 the	 immobilisation	 on	 the	

electrode.	Under	those	circumstances,	it	is	fundamental	to	develop	a	new	strategy	for	enzyme	

immobilisation	by	employing	the	genetically	engineered	enzyme	with	specific	target	groups	to	

allow	a	more	controlled	approach.		

This	 study	 suggests	 a	 flexible,	 selective	 immobilisation	 method	 based	 on	 the	 covalent	

attachment	 of	 cysteine‐modified	 genetically	 engineered	 enzymes	 at	 maleimide	 modified	

electrodes,	which	utilises	 the	 coupling	 of	 a	 thiol	 amino	 acid	 residue,	 namely	 cysteine,	with	

maleimide	(unsaturated	carbonyls),	to	form	stable	thioether	bonds	(Scheme	4.1).	It	has	often	

been	 suggested	 that	 unsaturated	 carbonyls	 (particularly	 maleimide)	 strongly	 undergo	

conjugate	addition	with	thiols	at	neutral	pH	(6.5‐7.5),	without	the	requirement	of	catalyst	or	

any	 other	 reagent,280‐281	 making	 it	 an	 excellent	 choice	 for	 the	 selective	 attachment	 of	

cysteine‐modified	 biomolecules.	 On	 the	 contrary,	 under	 these	 conditions	 amines	 are	

principally	protonated	and	thus,	unreactive.24,	68	

 

Scheme	4.1.	The	reaction	of	a	maleimide	group	immobilised	onto	an	electrode	surface	with	the	
thiol	of	a	cysteine	residue.	

 

4.4 Key	elements	of	the	modification	composition	

The	 carbon‐based	 electrodes	 of	 interest	were	modified	with	maleimide	 groups	 following	 a	

study	by	Bartlett	et	al.24	Our	suggested	procedure	includes	the	creation	of	a	modified	electrode	

surface	by	building	up	the	construction	of	the	surface	in	a	stepwise	manner,	allowing	the	key	

components	 of	 the	 structure	 to	 be	 separately	 changed.	 In	 this	 case,	 these	 elements	 are	 an	

“electrode”,	a	“linker”,	a	“spacer”,	a	“reactive	group”	and	a	“passivating	group”,	Scheme	4.2.	For	

the	 “electrode”	 element,	 carbon‐based	 electrodes	 were	 used	 in	 this	 modification;	 carbon	
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material	was	chosen	as	it	 is	a	relatively	cheap	and	widely	available	material.	The	“linker”	 is	

used	 to	 provide	 a	 link	 between	 the	 electrode	 surface	 and	 the	 rest	 of	 the	 modification	

connecting	to	the	enzyme;	a	mono‐Boc	protected	diamine	was	used	for	this	purpose;	it	has	two	

functionalities	that	enables	it	to	be	electrochemically	grafted	on	the	electrode	surface	and	then	

chemically	linked	with	other	molecules.	The	“spacer”	could	then	be	coupled	to	the	linker	(using	

conventional	solid‐phase	synthesis	methodology)	to	lengthen	the	linkage;	it	has	two	functional	

groups,	one	 to	react	with	 the	 linker	and	 the	other	with	 the	reactive	group,	and	 it	 can	be	of	

different	 length.	 The	 “reactive	 group”	 is	 the	 final	 component	 in	 the	 linkage	 that	 can	 be	

chemically	 coupled	 to	 the	 spacer	 (or	 the	 linker	 if	 a	 spacer	 is	 not	 used)	 through	 one	 of	 its	

functionalities	and	has	a	second	functional	group	suitable	to	react	with	the	target	group	on	the	

desired	 genetically	 engineered	 protein.	 Finally,	 the	 “passivating	 group”	 which	 is	 a	 small	

molecule	that	can	be	attached	to	the	electrode	surface	together	with	the	linker,	thus	forming	a	

mixed	 two‐component	 monolayer.	 This	 gives	 a	 controlled	 partial	 coverage	 of	 the	 reactive	

group	on	the	surface,	compatible	with	the	surface	of	the	enzyme	around	the	attachment	point	

and	 suitable	 for	 accommodating	 big	 biomolecules	 such	 as	 enzymes,	 thus	 to	 reduce	

denaturation	of	the	protein.		

 

Scheme	4.2.	Schematic	 representation	of	 the	 stepwise	modified	 electrode,	with	key	 elements	
highlighted.	

4.5 Cellobiose	dehydrogenase	(CDH)		

As	a	consequence	of	the	obvious	drawbacks	with	GOx	(see	Chapter	three);	there	has	been	a	

continuous	search	for	alternative	carbohydrate‐oxidation	enzymes.	Cellobiose	dehydrogenase	

(CDH)	(EC	1.	1.	99.	18)	282	was	selected	as	the	model	redox	enzyme	system	in	this	study.	CDH	
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is	an	extracellular	enzyme	secreted	by	several	of	the	fungi	involved	in	wood	degradation.283	It	

catalyses	the	oxidation	of	carbohydrates,	and	CDH	can	be	used	as	a	versatile	bio‐recognition	

element	in	the	detection	of	saccharides	such	as	glucose.284	As	a	flavocytochrome,	CDH	has	been	

used	as	a	model	enzyme	for	glucose	biosensors	because	of	its	exceptional	properties.283,	285	It	

is	 a	 monomeric	 protein,	 between	 85	 and	 101	 kDa	 in	 mass	 depending	 on	 the	 degree	 of	

glycosylation,	consisting	of	two	separate	domains	with	different	structures	linked	together	by	

a	polypeptide	linker	of	around	20	amino	acids	that	allows	the	two	to	come	in	close	contact	for	

internal	electron	transfer	(IET).286		CDH	consists	of	a	larger	flavin‐containing	domain	(DH),	and	

a	 smaller	 haem‐associated	 domain	 (CYT),	 the	 natural	 cofactors	 are	 FAD	 and	 haem	 b,	

respectively.285	 CDH	 is	 represented	 by	 a	 phylogenetic	 classification	 of	 class	 I	 and	 class	 II	

CDHs.287	Class	I	CDHs	have	a	pH	optima	in	the	acidic	pH	range.	Class	II	CDHs	have	longer	amino	

acid	sequences	than	class	I,	can	have	pH	optima	around	pH	7.4	(physiological	pH),	and	are	able	

to	oxidize	mono	and	disaccharides,	although	with	lower	efficiencies.284	

The	crystal	structure	of	the	CDH	is	known,288	Figure	4.1	shows	the	cartoon	representation	of	

the	 secondary	 structure	 of	Myriococcum	 thermophilum	 cellobiose	 dehydrogenase	 (MtCDH)	

which	belongs	to	Class	II	CDHs.	The	crystal	structure	of	the	DH	fragment	of	CDH	shows	that	it	

is	 closely	 related	 to	 that	 of	 glucose‐methanol‐choline	 (GMC)	 family	 of	 oxidoreductases.		

Another	 member	 of	 GMC	 oxidoreductase	 family	 GOx	 is	 similar	 in	 overall	 structure	 and	

active‐site	architecture	to	the	DH	domain.289	However,	the	structure	of	the	catalytic‐site	in	the	

DH	domain	around	the	flavin	ring	has	two	conserved	residues,	histidine	and	asparagine	in	a	

similar	conformation	and	geometry	relative	to	the	flavin	N5.	In	GOx,	the	asparagine	is	replaced	

by	a	histidine	residue.290			

As	 a	 typical	 dehydrogenase,	 CDH	 displays	 the	 properties	 of	 both	 oxidative	 and	 reductive	

half‐reactions	 that	 can	 be	 investigated	 separately.	 The	 oxidative	 half‐reaction	 exhibits	 an	

oxidation	at	the	C1	position	of	a	carbohydrate,	which	is	converted	to	a	lactone	that	can	undergo	

hydrolysis	 spontaneously	 to	a	 carboxylic	acid.290‐291	Compared	 to	GOx,	 few	research	groups	

have	 been	 focussed	 on	 the	 catalytic	 mechanism	 of	 the	 immobilised	 CDH,	 particularly,	 the	

individual	 roles	 of	 the	 two	 prosthetic	 groups.	 GOx	 catalyses	 the	 oxidation	 of	 D‐glucose	 to	

D‐glucono‐1,	5‐lactone.	Therefore,	GOx	and	CDH	perform	similar	reductive	half‐reactions.	The	

vast	majority	of	the	published	results	for	CDH	indicates	that	the	oxidation	of	a	saccharide	is	

carried	out	by	the	FAD	group,	which	is	reduced	to	FADH2.291	Hence,	FADH2	is	oxidised	back	by	

donating	 electrons	 to	 an	 electron	 acceptor,	 or	 to	 the	 haem	 cofactor.	 In	 other	 words,	 the	

electrons	 obtained	 by	 carbohydrate	 oxidation	 can	 be	 transferred	 directly	 from	 the	 flavin	

domain	 to	 different	 one	 or	 two‐electron	 acceptors.	 On	 the	 contrary,	 the	 electrons	 can	 be	

transferred	 by	 an	 interdomain	 electron	 transfer	 (IET)	 to	 the	 haem	 domain	 and	 then	 to	

one‐electron	 acceptors	 such	 as	 cytochrome	 c	 or	 rather	 to	 an	 electrode	 surface	 in	 a	 direct	
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electron	transfer	(DET)	reaction.283,	292	Common	artificial	electron	acceptors	include	quinones,	

osmium	 complexes,	 Fe3+,	 Cu2+,	 and	 triiodide	 ion.291	 In	 general,	 the	 CDH	 is	 unaffected	 by	

molecular	oxygen.	Its	higher	affinity	for	artificial	electron	acceptors	than	for	oxygen293‐294	and	

the	 low‐spin	 character	 of	 the	 haem	 in	 the	 oxidized	 and	 reduced	 states295,	 confirm	 that	 the	

electron	 acceptor	 of	 this	 enzyme	 is	 not	 molecular	 oxygen.	 On	 the	 contrary,	 in	 GOx‐based	

electrodes	 the	 oxygen	 turnover	 decreases	 the	 electrode	 efficiency	 and	 yields	 hydrogen	

peroxide	(H2O2)	which	degrades	the	enzyme.296		

 

Figure	4.1.	Cartoon	representation	of	the	secondary	structure	of	Myriococcum	thermophilum	
cellobiose	dehydrogenase.	The	sites	of	the	flavin	domain	with	the	FAD	group	in	beige/yellow	and	
cytochrome	domain	with	 the	haem	group	 in	pink/red.	The	polypeptide	 chain	 linking	 the	 two	
domains	 is	 highlighted	 in	 lime	 green.	 (The	 image	was	 obtained	with	 PyMol	 software,	 PyMol	
visualisations	are	based	on	the	crystal	structure	of	MtCDH,	PDB	code	4QI6).288	

 

4.6 Engineered	MtCDH	

There	is	no	evidence	that	MtCDH	has	any	surface	cysteines,288	making	it	an	ideal	nominee	for	

site‐directed	mutagenesis	to	place	cysteines	at	a	specific	surface	site	for	immobilisation.	Five	

genetically	engineered	MtCDH	variants,	D813C,	D574C,	E522C,	E674C	and	T701C	have	been	

used	in	this	study.	The	five	variants	of	the	MtCDH	were	provided	by	Dr	Su	Ma	and	Dr	Roland	

Ludwig,	 University	 of	 Natural	 Resources	 and	 Life	 Sciences,	 BOKU,	 in	 Vienna.	 They	 were	

modified	to	bear	a	 free	single	cysteine	residue	 in	different	positions	on	the	enzyme	surface	

(Figure	4.2)	allowing	site‐specific	attachment	to	the	maleimide‐modified	electrodes.	To	refresh	

the	memory,	 the	 key	 aspect	 for	 the	 DET	 of	 the	 immobilised	 CDH	 is	 that	 the	 electrons	 are	
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transferred	from	FAD	in	the	catalytic	flavin	domain	to	haem	in	a	mobile	cytochrome	domain,	

which	acts	as	a	built‐in	mediator.286	Thus,	the	mobility	of	the	haem	domain	is	fundamental	for	

direct	 electron	 transfer	of	 our	proposed	electrode.297	Accordingly,	 the	positions	of	 cysteine	

residues	 at	 a	 particular	 site	 on	 the	 surface	 of	 the	 flavin	domain	were	 chosen	 to	 obtain	 the	

desired	mobility	of	the	haem	domain	after	immobilisation.	

 

Figure	4.2.	Cartoon	representation	of	the	secondary	structure	of	the	five	MtCDH	variants.	The	
free	 cysteine	 residues	 on	 the	 surface	 of	 the	 flavin	 domain	 are	 highlighted	 in	 blue.	 (PyMol	
visualisations	are	based	on	the	crystal	structure	of	MtCDH,	PDB	code	4QI6).288	

	

4.7 Electrode	modification	and	MtCDH	immobilization	

Multiwall	carbon	nanotube	modified	glassy	carbon	electrodes	(GC/MWCNT)	were	selected	as	

a	 template	 for	 carbon‐based	 electrodes	 owing	 to	 their	 high	 surface	 area	 combined	 with	

comparatively	low	capacitance.	Herein,	we	describe	an	innovative	procedure	for	the	covalent,	

site‐specific	 immobilization	 of	 cysteine‐modified	 genetically	 engineered	 MtCDH	 onto	 the	

maleimide‐modified	multiwall	carbon	nanotube	electrodes.	

GC/MWCNT	electrodes	were	modified	with	a	mixture	of	two	primary	amines,	(Scheme	4.3	a),	

in	 order	 to	 dilute	 the	 final	 number	 of	 maleimide	 groups	 in	 the	 ultimate	 film.	 The	 linker	

(N‐Boc‐1,6‐hexanediamine)	 and	 the	 passivating	 group	 (N‐(2‐aminoethyl)	 acetamide)	 were	

oxidised	onto	the	surface	of	GC/MWCNT	electrodes	through	electrochemical	grafting	from	an	

acetonitrile	 solution	 with	 a	 ratio	 of	 one	 linker	 to	 nine	 passivating	 groups.	 The	 electrode	

potential	was	held	at	+2	V	vs.	SCE	for	180	s;	this	potential	was	chosen	because	both	amines	are	

oxidised	and,	therefore,	stoichiometric	amounts	of	the	corresponding	amine	radicals	should	be	

produced.	Assuming	similar	reactivity	for	the	two	amine	radicals	produced,	one	might	expect	
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that	 the	 ratio	 of	 their	 surface	 coverages	 to	 be	 similar	 to	 the	 ratio	 of	 their	 solution	

concentrations.	After	electrografting,	Boc‐deprotection	of	the	linker	was	performed	(Scheme	

4.3	b1),	 then	a	six	carbon‐long	spacer	(N‐Boc‐6‐aminohexanoic	acid)	was	 introduced	to	 the	

linker	in	order	to	lengthen	the	tether.	It	has	been	proposed	that	the	use	of	such	length	of	spacer	

should	provide	an	approximately	3	nm	long	linkage	at	the	end	of	the	modification,	making	it	

more	 flexible	 and	 accessible	 for	 the	 cysteine	 residue	 at	 the	 CDH	 surface,	 (Scheme	 4.3	 c).	

Eventually,	 the	 Boc‐protecting	 group	 of	 the	 spacer	 was	 removed	 (Scheme	 4.3	 b2)	 and	

N‐maleoyl‐β‐alanine	 was	 coupled	 to	 the	 amino‐modified	 surface	 to	 produce	 the	

maleimide‐modified	 multiwall	 carbon	 nanotube	 electrode	 (Scheme	 4.3	 d).	 Scheme	 4.3	

illustrates	the	sequential	electrochemical	and	solid‐phase	preparation	of	maleimide‐modified	

GC/MWCNT	electrodes.	The	maleimide	group	was	chosen	because	it	undergoes	spontaneous	

reaction	with	free	thiols	in	aqueous	solution	at	neutral	pH	19,20	and	room	temperature,	allowing	

efficient	use	of	small	quantities	of	the	cysteine‐modified	genetically	engineered	enzyme.		

Coupling	of	the	MtCDH	variants	was	performed	by	drop	casting	3	μL	of	CDH	solution	(at	pH	

7.0)	on	the	surface	of	the	maleimide‐modified	GC/MWCNT	electrode	which	was	then	covered	

and	stored	in	the	fridge	(4	°C)	overnight,	electrodes	were	then	washed	with	50	mM	pH7	tris	

buffer,	but	not	allowed	to	dry,	before	electrochemical	measurements.	Scheme	4.4	shows	the	

immobilisation	 of	 the	 MtCDH	 variant	 of	 choice	 on	 the	 maleimide‐modified	 GC/MWCNT	

electrode.	

 

Scheme	 4.3.	 Sequential	 electrochemical	 and	 solid‐phase	 preparation	 of	maleimide‐modified	
GC/MWCNT	 electrodes.	Reagents	 and	 conditions:	 a)	 2	mM	N‐Boc‐1,6‐hexanediamine,	 18	mM	
N‐(2‐aminoethyl)	acetamide,	0.1	M	TBATFB	in	deoxygenated	acetonitrile,	constant	potential	of	2	
V	vs.	SCE	for	180	s;	b1,	b2)	4	M	HCl	in	1,4‐dioxane	(45	min);	c)	10	mM	N‐Boc‐6‐aminohexanoic	
acid,	0.1	M	EDC,	60	mM	NHS	in	DMF	(16	h);	d)	25	mM	N‐maleoyl‐β‐alanine	,	0.1	M	EDC,	60	mM	
NHS	in	DMF	(16	h).	
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Scheme	4.4.	Immobilisation	of	the	MtCDH	variant	of	choice	on	maleimide‐modified	GC/MWCNT	
electrode.	The	MtCDH	image	was	obtained	with	PyMol	software,	PyMol	visualisations	are	based	
on	the	crystal	structure	of	MtCDH,	PDB	code	4QI6.288	

 

The	genetically	 engineered	proteins	 require	 some	 time	and	effort	 to	prepare	and	are	often	

available	 only	 in	 small	 quantities.	 Thus,	 the	 E522‐MtCDH	 variant	was	 selected	 as	 a	model	

variant	to	examine	and	improve	our	suggested	electrode	modification	method	because	it	was	

available	in	larger	amount	than	the	other	variants.	

4.7.1 Direct	electron	transfer	at	MtCDH‐modified	electrodes	

GC/MWCNT	electrodes	modified	with	the	CDH	variants	E522	(see	Figure	4.2	for	the	structure)	

were	 first	 tested	 for	DET	by	cyclic	voltammetry	 in	deoxygenated	50	mM	Tris/30	mM	CaCl2	

buffer	 (pH	 7.4)	 at	 10	 mV	 s‐1.	 Figure	 4.3	 shows	 that,	 the	 anodic	 and	 cathodic	 peaks	 as	 a	

consequence	 of	 the	 oxidation	 and	 reduction	 of	 the	 redox	 centre	 (most	 probably,	 the	 haem	

cofactor)	of	the	enzyme	are	clearly	visible	above	the	capacitive	background	current.	The	redox	

electrode	potential	(Emid)	of	about	‐0.135	V	vs.	SCE	is	consistent	with	results	from	other	studies	

of	DET	of	class	II	CDHs	at	pH	7.4.283‐284,	298	
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Figure	 4.3.	 Cyclic	 voltammogram	 for	 CDH‐modified GC/MWCNT	 electrode	 (E522‐CDH)	 in	
deoxygenated	50	mM	Tris	buffer	(pH	7.4),	containing	30	mM	CaCl2	(red	 line).	The	GC/MWCNT	
electrode	was	prepared	by	drop	casting	of	a	5	µL	aliquot	of	1	mg	mL‐1	MWCNT	(carboxylic	acid	
functionalized)	dispersion	onto	the	cleaned	surface	of	GC.	The	black	line	is	the	calculated	baseline.	
The	electrode	potential	was	swept	at	10	mV/s	from	‐0.35	to	0.1	V	vs.	SCE.		

	

DET	of	 the	GC/MWCNT	electrodes	modified	with	 the	MtCDH	E522	variant	were	also	 tested	

indirectly	by	monitoring	 the	catalytic	current	caused	by	glucose	oxidation.	Slow	scan	cyclic	

voltammetry	experiments	were	carried	out	in	deoxygenated	50	mM	tris	buffer	(pH	7.4)	and	

after	the	addition	of	different	concentrations	of	D‐glucose.	Figure	4.4	shows	an	increase	in	the	

catalytic	current	as	the	concentration	of	D‐glucose	in	the	solution	was	increased	up	to	70	mM.	

The	 current	 started	 to	 increase	 at	 ca.	 ‐0.2	V	vs.	 SCE	 reaching	 a	 catalytic	 current	 plateau	 at	

around	‐0.05	V.	The	position	of	the	onset	of	the	catalytic	current	agrees	with	that	reported	in	

the	literature	for	immobilised	MtCDH	at	silver,	graphite	and	single‐walled	carbon	nanotubes	

electrodes	and	corresponds	to	DET	from	the	haem	to	the	electrode.283,	299‐300	The	non‐catalytic	

voltammetry	and	the	electrocatalytic	behaviour	of	the	MtCDH	variant	E522C	are	discussed	in	

more	detail	in	Section	4.9.1.			
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Figure	4.4.	Typical	cyclic	voltammograms	for	CDH‐modified	GC/MWCNT	electrode	(E522‐CDH)	
in	 deoxygenated	 50	 mM	 Tris	 buffer	 (pH	 7.4),	 containing	 30	 mM	 CaCl2	 and	 increasing	
concentrations	of	D‐glucose.	The	GC/MWCNT	electrode	was	prepared	by	drop	casting	of	a	5	µL	
aliquot	of	1	mg	mL‐1	MWCNT	(carboxylic	acid	functionalized)	dispersion	onto	the	cleaned	surface	
of	GC.	The	electrode	potential	was	swept	at	1	mV/s	from	‐0.35	to	0.1	V	vs.	SCE.	

	

4.7.2 Control	experiments	

It	 is	 important	 to	 note	 that	 in	many	 literature	 examples	 of	 “covalent	methods	 for	 enzyme	

immobilisation”	 the	 evidence	 presented	 is	 often	 incomplete	 and	 unconvincing	 as	 there	 are	

insufficient	controls	reported.	In	this	study	several	control	experiments	have	been	attempted.	

The	control	experiments	were	designed	to	confirm	that	the	DET	observed	is	due	to	the	selective	

oxidation	 of	 D‐glucose	 catalysed	 by	 the	 enzyme,	 the	 enzyme	 is	 irreversibly	 immobilised	

through	the	thioether	bond,	to	demonstrate	long‐term	stability	of	the	enzyme	on	maleimide	

modified	GC/MWCNT	electrodes	and	the	reproducibility	of	the	approach.	

4.7.2.1 L‐glucose	experiment	

One	piece	of	evidence	that	the	catalytic	current	(observed	in	Figure	4.4)	is	due	to	the	oxidation	

of	glucose	by	the	immobilised	enzyme	is	delivered	by	the	control	experiment	using	L‐glucose,	
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the	DET	experiment	was	repeated	using	L‐glucose	and	D‐glucose.	L‐glucose	is	not	oxidised	by	

CDH.301‐302	Therefore,	the	addition	of	L‐glucose	should	not	cause	any	increase	in	the	catalytic	

current.	However,	if	the	current	were	to	be	due	to	direct	oxidation	of	glucose	on	the	electrode	

surface	 (not	 by	 the	 enzyme)	 L‐glucose	 should	 cause	 the	 same	 increase	 in	 the	 current	 as	

D‐glucose.	 Figure	 4.5	 shows	 the	 cyclic	 voltammograms	 of	 the	 CDH‐modified	 GC/MWCNT	

electrode	(E522‐CDH)	in	deoxygenated	50	mM	Tris	buffer	(pH	7.4)	and	after	the	addition	of	

different	 concentrations	 of	 L	 and	 D‐glucose.	 Upon	 addition	 of	 aliquots	 to	 increase	 the	

concentration	of	L‐glucose	in	the	cell	there	is	no	change	in	the	current	(compare	each	pair	of	

dotted	and	solid	curves),	whereas	upon	each	addition	of	an	aliquot	of	D‐glucose,	the	current	

increases	(compare	the	solid	curves).	This	chiral	selectivity	can	only	be	explained	by	catalysis	

of	the	reaction	by	the	enzyme.	Thus,	the	increase	in	current	was	due	to	the	specific	oxidation	

of	D‐glucose	(excellent	selectivity).	

 

	

Figure	 4.5.	 Cyclic	 voltammograms	 for	 a	 CDH‐modified	 GC/MWCNT	 electrode	 (CDH	 variant	
E522)	in	deoxygenated	50	mM	Tris	buffer	(pH	7.4),	containing	30	mM	CaCl2	(black	line)	and	after	
the	 addition	 of	 different	 concentrations	 of	 L‐	 and	D‐glucose.	 The	 GC/MWCNT	 electrode	was	
prepared	by	drop	casting	of	a	5	µL	aliquot	of	1	mg	mL‐1	MWCNT	(carboxylic	acid	functionalized)	
dispersion	onto	the	cleaned	surface	of	GC.	The	electrode	potential	was	swept	at	1	mV/s.	Inset:	plot	
of	the	background	subtracted	currents	measured	at	0.0	V	for	all	the	additions.		



Chapter 4 

103 

4.7.2.2 Covalent	immobilization	vs.	physical	adsorption		

So	as	to	verify	that	MtCDH	was	successfully	attached	to	the	maleimide‐modified	GC/MWCNT	

electrode	 through	 the	 thioether	 bond,	 a	 comparison	 between	 the	 covalently	 bound	 and	

physically	adsorbed	MtCDH	E522	variant	on	the	GC	/	MWCNT	electrodes	was	performed.	For	

the	 covalent	 immobilization,	 the	 maleimide‐modified	 electrode	 was	 prepared	 using	 the	

procedure	described	in	Section	4.7,	while	the	physically‐modified	one	was	prepared	by	drop	

casting	3	μL	of	the	MtCDH	solution	onto	a	bare	GC/MWCNT	electrode.	Both	electrodes	were	

tested	for	DET	using	slow	scan	cyclic	voltammetry	in	deoxygenated	50	mM	Tris	buffer	(pH	7.4)	

and	increasing	concentrations	of	D‐glucose	(Figure	4.6	A,	B),	and	calibration	curves	for	glucose	

were	 plotted	 (Figure	 4.7).	 Direct	 electron	 transfer	 was	 observed	 for	 both	 modification	

methods.	However,	 the	 catalytic	 currents	 for	 physically	 adsorbed	CDH	 (Figure	 4.7	 b)	were	

clearly	 lower	 than	 those	 for	 covalently	 immobilised	 CDH	 (Figure	 4.7	 a):	 in	 particular,	 the	

current	 decreased	 by	 about	 60	%.	 In	 the	 same	 context,	 a	maleimide‐modified	 GC/MWCNT	

electrode	was	modified	with	 a	 pH	 5.5	 enzyme	 solution	 (variant	 E522	 dissolved	 in	 50	mM	

acetate	 buffer,	 pH	 5.5)	 instead	 of	 the	 pH	 7	 enzyme	 solution	which	 is	 typically	 used	 in	 the	

immobilization	 procedure.	 This	 electrode	 was	 also	 evaluated	 by	 monitoring	 the	 catalytic	

current	caused	by	glucose	oxidation	using	cyclic	voltammetry	(Figure	4.6	C).		The	calibration	

curve	 of	 such	 an	 electrode	 (Figure	 4.7	 c)	 is	 similar	 to	 the	 one	 for	 the	 physically‐modified	

electrodes	(Figure	4.7	b),	showing	that	in	such	condition	the	covalent	binding	has	not	occurred.	

This	 can	 be	 explained	 by	 the	 fact	 that	 the	 coupling	 reaction	 between	 the	 free	 thiols	 and	

maleimide	only	occurs	at	neutral	pH	(6.5‐7.5);	at	acidic	pH	the	thiol	group	is	not	nucleophilic	

enough	to	react	with	maleimide303‐304(the	pKa	of	the	cysteine	side	chain	in	folded	proteins	is	

around	6.8).305	

 

Figure	4.6.	Typical	cyclic	voltammograms	recorded	at	maleimide‐modified	electrodes (A,	C)	and	
unmodified	GC/MWCNT	 electrodes	 (B)	with	CDH	 variant	E522.	The	CDH	 immobilisation	was	
made	at	pH	7	for	the	electrodes	in	(A)	and	(B).	For	the	electrode	in	(C)	the	CDH	was	drop	cast	
from	 a	 pH	 5.5	 solution.	 CVs	were	 carried	 out	 in	 deoxygenated	 50	mM	 Tris	 buffer	 (pH	 7.4),	
containing	30	mM	CaCl2	and	increasing	concentrations	of	D‐glucose,	sweeping	the	potential	at	1	
mV/s	from	‐0.35	to	0.1	V	vs.	SCE.	The	GC/MWCNT	electrode	was	prepared	by	drop	casting	of	a	5	
µL	aliquot	of	1	mg	mL‐1	MWCNT	 (carboxylic	acid	 functionalized)	dispersion	onto	 the	cleaned	
surface	of	GC.	
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Figure	4.7.	Background	subtracted	currents	measured	at	0.0	V	vs.	SCE	in	cyclic	voltammograms	
recorded	at	maleimide‐modified	electrodes	(a,	c)	and	unmodified	GC/MWCNT	electrodes	(b)	with	
CDH	variant	E522.	The	CDH	immobilisation	was	performed	at	pH	7	for	the	electrodes	in	(a)	and	
(b).	For	the	electrode	in	(c)	the	CDH	was	drop	cast	from	a	pH	5.5	solution.	CVs	were	carried	out	in	
deoxygenated	50	mM	Tris	buffer	(pH	7.4),	containing	30	mM	CaCl2	and	increasing	concentrations	
of	D‐glucose,	sweeping	the	potential	at	1	mV/s	from	‐0.35	to	0.1	V	vs.	SCE.	

	

The	higher	catalytic	currents	obtained	with	covalently‐modified	electrode	(Figure	4.7	a)	can	

be	attributed	to	a	greater	quantity	of	enzyme	molecules	immobilised	onto	the	electrode	and/or	

the	 fact	 that	 the	covalently	bound	enzyme	is	held	 in	a	more	suitable	orientation	for	DET	as	

compared	to	the	randomly	oriented,	physically	adsorbed	CDH.		

So	as	 to	 rule	out	 the	probability	 that	 the	different	 catalytic	 currents	 in	Figure	4.7	might	be	

obtained	 from	 different	 amounts	 of	 the	 enzyme	 molecules	 on	 the	 electrodes	 surfaces,	

mediators	were	 introduced	 (see	Section	4.9.3.4).	The	mediator	 in	 the	 solution	 should	 react	

with	all	the	active	enzyme	molecules	on	the	surface	of	the	electrode.36	Therefore,	the	mediated	

electron	transfer	(MET)	experiment	can	be	employed	as	a	valid	method	to	relate	the	currents	

observed	 in	 Figure	 4.7	 to	 the	 real	 coverage	 of	 the	 CDH‐variant	 on	 each	 electrode.	 To	 that	

purpose,	the	same	three	electrodes	were	re‐tested	by	monitoring	the	catalytic	current	caused	

by	glucose	oxidation	in	the	presence	of	ferrocene	monocarboxylic	acid	as	a	mediator.		From	the	

results	obtained	(Figure	4.8)	it	can	be	assumed	that	the	amount	of	active	enzyme	on	the	surface	
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of	the	electrodes	is	about	the	same.	However,	it	was	slightly	higher	(about	10%)	in	the	case	of	

the	covalently	bound	enzyme,	which	is	to	be	expected	in	such	a	comparison.	

 

Figure	4.8.	Background	subtracted	currents	measured	at	0.3	V	vs.	SCE	in	cyclic	voltammograms	
recorded	at	maleimide‐modified	electrodes	(a,	c)	and	unmodified	GC/MWCNT	electrodes	(b)	with	
CDH	variant	E522.	The	CDH	immobilisation	was	performed	at	pH	7	for	the	electrodes	in	(a)	and	
(b).	For	the	electrode	in	(c)	the	CDH	was	drop	cast	from	a	pH	5.5	solution.	CVs	were	carried	out	in	
deoxygenated	50	mM	tris	buffer	(pH	7.4),	containing	0.2	mM	ferrocene	monocarboxylic,	30	mM	
CaCl2	and	increasing	concentrations	of	D‐glucose,	sweeping	the	potential	at	1	mV/s	from	‐0.35	to	
0.1	V	vs.	SCE.	

	

Thus,	it	can	be	concluded	that	the	results	achieved	in	Figure	4.7	are	consistent	with	covalent	

binding	 of	 CDH	 at	 the	 maleimide‐modified	 electrode	 that	 occurred	 in	 more	 appropriate	

orientation	for	DET	as	compared	to	the	randomly	oriented	physically	adsorbed	CDH.	

4.7.2.3 Stability	of	the	CDH‐modified	electrodes	

The	DET	of	the	CDH	immobilised	through	maleimide	is	stable	when	the	GC/MWCNT	electrodes	

modified	with	the	CDH	variant	E522	were	scanned	continuously	in	50	mM	tris	buffer	(pH	7.4)	

in	the	presence	of	30	mM	CaCl2	and	the	glucose	concentrations	of	interest	at	1	mV	s‐1.	Figure	

4.9	illustrates	this;	the	response	on	the	second	cycle	is	identical	with	the	response	on	the	first	

cycle,	showing	high	stability	for	the	immobilised	enzyme.		
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Figure	4.9.	Typical	cyclic	voltammogram	for	CDH‐modified	GC/MWCNT	electrode (E522‐CDH),	
first	scan	(black	line)	and	second	scan	(red	dashed	line)	in	deoxygenated	50	mM	Tris	buffer	(pH	
7.4),	containing	30	mM	CaCl2	and	70	mM	D‐glucose.		The	electrode	potential	was	swept	at	1	mV/s	
from	‐0.35	to	0.1	V	vs.	SCE.	

	

The	stability	over	time	of	the	bio‐electro‐catalytic	activities	of	the	CDH‐modified	GC/MWCNT	

electrodes	(E522‐CDH)	to	oxidation	of	glucose	was	also	studied.	To	this	purpose,	a	comparison	

between	the	stability	of	the	CDH	immobilised	through	maleimide	and	a	physically	adsorbed	

CDH	 on	 unmodified	GC/MWCNT	were	 performed.	 	 Figure	 4.10	 illustrates	 this;	 the	 enzyme	

immobilised	at	the	maleimide	electrode	is	much	more	stable	than	the	control	for	the	adsorbed	

variant	 E522	 at	 an	unmodified	GC/MWCNT	electrode,	where	 the	 catalytic	 response	decays	

much	more	rapidly.	Compared	to	the	physically‐modified	electrode,	the	covalently‐modified	

electrodes	were	found	to	be	very	stable	for	long	periods	showing	the	same	activity	after	two	

months	(about	40%	of	the	initial	activity)	as	after	one	week	from	preparation.	The	stability	of	

the	modified	electrodes	was	investigated	by	keeping	the	electrodes	in	a	wet	condition	with	the	

same	buffer	used	for	the	tests	(50	mM	Tris/30	mM	CaCl2,	pH	7.4)	in	the	refrigerator	(4	°C),	for	

several	weeks.	It	may	be	the	case	that	the	small	variations	in	the	activity	observed	during	the	

test	are	due	to	experimental	factors,	such	as	slightly	different	temperatures	or	concentrations	

of	glucose.		
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Figure	4.10.	Background	subtracted	currents	measured	at	0.1	V	vs.	SCE	in	cyclic	voltammograms	
recorded	at	CDH‐modified	GC/MWCNT	electrodes	(CDH	variant	E522	 in	deoxygenated	50	mM	
Tris	 buffer	 (pH	 7.4),	 containing	 30	mM	 CaCl2	 and	 50	mM	 D‐glucose.	 Pink	 squares:	 enzyme	
immobilised	 through	 maleimide.	 Green	 circles:	 control,	 physically	 adsorbed	 enzyme	 on	
unmodified	GC/MWCNT.	The	electrodes	were	stored	in	wet	condition	at	4	°C	for	two	months.	

	

The	significant	initial	decrease	in	activity	during	the	first	week	for	the	maleimide	immobilised	

enzyme	can	be	accounted	for	by	desorption	of	physically	adsorbed	CDH,	which	diffuses	away	

from	the	electrode	surface	within	a	few	days.	It	is	also	important	to	note	that,	the	decrease	in	

the	catalytic	response	of	modified	electrodes	can	be	due	to	a	potential	loss	of	MWCNTs	from	

the	GC	electrode	surface.	Nevertheless,	separate	experiments	(using	the	same	electrodes	used	

for	the	stability	experiment	in	Figure	4.10)	showed	no	change	in	the	capacitive	background	

currents	for	the	electrodes	over	the	same	period	(Figure	4.11);	the	background	currents	do	not	

change	significantly	with	the	storage	times	and	are	very	similar	for	the	two	types	of	electrode.	

Therefore	it	could	be	argued	that	the	electrodes	did	not	lose	a	significant	amount	of	carbon	

nanotubes	 during	 storage	 and	 repeated	 cycling;	 two	 months	 for	 the	 enzyme	 immobilised	

through	maleimide	and	22	days	for	the	physically	adsorbed	enzyme.	The	slight	differences	in	

the	background	currents	at	cathodic	potentials	(around	‐0.35	V)	are	due	to	traces	of	oxygen	

remaining	in	the	deoxygenated	solutions.	
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Figure	 4.11.	 Cyclic	 voltammograms	 for	 the	 background	 of	 GC/MWCNT	 electrodes	
covalently‐modified	 (A)	 and	 physically‐modified	 (B)	with	 E522	 CDH,	 recorded	 after	 different	
times	 from	 the	preparation.	CVs	were	 recorded	 in	deoxygenated	50	mM	Tris	buffer	 (pH	7.4),	
containing	30	mM	CaCl2,	sweeping	the	electrode	potential	at	1	mV/s.	The	electrodes	were	stored	
in	the	same	buffer	used	 for	the	analysis,	at	4	°C.	The	GC/MWCNT	electrodes	were	prepared	by	
drop	casting	of	a	5	µL	aliquot	of	1	mg	mL‐1	MWCNT	(carboxylic	acid	functionalized)	dispersion	
onto	the	cleaned	surface	of	GC.	

 

4.7.2.4 Stability	of	the	CDH‐modified	electrodes	in	pH	3	

The	control	experiments	mentioned	above	have	verified	that	the	reaction	of	maleimide	with	

the	cysteine	led	to	a	covalent	immobilisation	of	the	enzyme	at	the	electrode	surface.	In	order	

to	further	test	the	stability	of	the	CDH	immobilised	through	the	thioether	bond,	a	final	test	has	

been	performed	(Figure	4.12).	In	this	experiment	the	physically	and	the	covalently	modified	

electrodes	were	incubated	in	citrate	buffer	solution	at	pH	3.5	and	periodically	tested	for	their	

response	to	glucose.	Figure	4.13	decidedly	confirms	a	very	significant	difference	between	the	

physically	 adsorbed	 enzyme	 and	 the	 enzyme	 attached	 through	 the	 thiol‐maleimide.	 The	

thiol‐maleimide	linked	enzyme	shows	excellent	stability	when	compared	with	the	physically	

adsorbed	enzyme;	the	activity	of	the	electrode	with	physically	adsorbed	enzyme	drops	to	8%	

in	6	h	whereas	that	for	the	enzyme	immobilised	through	maleimide	the	activity	remains	at	84%	

over	the	same	period.	This	difference	arises	because	the	physical,	non‐covalent,	binding	of	the	

enzyme	to	the	MWCNT	electrode	surface	is	strongly	pH	dependent	due	to	the	carboxylic	acid	

groups	on	the	surface	of	the	MWCNTs.	Indeed,	changing	the	pH	to	3.5	leads	to		protonation		of		

the		carboxylic	acid	groups	on		the	MWCNTs		(pKa	~	4.5)	and		CDH	(pI	~	3.8)284	which		should	

significantly	alter	the	strength	of	the	physical	adsorption	of	the	CDH.	At	pH	7	the	carboxylic	

groups	are	ionised,	at	pH	3.5	they	are	protonated,	and	this	change	influences	the	strength	of	

the	adsorption.66	
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Figure	4.12.	Typical	cyclic	voltammograms	for	CDH‐modified	GC/MWCNT	electrode	(E522‐CDH)	
in	deoxygenated	50	mM	Tris	buffer	(pH	7.4),	containing	30	mM	CaCl2	and	70	mM	D‐glucose	(red	
lines)	and	after	incubation	the	electrodes	in	50	mM	citrate	buffer	(pH	3.5)	for	2	(green	lines),	4	
(orange	lines)	and	6	(blue	lines)		hours.	(A):	enzyme	immobilised	through	maleimide.	(B):	control,	
physically	adsorbed	enzyme	on	unmodified	GC/MWCNT.	The	electrode	potential	was	swept	at	1	
mV/s	from	‐0.35	to	0.1	V	vs.	SCE.	The	GC/MWCNT	electrode	was	prepared	by	drop	casting	of	a	5	
µL	aliquot	of	1	mg	mL‐1	MWCNT	 (carboxylic	acid	 functionalized)	dispersion	onto	 the	cleaned	
surface	of	GC.	

 

Figure	4.13.	The	 electrocatalytic	activities	 in	%	measured	at	0	V	 vs.	 SCE	 (after	background	
current	subtraction)	in	cyclic	voltammograms	recorded	at	CDH‐modified	GC/MWCNT	electrodes	
(CDH	variant	E522	in	deoxygenated	50	mM	Tris	buffer	(pH	7.4),	containing	30	mM	CaCl2	and	70	
mM	D‐glucose.	 Pink	 circles:	 enzyme	 immobilised	 through	maleimide.	 Green	 squares:	 control,	
physically	adsorbed	enzyme	on	unmodified	GC/MWCNT.	The	electrodes	were	incubated	in	50	mM	
citrate	buffer	(pH	3.5)	whilst	stirring	for	2,	4	and	6	hours	at	24	°C.	
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4.8 Covalent	immobilization	of	CDH	on	flat	carbon‐based	

electrodes	

The	 use	 of	 carbon‐based	 electrodes	 became	 very	 popular	 because	 of	 the	 wide	 potential	

window,	 low	cost	and	good	mechanical	and	dimensional	 stability.	Carbon	materials	of	note	

include	 carbon	 fibers,	 glassy	 carbon,	 graphite,	 vapor	 deposited	 carbon	 and	 carbon	

nanotubes.270	

The	 key	 advantage	 of	 the	 electrode	modification	 procedure	 described	 in	 Section	 4.7,	 is	 its	

modular	 approach	 that	 allows	 the	 single	 elements	 of	 the	 modification	 to	 be	 varied	

independently.	Therefore,	the	next	study	was	attempted	using	boron	doped	diamond	(BDD)	

electrodes	 rather	 than	 glassy	 carbon	 electrodes	modified	with	multiwall	 carbon	nanotubes	

(GC/MWCNT).	However,	the	other	modification	elements,	the	linker,	spacer,	passivating	group	

and	reactive	group	(maleimide)	were	utilised	as	described	before.		

Indeed,	our	suggested	electrode	modification	approach	(Section	4.7)	was	previously	applied	

on	glassy	carbon	(GC)	electrodes;	the	DET	of	the	GC	electrodes	covalently	modified	with	the	

MtCDH	 variant	 E522	 were	 tested	 by	 monitoring	 the	 catalytic	 current	 caused	 by	 glucose	

oxidation	using	cyclic	voltammetry	at	1	mV/s.	Nonetheless,	no	catalytic	current	was	observed.	

The	poor	performance	of	the	CDH‐modified	GC	electrodes	has	been	related	to	the	quantity	of	

immobilised	enzyme	on	a	bare	GC	electrodes	(geometric	surface	area	=	0.071	cm2)	which	was	

insufficient	to	generate	a	catalytic	current	higher	than	the	electrode	capacitive	current,	so	as	

to	 be	 detected.	 Alternatively,	 glassy	 carbon	 electrodes	 modified	 with	 multiwall	 carbon	

nanotubes	(GC/MWCNT)	were	chosen	as	a	model	for	carbon‐based	electrodes	because	of	their	

high	 surface	 area	 (estimated	 surface	 area	 =	 14	 cm2)202	 combined	 with	 relatively	 low	

capacitance.	Using	one	variant	of	MtCDH	we	have	shown	 that	 this	approach	 leads	 to	stable	

attachment	 of	 the	 enzyme	 to	 the	 GC/MWCNT	 electrode	 surface	 and	 that	 the	 immobilised	

enzyme	 is	 active	 for	 the	 electrochemical	 oxidation	 of	 D‐glucose	 without	 added	 redox	

mediators.	Nevertheless,	we	reasoned	that	flat	electrodes	could	be	investigated	by	choosing	

low	 capacitance	 electrode	 materials.	 Thus	 boron	 doped	 diamond	 (BDD)	 electrodes	 were	

introduced.63	 The	 BDD	 electrodes	 were	 purchased	 from	 Windsor	 Scientific.	 The	 covalent	

immobilisation	 of	MtCDH	 variant	 E522C	 on	 the	 maleimide‐modified	 BDD	 electrodes	 were	

performed	using	the	method	explained	in	Section	4.7.	DET	at	the	CDH‐modified	BDD	electrodes	

was	tested	by	cyclic	voltammetry	in	deoxygenated	50	mM	Tris‐HCl	buffer,	pH	7.4.	Figure	4.14	

shows	that,	with	increasing	concentration	of	D‐glucose	in	solution	up	to	10	mM,	an	increasing	

catalytic	 current	 is	 visible	 starting	 from	 about	 ‐0.2	 V	 vs.	 SCE	 and	 reaching	 a	 plateau	

around	‐0.05	V.	The	position	of	the	electro‐catalytic	wave	agrees	with	that	obtained		for	the	
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CDH‐modified	GC/MWCNT	electrode	(Figure	4.4)	and	corresponds	to	DET	from	the	haem	to	

the	electrode.299‐300	

Compared	 to	 the	 catalytic	 current	 obtained	 with	 the	 CDH‐modified	 GC/MWCNT	 electrode	

(Figure	4.4)	the	catalytic	current	shown	in	Figure	4.14	is	very	low	(in	the	order	of	nA)	which	is	

expected	 in	 such	 comparison.	 Indeed,	 the	quantity	of	 enzyme	which	 can	be	 immobilised	at	

surface	 of	 the	 BDD	 electrode	 is	 much	 lower	 than	 that	 immobilised	 at	 the	 GC/MWCNT	

electrodes,	generating	a	much	lower	current.	

 

Figure	4.14. Typical	 cyclic	 voltammograms	 for	CDH‐modified	BDD	 electrode	 (E522‐CDH)	 in	
deoxygenated	50	mM	Tris	buffer	(pH	7.4),	containing	30	mM	CaCl2	and	increasing	concentrations	
of	D‐glucose.	The	electrode	potential	was	swept	at	1	mV/s	from	‐0.3	to	0.0	V	vs.	SCE.	

	

Despite	 the	 small	 quantity	of	 the	 immobilised	enzyme	on	 the	 surface	of	 the	BDD	electrode	

(geometric	 surface	 area	 =	 0.071	 cm2)	 it	 is	 able	 to	 produce	 an	 electrochemical	 oxidation	 of	

D‐glucose.	Therefore,	 it	could	be	argued	that	the	poor	performance	of	the	CDH‐modified	GC	

electrodes	was	 not	 because	 of	 their	 small	 surface	 area	 (small	 quantity	 of	 the	 immobilised	

enzyme),	it	is	most	probably	because	of	their	relatively	high	capacitance.		

4.8.1 Direct	electron	transfer	of	MtCDH‐modified	GC	electrode	

The	experimentally	measured	current	density	includes	two	components	i)	the	Faradaic	current	

density,	 jFaradaic	that	is	associated	with	the	electrons	crossing	the	electrode‐solution	interface	
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and	leading	to	the	chemical	change	and	ii)	the	non‐Faradaic	current	density,	jcharging,	ensuing	

from	 the	 electrons	 required	 to	 alter	 the	 surface	 charge.	 Using	 cyclic	 voltammetry	 to	

demonstrate	 the	 impact	 of	 charging	 currents	 (double	 layer	 charging)	 on	 electrochemical	

experiments	it	is	straightforward	to	compare	the	amounts	of	the	Faradaic	and	non‐Faradaic	

current	 densities.	 For	 cyclic	 voltammetry,	 the	 potential	 changes	 continuously;	 hence,	 the	

obtained	current	always	has	a	component	of	charging	current.	The	charging	current	density	is	

given	by:306																										

				

Where	v	is	the	scan	rate	and	Cdl	the	double	layer	capacitance.	According	to	equation	(4.1),	it	can	

be	seen	that	the	non‐Faradaic	current	density	is	a	minor	factor	at	low	scan	rate	but	becomes	a	

major	feature	at	high	scan	rate.	Thus,	the	relatively	high	capacitance	current	of	an	electrode	

such	as	GC	might	be	reduced	by	optimising	the	potential	scan	rate	of	the	cyclic	voltammetry.	

At	 this	 point	 it	 is	 also	 helpful	 to	 explain	 about	 the	 electrochemical	 reversibility.	 For	 the	

reduction	of	an	oxidized	form	(Ox)	of	a	species,	the	electron	transfer	can	be	represented	by:	

Ox	+	ne‐															Red	

For	a	reversible	system,	the	concentrations	of	the	oxidized	and	reduced	species	CO	and	CR	at	

the	electrode	surface	(x	=	0)	are	at	equilibrium	with	the	applied	potential	as	determined	by	the	

Nernst	equation:	

 

Where	E	0`	is	the	formal	potential	of	the	electrochemical	reaction,	R	is	the	gas	constant,	T	is	the	

temperature,	 and	 F	 is	 the	 Faraday	 constant.	 The	 electrochemical	 reaction	 that	 obeys	 this	

equation	 is	 called	 reversible.32	 However,	 the	 reversibility	 is	 affected	 by	 the	 parameters	

employed	during	 the	electrochemical	measurement.	From	equation	(4.2),	when	 the	applied	

potential	 (E)	 is	 varied,	 the	 ratio	 between	 oxidized	 and	 reduced	 species	 has	 to	 be	 adjusted	

instantly.307	For	protein	 film	voltammetry	(PFV),	 the	DET	kinetics	must	be	relatively	 fast	 to	

change	the	ratio	between	oxidized	and	reduced	protein	molecules	according	to	the	electrode	

potential.	Hence,	the	electrochemical	reversibility	relies	on	the	scan	rate.	The	ratio	between	

oxidised	and	reduced	protein	molecules	may	not	be	in	equilibrium	with	the	applied	potential	

when	faster	scan	rates	are	employed.32	Thus,	slower	sweep	rates	should	be	employed.		

Our	 electrode	 modification	 procedure	 was	 re‐attempted	 on	 GC	 electrodes.	 The	 covalent	

immobilisation	of	MtCDH	variant	E522C	on	the	maleimide‐modified	GC	electrodes	were	done	

using	 the	 method	 described	 in	 Section	 4.7.	 However,	 the	 DET	 of	 the	 CDH‐modified	 GC	

electrodes	were	examined	by	a	slower	scan	cyclic	voltammetry	(0.5	mV/s)	in	50	mM	Tris‐HCl	
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buffer,	pH	7.4.		Figure.	4.15	shows	that,	with	increasing	concentration	of	D‐glucose	in	solution	

up	to	10	mM,	an	increasing	catalytic	current	is	visible	(compare	the	solid	curves)		starting	from	

about	‐0.2	V	vs.	SCE	and	reaching	a	plateau	around	‐0.05	V.	The	position	of	the	electrocatalytic	

wave	agrees	with	that	obtained		for	the	CDH‐modified	GC/MWCNT	electrode	(Figure	4.4)	and	

corresponds	 to	 DET	 from	 the	 haem	 to	 the	 electrode.299‐300	 A	 valid	 proof	 that	 the	 catalytic	

current	is	due	to	the	oxidation	of	the	glucose	by	the	immobilised	enzyme	is	delivered	by	the	

control	experiment	using	L‐glucose	 (Figure	4.15);	upon	addition	of	aliquots	 to	 increase	 the	

concentration	of	L‐glucose	in	the	cell	there	is	no	change	in	the	current	(compare	each	pair	of	

dotted	and	solid	curves).	This	excellent	selectivity	can	only	be	described	by	the	catalysis	of	the	

reaction	by	the	enzyme.	

 

Figure	4.15.	Cyclic	 voltammograms	 for	a	CDH‐modified	GC	 electrode	 (CDH	 variant	E522)	 in	
deoxygenated	50	mM	Tris	buffer	 (pH	7.4),	containing	30	mM	CaCl2	 (black	 line)	and	after	 the	
addition	of	different	concentrations	of	L‐	and	D‐glucose.	The	electrode	potential	was	swept	at	0.5	
mV/s.	Inset:	plot	of	the	background	subtracted	currents	measured	at	0.0	V	for	all	the	additions.					

 

4.8.2 Covalent	immobilization	vs.	physical	adsorption	of	the	MtCDH	onto	GC	

electrodes	

To	verify	that	the	CDH	was	immobilized	at	the	GC	electrode	surface	through	covalent	bonding	

to	 the	 surface	 cysteine,	 we	 carried	 out	 a	 comparison	 between	 the	 covalently	 bound	 and	

physically	adsorbed	MtCDH.	To	this	end,	three	different	electrodes	were	prepared	in	which	the	
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covalent	 immobilisation	 method,	 as	 described	 in	 Section	 4.7,	 and	 the	 physical	 adsorption	

method	were	employed.	The	covalent	immobilisation	of	MtCDH	variant	E522C	was	performed	

on	a	maleimide‐modified	GC	electrode.	Meanwhile,	the	physical	adsorption	was	done	on	the	

two	different	electrodes;	 i)	MtCDH	variant	E522C	was	adsorbed	onto	a	bare	unmodified	GC	

electrode,	 and	 ii)	 MtCDH	 variant	 E522C	 was	 adsorbed	 onto	 a	 succinimide‐modified	 GC	

electrode.	The	succinimide	was	chosen	as	it	has	almost	the	same	molecular	structure	of	the	

maleimide	(Figure	4.16).	However,	it	is	classified	as	a	cyclic	imide.	The	thiol‐ene	reaction,	is,	

simply,	the	hydrothiolation	of	a	C=C.	Therefore,	by	using	succinimide,	no	thioether	bond	should	

be	 obtained	 with	 the	 surface	 cysteine	 of	 the	 engineered	 enzyme.	 Indeed,	 unsaturated	

carbonyls,	 namely,	 	 maleimide	 is	 the	most	 common	 substrate	 for	 such	 thiol‐ene	 reactions	

because	 it	 has	 two	 activating	 cis‐carbonyl	 groups	 coupled	 with	 ring‐strain/bond	 angle	

distortion,	the	C=C	bond	in	maleimide	is	specifically	reactive	and	such	thiol‐ene	reaction	occur	

very	rapidly.280‐281	The	physical	adsorption	was	made	simply	by	drop	casting	3	μL	of	the	MtCDH	

variant	E522C	onto	the	aforementioned	electrodes.	

 

Figure	4.16.	Molecular	structures	of	the	maleimide	group	and	succinimide	group.	

 

The	three	GC	electrodes	modified	with	the	MtCDH	E522	variant	were	tested	for	DET	by	cyclic	

voltammetry	in	50	mM	Tris‐HCl	buffer,	pH	7.4	at	0.5	mV	s‐1	(Figure	4.17).	DET	was	observed	

for	both	modification	methods	(physical	and	covalent)	in	the	presence	of	D‐glucose.	However,	

the	catalytic	currents	 for	physically	adsorbed	MtCDH	(Figure	4.18,	b	and	c)	were	decidedly	

lower	than	the	one	for	the	covalently	immobilized	MtCDH	(Figure	4.18,	a):	in	particular,	the	

current	 was	 about	 50%	 less	 for	 (b)	 and	 75%	 less	 for	 (c).	 The	 results	 in	 Figure	 4.18	 are	

consistent	with	covalent	binding	of	CDH	at	the	maleimide‐modified	GC	electrode.	The	higher	

catalytic	currents	obtained	with	the	covalently‐modified	electrode	can	be	explained	by	the	fact	

that	 the	 covalently	 immobilized	 enzyme	 is	 held	 in	 a	more	 suitable	 orientation	 for	 DET	 as	

compared	to	the	randomly	oriented,	physically	adsorbed	CDH.	
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Figure	4.17.	Typical	cyclic	voltammograms	recorded	at	CDH‐modified	GC	electrodes.	(a)	CDH	
variant	E522	was	covalently	immobilised	at	maleimide‐modified	GC	electrode,	(b)	CDH	variant	
E522	was	physically	adsorbed	on	succinimide‐modified	GC	electrode,	and	(c)	CDH	variant	E522	
was	physically	adsorbed	on	bare	unmodified	GC	electrode.	CVs	were	carried	out	in	deoxygenated	
50	mM	Tris	buffer	(pH	7.4),	containing	30	mM	CaCl2	and	increasing	concentrations	of	D‐glucose,	
sweeping	the	potential	at	0.5	mV/s	from	‐0.3	to	0.1	V	vs.	SCE.	

	

Figure	4.18.	Background	subtracted	currents	measured	at	0.0	V	vs.	SCE	in	cyclic	voltammograms	
recorded	at	CDH‐modified	GC	electrodes.	(a)	CDH	variant	E522	was	covalently	 immobilised	at	
maleimide‐modified	 GC	 electrode,	 (b)	 CDH	 variant	 E522	 was	 physically	 adsorbed	 on	
succinimide‐modified	GC	electrode,	and	(c)	CDH	variant	E522	was	physically	adsorbed	on	bare	
unmodified	GC	 electrode.	CVs	were	 carried	 out	 in	 deoxygenated	 50	mM	Tris	 buffer	 (pH	 7.4),	
containing	30	mM	CaCl2	and	increasing	concentrations	of	D‐glucose,	sweeping	the	potential	at	
0.5	mV/s	from	‐0.3	to	0.1	V	vs.	SCE.	

	

Note	that	the	capacitive	background	current	for	the	succinimide‐modified	electrode	is	higher	

than	 the	one	of	 the	bare	unmodified	electrode.	Thus,	 the	higher	catalytic	currents	obtained	

with	succinimide‐modified	GC	electrode	(Figure	4.18,	b)	compared	to	the	currents	achieved	

with	bare	unmodified	GC	electrode	(Figure	4.18,	c)	can	be	explained	by	the	adsorption	of	a	

greater	quantity	of	enzyme	molecules	at	the	succinimide‐modified	GC	electrode	surface.		
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4.8.3 Stability	of	the	CDH‐modified	GC	electrodes	

The	 MtCDH‐modified	 GC	 electrode	 (through	 the	 thioether	 bond)	 were	 found	 to	 be	

extraordinary	stable	for	long	periods	showing	after	one	month	the	same	activity	(about	80	%	

compared	to	the	initial	activity)	as	after	four	days	from	preparation	(Figure	4.19,	a).	Note	that	

the	enzyme	immobilised	at	the	maleimide	modified	GC	electrode	is	much	more	stable	than	the	

first	 control	 for	 the	 adsorbed	MtCDH	at	 succinimide‐modified	GC	 electrode;	 25%	after	 one	

month	(Figure	4.19,	b),	and	the	second	control	for	the	adsorbed	MtCDH	at	bare	unmodified	GC	

electrode;	0%	after	one	month	(Figure	4.19,	c),	where	the	catalytic	response	decays	much	more	

rapidly.	The	slight	decrease	in	activity	for	the	covalently	modified	electrode	during	the	first	

four	days	can	be	accounted	for	by	desorption	of	physically	adsorbed	CDH,	which	diffuses	away	

from	 the	 electrode	 surface	 over	 a	 few	 days.	 However,	 the	 covalently	 modified	 electrode	

maintained	roughly	the	same	activity	for	a	period	of	at	least	one	month	when	stored	at	4	°C	

wet	with	 the	 same	buffer	used	 for	 the	 tests	 (50	mM	Tris/30	mM	CaCl2,	 pH	7.4).	The	 small	

fluctuations	in	the	activity	observed	during	the	experiment	are	probably	due	to	experimental	

factors,	such	as	a	slightly	different	temperatures	or	concentrations	of	glucose.	

 

Figure	4.19.	Background	subtracted	currents	measured	at	0.0	V	vs.	SCE	in	cyclic	voltammograms	
recorded	at	CDH‐modified	GC	electrodes	in	deoxygenated	50	mM	Tris	buffer	(pH	7.4),	containing	
30	mM	 CaCl2	 and	 20	mM	 D‐glucose.	 (a)	 CDH	 variant	 E522	 was	 covalently	 immobilised	 at	
maleimide‐modified	 GC	 electrode,	 (b)	 CDH	 variant	 E522	 was	 physically	 adsorbed	 on	
succinimide‐modified	GC	electrode,	and	(c)	CDH	variant	E522	was	physically	adsorbed	on	bare	
unmodified	GC	electrode.	The	electrodes	were	stored	in	wet	condition	at	4	°C	for	one	month.	
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With	the	MtCDH	variant	E522C	(as	a	model	for	the	cysteine‐modified	genetically	engineered	

protein),	we	have	shown	that	our	immobilisation	approach	leads	to	an	extraordinary	stable	

attachment	of	the	enzyme	to	the	electrode	surface	and	the	fact	that	the	immobilised	enzyme	is	

active	 for	 the	 electrochemical	 oxidation	of	D‐glucose	without	 added	 redox	mediators.	With	

these	promising	results,	a	wide	range	of	engineered	enzymes	could	now	be	electro‐kinetically	

investigated	in	such	a	novel	strategy;	a	detailed	study	of	the	enzyme	kinetics	of	the	immobilised	

MtCDH	mutants	of	interest	are	discussed	in	the	next	sections.		

4.9 Kinetics	and	electrocatalytic	behaviour	of	MtCDH	

Redox	 enzymes	 can	 be	 classified	 into	 extrinsic	 and	 intrinsic	 enzymes	 according	 to	 the	

mechanism	of	the	ET	reaction.36	Intrinsic	enzymes,	such	as	glucose	oxidase	(GOx),	have	one	

region,	 namely,	 the	 vicinity	 of	 the	 prosthetic	 group,	 where	 the	 ET	 reaction	 between	 the	

substrate	 and	 redox	 active	 sites	 of	 the	 redox	 enzyme	 happens.	 Since	 there	 is	 no	 natural	

requirement	for	long	range	ET	pathways	to	the	surface	of	the	protein,308	DET	is	very	difficult	

to	 achieve.32	With	 extrinsic	 redox	 enzymes	 such	as	CDH,	 an	 electron‐accepting	or	donating	

center	 is	 essential	 which	 binds	 to	 the	 enzyme	 in	 some	 protein	 fragment	 or	 at	 a	 site	 not	

extremely	close	to	the	active	site	and	hence	there	are	an	electron	pathway	to	the	surface	and/or	

additional	active	site	on	the	surface	for	another	protein	to	connect	to,	making	them	an	excellent	

choice	 for	DET.36	For	CDH	the	electrons	are	transported	via	 internal	electron	transfer	(IET)	

from	the	catalytically	active	flavin	domain	to	the	haem	domain	which	is	able	to	communicate	

with	electrodes	in	a	DET	reaction.32																		

There	have	been	many	reports	of	direct	electron	transfer	(DET)	with	flavoproteins	and	most	

of	those	have	been	concerned	with	glucose	oxidase	(GOx).108	However,	further	investigations	

of	 these	systems	(see	Chapter	three)	confirm	that	 it	 is	 the	electrochemistry	of	 the	 free	FAD	

and/or	 impurities	 that	 is	 being	 observed	 rather	 than	 that	 of	 the	 enzyme.	 Following	 the	

successful	 immobilisation	of	 the	E522‐CDH	variant	on	 the	maleimide	modified	GC/MWCNT	

electrodes	 via	 the	 thioether	 linkage,	 the	 next	 aim	 was	 to	 investigate	 the	 kinetics	 and	

electrocatalytic	behaviour	of	MtCDH.	To	this	objective,	five	different	MtCDH	variants	(Figure	

4.2)	genetically	engineered	to	bear	a	free	cysteine	in	different	positions	at	the	surface	of	the	

flavin	domain	were	investigated.		

4.9.1 Electrochemistry	of	E522‐MtCDH	on	maleimide‐modified	MWCNT	

electrodes	

GC/MWCNT	electrodes	covalently	modified	with	 the	MtCDH	variants	E522	were	previously	

tested	for	DET	(Section	4.7.1)	by	cyclic	voltammetry.	Figure	4.3	showed	that	in	the	absence	of	
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substrate,	sweeping	across	the	potential	range	at	10	mV/s	produces	redox	peaks	due	to	DET	

between	the	electrode	and	the	redox	centre	of	the	enzyme.	The	redox	electrode	potential	(Emid)	

observable	at	ca.		‐0.137	V	vs.	SCE	(Figure	4.3)	is	consistent	with	other	studies	of	DET	to	CDH	

class	II	at	pH	7.4,283‐284,	298	and	can	be	attributed	to	the	one‐electron	transfer	of	the	haem	group,	

one	of	the	two	CDH	active	sites,	identified	in	two	distinct	domains	of	the	enzyme.284,	309	In	this	

Section,	 a	 further	 analysis	 is	 conducted.	 After	 the	 background	 current	 subtraction	 (Figure	

4.20A),	the	area	under	the	resulting	faradaic	voltammogram	can	be	integrated	to	estimate	the	

charge	and,	subsequently,	the	absolute	amount	of	electroactive	enzyme	on	the	surface	of	the	

modified	electrode,	the	average	amount	of	electroactive	CDH	was	calculated	(using	Faraday’s	

law)	to	be	≈	5.0	pmol.	The	surface	coverage	(Γ)	of	CDH	cannot	be	calculated	because	the	precise	

active	area	for	a	carbon	nanotubes	electrode	is	not	known	or	practically	accessible.	However,		

an	estimated	area	of	ca.	14	cm2	was	obtained	using	the	mathematical	method	described	by	

Peigney	202	for	9.5	nm	MWCNTs	with	7‐9	walls.		Assuming	a	surface	area	of	14	cm2	and	a	one	

electron	process	this	(4.5	pmol)	corresponds	to	a	coverage	of	around	0.36	x	10‐12	mol	cm‐2.		

 

Figure	 4.20.	 Cyclic	 voltammograms	 (after	 background	 current	 subtraction)	 for	 the	
CDH‐modified	GC/MWCNT	electrode	(E522C).	(A)	The	CV	was	recorded	in	deoxygenated	50	mM	
Tris	buffer	(pH	7.4)	at	20	mV/s.	(B)	The	CV	was	recorded	in	deoxygenated	50	mM	acetate	buffer	
pH	5.5	at	20	mV/s.	

	

4.9.1.1 Haem	vs.	FAD	

To	rule	out	the	possibility	that	the	redox	peaks	shown	in	Figure	4.20A	were	due	to	exchange	of	

electrons	with	the	deeply	buried	FAD	active	site	the	same	electrode	was	retested	for	DET	in	

more	acidic	solution	at	pH	5.5.	Figure	4.20B	shows	the	cyclic	voltammogram	(after	background	

current	 subtraction)	 for	 the	 CDH‐modified	 GC/MWCNT	 electrode	 in	 deoxygenated	 50	mM	

acetate	buffer	pH	5.5.	The	cyclic	voltammogram	recorded	at	pH	5.5		displays	a	redox	peaks	at	

a	potential	close	to	that	recorded	at	pH	7.4	(Figure	4.20A).	Indeed,	if	the	redox	peaks	observed	

in	Figure	4.20	were	due	 to	 the	redox	reaction	of	 the	FAD	active	site	a	pH	dependent	redox	
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potential	should	be	obtained.310	According	 to	 the	Nernst	equation	 for	a	2	proton‐2	electron	

redox	process	a	shift	of	59	mV	should	be	achieved	per	pH	unit.	Consequently,	moving	from	pH	

7.4	to	pH	5.5	should	increase	the	redox	potential	by	ca.	120	mV.	For	GOx	bound	FAD,	Vogt	et	

al.144	showed	that	a	dependence	of	the	midpoint	potential	by	a	change	of	50	mV	pH‐1	in	the	pH	

range	between	4.5	and	7.4,	indicating	a	2H+/2e‐	redox	mechanism	of	the	FAD	cofactor,	for	the	

pH	region	between	7.6	and	8.5	 the	slope	declined	 to	27	mV	pH‐1,	 implying	a	1H+/2e‐	redox	

mechanism	for	FAD.	Gorton	et	al.309	have	suggested	that	the	switch	from	a	2H+/2e−	to	a	1H+/2e−	

redox	reaction	for	FAD	happens	at	lower	pH	in	the	case	of	class	I	CDHs	(note	that	our	model	

enzyme,	MtCHD,	is	a	class	II	CDH),	demonstrating	structural	differences	of	the	catalytic	site.	

Despite	the	fact	that	the	DH	domain	of	CDH	is	similar	to	GOx	and	both	are	members	of	the	GMC	

family	of	oxidoreductase.	However,	the	structure	of	the	catalytic	site	in	the	CDH	around	the	

flavin	ring	has	two	conserved	residues,	histidine	and	asparagine	in	a	similar	conformation,	in	

GOx	there	are	two	histidines	instead.290	It	has	been	suggested	that	the	asparagine	in	CDH	is	

further	facilitate	the	proton	abstraction	from	the	substrate	by	the	histidine	residue.290,	309	In	

their	work	Gorton	et	al.309	have	also	confirmed	that	the	DET	of	class	II,	CDHs,	such	as	MtCDH,	

by	exchange	electrons	with	the	FAD	active	site	is	not	possible	at	all.	The	ca.	5	mV	difference	in	

the	 redox	 potential	 obtained	 in	 Figure	 4.20	 between	 the	 two	 pHs	 is	most	 probably	 due	 to	

experimental	error.	Hence,	it	can	be	concluded	that	the	haem	group	exchanges	electrons	with	

the	electrode	surface	in	the	DET	mechanism.		

At	a	scan	rate	of	20	mV	s‐1	the	peak	to	peak	separation	(ΔEp)	was	also	calculated	to	be	0.02	V	

(Figure	4.20),	 such	 a	 small	 value	of	ΔEp	 reveals	 that	 a	 fast	 and	 reversible	 electron	 transfer	

process	occurs	at	the	surface	of	the	CHD	modified	electrodes.306	For	a	surface‐bound	reversible	

redox	couple,	the	theoretical	width	at	half	height,	W1/2	for	the	wave	at	298	K	is	90.6	/n	in	mV,	

where	n	is	the	number	of	exchanged	electrons.309,	311	The	values	for	W1/2	of	around	80±	5	mV	

for	 the	CDH‐modified	GC/MWCNT	electrode	(E522C)	 further	support	a	1e‐	 transfer	process	

originating	from	the	haem	cofactor	located	in	the	CYT	domain.		

4.9.1.2 Effect	of	scan	rate	on	voltammetry	of	MtCDH‐modified	electrode	

Different	scan	rate	studies	were	also	performed	at	the	CDH‐modified	electrode.	Figure	4.21A	

shows	the	cyclic	voltammograms	(after	background	current	subtraction)	for	the	CDH‐modified	

GC/MWCNT	electrode	(E522C)	at	different	scan	rates.	The	anodic	peak	potential	(Epa)	shifted	

to	a	more	positive	direction	and	the	cathodic	peak	potential	(Epc)	shifted	to	a	more	negative	

direction	with	the	increasing	scan	rate	in	the	range	of	5	to	150	mV	/	s.	Nonetheless,	the	formal	

(redox)	 potential	 (E0`)	 is	 nearly	 not	 changed.	 The	 integrated	 redox	 peaks	 provide	 a	 nearly	

constant	charge	Q	(ca.	0.55	µC)	at	different	scan	rates.	In	addition,	the	redox	peak	currents	(Ipa	

and	 Ipc)	 increase	 linearly	with	 increasing	scan	rates	 (Figure	4.21B),	 showing	 that	 the	redox	
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reaction	 of	 the	 immobilized	MtCDH	 at	 maleimide‐modified	 electrode	 is	 a	 surface‐confined	

reversible	electron	transfer	process.	

 

Figure	 4.21.	 (A)	 	 Cyclic	 voltammograms	 (after	 background	 current	 subtraction)	 for	 the	
CDH‐modified	GC/MWCNT	 electrode	 (E522C)	 recorded	at	25	 °C	 in	deoxygenated	50	mM	Tris	
buffer	(pH	7.4),	containing	30	mM	CaCl2	at	different	scan	rates	(from	(a)	to	(h):	5,	10,	20,	40,	60,	
80,	100	and	150	mV	s‐1).	(B)	Shows	the	linear	dependence	plot	of	peak	currents	with	scan	rate.	

	

To	further	reveal	the	nature	of	DET	of	the	immobilized	MtCDH,	the	kinetic	analysis	of	the	DET	

reactions	proceeding	in	the	MtCDH‐modified	electrodes	was	accomplished	by	processing	the	

cyclic	 voltammograms	 in	 Figure	 4.21A	 within	 the	 Laviron	 model.206	 This	 mathematical	

approach	 uses	 the	 ΔEp,	 namely,	 the	 overpotential	 /	 (cathodic–anodic)	 peak	 potential	

separation	as	a	way	to	determine	the	heterogeneous	electron‐transfer	rate	constant	(ks),	which	

should	 be	 a	 function	 of	 the	 scan	 rate.207	When	 n	 ΔEp	 <	 200	mV,	 the	ks	 could	 be	 estimated	

according	to	the	following	equation178	

  

Where	n	is	the	number	of	transferred	electron,	F	is	the	Faraday	constant,	R	is	the	universal	gas	

constant,	T	is	the	temperature,	v	the	scan	rate	and	m	values	are	presented	in	Laviron’s	paper	

(1979)206	and	depend	on	the	peak	to	peak	separation	related	to	the	number	of	electrons	(nΔEp)	

involved	in	the	DET	reaction.207	It	should	be	noted	that	Laviron206	has	provided	some	values	of	

nΔEp	as	a	function	of	1/m	for	the	charge	transfer	coefficient	(α)	=	0.5.	Table	4.1	illustrate	the	

heterogeneous	electron	transfer	rate	constant	(ks)	for	MtCDH‐modified	electrode	estimated	at	

different	 scan	 rate.	 The	 average	ks	 value	 registered	 for	MtCDH‐modified	 electrode	 (variant	

E522)	was	calculated	to	be	ca.	1.9	s‐1.	The	ks	value	is	discussed	in	Section	4.9.3.5.			
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Table	4.1.	The	heterogeneous	electron	transfer	rate	constant	(ks)	for	MtCDH‐modified	electrode	
(variant	E522).	The	ks	values	were	estimated	at	25	°C	using	equation	4.3.	

Scan	rate	(v)	/	V	s‐1	 Peak	separation	(ΔEp)	/	mV	 m	 ks	/	s‐1	

0.02	 20±2	 2	 1.5±0.05	

0.04	 28±2	 1.3	 2.0±0.05	

0.06	 41±2	 0.8	 1.9±0.05	

0.08	 48±2	 0.65	 2.0±0.05	

0.1	 57±2	 0.55	 2.1±0.05	

	

4.9.2 Electrocatalytic	behaviour	of	E522‐MtCDH	on	maleimide‐modified	

MWCNT	electrodes	

DET	 of	 the	 GC/MWCNT	 electrodes	modified	with	 the	MtCDH	 E522	 variant	was	 previously	

tested	by	monitoring	the	catalytic	current	caused	by	glucose	oxidation.	Figure	4.4	showed	an	

increase	in	the	catalytic	current	as	the	concentration	of	D‐glucose	in	the	solution	was	increased.	

The	position	of	the	onset	of	the	catalytic	current	agrees	with	that	reported	in	the	literature	and	

corresponds	 to	 DET	 from	 the	 haem	 to	 the	 electrode.283,	 299‐300	 Herein,	 the	 electrocatalytic	

behaviour	 of	 the	 MtCDH	 variant	 E522C	 is	 analysed	 in	 greater	 detail	 to	 reach	 a	 better	

understanding	 for	 the	 DET	mechanism	 before	 introducing	 the	 other	 four	MtCDH	 variants.		

Figure	 4.22A	 shows	 a	 voltammogram	 recorded	 for	 the	 same	 CDH‐modified	 GC/MWCNT	

electrode	in	deoxygenated	50	mM	Tris	buffer	(pH	7.4)	solution	containing	70	mM	D‐glucose.	

The	 scan	 rate	 is	 an	 important	 parameter	 which	 controls	 the	 time‐scale	 of	 the	 cyclic	

voltammetry	 experiment	 and	 consequently	 the	 time	 required	 for	 the	 electrochemical	

processes	under	 investigation.306	Therefore,	 a	 slow	 scan	 rate	was	used	 (1	mV/s)	 to	 ensure	

steady	state;	in	a	voltammetric	experiment,	this	corresponds	to	a	steady‐state	flux	of	electrons	

from	 a	 substrate	 in	 solution	 to	 the	 electrode,	 via	 the	 immobilised	 redox	 enzyme,	which	 is	

measured	as	a	steady‐state	current.	The	voltammogram	shown	in	(Figure	4.22,	black	line)	is	a	

“direct	read‐out”	of	the	rate	of	the	catalysis	as	a	function	of	the	applied	potential.16	At	a	driving	

force	higher	than	the	CDH	equilibrium	potential,	electrons	flow	from	glucose	to	the	electrode	

via	the	FAD	and	haem	active	centres.	The	recorded	current	is	directly	proportional	to	the	rate	

of	glucose	oxidation	for	that	given	concentration	of	substrate.	Particularly,	when	re‐oxidation	

of	the	haem	active	centre	by	the	electrode	is	not	the	rate	determining	step.	
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Figure	4.22.	Cyclic	voltammograms	for	the	CDH‐modified	GC/MWCNT	electrode	(E522‐CDH),	in	
presence	of	70	mM	glucose	(black	line),	the	CV	was	recorded	in	deoxygenated	50	mM	Tris	buffer	
(pH	7.4),	containing	30	mM	CaCl2	by	scanning	the	potential	at	1	mV/s.	The	green	line	is	the	cyclic	
voltammogram	(after	background	current	subtraction)	which	was	recorded	in	deoxygenated	50	
mM	Tris	buffer	(pH	7.4)	at	10	mV/s	in	the	absence	of	glucose.	

	

In	 the	 absence	 of	 glucose,	 the	 immobilised	MtCDH	 onto	 the	maleimide‐modified	 electrode	

produces	peak‐like	signals	resulting	from	the	reversible	electrochemical	transformation	of	its	

haem	redox	centre	(Figure	4.22,	green	line).	Upon	adding	glucose,	the	non‐turnover	peaks	are	

transformed	 to	 a	 significant	 “catalytic	wave”	 (Figure	 4.22,	 black	 line).	 Therefore,	 it	 can	 be	

concluded	that	the	reaction	with	glucose	transforms	the	active	sites,	which	are	regenerated	by	

electron	transfer	with	the	electrode	in	a	progression	of	catalytic	cycles.	The	magnitude	of	the	

current	is	proportional	to	the	concentration	of	the	immobilised	enzyme,	and	to	the	turnover	

rate,	and	hence	 the	driving	 force	could	relate	 to	 the	catalytic	activity	of	a	 redox	enzyme	by	

conducting	a	voltammetric	experiment.312	

4.9.2.1 FAD	vs.	haem	

The	vast	majority	of	the	results	for	DET	for	CDH	in	the	literature	indicate	that	the	oxidation	of	

the	carbohydrate	at	the	flavin	domain	of	CDHs	is	followed	by	IET	to	the	haem	domain,	which	is	

able	 to	donate	 the	electrons	to	 the	electrode.283,	297,	313	However,	a	study	by	Gorton	et	al.	309	

claimed	 DET	 between	 the	 glycosylated,	 FAD‐containing	 domain	 of	 class	 I	 CDHs,	 and	 the	
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electrode.	 The	 authors	 showed	 the	 corresponding	 catalytic	 waves	 obtained	 from	 cyclic	

voltammetric	measurements.	Nonetheless,	they	indicate	that	the	DET	from	the	FAD	group	is	

only	possible	under	acidic	conditions	(pH	3	to	5),	whereas	the	catalytic	currents	are	visible	

even	 at	 pH	 values	 above	 pH	 5	 via	 DET	 through	 the	 haem	 group,	 implying	 that	 the	

flavin‐containing	domain	is	still	catalytically	active,	but	that	DET	via	the	flavin	is	not	possible.	

In	the	present	study,	to	rule	out	that	the	catalytic	wave	obtained	in	Figure	4.22	(black	line)	was	

due	to	the	exchange	of	electrons	with	the	FAD	active	site,	the	same	electrode	was	retested	for	

DET	by	sweeping	in	a	wider	potential	window	(from	‐0.6	to	0.4	V).	Taking	a	closer	look	at	the	

voltammograms	in	Figure	4.23,	we	can	notice	that	the	oxidation	process	starts	at	about	‐0.2	V	

vs.	 SCE.	 Several	publications	 report	 that	 this	potential	 should	be	 the	 redox	potential	 of	 the	

haem	 group,283‐284	 whereas	 enzyme‐bound	 FAD	 should	 be	 oxidised	 at	 more	 negative	

potentials.144,	314	In	their	work	Gorton	et	al.309	have	concluded	that	DET	from	the	DH	domain	(of	

class	I	CDHs)	occurs	at	potentials	roughly	130	mV	more	negative	than	the	usually	observed	

DET	of	CYT.	Accordingly,	if	the	DET	was	due	to	the	exchange	of	electrons	with	the	FAD	group,	

we	would	have	observed	the	catalytic	wave	in	Figure	4.23	at	a	redox	potential	of	ca.	–	0.35	mV	

(vs.	SCE.),	which	did	not	occur.	This	should	confirm	that	the	DET	from	DH	domain	of	our	MtCDH	

(class	II	CDH)	is	not	feasible.	

	

 

Figure	4.23.	Cyclic	voltammograms	for	the	CDH‐modified	GC/MWCNT	electrode	(E522‐CDH)	in	
deoxygenated	50	mM	Tris	buffer	 (pH	7.4),	containing	30	mM	CaCl2	 (black	 line)	and	after	 the	
addition	of	3	mM	D‐glucose	(red	line).	The	electrode	potential	was	swept	at	1	mV/s	from	‐0.6	to	
0.4	V	vs.	SCE.		
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To	 further	prove	 that	 the	haem	group	exchanges	electrons	with	 the	electrode	 surface	 (1	e‐	

transfer	 process)	 in	 the	 DET	 mechanism,	 a	 deeper	 analysis	 can	 be	 carried	 out	 using	 the	

following	modified	form	of	the	Nernst	equation:	

 

Where	E0	 is	 the	 formal	 potential,	n	 the	 number	 of	 exchanged	 electrons	 and	 iL	 the	 limiting	

current.	 Firstly,	 equation	 (4.4)	 has	 been	 employed,	 in	 order	 to	 estimate	 the	number	 of	 the	

electrons	 transferred	 in	 DET	 for	 the	 CDH‐modified	 GC/MWCNT	 electrode.	 Applying	 this	

equation	to	some	points	taken	in	the	middle	part	of	the	steady‐state	catalytic	voltammograms	

subtracted	for	the	background	current	(Figure	4.24.A),	a	linear	relation	between	the	applied	

potential	and	Log	(iL	‐	i/i)	was	obtained.	Linear	fits	of	such	plots	(Figure	4.24.B)	give	a	more	

accurate	value	for	the	E0,	about	‐0.14	V	vs.	SCE,	as	well	as	the	number	of	exchanged	electrons	

(slope	=	0.059	/	n),	which	was	calculated	to	be	ca.	0.8	and	can	be	approximated	at	1.	This	is	a	

further	proof	that	the	haem	group	interacts	with	the	electrode	surface	in	the	DET	mechanism,	

as	 its	 redox	 process	 involves	 one	 electron,	 while	 FAD	 would	 need	 two	 electrons	 to	 be	

oxidised.144,	309	

 

Figure	 4.24.	 A)	 Background	 current	 subtracted	 cyclic	 voltammograms	 for	 a	 CDH‐	modified	
GC/MWCNT	electrode	(E522‐CDH):	The	original	CVs	are	shown	in	Figure	4.4	which	were	recorded	
in	 deoxygenated	 50	 mM	 Tris	 buffer	 (pH	 7.4),	 containing	 30	 mM	 CaCl2	 and	 increasing	
concentrations	of	glucose,	scanning	the	potential	at	1	mV/s	from	‐0.35	to	0.1	V	vs.	SCE.	B)	Some	
potential	points	 taken	 in	 the	middle	 region	of	CV	 recorded	 for	70	mM	glucose	 (in	A)	plotted	
against	 the	Log	 (iL‐i/i).	Data	were	 fitted	with	 the	 linear	 fitting	 (green	 line)	 to	determine	 the	
intercept	(E0)	and	the	slope	(‐0.059/n).	

	

4.9.2.2 Papain	experiment	

As	 a	 final	 control	 experiment	 to	 verify	 that	 the	 haem	 group	 exchanges	 electrons	 with	 the	

electrode	surface	in	the	DET	mechanism,	papain	was	introduced	(the	experiment	was	done	by	
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my	 collaborator,	M.	Meneghello).	 Papain	 (EC	 3.4.22.2)	 exhibits	 proteolytic	 activity	 towards	

proteins,	 short‐chain	 peptides	 and	 amide	 links	 and	 is	 used	widely	 in	 the	 field	 of	 food	 and	

medicine	.315‐316	CDH	consisting	of	two	separate	domains	(CYT	and	DH)	linked	together	by	a	

polypeptide	linker	(of	around	20	amino	acids)	that	allows	the	two	to	come	in	close	contact	for	

internal	electron	transfer	(IET).286	A	recent	study	by	Tan	et	al.288	has	employed	papain	for	the	

proteolytic	cleavage	in	the	linker	of	the	MtCDH	to	obtain	the	individual	DH	and	CYT	domains.	

It	is	widely	believed	that	papain	can	be	used	to	detach	the	two	CDH	domains	in	the	solution.317‐

320	Indeed,	no	convincing	evidence	have	been	shown	to	demonstrate	that	the	papain	favours	

cleavage	 of	 the	 polypeptide	 linker	 that	 connects	 the	 CDH	 domains.	 The	 treatment	 of	 the	

CDH‐modified	 GC/MWCNT	 electrode	with	 papain	would	 remove	 the	 CYT	 domain	 from	 the	

electrode	surface	(Scheme	4.5),	and	consequently	no	electrons	exchanging	via	the	haem	group	

should	be	expected.	On	the	other	hand,	the	electrons	obtained	by	glucose	oxidation	at	the	DH	

domain	can	still	be	transferred	from	the	FAD	group	to	different	electron	acceptors	(mediators).		

 

Scheme	 4.5.	 Schematic	 representation	 of	 the	 presumed	 papain	 (Pacman)	 effect	 on	 the	
immobilised	MtCDH.	The	CDH	was	immobilised	at	the	electrode	surface	via	the	thioether	bond.	

 

MtCDH‐modified	 GC/MWCNT	 electrode	 (E522C)	 was	 tested	 for	 DET	 and	 MET	 by	 cyclic	

voltammetry	 before	 and	 after	 the	 papain	 treatment;	 the	 aforementioned	 electrode	 was	

immersed	 in	deoxygenated	acetate	buffer	pH	5.5,	 containing	30	mM	CaCl2	and	0.3	mg	/	ml	

papain	 for	 24	 hours.	 Figure	 4.25A	 shows	 the	 cyclic	 voltammograms	 of	 the	 GC/MWCNT	

electrode	modified	with	E522‐CDH	in	deoxygenated	50	mM	acetate	buffer	(pH	5.5),	containing	

30	mM	 CaCl2	 (black	 lines),	 after	 the	 addition	 of	 50	mM	 glucose	 (green	 lines)	 and	 0.2	mM	

ferrocenecarboxylic	acid	(pink	lines).	By	adding	glucose	in	the	solution,	the	DET	catalytic	onset	

starts	at	ca.‐0.2	V	vs.	SCE	and	reaches	a	catalytic	current	plateau	at	around	‐0.05	V,	whereas	

after	 the	 addition	 of	 the	mediator,	 the	 DET	 catalytic	 onset	 was	 also	 obtained	 at	 the	 same	

potential,	meanwhile,	the	MET	catalytic	current	starts	at	ca.	0.13	V.	After	the	papain	treatment,	
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the	electrode	was	retested	for	DET	and	MET.	Figure	4.25B	illustrates	that	both	DET	and	MET	

currents	decreased.	However,	by	significantly	different	ratios.	

 

Figure	4.25.	Cyclic	voltammograms	of	 the	GC/MWCNT	electrode	modified	with	E522‐CDH	 in	
deoxygenated	50	mM	acetate	buffer	 (pH	5.5),	containing	30	mM	CaCl2	 (black	 lines),	after	 the	
addition	of	50	mM	glucose	(green	lines)	and	0.2	mM	ferrocenecarboxylic	acid	(pink	lines).	The	CVs	
were	recorded	before	(A)	and	after	(B)	the	papain	treatment.	The	experiment	was	done	by	my	
collaborator,	M.	Meneghello.	

 

The	results	 shown	 in	Figure	4.25B	were	almost	as	expected,	 showing	 that	 the	DET	current	

decreased	by	(80%)	after	the	treatment	with	papain,	most	probably	due	to	the	loss	of	the	haem	

group	from	the	CDH	after	the	papain	cleaves	the	amino	acid	linker	between	the	two	domains.	

However,	the	MET	current	was	also	decreased,	even	if	to	a	lesser	extent	(30%).	This	behaviour	

may	be	explained	by	the	fact	that	the	papain	not	only	breaks	the	polypeptide	linker	of	the	CDH,	

but	is	also	expected	to	hydrolyse	the	flavin	domain	as	well.	However,	it	can	be	argued	that	the	

50%	difference	in	the	lessened	catalytic	currents	between	the	DET	and	MET	was	due	to	the	

removal	of	the	vast	majority	of	the	haem	domain	from	the	electrode	surface.	Therefore,	this	

supports	the	conclusion	that	the	DET	mechanism	only	occurs	via	the	haem	group.				

4.9.3 Direct	electron	transfer	for	the	five	CDH	variants	

The	correct	orientation	of	an	 immobilized	enzyme	on	 the	electrode	surface	 is	 fundamental, 

when	the	enzyme	molecules	are	oriented	with	their	active	centre	is	facing	the	electrode	surface	

the	pathway	for	ET	is	straightforward.	Efficient	DET	requires	a	good	connection	between	the	

electrode	and	enzyme	with	the	correct	orientation	and	favourable	distance	as	suggested	by	

Marcus	theory.7,	21	Therefore,	the	electrochemical	performance	of	the	five	MtCDH	variants	(see	

Figure	4.2	 for	 the	structures)	was	 investigated.	As	described,	 the	 five	MtCDH	variants	were	

engineered	to	bear	a	free	cysteine	residue	in	different	positions	at	the	surface	of	the	enzyme,	

allowing	fast,	selective	and	site‐specific	attachment	to	maleimide‐modified	electrodes.	In	this	
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way,	we	would	expect	the	different	CDH	variants	to	be	immobilised	with	different	orientations	

on	the	electrode	surface,	depending	on	the	location	of	their	free	cysteine	residue	(Figure	4.26).	

Hence,	 the	 different	 variants	 would	 have	 different	 electron	 transfer	 distances	 or	 different	

internal	electron	 transfer	distances	and,	 consequently,	different	electron	 transfer	 rates.	For	

instance,	the	position	of	the	cysteine	mutation	for	the	variant	D813C	molecule	would	requires	

the	haem	domain	to	move	far	away	from	the	flavin	domain	to	be	close	to	the	electrode	surface.	

With	regard	to	the	E522C	and	D574C	variants,	the	haem	domain	not	only	needs	to	move	away	

from	the	flavin	domain	but	also	to	rotate	to	contact	the	electrode	surface.	On	the	contrary,	the	

other	enzyme	orientations	T701C	and	E674C	require	only	a	small	movement	of	haem	domain	

and	no	reorientation	of	the	haem	towards	the	electrode	surface.	However,	the	results	showed	

later	 (see	 Section	 4.9.3.5)	 make	 it	 clear	 that	 the	 electron	 transfer	 kinetics	 for	 the	

haem/electrode	are	 fast	 for	 the	 five	variants	 (The	 internal	electron	 transfer	 (IET)	has	been	

shown	 to	 be	 the	 rate	 determining	 step	 in	 the	 proposed	 mechanism).	 To	 investigate	 this,	

maleimide‐modified	GC/MWCNT	electrodes	were	used	to	 immobilise	the	 five	different	CDH	

variants.	The	electrodes	were	constructed	using	the	method	described	in	Section	4.7.			

DET	of	the	CDH‐modified	GC/MWCNT	electrodes	(of	each	variant)	were	tested	by	monitoring	

the	catalytic	current	caused	by	glucose	oxidation.	The	maximum	catalytic	current	(imax)	that	

can	be	reached	upon	saturation	depends	on	the	total	amount	of	electroactive	enzyme	present,	

vide	supra.	Assuming	the	active	area	of	our	GC/MWCNT	electrodes	to	be	almost	the	same	every	

time	as	well	as	the	surface	coverage	of	the	enzyme,	we	could	use	the	maximum	catalytic	current	

to	measure	the	amount	of	electroactive	CDH,	more	precisely	the	number	of	CDH	molecules	able	

to	 undergo	 efficient	 direct	 electron	 transfer	 to	 an	 electrode	 surface.	 Figure	4.27	 shows	 the	

cyclic	voltammograms	of	the	CDH‐modified	GC/MWCNT	electrodes	for	the	various	variants:		

(A)	D813C,	(B)	D574C,	(C)	E522C,	(D)	T701C	and	(E)	E674C	in	deoxygenated	50	mM	tris	buffer	

(pH	7.4)	and	after	the	addition	of	different	concentrations	of	D‐glucose.	The	addition	of	 the	

glucose	 increases	 the	 anodic	 current	 at	 around	 ‐0.2	 V	 (vs.	 SCE)	 and	 the	 current	 reaches	 a	

catalytic	 plateau	 at	 around	0.0	V	vs.	 SCE,	 showing	 the	direct	 electron	 transfer	 between	 the	

enzyme	and	the	electrode.	Note	that	 for	all	variants	the	E1/2	 is	 the	same,	 indicating	that	the	

immobilisation	 does	 not	 change	 the	 haem	 potential.	 Calibration	 curves	 for	 glucose	 were	

plotted.	Figure	4.27F	shows	that	increasing	the	concentration	of	D‐glucose	up	to	70	mM,	the	

catalytic	currents	increased	up	to	0.73	μA	for	the	D813C	variant,	1.73	μA	for	the	D574C	variant,	

1.03	μA	for	the	E522C	variant,	1.83	μA	for	the	T701C	variant	and	1.33	μA	for	the	E674C	variant,	

showing	that	each	variant	exhibits	different	maximum	catalytic	currents.	Indeed,	more	precise	

values	of	imax	were	calculated	(Section	4.10.1)	by	fitting	the	experimental	data	in	Figure	4.27F	

with	the	electrochemical	form	of	the	Michaelis‐Menten	equation	(Eq.	4.7).		
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Figure	4.26.	The	presumed	orientations	for	the	five	MtCDH	variants	on	to	maleimide‐modified	
electrodes.	The	 variants	 images	was	 obtained	with	 PyMol	 software,	 PyMol	 visualisations	 are	
based	on	the	crystal	structure	of	MtCDH,	PDB	code	4QI6.288	
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Figure	4.27.	Cyclic	 voltammograms	of	 	 the	CDH‐modified	GC/MWCNT	electrodes	 for	 various	
variants:	(A)	D813C,	(B)	D574C,	(C)	E522C,	(D)	T701C,	(E)	E674C		in	deoxygenated	50	mM	tris	
buffer	(pH	7.4)	in	the	presence	of	30	mM	CaCl2	at	1	mV	s‐1,	Black	lines:	background	current	without	
glucose;	coloured	lines:	after	the	addition	of	1,	2,	3,	5,	10,	20,	30,	40,	50,	60	70	mM	D‐glucose.	(F)	
Relative	background	subtracted	currents	for	the	CV	experiments,	the	current	was	taken	at	0	V	vs.	
SCE	and	the	background	current	were	subtracted.	

	

In	 order	 to	 understand	 why	 the	 different	 variants	 give	 different	 currents	 we	 need	 to	

understand	whether	the	different	responses	are	because	of	differences	in	active	area	of	our	
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GC/MWCNT	electrodes,	differences	in	the	surface	coverage	of	the	enzyme	or	if	it	is	because	of	

differences	in	enzyme	kinetics.	

So	as	to	verify	that	a	different	orientation	for	each	MtCDH	variant	was	successfully	achieved,	

several	 control	 experiments	 were	 attempted.	 The	 control	 experiments	 were	 designed	 to	

confirm	 that:	 i)	 the	 CDH	 variants	 were	 successfully	 attached	 with	 different	 enzyme	

immobilization	orientations	to	GC/MWCNT	through	the	thioether	bond,	ii)	the	MtCDH	variants	

immobilized	on	the	surface	of	MWCNT	electrodes	retain	their	bioelectrocatalytic	activity	to	the	

specific	oxidation	of	D‐glucose,	and	iii)	good	stability	of	each	variant	on	the	maleimide	modified	

GC/MWCNT	electrodes.	In	addition,	MET	experiments	were	employed	as	a	method	to	relate	

the	current	observed	 in	 the	DET	of	each	variant	 (Figure	4.27F)	 to	 the	real	coverage	of	 that	

variant	on	the	electrode	surface.	

4.9.3.1 Covalent	immobilization	vs.	physical	adsorption	

To	verify	that	the	CDH	variants	were	immobilized	at	the	electrode	surface	through	covalent	

bonding	 to	 the	 surface	 cysteine,	we	 carried	 out	 a	 comparison	 using	 three	 different	MtCDH	

variants	covalently	bound	and	physically	adsorbed	at	GC/MWCNT	electrodes.	For	the	covalent	

immobilization,	maleimide‐modified	electrodes	were	prepared	using	the	procedure	described	

in	Section	4.7,	while	the	physically‐modified	ones	were	prepared	by	simply	drop	casting	3	μL	

of	the	MtCDH	solution	onto	a	bare	(unmodified)	GC/MWCNT	electrode.	Direct	electron	transfer	

was	 observed	 for	 both	 modification	 methods	 in	 the	 presence	 of	 D‐glucose	 (Figure	 4.28).	

However,	 the	catalytic	currents	 for	physically	adsorbed	MtCDH	(Figure	4.28,	blue,	pink	and	

purple	squares)	were	decidedly	lower	than	the	ones	for	covalently	immobilized	CDH	(Figure	

4.28,	 blue,	 pink	 and	 purple	 circles):	 in	 particular,	 the	 current	was	 about	 60%	 less	 for	 	 the	

variant	E522,	70%	less	for	the	variant	E574	and	80%	less	for	the	variant	T701.	Moreover,	we	

can	see	that	 the	curves	of	current	vs.	glucose	concentration	are	the	same	for	 the	electrodes	

physically‐modified	 with	 the	 three	 different	 MtCDH	 variants.	 In	 contrast,	 for	 the	 three	

covalently‐modified	electrodes	the	curves	are	different,	as	expected	if	the	three	variants	are	

immobilized	 with	 different	 orientations	 through	 the	 cysteine	 residues	 located	 in	 different	

positions	on	the	enzyme	surface	(see	Figure	4.26).		The	higher	catalytic	currents	obtained	with	

covalently‐modified	 electrodes	 can	be	 explained	by	 immobilization	of	 a	 greater	quantity	 of	

enzyme	molecules	at	 the	surface	and/or	the	 fact	 that	 the	covalently	 immobilized	enzyme	is	

held	in	a	more	suitable	orientation	for	DET	as	compared	to	the	randomly	orientated	physically	

adsorbed	CDH.	The	differences	between	the	covalently	immobilized	variants	E522,	E674	and	

T701	reflect	differences	in	the	enzyme	kinetics	(IET	rate)	for	different	enzyme	immobilization	

orientations,	this	will	be	discussed	later	in	Section	4.10.	Thus,	 it	can	be	concluded	that	CDH	

variants	 have	 been	 effectively	 attached	 to	 the	 GC/MWCNT	 electrodes	 through	 covalent	

binding,	and	different	orientations	for	the	CDH	variants	have	been	successfully	discriminated.	
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Another	important	key	outcome	becomes	apparent	in	Figure	4.28;	the	catalytic	currents	for	

the	 three	 physically	 adsorbed	 MtCDH	 are	 almost	 the	 same	 showing	 that	 the	 different	

immobilized	variants	have	the	same	enzymatic	activity	toward	glucose	oxidation	(assuming	

the	same	coverage).	

 

Figure	4.28.	Background	subtracted	currents	measured	at	0.0	V	vs.	SCE	in	cyclic	voltammograms	
recorded	 at	 maleimide‐modified	 electrodes	 (circles)	 and	 unmodified	 GC/MWCNT	 electrodes	
(squares)	with	the	three	different	CDH	variants	E522,	E674	and	T701.	CVs	were	carried	out	in	
deoxygenated	50	mM	Tris	buffer	(pH	7.4),	containing	30	mM	CaCl2	and	increasing	concentrations	
of	D‐glucose,	sweeping	the	potential	at	1	mV/s	from	‐0.35	to	0.1	V	vs.	SCE.	

	

4.9.3.2 Selectivity	of	the	CDH	variants	towards	D‐glucose	

In	order	 to	 investigate	whether	 the	MtCDH	variants	 immobilized	on	 the	surface	of	MWCNT	

electrodes	 retain	 their	bioelectrocatalytic	activity	 to	 the	specific	oxidation	of	D‐glucose,	 the	

DET	experiments	 (Section	4.9.3)	were	 repeated	using	L‐glucose	and	D‐glucose.	 Figure	4.29	

shows	 the	 cyclic	 voltammograms	 of	 the	 CDH‐modified	 GC/MWCNT	 electrodes	 for	 various	

variants:	(A)	D813,	(B)	D574,	(C)	E522,	(D)	T701	and	(E)	E574	in	deoxygenated	50	mM	tris	

buffer	 (pH	7.4),	with	different	concentrations	of	L	and	D‐glucose.	Upon	each	addition	of	an	

aliquot	 of	D‐glucose	 to	 increase	 its	 concentration	 the	 current	 increases	 (compare	 the	 solid	

curves),	whereas	upon	addition	of	an	aliquot	to	increase	the	concentration	of	L‐glucose	there	

is	 no	 change	 in	 the	 current	 (compare	 the	 pairs	 of	 dashed	 orange	 and	 solid	 green	 curves).	

Indeed,	the	key	outcome	of	the	L‐glucose	experiment	in	this	Section	was	that	direct	electron	
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transfer	(in	the	presence	of	L‐glucose)	was	ruled	out,	as	the	increases	in	currents	were	not	seen	

on	addition	of	L‐glucose	(Figure	4.29),	which	is	not	oxidised	by	CDH.302	Thus,	the	increase	in	

currents	were	due	to	the	specific	oxidation	of	D‐	glucose	catalysed	by	the	CDH	variants.		

	

	

	

Figure	4.29.	Cyclic	voltammograms	of	CDH‐modified	GC/MWCNT	electrodes	for	some	variants:	
(A)	D813C,	(B)	D574C,	(C)	E522C,	(D)	T701C	and	(E)	E674C	in	deoxygenated	50	mM	Tris	buffer	
(pH	7.4)	 in	the	presence	of	30	mM	CaCl2	at	1	mV	s‐1,	with	different	concentrations	of	L	and	D‐
glucose.	The	electrodes	potential	was	swept	at	1	mV/s.	Insets:	plot	of	the	background	subtracted	
currents	measured	at	0.0	V	for	all	the	additions.	
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4.9.3.3 Stability	of	the	CDH	variants	on	the	GC/MWCNT	electrodes  

The	 direct	 electron	 transfer	 of	 CDH‐modified	 GC/MWCNT	 electrodes	 is	 stable	 when	 the	

electrodes	were	 tested	continuously	by	cyclic	voltammetry	 in	solution	 for	one	 full	day.	The	

storage	 stability	 of	 the	 CDH‐modified	 GC/MWCNT	 electrodes	 was	 previously	 investigated	

(Section	 4.7.2.3)	 showing	 that	 the	 catalytic	 current	 of	 covalently‐modified	 CDH‐electrodes	

(variant	E522),	 stored	 in	wet	 conditions	at	4	 °C,	was	 the	same	after	one	week	as	after	 two	

months	from	the	preparation.	Nonetheless,	the	storage	stability	of	the	GC/MWCNT	electrodes	

modified	with	the	other	four	CDH	variants	was	also	studied	by	keeping	the	electrodes	(used	in	

Figure	4.27)	in	a	wet	condition	at	4	°C.	After	one	week,	the	same	electrodes	were	retested	for	

DET	 using	 cyclic	 voltammetry,	 Figure	 4.30	 shows	 the	 background	 subtracted	 currents	

measured	 at	 0.0	 V	 vs.	 SCE	 in	 cyclic	 voltammograms	 recorded	 in	 deoxygenated	 50	mM	 tris	

buffer	(pH	7.4)	in	the	presence	of	30	mM	CaCl2	with	different	concentration	of	D‐glucose	at	1	

mV	s‐1.	Compared	to	the	catalytic	currents	obtained	on	the	day	of	preparation	(Figure	4.27)	a	

decrease	in	the	currents	during	the	first	week	was	obtained.	However,	the	electrodes	can	still	

retain	ca.	60	%	of	the	initial	response	after	7	days	except	for	the	D574	variant,	which	was	about	

10	%.	These	results	indicate	that	the	bioelectrocatalytic	activities	of	the	CDH	variants	(D813,	

E522,	T701	and	E674)	covalently	immobilized	on	the	surface	of	CNT	have	excellent	stability.	

Therefore,	the	different	catalytic	currents	observed	for	each	variant	in	Figure	4.27	were	not	

due	to	a	different	catalytic	activity	because	of	difference	in	 long/short‐term	stability	of	that	

variant.	Indeed,	the	stability	of	a	new	GC/MWCNT	electrode	modified	with	D574	variant	was	

re‐attempted.	Unfortunately,	 the	bad	performance	was	obtained	 again	 and	 consequently,	 it	

was	excluded	from	the	rest	of	this	work.		

 

Figure	4.30.	Background	subtracted	currents	measured	at	0.0	V	vs.	SCE	in	cyclic	voltammograms	
recorded	at	GC/MWCNT	electrodes	modified	with	five	different	CDH	variants	in	deoxygenated	50	
mM	Tris	buffer	(pH	7.4)	in	the	presence	of	30	mM	CaCl2	at	1	mV	s‐1.	The	measurements	were	done	
one	week	after	the	preparation	of	the	modified	electrodes. 	
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4.9.3.4 Mediated	electron	transfer	for	the	five	CDH	variants	

To	exclude	the	fact	that	the	different	catalytic	currents	observed	for	the	different	CDH	variants	

in	 Figure	 4.27,	 	 was	 due	 to	 different	 amounts	 of	 CDH	 molecules	 immobilised	 on	 each	

GC/MWCNT	electrode,	the	same	electrodes	(used	in	Figure	4.27)	were	retested	for	mediated	

electron	transfer	(MET),	using	a	mediator	dissolved	in	solution.	 Indeed,	the	mediator	 in	the	

solution	 should	 react	with	 all	 the	 active	 enzyme	molecules	on	 the	 surface	of	 the	 electrode,	

shuttling	 electrons	 between	 the	 enzyme	 and	 the	 electrode	 surface.36	 Mediated	 electron	

transfer	can,	therefore,	be	employed	to	relate	the	current	observed	in	the	DET	of	each	variant	

(Figure	4.27)	to	the	real	coverage	of	that	CDH‐variant	on	the	electrode	surface.	

In	 this	study,	 ferrocenecarboxylic	acid	was	employed	as	a	 soluble	mediator.	Many	research	

groups	 utilised	 ferrocene	 derivatives	 as	 electron	 acceptors	 for	 GOx.41,	 275,	 321‐323	 With	 CDH	

instead,	most	research	groups	have	used	quinone	derivatives	as	mediators.324‐325	To	employ	a	

mediator	 its	 redox	potential	 should	be	more	positive	 than	 the	 redox	potential	of	 the	 redox	

enzyme.	In	the	case	of	CDH	the	redox	potential	was	found	to	be	about	‐0.135	V	vs.	SCE	at	pH7.4	

(Section	4.9.1),	whilst	the	redox	potential	of	ferrocenecarboxylic	acid	is	at	about	+0.3	V	vs.	SCE.	

Therefore,	 ferrocenecarboxylic	 acid	was	 selected	 as	 a	mediator	 to	 be	 used	with	 CDH.	 It	 is	

important	to	note	that,	in	the	case	of	CDH,	the	FAD	group	is	expected	to	exchange	electrons	

with	the	mediator.	Therefore,	we	should	not	look	at	the	redox	potential	of	the	CDH	found	by	

DET,	since	this	is	due	to	the	haem	group	of	CDH	as	demonstrated	before.	However,	the	redox	

potential	of	the	CDH‐bound	FAD	was	shown	to	be	at	potentials	more	negative	than	the	usually	

observed	DET	of	the	haem	group.309		

Figure	4.31	shows	the	cyclic	voltammograms	of	the	CDH‐modified	GC/MWCNT	electrodes	for	

the	variants:	 	(A)	D813C,	(B)	E522C,	(C)	T701C	and	(D)	E674C	in	deoxygenated	50	mM	tris	

buffer	 (pH	7.4)	 in	 the	 presence	 of	 0.2	mM	 ferrocene	 carboxylic	 acid	 and	30	mM	CaCl2	 and	

increasing	 concentrations	 of	 D‐glucose.	 The	 addition	 of	 the	 glucose	 increases	 the	 anodic	

current	at	around	‐0.1	V	vs.	SCE	(vide	infra),	showing	the	mediated	electron	transfer	between	

the	enzyme	and	the	electrode.	Calibration	curves	for	glucose	were	plotted	(Figure	4.32E).	By	

increasing	the	concentration	of	D‐glucose	until	70	mM,	the	background	subtracted	catalytic	

currents	increased	up	to	6.9	μA	for	the	D813C	variant,	7.1	μA	for	the	E522C	variant,	7.2	μA	for	

the	T701C	variant	and	7.4	μA	 for	 the	E674C	variant,	 showing	 that	 the	 four	variants	exhibit	

almost	 the	 same	MET	current.	Hence,	we	 can	 conclude	 that	 the	quantity	of	CDH	molecules	

immobilised	on	each	electrode	was	basically	the	same.	From	the	results	obtained,	one	might	

expect	that	the	different	catalytic	currents	observed	for	each	variant	in	Figure	4.27	were	not	

due	to	the	immobilization	of	a	greater	/	smaller	quantity	of	that	variant	at	the	electrode	surface.	
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Figure	4.31.	 Cyclic	 voltammograms	 of	 the	 CDH‐modified	GC/MWCNT	 electrodes	 for	 various	
variants:	(A)	D813C,	(B)	E522C,	(C)	T701C	and	(D)	E674C	in	deoxygenated	50	mM	tris	buffer	(pH	
7.4)	in	the	presence	of	0.2	mM	ferrocenecarboxylic	acid	and	30	mM	CaCl2	at	2	mV	s‐1,	Black	lines:	
background	current	without	glucose;	coloured	lines:	after	the	addition	of	10,	20,	30,	40,	50,	60	70	
mM	D‐glucose.	(E)	Relative	background	subtracted	currents	for	the	CV	experiments,	the	current	
was	taken	at	0.3	V	vs.	SCE	and	the	background	current	were	subtracted.	

	

The	system	under	 study	 in	 this	 section	 (Figure	4.31)	 should	 follow	an	ec'	mechanism,	 41	 in	

which	 the	 oxidation	 reaction	 at	 the	 electrode	 is	 followed	by	 a	 heterogeneous	 reaction	 that	

regenerates	the	reduced	reactant.	However,	at	first	sight	the	cyclic	voltammograms	do	not	look	
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quite	as	usually	found	in	such	a	case.	As	shown	in	Figure	4.31A,	the	maximum	oxidation	peak	

current	for	ferrocenecarboxylic	acid	at	the	CDH‐modified	GC/MWCNT	electrode	(D813)	occurs	

at	0.3	V	vs.	SCE.	In	the	presence	of	glucose,	the	MET	currents	started	to	increase	at	0.1	V	vs.	SCE,	

which	is	200	mV	before	the	oxidation	peak	of	the	ferrocenecarboxylic	acid.	This	shift	 in	the	

onset	 potential	 also	 occurred	 with	 the	 other	 three	 variants	 (Figure	 4.31B,	 C	 and	 D).	 	 To	

understand	this	behaviour,	an	experiment	was	performed	using	lower	concentrations	of	the	

ferrocenecarboxylic	 acid.	Figure	4.32A	displays	 the	 cyclic	voltammograms	of	CDH‐modified	

GC/MWCNT	electrode	(E674C)	in	deoxygenated	50	mM	tris	buffer	(pH	7.4)	in	the	presence	of	

10	mM	D‐glucose,	and	increasing	concentrations	of	ferrocenecarboxylic	acid.	Interestingly,	the	

oxidation	 peak	 can	 still	 be	 observed	 even	 by	 employing	 1	 µM	 of	 ferrocenecarboxylic	 acid.	

Nonetheless,	 the	 oxidation	 peaks	 are	 shifted	 to	 a	 more	 positive	 potential	 at	 lower	

ferrocenecarboxylic	 acid	 concentration.	 The	 same	 shifting	 in	 the	 onset	 potential	 was	 also	

obtained	 when	 the	 same	 experiment	 was	 repeated	 using	 another	 ferrocene	 derivative,	

ferrocenemethanol	 (Figure	4.32B),	 indicating	 that	 the	 reaction	between	 the	Fc+	and	CDH	 is	

very	fast,	vide	infra.	

 

Figure	4.32.	Cyclic	 voltammograms	 for	a	CDH‐modified	GC/CNT	 electrode	 (variant	E674)	 in	
deoxygenated	50	mM	tris	buffer	(pH	7.4),	containing	30	mM	CaCl2,	10	mM	glucose	and	increasing	
concentrations	 of	 (A)	 ferrocenecarboxylic	 acid	 and	 (B)	 ferrocenemethanol.	 The	 electrode	
potential	was	swept	at	2	mV/s	from	0.0	to	0.4	V	vs.	SCE.	

	

The	half‐wave	potential	(E1/2)	for	each	voltammogram	in	Figure	4.32	was	determined	using	the	

Nernst	equation	(Eq.	4.4).	Applying	this	equation	to	some	points	taken	in	the	middle	part	of	the	

each	voltammograms	in	Figure	4.32A,	a	linear	relation	between	the	applied	potential	and	Log	

(iL	 ‐	 i/i)	 was	 obtained.	 Linear	 fits	 of	 such	 plots	 give	 an	 accurate	 value	 for	 the	 (E1/2).	 The	

half‐wave	potential	is	correlated	to	the	concentration	of	ferrocene	and	ferrocenium	through	

the	following	equation:	
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Where	E	 is	the	E1/2	determined	for	each	voltammogram	in	Figure	4.32A,	n	 is	the	number	of	

electrons	 exchanged	 in	 the	 electrochemical	 process	 (1	 e‐),	 [Fc+]	 and	 [Med]	 are	 the	

concentrations	of	ferrocenium	and	ferrocene,	respectively.	Plotting	the	values	of	E1/2	versus	

the	concentration	of	ferrocene	([Med]	>>[Fc+])	added	in	solution,	and	fitting	with	a	logarithmic	

function	(Figure	4.33),	we	can	obtain	the	following	parameters:	

 

 

Figure	4.33.	Plot	of	half‐wave	potential	determined	for	each	voltammogram	in	Figure	4.32A	vs.	
ferrocene	concentration.	The	data	were	fitted	with	Nernst	equation	expression	shown	in	Eq.	4.5	
(green	line).	

As	shown	in	Figure	4.33,	the	potential	at	which	the	catalytic	current	starts	is	shifted	to	a	more	

negative	potential	at	higher	ferrocene	carboxylic	acid	concentration.	This	occurs	because	the	

MET	reaction	involves	the	oxidised	form	of	ferrocene,	ferrocenium,	which	oxidises	the	enzyme	

active	site	(FAD	group)	that	in	turn,	oxidises	the	glucose.	According	to	Nernst	equation	(Eq.	

4.5)	the	concentration	of	ferrocenium	ions,	at	each	concentration	of	ferrocene,	depends	on	the	

applied	potential.	Consequently,	by	increasing	the	ferrocene	concentration	in	solution,	a	less	

positive	 potential	 value	 is	 required	 to	 have	 the	 minimum	 sufficient	 concentration	 of	

ferrocenium	ions	to	support	the	MET	reaction.	The	concentration	of	ferrocenium	ions	required	

was	calculated	using	parameter	A	and	found	to	be	ca.	0.4	μM.	In	this	calculation,	the	E0	value	of	

0.275	V	vs.	SCE	determined	experimentally	(in	the	absence	of	glucose)	from	the	voltammogram	

recorded	in	the	same	conditions	was	used.	This	 is	somewhat	unusual	MET	behaviour	occur	

because	the	reaction	between	the	Fc+	and	CDH	is	very	fast	(k	~	4	x	106	L	mol‐1	s‐1).	
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4.9.3.5 Electrochemistry	of	the	MtCDH	variants	

The	 non‐catalytic	 DET	 of	 the	 GC/MWCNT	 electrodes	 covalently	 modified	 with	 the	MtCDH	

variant	E522	was	previously	tested	for	DET	(Section	4.9.1)	by	cyclic	voltammetry.	Figure	4.20A	

showed	that,	in	the	absence	of	substrate,	sweeping	across	the	potential	range	produces	redox	

peaks	at	Emid	ca.	‐0.137	V	vs.	SCE	due	to	DET	between	the	electrode	and	the	haem	group	in	the	

CYTCDH.	 In	 this	 section,	 the	 CDH‐modified	 GC/MWCNT	 electrodes	 for	 the	 variants	 D813C,	

T701C	and	E674C	were	also	tested	for	DET	in	the	absence	of	the	substrate.	Figure	4.34	shows	

the	 cyclic	 voltammograms	 (after	 background	 current	 subtraction)	 of	 the	 CDH‐modified	

GC/MWCNT	 electrodes	 for	 the	 variants:	 	 (A)	 D813C,	 (B)	 E522	 (C)	 T701C	 and	 (D)	 E674C	

recorded	in	deoxygenated	50	mM	tris	buffer	(pH	7.4).	Sweeping	across	the	potential	range	at	

40	mV/s	produces	 redox	peaks	at	Emid	of	ca.	 ‐0.138	V	vs.	 	 SCE,	 indicating	 that	 the	different	

orientations	of	the	different	variants	does	not	influence	the	redox	electrode	potential	of	the	

haem.	Therefore,	 it	can	be	concluded	that	the	DET	for	the	CDH	variants	under	investigation	

always	 occurs	 via	 the	haem	group	 located	 in	CYTCDH	domain.	 Theoretically	 for	 a	 reversible	

process,	W1/2	at	298	K	is	90.6	/n	in	mV,	where	n	is	the	number	of	exchanged	electrons.309,	311	

The	obtained	values	of	around	85±	5	mV	for	the	CDH‐modified	GC/MWCNT	electrode	of	the	

D813,	E522,	T701,	and	E674	variants	further	support	a	1e‐	transfer	process	originating	from	

the	haem	cofactor.	Assuming	an	electrode	surface	area	of	14	cm2	and	a	one	electron	process,	

the	 surface	 coverages	 (Ƭ)	 of	 the	 D813,	 E522,	 T701,	 and	 E674	 variants	 on	 the	 different	

electrodes,	 shown	 in	 Figure	 4.34,	were	 calculated	 to	 be	 0.42,	 0.41,	 0.4	 and	 0.39	 pmol	 cm‐2	

respectively,	 indicating	 that	 the	 amount	 of	 CDH	 molecules	 capable	 of	 undergoes	 DET	

immobilised	on	each	electrode	was	almost	the	same.	This	shows	that	the	orientation	does	not	

affect	the	kinetics	of	the	haem	/electrode	reaction.	Hence,	one	might	expect	that	the	different	

catalytic	currents	observed	for	each	variant	in	Figure	4.27	were	due	to	difference	in	the	IET	

rate	for	the	different	variants.	

 

Figure	 4.34.	 Cyclic	 voltammograms	 (after	 background	 current	 subtraction)	 for	 the	
CDH‐modified	GC/MWCNT	electrode	 for	 the	variants:	(A)	D813C,	(B)	E522	(C)	T701C	and	(D)	
E674C.	The	CVs	were	recorded	in	deoxygenated	50	mM	Tris	buffer	(pH	7.4)	at	40	mV/s.	

The	effect	of	the	scan	rate	on	voltammetry	of	MtCDH‐modified	electrodes	for	the	variants	D813	

and	T701	was	also	investigated.	Figure	4.35	shows	that	the	anodic	peak	potentials	(Epa)	shifted	

to	a	more	positive	direction	and	the	cathodic	peak	potentials	(Epc)	shifted	to	a	more	negative	
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direction	with	the	increasing	scan	rate	in	the	range	of	20	to	100	mV	/	s.	However,	the	shifting	

is	more	pronounced	in	the	case	of	D813	variant	(Figure	4.35	A).	This	suggests	some	possible	

kinetic	effect.			

	  

Figure	 4.35.	 Cyclic	 voltammograms	 (after	 background	 current	 subtraction)	 for	 the	
CDH‐modified	GC/MWCNT	electrode	for	the	variants:	(A)	D813C	and	(B)	T701C	recorded	at	25	
°C	in	deoxygenated	50	mM	Tris	buffer	(pH	7.4),	containing	30	mM	CaCl2	at	different	scan	rates	
(from	(a)	to	(e):		20,	40,	60,	80,	100	mV	s‐1).	

To	 uncover	 the	 nature	 of	 DET	 of	 the	 immobilized	MtCDH,	 the	 kinetic	 analysis	 of	 the	 DET	

reactions	 proceeding	 in	 the	MtCDH‐modified	 electrodes	 was	 performed	 by	 processing	 the	

cyclic	 voltammograms	 in	 Figure	 4.35A,	 B	 within	 the	 Laviron	 model.206	 This	 mathematical	

approach	 was	 described	 in	 Section	 4.9.1.2.	 As	 n	 ΔEp	 <	 200	mV,	 the	 ks	 could	 be	 estimated	

according	to	Eq.	4.3.178	Table	4.2	illustrates	the	heterogeneous	electron	transfer	rate	constant	

(ks)	for	MtCDH‐modified	electrodes	(D813	and	T701	variants)	estimated	at	different	scan		

Table	4.2.	The	heterogeneous	electron	transfer	rate	constant	(ks)	for	MtCDH‐modified	electrodes	
for	the	variants:		D813C	and	T701C.	The	ks	values	were	estimated	at	25	°C	using	equation	4.3.	

Scan	
rate	(v)	
(V	s‐1)	

Peak	separation	
(ΔEp)		(mV)	

m	 ks	(s‐1)	

D813	 T701	 D813	 T701	 D813	 T701	

0.02	 23±2	 15±2	 1.6	 2.5	 1.2±0.05	 2.0±0.05	

0.04	 31±2	 22±2	 1.2	 1.65	 1.7±0.05	 2.7±0.05	

0.06	 44±2	 27±2	 0.74	 1.35	 1.7±0.05	 3.1±0.05	

0.08	 55±2	 37±2	 0.60	 0.95	 1.8±0.05	 2.9±0.05	

0.1	 62±2	 44±2	 0.5	 0.75	 1.9±0.05	 2.9±0.05	
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The	average	ks	 values	 registered	 for	MtCDH‐modified	electrodes	 for	 the	variants	D813	and	

T701	 were	 calculated	 to	 be	 ca.	 1.65	 and	 2.7	 s‐1	 respectively.	 One	 important	 factor	 that	

influences	electron	transfer	is	the	distance	between	the	redox	cofactor	and	the	surface	of	the	

electrode.21	 The	 average	 ks	 value	 for	 MtCDH‐modified	 electrode	 for	 variant	 E522	 was	

previously	calculated	to	be	ca.	1.9	s‐1	(Section	4.9.1.2),	indicating	that	different	variants	exhibit	

different	ks	values.	Independent	of	the	precise	details	of	the	Laviron	analysis,	it	is	clear	that	the	

electron	transfer	kinetics	for	the	haem/electrode	are	fast	for	the	three	variants.					

The	 cyclic	 voltammograms	of	 the	 steady‐state	 catalysis	 for	 the	 variants	D813C,	T701C	 and	

E674C	 (Figure	 4.27A,	 D,	 E)	 were	 further	 analysed	 using	 the	 modified	 form	 of	 the	 Nernst	

equation	 (Eq.	 4.4).	 Applying	 this	 equation	 to	 some	 points	 taken	 in	 the	middle	 part	 of	 the	

steady‐state	catalytic	voltammograms	subtracted	for	the	background	current	(Figure	4.36A,	C,	

and	 E),	 a	 linear	 relations	 between	 the	 applied	 potential	 and	 Log	 (iL	 ‐	 i/i)	 were	 obtained,	

indicating	a	fast	reversible	DET	reaction.	Linear	fit	of	such	plots	(Figure	4.36B,	D,	and	F)	give	

good	estimates	for	the	E0	values	at	about	‐0.141,	‐0.143	and	‐0.145	V	vs.	SCE	for	the	variants	

D813,	T701,	and	E674	respectively.	The	E0	of	the	variant	E522	was	previously	calculated	to	be	

‐0.138	vs.	SCE	(Figure	2.24).	The	E0	values	are	consistent	with	other	studies	of	DET	to	MtCDH	

at	pH	7.4283‐284,	298	and	can	be	attributed	to	the	one‐electron	transfer	of	the	haem	group.	Thus,	

the	catalytic	currents	observed	for	each	variant	in	Figure	4.27	are	most	probably	due	to	the	

DET	process	originating	from	the	haem	cofactor	located	in	the	CYT	domain.	To	date,	no	efficient	

direct	communication	with	the	FAD	group	of	the	class	II	CDH	has	been	shown.326	This	would	

have	been	expected	to	occurred	at	redox	potentials	of	ca.	−0.435	V	vs	SCE.325	
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Figure	 4.36.	 Background	 current	 subtracted	 cyclic	 voltammograms	 for	 a	 CDH‐modified	
GC/MWCNT	electrode	for	the	variants:	D813C	(A),	T701C	(C)	and	E674C	(E).	The	original	CVs	are	
shown	in	Figure	4.27A,	D,	E	which	were	recorded	in	deoxygenated	50	mM	Tris	buffer	(pH	7.4),	
containing	30	mM	CaCl2	and	increasing	concentrations	of	glucose,	at	1	mV/s.	(B),	(D)	and	(F)	are	
Heyrovsky‐Ilkovich	plots	performed	using	some	potential	points	taken	in	the	middle	region	of	CV	
recorded	for	70	mM	glucose	in	(A),	(C)	and	(E)	respectively	plotted	against	the	Log	(iL‐i/i).	Data	
were	 fitted	 with	 a	 linear	 fitting	 (green	 line)	 to	 determine	 the	 intercept	 (E0)	 and	 the	 slope	
(‐0.059/n).	

	

The	number	of	exchanged	electrons	(slope	=	‐0.059	/	n)	for	the	D813,	T701,	and	E674	variants	

on	the	different	electrodes,	shown	in	Figure	4.36,	were	also	calculated	to	be	ca.	0.8	and	can	be	

approximated	 at	 1.	 This	 is	 a	 further	 proof	 that	 the	 haem	group	 of	 the	 CDH	variants	 under	

investigation	interact	with	the	electrode	surface	in	the	DET	mechanism,	as	its	redox	process	

involves	one	electron,	whereas	the	FAD	group	would	need	two	electrons	to	be	oxidised.144,	309		

A	second	important	key	outcome	becomes	apparent	in	the	corresponding	Heyrovsky‐Ilkovich	

plots	shown	in	Figure	4.24B	and	Figure	4.36B,	D	and	F.	This	plot	of	log	[(iL	‐	i)/i]	versus	E	is	

often	 utilized	 to	 analyze	 the	 entire	 current‐potential	 curve	 obtained	 under	 steady‐state	

conditions.16	For	an	n‐electron	electrochemical	process	that	obeys	Nernst	equation,	the	plot	is	

linear.	Obviously,	Figure	4.24B	and	Figure	4.36B,	D	and	F	show	a	significant	linear	relationship,	

indicating	 thus,	 a	 fast	 DET	 mechanism	 (haem	 /electrode	 reaction).	 Hence,	 the	 different	

catalytic	currents	observed	for	each	variant	in	Figure	4.27	were	due	to	difference	in	the	IET	

rate	for	the	different	variants.	

4.9.4 Effect	of	calcium	chloride	

The	 results	 presented	 so	 far	were	 all	 been	obtained	 in	 buffer	 solutions	with	CaCl2.	 Indeed,	

GC/MWCNT	electrodes	modified	with	the	MtCDH	variants	were	previously	tested	for	DET	by	

slow	scan	cyclic	voltammetry	in	the	absence	of	CaCl2.	Figure	4.37	shows	that,	increasing	the	

concentration	of	D‐glucose	in	solution	up	to	20	mM,	an	increasing	catalytic	current	is	visible	

starting	from	about	‐0.2	V	vs.	SCE	and	reaching	a	plateau	around	0.0	V.	However,	the	catalytic	
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currents	observed	were	too	small	and	the	electrodes	seem	to	already	be	saturated	at	20	mM	

glucose,	making	the	next	planned	experiments	practically	complicated.	For	this	reason	CaCl2	

was	added	to	the	buffer	solutions	in	all	the	experiments	described	above.	

Figure	 4.37.	 Cyclic	 voltammograms	 of	 (A)	 D813	 and	 (B)	 E522	 CDH‐modified	 GC/MWCNT	
electrode	 in	 deoxygenated	 50	mM	 PBS	 (pH	 7.4)	 at	 1	mV/s.	 Black	 lines:	 background	 current	
without	glucose;	colored	lines:	after	the	addition	of	5,	10,	20	mM	D‐glucose.	

	

Studies	by	Ludwig	et	al.297,	325,	327	indicated	that	the	presence	of	CaCl2	leads	to	an	increase	in	the	

catalytic	current	generated	by	MtCDH.	In	their	work,	Ludwig	et	al.	have	concluded	that	this	

increase	is	due	to	the	adoption	of	a	closed	conformation	for	MtCDH	in	the	presence	of	divalent	

cations,	which	 exert	 a	 bridging	 effect	 between	 the	 two	 enzymatic	 domains	 by	 neutralising	

electrostatic	repulsion	and,	thereby,	increasing	the	internal	electron	transfer	(IET)	rate.	The	

authors	have	also	confirmed	that	the	effect	of	CaCl2	is	more	significant	at	neutral	pH,	which	is	

actually	not	the	optimal	pH	for	MtCDH.	Indeed,	at	slightly	alkaline	conditions	the	CYTCDH	and	

DHCDH	no	longer	interact	with	each	other	because	of	the	electrostatic	repulsion	of	the	negatively	

charged	amino	acids	located	in	the	interfacial	region	between	the	haem	and	flavin	domains.	At	

more	acidic	 conditions	 the	electrostatic	 repulsion	between	 the	 two	domains	 is	 already	 less	

pronounced.328		In	the	present	study,	the	effect	of	CaCl2	on	the	DET	and	MET	catalytic	currents	

was	also	investigated	to	gain	more	understand	the	mechanisms	of	the	DET	and	MET	reactions.	

With	this	aim,	T701	CDH‐modified	GC/MWCNT	electrodes	were	tested	 for	DET	and	MET	at	

neutral	and	acidic	pH	with	 increasing	concentrations	of	calcium	chloride	 in	 the	presence	of	

glucose	 in	 solution.	 Figure	 4.38	 shows	 the	 catalytic	 current	 as	 a	 percentage	 for	 increasing	

concentrations	of	CaCl2,	at	pH	5.5	and	7.4,	in	the	presence	and	absence	of	mediator	in	solution.	

It	 is	 clear	 that	when	 the	mediator	 is	 present	 in	 solution	 (triangles)	 there	 is	 no	 effect	 upon	

addition	of	CaCl2	at	either	pH.	Indeed,	this	behaviour	is	expected	if	the	mediator	used	in	the	
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experiments	(ferrocenecarboxylic	acid)	only	interacts	with	the	FAD	domain,	responsible	for	

the	sugar	oxidation	(Scheme	4.6).	Therefore,	the	haem	domain	may	be	excluded	from	the	MET	

catalytic	process	as	the	IET	is	not	occurring,	because	the	presence	of	the	divalent	cations	does	

not	affect	the	catalytic	current	 in	these	conditions.	On	the	other	hand,	 in	the	absence	of	the	

mediator	(circles),	a	significant	increase	in	the	catalytic	current	was	obtained	by	increasing	the	

concentration	of	calcium	chloride	 in	 the	solution,	 indicating	that	 the	calcium	cations	have	a	

significant	effect	in	the	DET	catalytic	process.	As	expected,	the		effect	is	greater	at	neutral	pH	

(green	circles),	where	the	current	increased	by	ca.	500	%	upon	the	addition	of	30	mM	CaCl2,	

whereas,	it	is	less	pronounced	at	acidic	pH	(pink	circles)	where	the	presence	of	30	mM	CaCl2	

increased	the	current	by	ca.	350	%.	This	further	proves	that	DET	pathway	is	consistent	with	

that	shown	in	Scheme	4.6,	with	electrons	passing	from	the	FAD	domain	to	the	haem	and	from	

the	haem	to	the	electrode	surface.	Indeed,	divalent	cations	exert	a	bridging	effect	between	the	

two	domains	increasing	the	IET	rate	and,	consequently,	the	overall	DET	rate.		

 

Figure	4.38.	Percentages	of	current	increase	for	DET	(circles)	and	MET	(triangles)	measured	at	
pH	7.4	(green)	and	pH	5.5	(pink)	vs.	CaCl2	concentration	for	GC/MWCNT	electrodes	covalently	
modified	with	T701‐CDH.	Data	were	recorded	by	CV	in	deoxygenated	50	mM	acetate	buffer	pH	
5.5	 (pink)	 and	 50	mM	Tris	 buffer	 pH	 7.4	 (green),	 containing	 70	mM	 glucose,	 in	 the	 absence	
(circles)	and	presence	(triangles)	of	0.2	mM	ferrocene.	
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4.9.5 Effect	of	solution	pH	

The	effect	of	solution	pH	was	also	investigated.	Figure	4.39	shows	the	cyclic	voltammograms	

of	a	CDH‐modified	GC/MWCNT	electrode	recorded	on	the	same	day	first	in	pH	7.4,	then	in	pH	

5.5	and	finally	in	pH	7.4	again.	The	experimental	results	indicate	that	the	catalytic	activity	of	

the	electrode	measured	at	pH	7.4	decreased	by	only	8	%	between	the	first	and	the	last	set	of	

experiment,	 suggesting	 an	 excellent	 stability	 of	 the	 electrode	 towards	 changes	 of	 pH.	

Furthermore,	we	note	that	the	catalytic	current	decreased	when	the	electrode	was	in	the	more	

acidic	buffer	(pH	5.5).	Indeed,	it	has	been	reported	that	the	optimal	pH	for	MtCDH	is	around	

5.5	 because	 in	 acidic	 conditions	 the	 IET	 and,	 consequently,	 the	 DET	 catalytic	 currents	 are	

improved.325,	329	However,	the	presence	of	30	mM	CaCl2	in	the	solution	already	improves	the	

IET,	bringing	it	 to	the	maximum	performance.	Hence,	 in	this	case,	the	changes	of	pH	do	not	

affect	 the	 mechanism	 of	 IET	 and	 consequently	 the	 DET	 catalytic	 currents.	 Therefore,	 the	

decrease	in	the	DET	current	at	the	acidic	pH	is	most	probably	due	to	lower	enzyme	affinity;	

neutral	pH	is	the	optimal	condition	for	the	flavin	domain	or	for	the	glucose	oxidation	by	the	

FAD	group.325	This	conclusion	was	supported	by	a	higher	enzyme	catalytic	efficiency	kcat	/	Km	

obtained	for	the	same	variant	at	pH	7.4	of	about	0.125	mM	s‐1	as	compared	to	0.04	mM‐1	s‐1	

obtained	(by	my	collaborator,	M.	Meneghello)	at	pH	5.5,	vide	infra.			

	  

 

 

Figure	4.39.	Cyclic	voltammograms	for	a	CDH‐modified	GC/MWCNT	electrode	(variant	T701)	in	
deoxygenated	50	mM	Tris	buffer	(pH	7.4) (A	and	C)	and	50	mM	acetate	buffer	(pH	5.5)	(B),	both	
containing	30	mM	CaCl2	and	increasing	concentrations	of	glucose.	The	electrode	potential	was	
swept	at	1	mV/s	from	‐0.35	to	0.1	V	vs.	SCE.	The	measurements	were	carried	out	sequentially	first	
in	pH	7.4,	then	in	pH	5.5	and	finally	in	pH	7.4	buffer	again.	

	

4.10 Understanding	the	DET	and	the	MET	mechanisms	

The	results	obtained	from	the	analysis	and	the	experiments	performed	in	this	Chapter	were	

gathered	together	in	order	to	have	a	better	understanding	of	the	mechanisms	of	the	direct	and	

pH 7.4 pH 5.5 pH 7.4 
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the	 mediated	 electron	 transfer	 between	 the	 MtCDH	 and	 the	 electrode	 surface.	 Such	

mechanisms	can	be	outlined	as	in	Scheme	4.6.		

 

Scheme	4.6.	Proposed	mechanisms	 for	 the	direct	and	 the	mediated	 electron	 transfer.	Med	=	
ferrocene	monocarboxylic.	The	numbers	indicate	the	steps	in	the	mechanisms.	

 

The	experiments	with	calcium	chloride	(Section	4.9.4)	confirm	that	the	presence	of	CaCl2	in	the	

solution	strongly	increased	the	catalytic	current	in	DET,	but	not	in	MET	experiments.	Since	the	

divalent	 cations	 such	 as	 Ca2+	 exert	 a	 bridging	 effect	 between	 the	 two	 domains,	 therefore	

affecting	IET.	We	can	assume	that	in	the	DET,	glucose	diffuses	to	the	enzyme	on	the	electrode	

surface	(Scheme	4.6‐step	1),	and	is	then	oxidised	to	gluconolactone	by	FAD+	(FADox)	which	in	

turn	is	reduced	to	FADH2	(FADred)	(Scheme	4.6‐step	2).	The	FADH2	is	then	turned	back	to	FAD	

by	Fe3+	in	two	one	electron	steps	(Hemeox)	which	is	in	turn	reduced	to	Fe2+	(Hemered)	(Scheme	

4.6‐step	 3)	 and,	 the	 Fe2+	 is	 re‐oxidised	 electrochemically	 at	 the	MWCNT	 to	 	 Fe3+	 	 (Scheme	

4.6‐step	4).	In	other	words,	the	FAD	group	is	reduced	by	glucose	and	oxidised	back	by	the	haem,	

which	act	as	a	bound	mediator	between	the	electrode	and	the	DHCDH	domain;	FADH2	is	first	

oxidised	to	the	FADH	radical	by	donating	one	electron	to	the	haem,	then	FADH	is	oxidised	to	

FAD+	by	 transferring	another	electron	 to	 the	haem.	On	 the	other	hand,	 in	MET	 the	 calcium	
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chloride	 has	 no	 effect,	 indicating	 that	 the	 mediator	 interacts	 directly	 with	 the	 DHCDH,	 out	

competing	the	haem	in	the	catalytic	process.	As	shown	in	Scheme	4.6	MET	(1):		Glucose	diffuses	

to	where	the	enzyme	is	on	the	electrode	surface	(Scheme	4.6‐step	1),	and	is	then	oxidised	to	

gluconolactone	by	FAD+	which	is	reduced	to	FADH2	(Scheme	4.6‐step	2),	FADH2	is	then	oxidised	

to	FAD	via	two	one	electron	steps	by	Fc+	which	is	reduced	to	Fc	(Scheme	4.6‐step	5),	then	Fc	is	

oxidised	back	to	Fc+	electrochemically	on	the	MWCNT	(Scheme	4.6‐step	6).	

4.10.1 Michaelis‐Menten	constants	for	the	CDH	variants	

The	 kinetic	 description	 of	 an	 enzyme	mechanism	 is	 fundamental	 to	 understanding	 how	 it	

functions.	Nearly		a	century	ago,	Michaelis	and	Menten330	suggested	a	straightforward	model	

which	 describe	 the	 kinetic	 characteristics	 of	 many	 enzymes.	 According	 to	 that	 model,	 an	

enzyme	(E)	combines	with	a	substrate	(S)	to	form	an	enzyme‐substrate	(ES)	complex	with	a	

rate	constant	k1.	The	ES	complex	has	two	possible	fates.	It	can	proceed	on	to	form	a	product	

(P),	with	a	rate	constant	k2	or	 to	dissociate	back	 into	E	and	S,	with	a	rate	constant	k‐1,331	as	

shown	in	the	reaction	below	

E	+	S            ES           E	+	P	

The	simplest	explanation	of	steady‐state	enzyme	kinetics	is	based	on	the	Michaelis	and	Menten	

model.1	Enzyme	kinetics	are	often	investigated	at	the	onset	of	the	catalytic	reaction.	Therefore,	

the	back	reaction	can	be	neglected,	and	the	k2	rate	constant	may	be	re‐named	kcat	(also	termed	

turnover	number),	the	catalytic	rate	constant	for	conversion	of	the	ES	complex	into	E	and	P.	

Thus,	the	Michaelis‐Menten	equation	presumes	the	study	of	the	initial	velocity	of	the	reaction	

(V0)	which	can	be	defined	as	the	rate	of	increase	in	[P]	with	time	when	[P]	is	low;	that	is,	at	

times	close	to	zero.	V0	is	given	by	the	Michaelis‐Menten	equation:	

 

Where	Vmax	is	the	maximum	velocity	of	the	reaction	when	the	enzyme	is	totally	saturated	with	

substrate,	 Vmax	 =	 kcat	 [Eo],	 where	 Eo	 is	 the	 total	 enzyme	 concentration,	 [S]	 is	 the	 substrate	

concentration	and	Km,	the	Michaelis‐Menten	constant,	is	the	substrate	concentration	at	which	

the	reaction	rate	 is	half	maximal.311,	332	Km	may	be	estimated	 from	a	plot	of	reaction	rate	vs	

substrate	concentration,	via	the	substrate	concentration	at	which	the	rate	is	half	of	the	Vmax	

value.	Km	is	related	to	the	rate	constants	by	Km	=	(k‐1	+	k2)/	k1.		The	Km	value	is	fundamental	as	

it	indicates	the	strength	of	binding	between	the	enzyme	and	substrate.	The	catalytic	efficiency	

of	an	enzyme	is	best	defined	by	the	ratio	kcat	/	Km.331‐332		

GC/MWCNT	electrodes	modified	with	the	CDH	variant	(E522)	were	tested	for	DET	by	cyclic	

voltammetry	 in	 a	 pH	7.4	buffer.	As	we	have	 already	 shown	 in	 Section	4.7.1,	 increasing	 the	

k1	

k‐1	 k‐2	

k2	
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concentration	of	D‐glucose	in	solution	leads	to	an	increase	in	the	limiting	current	at	the	anodic	

potential	of	the	voltammogram	(Figure	4.40A).	The	limiting	current	taken	at	0.0	V	vs.	SCE	can	

then	 be	 plotted	 versus	 the	 glucose	 concentration	 (Figure	 4.40C),	 showing	 a	 typical	

Michaelis‐Menten	 behaviour	 with	 the	 plot	 being	 linear	 for	 small	 substrate	 concentrations	

(between	0‐10	mM	glucose)	and	reaching	saturation	at	ca.	50‐70	mM	glucose.	Initially,	these	

experimental	 data	 can	 be	 fitted	 with	 the	 electrochemical	 form	 of	 the	 Michaelis‐Menten	

equation,1,	16	in	which	the	dependent	variable	is	represented	by	the	limiting	current:	

 

where	[S]	is	the	substrate	concentration,	Kmapp	is	the	apparent	Michaelis‐Menten	constant	and	

imax	is	the	apparent	maximum	current	that	can	be	reached	upon	saturation	and	can	be	written	

as	i	=	2FAΓk2	,	where	F	is	the	Faraday	constant,	AΓ	the	total	amount	of	electroactive	enzyme	

and	k2	the	first‐order	rate	constant	for	“glucose	oxidation”.333	Assuming	the	total	amount	of	

electroactive	CDH	to	be	≈	5.0	pmol	for	the	GC/MWCNT	electrode	modified	with	E522	CDH,	vide	

supra,	k2	was	calculated	(glucose	as	a	substrate)	to	be	about	1.3	s‐1.		

The	 Michaelis‐Menten	 constant,	 Km,	 represents	 the	 affinity	 between	 the	 enzyme	 and	 the	

substrate.	 Therefore,	 it	 would	 be	 different	 using	 different	 substrates.	 For	 the	 GC/MWCNT	

electrode	modified	with	E522	CDH,	Kmapp	was	found	to	be	about	12	mM	with	glucose	(Figure	

4.40C).	On	the	other	hand,	the	value	of	imax	is	almost	1.27	μA.	It	has	been	reported	that	the	kcat	

value	of	the	MtCDH	in	solution	(glucose	as	a	substrate)	is	about	14	s‐1.284	Therefore,	the	 imax	

value	obtained	in	Figure	4.40C	is	not	limited	by	the	enzyme‐substrate	kinetics	and	hence,	 it	

might	be	limited	by	IET	rate.	This	is	also	supported	by	the	fact	that	the	limiting	current	(imax)	

achieved	with	 another	 substrate	 (cellobiose)	was	 about	 1.37	 μA	 (Figure	 4.40D)	 but	with	 a	

different	Kmapp	value	of	around	0.8	mM.	
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Figure	4.40.	Top:	Cyclic	voltammograms	for	a	CDH‐modified	GC/MWCNT	electrode	(E522‐CDH)	
in	 deoxygenated	 50	 mM	 Tris	 buffer	 (pH	 7.4),	 containing	 30	 mM	 CaCl2	 and	 increasing	
concentrations	of	(A)	glucose	and	(B)	cellobiose.	The	electrode	potential	was	swept	at	1	mV/s	
from	‐0.35	to	0.1	V	vs.	SCE.	Bottom:	Plots	of	the	current	measured	at	0.1	V	in	the	voltammograms	
on	the	top	(subtracted	for	the	background	current)	versus	sugar	concentration:	(C)	glucose	and	
(D)	cellobiose.	Data	were	fitted	with	the	Michaelis‐Menten	equation	(Eq.	4.7,	green	lines)	and	the	
parameters	obtained	by	the	fitting	are	reported	in	the	insets.	

	

To	study	the	kinetic	parameters	of	the	direct	and	the	mediated	electron	transfers	for	the	CDH	

variants,	the	limiting	currents	obtained	in	Figure	4.27	and	Figure	4.31	were	replotted	versus	

the	glucose	concentrations	and	the	data	were	fitted	to	the	Michaelis‐Menten	equation	(Eq.	4.7).	

Figure	4.41	shows	the	plots	attributable	to	the	Michaelis‐Menten	behaviour	(DET	mode)	for	

the	 CDH	 variants:	 	 (A)	 D813C,	 (B)	 E522C,	 (C)	 T701C	 and	 (D)	 E674C.	 These	 plots	 are	 not	

identical	 for	 the	different	CDH	variants,	 exhibiting	different	 values	 of	 imax,	whereas	Kmapp	 is	

almost	 the	 same,	 with	 values	 between	 11	 and	 13	 mM	 (Table	 4.3).	 Figure	 4.41	 and	 Table	

4.3‐DET,	show	that	the	variant	T701	generates	the	highest	value	of	imax,	the	variant	D813	the	

lowest	and	the	other	two	variants	have	intermediate	values.	Indeed,	the	accurate	comparison	

between	them	should	consider	the	fact	that	imax	does	not	only	depend	on	the	turnover	number	

(kcat),	but	also	on	the	enzyme	surface	coverage	on	each	electrode	surface;	imaxapp	=	kcatapp	[enz]	=	

2FAΓk2.333	 However,	 the	 amounts	 of	 the	 enzyme	 immobilised	 onto	 each	 electrode	 were	
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previously	 calculated	 (Section	 4.9.3.5)	 to	 be	 5.5±0.2	 pmol,	 indicating	 that	 the	 different	

magnitudes	 of	 the	 currents	 obtained	 for	 each	 variant	 (Figure	 4.41)	 are	 not	 the	 result	 of	

different	 coverage	 of	 enzyme	 on	 the	 surface	 of	 the	 electrode.	 Consequently,	 the	 different	

catalytic	currents	are	most	probably	due	to	covalent	binding	of	CDH	at	the	maleimide‐modified	

electrodes	 that	 occurred	 in	 more	 appropriate	 orientation	 (see	 Figure	 4.26),	 the	 results	

presented	so	far	suggest	that	the	different	catalytic	currents	observed	for	each	variant	in	Figure	

4.27	were	due	to	differences	in	the	IET	rate	for	the	different	variants.	Figure	4.42	shows	the	

plots	attributable	to	the	Michaelis‐Menten	behaviour	(MET	mode)	for	the	CDH	variants:		(A)	

D813C,	(B)	E522C,	(C)	T701C	and	(D)	E674C.	In	contrast	to	the	ones	of	DET	mode	(Figure	4.41),	

such	plots	are	almost	identical	for	the	different	CDH	variants,	exhibiting	ca.	the	same	values	of	

imax.	Table	4.3‐MET	shows	that	the	values	of	Kmapp	for	the	MET	are	very	similar	to	the	ones	for	

DET,	with	values	between	10	and	14	mM.	On	the	other	hand,	imax	is	much	higher,	with	values	

around	8‐9	μA,	when	the	mediator	is	employed.	

	

	

 

Figure	 4.41.	 Plots	 of	 the	 currents	 of	 the	 CDH‐modified	 GC/MWCNT	 electrodes	 for	 various	
variants:	 (A)	 D813C,	 (B)	 E522C,	 (C)	 T701C	 and	 (E)	 E674C	 measured	 at	 0.0	 V	 in	 the	
voltammograms	 (subtracted	 for	 the	 background	 current)	 versus	 glucose	 concentration.	Data	
were	fitted	with	the	Michaelis‐Menten	equation	(Eq.4.7,	green	lines)	and	the	parameters	obtained	
by	the	fitting	are	reported	in	the	insets.	CVs	were	recorded	in	deoxygenated	50	mM	Tris	buffer	(pH	
7.4),	containing	30	mM	CaCl2	by	scanning	the	potential	at	1	mV/s	vs.	SCE.	
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Figure	 4.42.	 Plots	 of	 the	 currents	 of	 the	 CDH‐modified	 GC/MWCNT	 electrodes	 for	 various	
variants:	 (A)	 D813C,	 (B)	 E522C,	 (C)	 T701C	 and	 (E)	 E674C	 measured	 at	 0.3	 V	 in	 the	
voltammograms	 (subtracted	 for	 the	 background	 current)	 versus	 glucose	 concentration.	Data	
were	fitted	with	the	Michaelis‐Menten	equation	(Eq.	4.7,	green	lines)	and	the	parameters	obtained	
by	the	fitting	are	reported	in	the	insets.	CVs	were	recorded	in	deoxygenated	50	mM	Tris	buffer	(pH	
7.4),	containing	30	mM	CaCl2	and	0.2	mM	ferrocene	monocarboxylic	by	scanning	the	potential	at	
2	mV/s	vs.	SCE.	

	

Table	4.3.	Values	of	apparent	imax,	Km	and	kcat	for	the	different	CDH	variants	for	DET	and	MET.	
The	values	were	calculated	by	 fitting	 the	experimental	data	 in	Figure	4.41	and	4.42	with	 the	
Michaelis‐Menten	equation	(Eq.	4.7).	

  DET  MET 

CDH	

variant	

imaxapp	
(µA)	

Kmapp		

(mM)									

kcatapp		

	(s‐1)	

kcatapp/	Kmapp		

(M‐1	s‐1)	

imaxapp	
(µA)	

Kmapp		

(mM)	

D813	 0.86±0.01				 11.2±0.5			 0.8±0.01							 72±2		 8.0±0.1	 11.0±1.3	

E522	 1.21±0.01	 12.1±0.5	 1.1±0.01			 91±2		 8.87±0.3	 13.7±1.8	

T701	 2.22±0.01	 13.8±0.3	 2±0.01	 153±5	 8.68±0.3	 13.1±1.6	

E674	 1.54±0.01	 12.2±0.4	 1.45±0.01					 120±4	 8.64±0.3	 10.2±1.5	
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4.11 Conclusion	

In	 this	 Chapter,	 a	 novel	 procedure	 for	 the	 covalent	 immobilization	 of	 redox	 proteins	 and	

enzymes	at	carbon	electrodes	was	described.	The	results	presented	so	far	have	conclusively	

demonstrated	 a	 flexible	 and	 structured	 approach	 to	 the	 oriented	 immobilization	 of	 redox	

proteins	 and	 enzymes	 at	 electrode	 surfaces.	 The	method	uses	 site‐directed	mutagenesis	 to	

introduce	cysteine	residues	at	a	particular	sites	on	the	protein	surface	followed	by	the	reaction	

between	the	free	thiol	group	and	maleimide	groups	formed	on	the	electrode	surface	to	attach	

the	mutated	 enzymes.	 The	 carbon‐based	 electrodes	 (GC/MWCNT,	 BDD	 and	 GC)	 were	 first	

covalently	modified	with	maleimide	groups	using	a	method	combining	electrochemical	and	

solid	 phase	 synthesis	 approaches.	 The	 electrografiting	 has	 been	 used	 to	 form	 mixed	

monolayers	at	carbon	electrode	surfaces	where	the	majority	component	is	a	passivating	group,	

in	the	present	case	N‐(2‐aminoethyl)	acetamide,	and	the	minority	component	is	a	mono‐Boc	

protected	 diamine,	 in	 this	 case	N‐Boc‐1,6‐hexanediamine.	 Meanwhile,	 solid	 state	 synthesis	

methodology	was	used	for	the	subsequent	removal	of	the	Boc	protecting	group	and	coupling	

to	the	resulting	free	amine	at	the	surface;	this	allows	a	spacer	to	be	added,	in	the	present	case	

6‐aminohexanoic	acid,	 followed	by	 the	 reactive	group,	maleimide.	 In	 this	way,	 the	modular	

construction	of	the	surface	modifying	layer	allows	a	controlled	partial	coverage	of	the	reactive	

group	on	the	surface,	compatible	with	the	surface	of	the	protein	around	the	attachment	point	

and	 suitable	 for	 accommodating	 large	 biomolecules	 such	 as	 enzymes.	 Such	 construction	

enables	a	controlled	length	and	chemistry	of	the	linking	chain,	and	orientation	of	the	protein	

through	choice	of	the	mutation	site.	Maleimide	was	chosen	because	it	easily	reacts,	at	room	

temperature	and	neutral	pH,	with	the	free	cysteine	residue	 introduced	at	the	surface	of	the	

genetically	engineered	protein.	The	method	can	be	easily	applied	to	a	variety	of	enzymes	and	

proteins	bearing	a	cysteine	at	the	surface.	Using	the	MtCDH	variant	E522C	(as	a	model	for	the	

cysteine‐modified	genetically	engineered	protein)	we	have	shown	that	this	approach	leads	to	

an	 extraordinary	 stable	 attachment	 of	 the	 enzyme	 to	 the	 electrode	 surface	 and	 that	 the	

immobilised	enzyme	 is	active	 for	 the	electrochemical	oxidation	of	D‐glucose	without	added	

redox	mediators.		

Five	MtCDH	variants,	genetically	engineered	to	bear	a	free	cysteine	in	different	positions	at	the	

surface	of	the	flavin	domain,	were	covalently	 immobilised	onto	GC/MWCNT	electrodes.	The	

CDH	variants	have	been	effectively	attached	to	the	GC/MWCNT	electrodes	through	covalent	

binding,	and	different	orientations	for	the	CDH	variants	have	been	successfully	discriminated.	

The	 covalent	 immobilisation	 through	 the	 thioether	bond	has	been	 shown	 to	be	 a	 powerful	

strategy	for	discriminating	between	CDH	variants,	 in	contrast	to	physical	absorption,	which	

gives	 the	 same	 catalytic	 current	 for	 the	 different	 variants.	 Cyclic	 voltammetry	 experiments	

with	 the	 MtCDH‐modified	 electrodes	 were	 carried	 out	 in	 buffered	 solutions	 at	 pH	 7.4	
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(physiological	pH),	with	increasing	concentrations	of	glucose,	showing	direct	electron	transfer	

(DET)	between	the	enzyme	and	the	electrode	surface	and	allowing	discrimination	between	the	

different	MtCDH	variants.	The	results	obtained	indicated	that	DET	for	the	CDH	variants	under	

investigation	always	occurs	via	the	haem	group,	one	of	the	two	CDH	redox	sites,	located	in	two	

distinct	domains	of	 the	enzyme.	Calibration	curves	 for	glucose	were	 recorded	and	 the	data	

were	fitted	to	the	Michaelis‐Menten	equation,	allowing	the	determination	of	apparent	kinetic	

parameters	for	the	different	MtCDH	variants.	Moreover,	tests	in	the	presence	and	absence	of	

calcium	 chloride	 were	 carried	 out	 to	 reach	 a	 better	 understanding	 of	 the	 DET	 and	 MET	

mechanisms	of	this	enzyme.	The	results	have	suggested	that	the	different	catalytic	currents	

observed	 for	 each	 variant	were	 due	 to	 the	 differences	 in	 the	 IET	 rate.	 In	 order	 to	 further	

understand	the	kinetics	of	the	CDH	at	the	electrode	surface,	a	kinetic	analysis	for	both	DET	and	

MET	results	are	performed	and	this	is	discussed	in	the	next	Chapter.		
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Chapter	5 Modelling	MtCDH‐modified	electrode	

responses	

5.1 Overview	

A	kinetic	model	of	an	enzyme	electrode	may	be	used	to	identify	the	key	experimental	factors	

such	 as	 the	 rates	 of	 mass	 transport,	 rates	 of	 reactions	 and	 the	 loading	 of	 the	 enzyme	

component.	 These	 factors	 determine	 the	 response	 of	 the	 sensor	which	 then	 provide	 a	 link	

between	these	key	experimental	factors;	the	concentration	of	the	substrate	and	the	biosensor	

response.	A	model	gives	a	mathematical	 explanation	of	 the	 substantial	processes	occurring	

within	the	system.	Once	we	obtain	a	suitable	kinetic	model	for	a	given	amperometric	enzyme	

electrode,	we	can	employ	this	model	to	guide	a	number	of	improvements.	Improving	a	kinetic	

model	is	an	effective	experimental	method.	Also,	it	gives	understanding	into	the	mechanisms	

and	processes	 involved	 in	 the	operation	of	 the	electrode.	This	 is	particularly	 true	when	we	

attempt	the	analysis	applying	approximate	analytical	approaches.	This	can	yield	a	rich	reward	

in	terms	of	the	new	facts	and	insights	that	can	be	achieved.1,	334	This	chapter	aims	to	provide	a	

kinetic	 analysis	 for	 the	 DET	 and	 the	 MET	 results	 obtained	 in	 Chapter	 4,	 based	 on	 the	

steady‐state	kinetics.	

5.2 Steady‐State	kinetics	model	for	the	MtCDH	electrode	

reactions	

To	 understand	 the	 kinetics	 of	 the	MtCDH	 at	 the	 electrode	 surface,	 further	 analysis	 for	 the	

results	obtained	(in	Chapter	4)	in	the	DET	and	the	MET	experiments	can	be	done	by	looking	

closer	at	the	current	of	each	step	in	Scheme	4.6.	In	the	following	lines	we	will	term	FAD+	as	F1,	

FADH	as	F2	and	FADH2	as	F3.	Furthermore,	the	two	oxidation	states	of	the	ferrocene	(mediator)	

will	be	termed	Fc	and	Fc+.	On	the	other	hand,	the	two	oxidation	states	of	haem	will	be	termed	

as	FeII	and	FeIII.	The	reaction	steps	with	the	relative	kinetic	constants	are	shown	in	Table	5.1.			

It	is	clear	that	several	different	kinetic	processes	are	involved	in	the	overall	operation	of	the	

MtCDH	modified	GC/MWCNT.	These	will	include	the	reactions	i)	between	the	enzyme	and	its	

substrate,	ii)	the	IET,	iii)	between	the	enzyme	and	the	electrode,	iv)	between	the	enzyme	and	

a	redox	mediator,	and	v)	between	the	redox	mediator	and	electrode.	In	addition,	the	various	

mass	transport	processes	which	bring	the	substrate	to	the	electrode	and	take	products	away	

will	also	play	a	role.	In	this	Section	we	describe	the	mathematical	model	that	is	necessary	to	

understanding	kinetic	analyses	of	our	MtCDH	modified	GC/MWCNT	electrode.	Nevertheless,	it	
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should	be	highlighted	that	the	recorded	DET	current	reflects	the	participation	of	three	steps	in	

the	ET	pathway,	namely,	CAT,	IET,	and	DET.	On	the	other	hand,	the	registered	MET	current	

displays	the	involvement	of	two	steps	in	ET	pathway,	viz,	CAT	and	MET,335	see	Scheme	4.6.	

Another	 assumption	 in	 the	 Michaelis‐Menten	 treatment	 is	 that	 the	 concentration	 of	 the	

enzyme–substrate	(ES)	complex	can	be	given	using	the	steady‐state	hypothesis,	meaning	that	

the	 concentration	 of	 ES	 complex	 does	 not	 change	 with	 time.	 Indeed,	 this	 is	 not	 correct	

instantaneously	 after	 the	 substrate	 and	 enzyme	 are	 mixed	 together,	 namely,	 when	 the	

concentration	 of	 the	 ES	 complex	 is	 building	 up	 and	 will	 only	 be	 correct	 as	 long	 as	 the	

concentration	of	substrate	is	not	considerably	consumed	by	the	progression	of	the	reaction.1	

Therefore,	we	will	assume	that	there	is	no	mass‐transport	limitation	for	the	substrate	(glucose)	

so	that	the	concentration	of	glucose	at	the	electrode	surface	is	the	same	as	in	the	bulk.16		

	

Table	5.1.	Reaction	steps	for	the	DET	and	MET	oxidation	of	a	sugar	via	MtCDH,	with	the	relative	
kinetics	constants.	

Step	 Reaction	 Kinetic	constants	

Substrate‐enzyme	
reaction	

	
	

	 	

Re‐oxidation	of	FAD	by	
haem	

	
	

	
	

Re‐oxidation	of	FAD	by	
mediator	

	
	

	
	

Re‐oxidation	of	FAD	by	
mediator	(Michaelis–
Menten	type	kinetics)	

	
	

and	
	
	

	
	

	
																			 	
	

	
																			 	

Electrode	reaction	 	 Fast	 step,	 see	 Section		
4.9.3.5	

	 Fast	 step,	 see	 Section	
4.9.3.4	

 

According	 to	 the	 Michaelis‐Menten	 model,	 in	 the	 first	 step	 of	 the	 CDH	 kinetics	 FAD+	 (F1)	

combines	with	the	substrate	to	form	(SF1).	The	SF1	complex	can	proceed	on	to	a	product	(P)	

and	FADH2	(F3),	the	relative	kinetic	constants	are	shown	in	Table	5.1.	As	mentioned	in	Chapter	
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4,	the	Michaelis‐Menten	constant	is	related	to	the	rate	constants	by	Km	=	(k‐1	+	k2)/	k1.	In	the	

following	text	we	will	call	k‐1	as	kb,	and	k1	as	kf.	Assuming	that	 this	step	(breakdown	of	SF1	

complex)	is	the	rate	limiting	step	of	the	whole	reaction,	the	reaction	rate	(ν)	can	be	given	by:	

    

As	 a	 flavocytochrome,	MtCDH	 exhibits	 a	 unique	 structure;	 it	 contains	 an	 electron‐transfer	

cytochrome	 domain	 (CYT)	 that	 is	 connected	 to	 a	 carbohydrate‐oxidizing	 dehydrogenase	

domain	(DH).	Electrons	gained	from	sugar	oxidation	are	transferred	from	the	DH	to	the	CYT	by	

internal	electron	transfer	(IET).297	Scheme	4.6	shows	the	mechanisms	for	the	direct	and	the	

mediated	 electron	 transfer	 of	 the	 CDH.	 It	 assumes	 that	 the	 released	 F3	 from	 the	

enzyme‐substrate	complex	may	be	oxidised	back	via	transferring	two	electrons	to	the	haem	

group	(Scheme	4.6‐step	3)	or	to	the	ferrocene	(Scheme	4.6‐step	5)	in	two	one	electron	steps.	

Under	these	circumstances,	F3	would	be	oxidised	to	a	semiquinone	intermediate	F2	which	in	

turn	is	oxidised	to	F1	with	the	relative	kinetic	constants	shown	in	table	5.1.	Thus,	there	will	be	

two	rate	constants	for	the	re‐oxidation	of	F1	(FAD)	via	the	haem	group,	namely,	kint(1)	and	kint(2)	

and	two	rate	constants	for	the	re‐oxidation	of	F1	via	the	ferrocene,	kmed(1)	and	kmed(2)							

The	results	obtained	in	Figure	4.24B	and	Figure	4.36B,	D	and	F,	from	the	plots	of	log	[(iL	‐	i)/i]	

versus	E,	for	an	n‐electron	electrochemical	process	are	linear	with	n	~	1.	Figure	4.24	and	4.36	

show	a	significant	 linear	relationship	 indicating	a	 fast	DET	mechanism.	Therefore,	step	4	 in	

Scheme	4.6	 is	not	 the	rate	 limiting	step.	Step	6	 in	Scheme	4.6	 is	well	known	as	a	Nernstian	

reversible	 step.	 Thus,	 it	 is	 not	 the	 rate	 limiting	 step.	 Moreover,	 step	 5	 and	 6	 are	 [Fc]	

independent	because	 the	Fc	 concentration	used	was	0.2	mM	which	 is	 sufficient	 to	produce	

reversible	MET	(see	Section	4.9.3.4).	Therefore,	the	last	steps	in	Table	5.1	are	described	as	fast	

reversible	electrochemical	reactions.	

5.3 Construction	of	a	potential‐dependent	Michaelis‐Menten	

model	

To	 construct	 a	 potential‐dependent	 Michaelis‐Menten	 model	 for	 the	 MtCDH	 modified	

GC/MWCNT	electrode	we	can	assume	that	the	total	concentration	of	immobilised	enzyme	(in	

mol	cm‐2)	is	given	by:	

 

and	the	total	concentration	of	mediator	is:	
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Assuming	that	the	electron	transfer	kinetics	of	the	haem	and	the	mediator	are	fast	(reversible),	

the	Nernst	equation	can	be	applied	for	the	two	cases,	vide	supra:	

 

 

Hence,	 the	 concentration	 of	 Fc+	 ,	 which	 depends	 on	 the	 applied	 potential	 and	 is	 also	

accountable	for	the	re‐oxidation	of	FAD,	may	be	given	by	rearranging	Eq.	5.5	and	introducing	

the	expression	given	by	Eq.	5.3:	

 

 

On	the	other	hand,	the	situation	for	the	haem	depends	on	whether	we	assume	that	the	haem	of	

a	CDH	molecule	can	oxidise	the	FAD	of	a	different	CDH	molecule	or	not.	Initially,	we	will	assume	

that	 this	 is	not	 the	case	 in	order	 to	simplify	 the	derivation.	Hence,	 the	haem	of	a	particular	

enzyme	molecule	could	be	in	the	reduced	(FeII)	or	oxidised	(FeIII)	state.	The	probability	for	the	

haem	to	be	in	reduced	state	is	ΦFeII,	and	the	probability	for	it	to	be	in	the	oxidised	state	is	ΦFeIII,	

in	this	case:	

 

Thus,	 the	probability	of	 the	haem	being	 in	 the	oxidised	 form	(ΦFeIII),	which	depends	on	 the	

applied	 potential	 and	 is	 also	 	 accountable	 for	 the	 re‐oxidation	 of	 FAD,	 may	 be	 given	 by	

rearranging	Eq.	5.4,	and	introducing	the	expression	given	by	Eq.	5.7:	

 

Now,	we	are	ready	to	write	the	kinetic	expressions	for	all	the	different	states	of	the	enzyme	as	

follows	using	the	kinetic	constants	shown	in	Table	5.1.	
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At	this	point,	it	is	helpful	to	explain	about	the	electrochemical	reaction	at	the	electrode	surface	

(electrode‐electrolyte	interface).	Such	electrochemical	reaction	converts	the	flux	of	substrate	

JS	 into	 a	 flux	 of	 electrons	 (current)	 that	 flows	 through	 the	 external	 circuit,	 in	 this	 case	 the	

current	is	given	by1	

 

Where	n	(number	of	electrons)	is	negative	for	oxidation	and	positive	for	reduction	so	that,	by	

agreement	 (according	 to	 IUPAC)	 oxidation	 currents	 are	 positive	 and	 reduction	 currents	

negative,	F	is	the	Faraday	constant,	A	is	the	electrode	area,	DS	is	the	diffusion	coefficient	of	the	

substrate.1	It	has	been	assumed	(see	Scheme	4.6)	that	for	each	molecule	of	glucose	oxidised	by	

the	immobilised	CDH	two	electrons	are	donated	to	the	electrode.	Therefore,	the	number	of	the	

electrons	 (n)	 is	 equivalent	 to	 2.	 The	 enzyme	 and	 enzyme‐substrate	 complex	 are	 both	

immobilised	 at	 the	 electrode	 surface	 and	 the	 breakdown	 of	 such	 complex	 produces	 the	

products	and	the	two	electrons.	Therefore,	the	flux	of	substrate	JS	in	Eq.5.13	can	be	equated	to	

the	rate	of	the	reaction	in	Eq.	5.1	so	that	the	current	is	given	by:	

 

We	 can	 now	 apply	 the	 steady	 state	 approximation,	 assuming	 that	 [Fc+],	 [S]	 and	ΦFeIII	 are	

constant	 considering	 the	 assumptions	we	 have	 previously	made	 about	mass	 transport	 and	

reversibility	of	the	redox	reactions.	Furthermore,	applying	the	steady‐state	approximation	as	

described	in	the	Michaelis‐Menten	model	assumes	that	the	concentration	of	SF1,	F1,	F2	and	F3	

does	not	change	with	the	reaction	course.	

We	can	now	write	the	concentration	of	the	substrate‐enzyme	complex,	[SF1],	as	follows	using	

Eq.	5.12:	

 

The	concentration	of	FADH2,	F3,	using	Eq.	5.11:	

 

The	concentration	of	FADH,	F2,	using	Eq.	5.10	and	Eq.	5.16	in	substitution	of	F3:	
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The	concentration	of	FAD+,	F1,	using	Eq.	5.9	and	Eq.	5.17	in	substitution	of	F2:	

 

Substituting	Eq.	5.15,	5.16,	5.17	and	5.18	in	Eq.	5.2,	the	total	amount	of	immobilised	enzyme	

will	be:	

 

By	rearranging	Eq.	5.19,	 the	concentration	of	 the	substrate‐enzyme	complex	 is	given	by	Eq.	

5.19b:	

 

Then,	substituting	[SF1]	(Eq.	5.19b)	in	Eq.	5.14,	the	current	will	be	given	by	Eq.	5.20:	

 

knowing	that	Km	=	(kb	+	kcat)/kf	(see	the	kinetics	constants	in	Table	5.1),	therefore	Eq.	5.20	can	

be	re‐written	as:	

 

Looking	closer	at	the	latter	equation	for	the	current,	we	can	emphasise	that	the	first	term	at	

the	denominator	(1	+	Km/[S])	is	due	to	the	enzyme‐substrate	kinetics,	whereas	the	other	two	

terms	with	kcat	are	due	to	the	internal	electron	transfer	(IET)	or	the	flavin/mediator	kinetics.	
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These	two	terms	can	be	written	as	kcat/kx(x),	with	kx(x)	representing	the	re‐oxidation	kinetics	

of	FAD,	either	due	to	the	haem	or	to	the	mediator,	and	being	equal	to:	

 

kx(x)	 can	be	simplified	depending	on	whether	 the	 IET	or	 the	MET	 is	 the	dominant	process,	

providing	thus:	

 

 

In	this	study,	we	will	adopt	an	idea	that	the	rates	of	the	two	semi‐oxidation	reactions	are	the	

same,	for	both	the	haem	and	mediator	cases:	

 

So	that	kx(x)	can	be	simplified	as:	

 

and	                                

 

 

Hence,	the	equation	for	the	current,	Eq.	5.20,	can	now	be	re‐written	as	follow:	
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The	apparent	kinetic	parameters	of	the	direct	and	the	mediated	electron	transfers	for	the	CDH	

variants	were	previously	obtained	in	Section	4.10.1	using	the	same	equation	obtained	in	Eq.	

5.22a.	

5.4 Simulation	of	the	DET	and	MET	catalytic	voltammograms	

In	 this	section	we	compare	 the	experimental	voltammetric	results	obtained	 in	 the	DET	and	

MET	modes	with	 simulation	 results.	 The	 software	MS	Excel	 2010	was	used	 for	 simulation,	

Eq.5.22	was	employed	in	a	spreadsheet.	This	equation	shows	the	current	dependency	on	the	

applied	potential	by	the	expression	kx(x).	Indeed	this	expression	was	extracted	from	Eq.5.21	

and	it	corresponds	to	kint	and	kmed,	the	activity	of	the	haem	in	the	oxidised	form	(ΦFeIII)	as	well	

as	the	concentration	of	the	ferrocenium	(Fc+).	The	concentration	of	Fc+	and	(ΦFeIII)	depends	on	

the	 applied	potential	 (see	Eq.	 5.6	 and	Eq.	 5.8).	 Thus,	 such	parameters	deliver	 the	potential	

dependency	of	the	current.		

The	concentrations	of	the	substrate	and	the	mediator	are	known	for	the	particular	experiment.	

The	other	parameters	which	were	employed	 to	assemble	Eq.5.22	 in	 the	spreadsheet	are:	 i)	

Faraday	constant	(F)	=	96485	C	mol‐1,	ii)	surface	area	of	the	electrode	(A)	=		14	cm2	(see	Section	

4.9.1),	iii)	gas	constant	(R)	=	8.314	J	mol‐1	K‐1,	iv)	temperature	(T)	=	293	K,	v)	redox	potential	of	

the	haem	(EFe)	=	‐	0.14	V	vs.	SCE	(see	Section	4.9.3.5),	and	vi)		redox	potential	of	the	ferrocene	

(EFc)	 =	0.275	V	vs.	 SCE	 (see	 Section	4.9.3.4).	 Fortunately,	we	were	 able	 to	 confirm	 that	 the	

quantity	 of	 CDH	molecules	 capable	 of	 undergoing	DET	 immobilised	 on	 each	 electrode	was	

almost	the	same	with	a	value	of	nenz	≈	5.5	pmol,	see	Section	4.9.3.5.	Therefore,	another	constant	

parameter	in	Eq.	5.22	would	be	[enz].	

Thus,	 the	 parameters	 that	 are	 yet	 to	 be	 defined	 in	 Eq.5.22	 are	 Km,	 kcat,	 kmed	 and	 kint.	 The		

Michaelis‐Menten	constants	(Km	and	kcat)	are	a	characteristic	 feature	of	each	enzyme336	and	

they	should	not	vary	for	the	different	CDH	variants.	However,	kint	might	vary	across	the	family	

of	CDH	variants	due	to	different	orientations	on	the	surface	of	electrodes,	the	latter	assumption	

will	be	 investigated	 later.	Moreover,	we	would	assume	kmed	to	be	 the	same	 for	 the	different	

variants	 because	 the	 reaction	 between	 the	 mediator	 and	 FAD	 should	 not	 be	 affected	 by	

different	enzyme	orientations.	As	the	kmed	(1)	and	kmed	(2)	were	assumed	to	be	identical,	they	are	

defined	as	kmed,	the	same	assumption	was	also	made	for	kint	(1)	and	kint	(2).	

More	 than	 70	 experimental	 voltammograms	 were	 compared	 to	 the	 simulated	 curves	 by	

iteratively	adjusting	 the	 following	kinetic	parameters:	Km,	kcat,	kint	 and	kmed.	The	value	of	Km	

reported	 in	 the	 literature	 for	MtCDH	 in	 solution	 (glucose	 as	 a	 substrate)	 of	 250	mM,	 was	
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initially	 employed.284	 Since	 there	 are	 four	 parameters	 to	 be	 adjusted,	 sometimes	 good	

agreement	 can	 be	 obtained	with	 several	 possibilities.	 achieved.1,	 334	 Therefore,	 we	 tried	 to	

constrain	the	kinetic	constants;	firstly	within	an	interval	centered	in	the	estimated	values	and	

second,	by	varying	the	initial	values	close	to	the	real	values	for	better	estimation.334	We	have	

previously	shown	that	the	electron	transfer	kinetics	of	the	mediator	are	fast	and	reversible,	see	

Section	4.9.3.4.	The	analysis	confirmed	that	a	very	small	concentration	of	ferrocenium	ion,	≈	

0.4	μM,	is	sufficient	to	react	with	the	enzyme	and,	consequently,	generate	the	observed	catalytic	

current;	by	increasing	the	ferrocene	concentration	in	solution,	a	less	positive	potential	value	is	

required	to	have	the	minimum	sufficient	concentration	of	ferrocenium	ions	to	support	the	MET	

reaction.	The	conclusion	was	that	the	rate	for	the	reaction	between	the	DH	domain	(FAD	group)	

and	Fc+	has	to	be	very	fast.	Therefore,	we	decided	to	apply	a	value	for	kmed	=	1	x	106	L	mol‐1	s‐1.	

This	value	was	adjusted	later	to	be	4	x	106	L	mol‐1	s‐1	to	perfectly	match	with	the	experimental	

voltammogram,	 see	 Figure	 5.1A	 and	 B.	 Hence	 the	 latter	 value	 for	 kmed	was	 adopted	 in	 the	

following	 simulations.	 An	 experimental	 voltammograms	 recorded	 at	 newly	 prepared	

CDH‐modified	GC/MWCNT	electrode	(E674‐CDH)	was	simulated,	using	a	Km	value	of	250	mM.	

The	kcat	and	kint	were	adjusted	to	match	with	the	experimental	data,	whereas	a	constant	value	

of	nenz	=	5	pmol	were	always	employed.	The	better	simulation	that	fit	the	experimental	data	

was	obtained	by	applying	values	for	kcat	=	36	s‐1,	kint	=	3.3	s‐1	and	kmed	=	4	x	106	L	mol‐1	s‐1.	Figure	

5.1B	shows	that	the	simulated	voltammogram	(red	line)	matches	reasonably	with	both	DET‐CV	

(black	line)	and	MET‐CV	(green	line).		
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Figure	5.1.	Experimental	voltammogram	after	background	 subtraction	 for	a	newly	prepared	
CDH‐modified	GC/MWCNT	electrode	(E674‐CDH).	CVs	were	recorded	in	deoxygenated	50	mM	Tris	
buffer	(pH	7.4),	containing	30	mM	CaCl2	and	70	mM	glucose	in	the	presence	(green	lines)	and	in	
the	absence	(black	lines)	of	0.2	mM	ferrocene	monocarboxylic,	sweeping	the	potential	at	2	mV/s	
(green	lines)	and	1	mV/s	(black	lines).	The	red	lines	are	simulated	voltammograms	using	Eq.	5.22,	
employing	the	parameters:	Km	=	250	mM,	kcat	=	36	s‐1,	kint	=	3.3	s‐1	and	nenz	=	5	pmol,	a	value	of	kmed	
=	1	x	106	L	mol‐1	s‐1	was	used	in	(A)	and	=	4	x	106	L	mol‐1	s‐1	was	used	in	(B).	The	other	constant	
parameters	were	employed	as	mentioned	before.		
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In	Section	4.10.1,	the	apparent	values	of	Km	and	kcat	for	the	different	CDH	variants	(for	DET	and	

MET)	were	rendered	via	fitting	the	experimental	data	of	the	glucose	experiments,	see	Table	

4.3.	This	was	done	using	the	electrochemical	form	of	the	Michaelis‐Menten	equation	(Eq.	4.7)	

which	 is	widely	 reported	 in	 the	 literature.1,	 16	 The	 acquired	 apparent	 values	were	 in	 a	 big	

disagreement	with	the	real	Km	and	kcat	that	have	been	reported	for	the	same	enzyme	(in	the	

solution),	MtCDH,284	making	 it	 necessary	 to	make	 an	 attempt	 to	obtain	 the	 real	Km	and	kcat	

values	for	our	 immobilised	MtCDH,	via	employing	Eq.	5.22.	Looking	closer	at	Eq.	5.22b,	 it	 is	

clear	that	Kmapp	depends	on	the	values	of	Km,	kcat	and	kx(x).	The	latter	parameter	depends	on	the	

kmed	and	kint	and		does	not	depend	on	the	real	Km	and	kcat	due	to	the	fact	that	Michaelis‐Menten	

constants	 are	 a	 characteristic	 feature	 of	 each	 enzyme336	 and	 they	 should	 not	 vary	 for	 the	

different	 CDH	 variants.	 Furthermore,	 kx(x)	 depends	 on	 the	 [Fc+]	 and	 [FeIII]	 which	 are	

electrochemically	determined	by	the	applied	potential;	where,	the	IET	(and	consequently	DET)	

is	 the	 dominant	 process	 between	 ‐0.25	 and	 0.05	 V,	whereas	MET	 is	 the	 dominant	 process	

between	0.1	and	0.3	V.	The	kmed	value	was	shown	to	be	in	the	order	of	106	L	mol‐1	s‐1,	however	

kint	is	expected	to	be	reasonably	small.		Accordingly,	the	kx(x)	in	the	DET	potential	range	should	

be	relatively	small	because	it	depends	on	kint.	However,	the	kx(x)	in	the	MET	potential	range	is	

expected	to	be	higher	as	it	depends	on	kmed.	Therefore,	according	to	Eq.	5.22,	for	a	given	glucose	

concentration,	the	MET	currents	have	to	be	much	bigger	than	the	DET	currents.	

According	to	Eq.5.22d,	kcatapp	depends	on	imaxapp	and	on	the	amount	of	immobilised	enzyme.	An	

estimation	of	 the	 amount	of	 immobilised	CDH	was	done	before,	 and	 it	was	 shown	 that	 the	

amount	 of	 CDH	molecules	 capable	 of	 undergoing	 DET	 immobilised	 on	 each	 electrode	was	

almost	the	same	with	the	value	of	≈	5.5	pmol,	see	Section	4.9.3.5.	However,	the	estimation	of	

kcatapp	for	MET	experiments	was	not	possible	due	to	the	absence	of	the	FAD	redox	peaks	in	the	

non‐catalytic	voltammogram.	Therefore,	a	precise	estimation	of	kcatapp	for	MET	is	unfeasible.	

The	results	obtained	in	Table	4.3	show	that	imaxapp	values	acquired	for	MET	are	much	bigger	

than	the	ones	obtained	for	DET.	This	can	be	explained	by	taking	in	to	consideration	that	imaxapp	

(according	to	Eq.	5.22d)	depends	on	the	kcatapp.	On	the	other	hand,	kcatapp	depends	on	the	kcat	and	

kx(x)	as	defined	in	Eq.	5.22c.	kcat	is	a	characteristic	feature	of	each	enzyme.	Therefore,	kcatapp	is	

directly	proportional	to	kx(x),	which	has	a	higher	value	in	the	potential	range	where	MET	is	the	

dominant	process	compared	to	a	smaller	value	when	DET	is	dominant.	

5.4.1 Simulations	of	DET	and	MET	currents	for	E674‐CDH	

To	verify	that	the	values	of	Km,	kcat,	kint	and	kmed	that	were	used	in	Figure	5.1	could	be	applied	

to	 the	 catalytic	 voltammograms	 recorded	 at	 a	 different	 concentration	 of	 the	 substrate	

(glucose),	 the	 experimental	 voltammograms	 for	 E674‐CDH	 for	 DET	 and	MET	 experiments	

(Figure	4.27	and	Figure	4.31)	were	simulated.	This	was	done	by	employing	the	same	values	of	
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the	 parameters	 as	 in	 Figure	 5.1	 and	 varying	 the	 glucose	 concentration.	 The	 values	 of	

DET‐current	(recorded	at	0.0	V	vs.	SCE)	and	MET‐current	(recorded	at	0.3	V	vs.	SCE)	 in	 the	

simulated	voltammograms	were	plotted	with	the	experimental	results,	see	Figure	5.2.	

 

	

Figure	5.2.	Black	squares;	relative	background	subtracted	currents	for	the	CV experiments	that	
recorded	at	the	CDH‐modified	GC/MWCNT	electrode	(E674‐CDH)	 in	deoxygenated	50	mM	Tris	
buffer	(pH	7.4),	containing	30	mM	CaCl2	and	0	to	70	mM	glucose	in	the	absence	(A)	and	in	the	
presence	(B)	of	0.2	mM	ferrocene	monocarboxylic).	The	red	circles	are	simulated	data	using	Eq.	
5.22,	 at	 different	 substrate	 concentrations,	 the	 parameters	 employed	 in	 the	 simulation	 are	
reported	in	the	legends.	The	other	constant	parameters	were	employed	as	mentioned	before.	

	

In	 the	 case	 of	 the	 DET	mode	 (Figure	 5.2A),	 the	 simulated	 data	 reasonably	match	with	 the	

experimental	data	over	the	whole	range	of	the	glucose	concentrations	(1	to	70	mM).	One	of	the	
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ways	 to	 evaluate	 the	 simulation	 data	 is	 by	 fitting	 them	 with	 the	 potential	 dependent	

Michaelis‐Menten	equation	Eq.	5.22a.	An	extracted	value	for	Kmapp	=	11	mM	were	obtained	for	

the	simulated	data	in	Figure	5.2A.	This	value	is	in	a	good	agreement	with	the	value	of	12	mM	

that	was	obtained	for	the	experimental	result,	see	Table	4.3,	showing	that	the	real	Km	value	of	

250	mM	that	was	used	in	our	simulation	is	fairly	reasonable.		

The	same	values	of	the	parameters	that	were	used	for	the	DET	mode	(Figure	5.2A)	were	also	

employed	 for	 the	 MET	 mode,	 in	 this	 case,	 the	 simulated	 data	 do	 not	 match	 with	 the	

experimental	 results,	 see	 Figure	 5.2B.	 At	 this	 point	 it	 should	 be	 highlighted	 that	 the	 MET	

experiments	 were	 regularly	 performed	 the	 next	 day	 after	 conducting	 the	 ones	 for	 DET.		

According	to	our	previous	investigation	in	Section	4.7.2.3	we	concluded	that	the	quantity	of	the	

enzyme	 on	 the	 electrode	 surface	 was	 decreased	 (about	 50%)	 by	 desorption	 of	 physically	

adsorbed	CDH,	which	diffuses	away	from	the	electrode	surface	within	a	few	days,	see	Figure	

4.10.	Therefore,	the	amount	of	the	enzyme	in	the	case	of	the	MET	experiment	has	decreased	

from	the	total	amount	(≈	5	pmol)	that	was	recorded	on	the	first	day	when	the	DET	experiment	

has	completed.	However,	the	other	possibility	is	that	the	simulation	parameters	used	in	Figure	

5.2	were	not	precise.	Indeed,	there	is	another	value	for	Km,	157	mM,	which	has	been	reported	

in	the	literature337	for	MtCDH	in	solution.	Therefore,	a	new	set	of	simulated	data	was	performed	

using	a	Km	value	of	157	mM,	the	kcat	and	kint	were	adjusted	to	match	with	the	experimental	data,	

whereas	a	constant	value	of	nenz	=	5	pmol	was	always	employed.	The	values	of	DET‐current	

(recorded	 at	 0.0	 V	 vs.	 SCE)	 and	MET‐current	 (recorded	 at	 0.3	 V	 vs.	 SCE)	 in	 the	 simulated	

voltammograms	were	plotted	with	the	experimental	results,	see	Figure	5.3.	

 

Figure	5.3.	Black	squares;	relative	background	subtracted	currents	for	the	CV	experiments	that	
recorded	at	the	CDH‐modified	GC/MWCNT	electrode	(E674‐CDH)	 in	deoxygenated	50	mM	Tris	
buffer	(pH	7.4),	containing	30	mM	CaCl2	and	different	glucose	concentrations	(0‐70	mM)	in	the	
absence	(A)	and	 in	the	presence	(B)	of	0.2	mM	 ferrocene	monocarboxylic).	The	red	circles	are	
simulated	data	using	Eq.	5.22,	at	different	substrate	concentrations,	the	parameters	employed	in	
the	 simulation	are	 reported	 in	 the	 legends.	The	other	constant	parameters	were	employed	as	
mentioned	before.	
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Interestingly,	this	time	again,	the	simulated	data	match	well	with	the	DET	experimental	data	

(Figure	5.3A).	Unfortunately,	as	before	(Figure	5.2B)	 the	MET	experimental	data	are	still	 in	

disagreement	with	the	simulated	ones,	see	Figure	5.3B.	Although	the	MET	experiments	were	

always	performed	one	day	after	the	DET	ones,	it	is	clear	that	the	value	of	the	nenz	=	5	pmol	that	

was	employed	in	the	simulation	is	not	correct	for	the	MET	case	and	a	bigger	value	should	be	

tried.	 This	means	 that	 the	 number	 of	 the	 enzyme	molecules	 that	 are	 properly	 oriented,	 to	

produce	DET,	 on	 the	 surface	 of	 the	 electrode,	 is	 less	 than	 the	 total	 number	 of	 the	 enzyme	

molecules	 that	 can	 undergo	 MET.	 Note	 that	 the	 mediator	 used	 in	 this	 study	 was	

ferrocenecarboxylic	acid,	which	is	directly	exchanging	electrons	with	FAD	in	the	DH	domain.	

Thus,	 the	 other	 possibility	 is	 that	 all	 the	 immobilised	 enzyme	 molecules	 are	 in	 perfect	

orientation	but	some	of	them	are	not	able	to	produce	DET	due	to	the	cytochrome	domain	being	

detached	from	the	enzyme	and	consequently	they	are	not	able	to	produce	DET,	however	they	

are	still	able	to	catalyse	the	substrate	oxidation	and	generate	MET	currents.	Therefore,	it	can	

be	concluded	that	there	are	two	different	types,	“populations”,	of	immobilised	MtCDH.	The	first	

population	is	able	to	undergo	DET	and	MET,	“DET	enzyme”,	however	the	second	population	is	

only	able	to	undergo	MET,	“MET	enzyme”.					

At	this	point,	it	is	helpful	to	design	a	new	spreadsheet	for	simulation.	This	was	done	because	

the	one	that	we	used	so	far	was	designed	for	one	population	of	the	immobilised	enzyme	that	

can	undergo	both	DET	and	MET.	Therefore,	the	new	spreadsheet	has	to	include	“DET	enzyme”	

current,	“MET	enzyme”	current	and	the	total	current.	To	this	aim,	the	term	kx(x)	in	Eq.	5.22	was	

defined	according	to	Eq.	5.21	in	order	to	simulate	the	“DET	enzyme”	current.	On	the	other	hand,	

Eq.	5.21b	was	used	to	define	kx(x)	in	Eq.	5.22	to	simulate	“MET	enzyme”	current.	Thus,	the	total	

current	can	be	given	by	

 

where	[enzDET+MET]	is	the	concentration	of	“DET	enzyme”,	[enzMET]	is	the	concentration	of	“MET	

enzyme”,	kxDET+MET(x)	contains	both	kint	and	kmed	and	kxMET(x)	contains	kmed,	vide	supra.	Eq.	5.23	

can	 now	 be	 used	 to	 simulate	 the	 experimental	 voltammograms	 for	 both	 DET	 and	 MET	

simultaneously.	 Therefore,	 the	 experimental	 voltammograms	 that	 were	 recorded	 at	 the	

E674‐CDH‐modified	GC/MWCNT	electrode	for	both	DET	and	MET	were	simulated	using	the	

same	parameters	that	were	used	in	Figure	5.3.	However,	a	value	of	nenz	for	the	“DET	enzyme”	

(nDETenz)	=	5	pmol,	and	a	value	of	nenz	for	the	MET	enzyme	(nMETenz)	=	2	pmol	were	employed.	

Figure	5.4A	shows	that	the	simulated	voltammogram	(red	line)	perfectly	matches	with	DET‐CV	

(black	 lines),	 however	 it	 is	 slightly	 shifted	 to	 a	 more	 negative	 potential	 compared	 to	 the	

experimental	MET‐CV	(green	line).	The	value	of	kmed	was	adjusted	before	to	be	4	x	106	L	mol‐1	
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s‐1	 in	 order	 to	 perfectly	 match	 with	 the	 experimental	 MET‐voltammogram	 (Figure	 5.1B).	

However,	 this	value	was	selected	for	an	nDETenz	=	5	pmol,	 in	the	current	simulation	the	total	

amount	of	the	CDH	that	can	undergo	MET	(nDETenz	+	nMETenz)	=	7	pmol.	Thus,	the	value	of	kmed	

was	 re‐adjusted	 to	 be	 3	 x	 106	 L	 mol‐1	 s‐1	 to	 perfectly	 match	 with	 the	 experimental	

voltammogram,	see	Figure	5.4B.	

 

Figure	5.4.	Experimental	voltammogram	after	background	subtraction	for	the	CDH‐	modified	
GC/MWCNT	electrode	(E674‐CDH).	CVs	were	recorded	in	deoxygenated	50	mM	Tris	buffer	(pH	
7.4),	containing	30	mM	CaCl2	and	70	mM	glucose	in	the	presence	(green	lines)	and	in	the	absence	
(black	lines)	of	0.2	mM	ferrocene	monocarboxylic,	sweeping	the	potential	at	2	mV/s	(green	lines)	
and	1	mV/s	(black	lines).	The	red	lines	are	simulated	voltammograms	using	Eq.	5.23,	employing	
the	parameters:	Km	=	157	mM,	kcat	=	19.3	s‐1,	kint	=	3.7	s‐1	and	nDET	enz	=	5	pmol,	nMET	enz	=	2	pmol,	a	
value	of	kmed	=4	x	106	L	mol‐1	s‐1was	used	in	(A)	and	=	3	x	106	L	mol‐1	s‐1was	used	in	(B).	The	other	
constant	parameters	were	employed	as	mentioned	before.		

	

	
Eq.	 5.23	was	 also	 used	 to	 simulate	 the	 DET	 and	MET	 data	 obtained	 for	 the	 CDH‐modified	

GC/MWCNT	electrode	(E674‐CDH)	at	different	glucose	concentrations.	To	this	aim,	the	same	

values	for	Km,	kcat,	kint	and	kmed	that	were	used	in	Figure	5.4	were	employed.	This	was	done	by	

employing	values	of	nDETenz	=	5	pmol	 to	 simulate	 the	DET	currents,	 and	nMETenz	=	2	pmol	 to	

simulate	 the	 MET	 currents.	 The	 values	 of	 DET‐current	 (recorded	 at	 0.0	 V	 vs.	 SCE)	 and	

MET‐current	(recorded	at	0.3	V	vs.	SCE)	in	the	simulated	voltammograms	were	plotted	with	

the	experimental	results.	Figure	5.5A	shows	that	the	simulated	data	reasonably	match	with	the	

DET‐experimental	results,	however	they	do	not	match	with	the	MET‐experimental	data	(Figure	

5.5B),	being	less	than	the	experimental	ones.		
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Figure	5.5.	Black	squares;	relative	background	subtracted	currents	for	the	CV	experiments	that	
recorded	at	the	CDH‐modified	GC/MWCNT	electrode	(E674‐CDH)	 in	deoxygenated	50	mM	Tris	
buffer	(pH	7.4),	containing	30	mM	CaCl2	and	different	glucose	concentrations	(0‐70	mM)	in	the	
absence	 (A)	and	 in	 the	presence	 (B)	of	0.2	mM	 ferrocene	monocarboxylic.	The	 red	circles	are	
simulated	data	using	Eq.	5.23,	at	different	substrate	concentrations,	the	parameters	employed	in	
the	simulation	are	reported	in	the	legends.	n	enz	=	nDET	enz	in	(A),	and	n	enz	=	nDET	enz	+	nMET	enz	in	(B).	
The	other	constant	parameters	were	employed	as	mentioned	before.		
	

At	this	point,	a	new	idea	has	arisen	by	analysing	Eq.	5.22b,	(Kmapp	=	Km	/	(1	+	kcat/kx(x))).	As	

mentioned	before,	the	real	Michaelis‐Menten	constants	(Km	and	kcat)	are	a	characteristic	feature	

of	each	enzyme336	and	they	should	not	vary.	Therefore,	the	value	of	Kmapp	depends	on	kx(x),	the	

latter	term	was	defined	by	Eq.	5.21	and	it	depends	on	kmed.	The	kmed	value	was	shown	to	be	in	

the	order	of	3	to	4	x	106	L	mol‐1	s‐1.		Accordingly,	the	kx(x)	in	the	MET	potential	range	is	expected	

to	be	large	because	it	depends	on	kmed.	Thus,	the	value	of	the	denominator	in	Eq.	5.22b	should	

be	close	to	1	and	consequently,	the	Kmapp		value	will	approach	to	Km.	To	test	this	assumption,	

the	simulated	data	that	was	obtained	in	Figure	5.5B	was	fitted	by	using	Eq.	5.22b,		an	extracted	

value	for	Kmapp	=	148	mM	was	acquired.	Interestingly,	this	value	is	in	a	good	agreement	with	

the	Km	value	of	157	mM	that	was	used	in	the	simulation,	suggesting	that	a	Km	value	that	is	close	

to	the	Kmaap	for	the	MET	experimental	results,	see	Table	4.3,	should	be	tried.	Therefore,	a	new	

set	of	simulated	data	was	generated	using	a	Km	value	of	13	mM,	the	kcat	and	kint	were	adjusted	

to	match	with	the	experimental	data,	and	a	value	of	nDETenz	=	5	to	simulate	the	DET	currents	and	

an	nMETenz	=	2	pmol	to	simulate	the	MET	currents	were	employed.	The	values	of	DET‐current	

(recorded	 at	 0.0	 V	 vs.	 SCE)	 and	MET‐current	 (recorded	 at	 0.3	 V	 vs.	 SCE)	 in	 the	 simulated	

voltammograms	 were	 plotted	 with	 the	 experimental	 results.	 Figure	 5.6B	 shows	 that	 the	

simulated	data	reasonably	match	with	MET‐	experimental	data,	however	they	do	not	match	

well	with	the	DET‐experimental	data	(Figure	5.6A),	being	larger	than	the	experimental	ones,	

showing	that	the	assumption	we	made	is	not	correct.		
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Figure	5.6.	Black	squares;	relative	background	subtracted	currents	for	the	CV experiments	that	
recorded	at	the	CDH‐modified	GC/MWCNT	electrode	(E674‐CDH)	 in	deoxygenated	50	mM	Tris	
buffer	(pH	7.4),	containing	30	mM	CaCl2	and	different	glucose	concentrations	(0‐70	mM)	in	the	
absence	 (A)	and	 in	 the	presence	 (B)	of	0.2	mM	 ferrocene	monocarboxylic.	The	 red	circles	are	
simulated	data	using	Eq.	5.23,	at	different	substrate	concentrations,	the	parameters	employed	in	
the	simulation	are	reported	in	the	legends.	n	enz	=	nDET	enz	in	(A),	and	n	enz	=	nDET	enz	+	nMET	enz	in	(B).	
The	other	constant	parameters	were	employed	as	mentioned	before.		

	
Before	giving	up	the	last	assumption	(that	the	Km	value	should	be	close	to	Kmaap	for	the	MET	

experimental	data),	another	attempt	was	performed.	 Indeed,	 this	assumption	 is	 true	only	 if	

kmed	has	a	large	value	(of	the	order	of	106).	Furthermore,	the	value	of	Km	=	13	mM	that	we	have	

used	in	the	last	simulation	is	far	away	from	the	Km	values	of	250		or	157	mM		that	have	been	

reported	in	the	literature284,	337	for	the	same	enzyme	(MtCDH)	in	solution.	However,	the	next	

simulation	was	performed	by	using	a	larger	Km	value	(25	mM)	and	the	other	parameters	were	

adjusted	in	order	to	match	with	the	experimental	data,	a	value	of	nDETenz	=	5	to	simulate	the	DET	
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currents	and	nMETenz	=	7	pmol	to	simulate	the	MET	currents	were	employed,	see	Figure	5.7A	

and	B.	This	time	the	simulated	data	match	well	with	both	DET	and	MET‐experimental	ones.			

 

Figure	5.7.	Black	squares;	relative	background	subtracted	currents	for	the	CV experiments	that	
grecorded	at	the	CDH‐modified	GC/MWCNT	electrode	(E674‐CDH)	in	deoxygenated	50	mM	Tris	
buffer	(pH	7.4),	containing	30	mM	CaCl2	and	different	glucose	concentrations	(0‐70	mM)	in	the	
absence	(A)	and	in	the	presence	(B)	of	0.2	mM	ferrocene	monocarboxylic,	sweeping	the	potential	
at	2	mV/s	(green	lines)	and	1	mV/s	(black	lines).	The	red	circles	are	simulated	data	using	Eq.	5.23,	
at	different	substrate	concentrations,	the	parameters	employed	in	the	simulation	are	reported	in	
the	legends.	n	enz	=	nDET	enz	in	(A),	and	n	enz	=	nDET	enz	+	nMET	enz	in	(B).	The	other	constant	parameters	
were	employed	as	mentioned	before.	

	
Independent	of	the	precise/imprecise	details	of	the	simulation	data	shown	in	Figure	5.7,	it	is	

clear	that	in	this	model	the	enzyme	kinetics	are	slow	(kcat	<	kint),	however	this	is	inconsistent	

with	higher	catalytic	currents	observed	with	MET	compared	to	DET,	also	it	is	inconsistent	with	

the	Ca2+	 effect	 on	 the	 internal	 electron	 transfer	 (IET).	 Indeed,	kint	 describes	 the	 rate	 of	 IET	

process,	and	it	has	been	widely	reported	that	the	addition	of	Ca2+	increases	the	DET	current.	

The	same	effect	was	also	observed	in	the	current	study,	see	Section	4.9.4.	In	their	work,	Ludwig	

et	al.297,	325,	327	have	concluded	that	this	increase	is	due	to	the	adoption	of	a	closed	conformation	

for	MtCDH	in	the	presence	of	divalent	cations,	which	exert	a	bridging	effect	between	the	two	

enzymatic	domains	by	neutralising	electrostatic	repulsion	and,	thereby,	increase	the	internal	

electron	transfer	(IET)	rate.	As	there	is	no	evidence	that	the	Ca2+	effects	the	enzyme	kinetics	

(kcat),	the	enzyme‐substrate	reaction	should	not	be	the	rate	determining	step.			

If	we	look	closer	at	the	MET	data	(Figure	5.7B),	what	do	we	assume	is	the	factor	that	causes	the	

current	to	reach	a	plateau?	Is	it	that	it	is	now	limited	by	the	rate	of	reaction	of	the	glucose	with	

the	flavin?	If	this	is	the	case	then	Km	has	to	be	around	25	mM	to	fit.	Hence	we	started	to	wonder	

whether	the	problem	was	with	the	rate	of	the	ferrocene	reaction.	However,	the	problem	there	

is	that	the	current	does	not	increase	when	we	add	more	ferrocenecarboxylic	acid.	It	does	to	

begin	with	but	then	it	becomes	constant,	see	Figure	5.8.	Thus	for	low	ferrocene	concentration	
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the	 current	 is	 dependent	 on	 ferrocene	 concentration.	 When	 it	 becomes	 independent	 of	

ferrocene	concentration,	 either,	 the	glucose	 reaction	becomes	 limiting	which	we	are	 seeing	

here	 (Figure	 5.7),	 or	we	 have	Michaelis–Menten	 type	 kinetics	 for	 the	 ferrocene	 reaction338	

which	is	another	model,	and	therefore	it	is	limiting	here.	Indeed,	the	Ca2+	effect	can	come	in	if	

this	MET‐current	 is	 limited	by	 the	 ferrocene	rate	because	we	give	 it	another	route,	and	the	

current	can	go	up,	when	we	switch	on	the	DET.	It	is	this	last	model	that	we	consider	in	the	next	

Section.	

 

Figure	5.8.	Plot	of	 the	 experimental	data	 for	 the	 current	 vs.	 concentration	of	 ferrocene.	The	
original	 CVs	 are	 shown	 in	 Figure	 4.32A	which	were	 recorded	 At	 CDH‐modified	 GC/MWCNT	
electrode	(variant	E674)	in	deoxygenated	50	mM	tris	buffer	(pH	7.4),	containing	30	mM	CaCl2,	10	
mM	glucose	and	increasing	concentrations	of	ferrocenecarboxylic	acid.	The	electrode	potential	
was	swept	at	2	mV/s	from	0.0	to	0.4	V	vs.	SCE.	

	
So	far,	 the	potential‐dependent	Michaelis‐Menten	model	(Eq.	5.22)	was	able	to	simulate	the	

experimental	results	obtained	with	the	CDH‐modified	GC/MWCNT	electrode	(E674‐CDH)	for	

the	DET	experiments. However,	this	model	is	not	able	to	simulate	the	experimental	results	for	

the	MET.	The	first	set	of	the	simulated	data	was	performed	using	a	reasonable	Km	value	of	250	

mM.	In	this	case,	the	simulated	data	were	perfectly	match	with	the	DET	experimental	data.	The	

second	set	of	the	simulated	data	was	performed	using	another	reasonable	value	for	Km,	157	

mM,	which	also	has	been	reported	in	the	literature.	This	time	again,	the	simulated	data	match	

well	 with	 the	 DET	 experimental	 data	 however,	 the	 MET	 experimental	 data	 are	 still	 in	

disagreement	with	the	simulated	ones.	In	the	third	set	of	the	simulated	data,	the	presence	of	

two	different	“populations”,	of	the	immobilised	MtCDH,	“DET	enzyme”	and	“MET	enzyme”	was	

introduced.		The	last	set	of	the	simulated	data	was	performed	based	on	the	assumption	that	the	

Km	value	should	be	close	to	Kmaap	for	the	MET	experimental	data.	This	time	the	simulated	data	

match	well	with	both	DET	and	MET‐experimental	ones.	However,	 the	enzyme	kinetics	was	
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slow	 (kcat	 <	 kint),	 which	 is	 inconsistent	 with	 higher	 catalytic	 currents	 observed	 with	 MET	

compared	 to	 DET	 and	 also	 with	 the	 results	 of	 the	 Ca2+	 effect	 on	 the	 IET	 rate.	 Thus,	 a	

Michalis‐Menten	 type	 kinetics	 for	 the	 ferrocenecarboxylic	 acid	 reaction	 which	 is	 another	

model	is	now	introduced.	

5.4.2 Michaelis–Menten	kinetics	for	ferrocenecarboxylic	acid:	A	new	model	

In	this	model,	we	assume	that	there	is	a	complex	formed	between	the	ferrocenecarboxylic	acid	

and	the	flavin	in	the	same	way	that	a	complex	is	formed	between	glucose	and	flavin	and	then	

the	electron	transfer	occurs	in	that	complex,	so	if	we	have	high	concentrations	of	ferrocenium	

the	 rate	 becomes	 independent	 of	 the	 concertation	 of	 the	 ferrocenium	 because	 it	 is	 now	

determined	by	the	reaction	in	that	complex	just	as	in	the	Michaelis–Menten	kinetics	of	glucose.	

This	provides	a	mechanism	for	 the	current	plateauing	 for	 the	MET	case,	but	not	because	of	

glucose	kinetics.	Indeed,	the	plateauing	in	DET	case	is	because	of	the	IET.	However,	in	the	MET	

case	if	we	just	assume	a	first	order	reaction	between	the	Fc	and	the	enzyme	then	we	should	

attribute	the	current	plateauing	to	the	glucose	kinetics.	A	similar	behaviour	occurs	with	a	wide	

range	of	electron	acceptors	which	were	reported	to	be	reduced	by	the	flavin	domain	of	CDH.	

Ludwig	et	al.338	have	reported	Km	value	of	5.2	µM	for	the	ferrocene‐CDH	interactions,	showing	

a	pure	Michaelis‐Menten	behaviour.	Another	study	by	Zamocky	et	al.287	has	also	reported	a	Km	

values	in	the	order	of	few	µM	for	the	interaction	of	the	flavin	domain	of	CDH	with	different	

electron	acceptors.	

To	 introduce	 the	 Michaelis‐Menten‐like	 interaction	 between	 CDH	 and	 ferrocene	 we	 will	

substitute	kmed	in	Eq.	5.21	with	the	following	expression:	

 

This	new	model	was	tested	to	simulate	the	DET	and	MET	data	obtained	for	the	CDH‐modified	

GC/MWCNT	electrode	(E674‐CDH)	at	different	glucose	concentrations.	This	time	a	reasonable	

values	of	Km	of	200	mM	and	kcat	of	25	s‐1	were	employed,	these	values	are	very	close	to	the	ones	

that	have	been	reported	in	the	literature284,	337	for	the	same	enzyme	(MtCDH)	in	solution.	The	

other	parameters	kint,	KFc	and	kFc	were	adjusted	to	perfectly	match	with	the	experimental	data.	

However,	this	was	done	by	employing	values	of	nenz	(nDET	enz)	=	5.3	to	simulate	the	DET	currents,	

and	nenz	(nDET	enz	+	nMET	enz)	=	25	pmol	to	simulate	the	MET	currents.	The	values	of	DET‐current	

(recorded	 at	 0.0	 V	 vs.	 SCE)	 and	MET‐current	 (recorded	 at	 0.3	 V	 vs.	 SCE)	 in	 the	 simulated	

voltammograms	were	both	plotted	with	the	experimental	results.	Figure	5.9	shows	that	the	

simulated	 data	 reasonably	 match	 with	 both	 DET‐experimental	 results	 (Figure	 5.9A)	 and	

MET‐experimental	data	(Figure	5.9B).		
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Figure	5.9.	Black	squares;	relative	background	subtracted	currents	for	the	CV	experiments	that	
recorded	at	the	CDH‐modified	GC/MWCNT	electrode	(E674‐CDH)	 in	deoxygenated	50	mM	Tris	
buffer	(pH	7.4),	containing	30	mM	CaCl2	and	different	glucose	concentrations	(0‐70	mM)	in	the	
absence	 (A)	and	 in	 the	presence	 (B)	of	0.2	mM	 ferrocene	monocarboxylic.	The	 red	circles	are	
simulated	data	using	Eq.	5.22,	at	different	substrate	concentrations,	the	parameters	employed	in	
the	simulation	are	reported	in	the	legends.	n	enz	=	nDET	enz	in	(A),	and	n	enz	=	nDET	enz	+	nMET	enz	in	(B).	
The	other	constant	parameters	were	employed	as	mentioned	before.		

	

It	 can	 be	 assumed	 that	 the	Michaelis‐Menten	 constants	 (Km	and	 kcat)	 are	 the	 same,	 for	 the	

different	CDH	variants.	In	principle,	they	describe	the	reaction	between	FAD	and	the	substrate,	

and	 consequently,	 they	 should	 not	 be	 altered	 via	 the	 enzyme	 orientation	 on	 the	 electrode	

surface.	In	the	next	Section,	we	will	attempt	to	simulate	the	experimental	data	obtained	for	the	

four	different	CDH	variants	in	the	DET	and	MET	experiments.	

5.4.3 Simulations	of	DET	and	MET	currents	for	different	CDH	variants	

The	MtCDH	variants	were	engineered	to	bear	a	free	cysteine	residue	in	different	positions	at	

the	surface	of	the	flavin	domain	of	the	enzyme.	In	this	way,	we	would	expect	the	different	CDH	

variants	to	be	immobilised	with	different	orientation	on	the	electrode	surface	(Figure	4.26).	

Thus,	 the	 different	 variants	 would	 have	 different	 electron	 transfer	 distances,	 namely,	 the	

distance	between	the	haem	group	and	the	electrode	surface.	However,	the	experimental	results	

obtained	in	Section	4.9.3.5	showed	that	this	step	is	always	fast	and	independent	of	the	enzyme	

orientation.	Hence,	one	might	expect	 that	 the	different	catalytic	 currents	observed	 for	each	

variant	 in	 Figure	 4.27	were	 due	 to	 difference	 in	 the	 IET	 rate	 for	 the	 different	 variants.	 To	

confirm	 this	 assumption,	we	 need	 to	 show	 that	 the	 simulation	 parameters	 that	 have	 been	

determined	in	the	last	simulation	(Figure	5.9)	are	also	applicable	for	the	other	MtCDH	variants	

results,	however	the	kint	value	should	be	varied	and	have	different	values	depending	on	the	

variant	under	investigation.	Therefore,	the	results	recorded	for	the	different	variants	for	both	



Chapter 5 

174 

DET	and	MET	modes	were	simulated	by	using	the	same	kinetic	parameters	that	have	been	used	

in	Figure	5.9,	see	Figure	5.10.	

 

	

 

Figure	5.10.	Black	squares:	Relative	background	subtracted	currents	for	the	CV	experiments	that	
recorded	at	the	CDH‐modified	GC/MWCNT	electrode,	(A,	B)	T701,	(C,	D)	E522	and	(E,	F)	D813,	in	
deoxygenated	 50	 mM	 Tris	 buffer	 (pH	 7.4),	 containing	 30	 mM	 CaCl2	 and	 different	 glucose	
concentrations	(0‐70	mM)	in	the	absence	(A,	C,	E)	and	in	the	presence	(B,	D,	F)	of	0.2	mM	ferrocene	
monocarboxylic	 The	 red	 circles	 are	 simulated	 data	 using	 Eq.	 5.22,	 at	 different	 substrate	
concentrations,	the	parameters	used	in	the	simulation	are	reported	in	the	legends.	n	enz	=	nDET	enz	
in	(A,	C,	E),	and	n	enz	=	nDET	enz	+	nMET	enz	in	(B,	D,	F).	The	other	constant	parameters	were	employed	
as	mentioned	before.		
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Figure	 5.10	 shows	 that	 the	 simulated	 data	 reasonably	match	with	 both	 DET‐experimental	

results	 (Figure	 5.10A,	 C	 and	 E)	 and	 MET‐experimental	 data	 (Figure	 5.10B,	 D	 and	 F).	

Fortunately,	the	employed	amount	of	the	enzyme	capable	of	DET	was	almost	the	same	for	the	

three	variants,	which	are	basically	the	same	as	the	one	used	in	Figure	5.9A	for	the	E674	variant.	

Interestingly,	the	values	of	kint	that	was	used	to	match	the	simulated	data	with	the	experimental	

ones	 exhibit	 a	 similar	 trend	 as	 the	 obtained	 experimental	 DET	 currents	 (see	 Table	 5.2),	

showing	that	the	different	enzyme	orientations	can	alter	the	IET	rate.	It	is	not	clear	how	the	kint	

would	be	affected	by	varying	the	orientation	of	the	enzyme	on	the	electrode	surface.	However,	

it	can	be	argued	that	the	great	flexibility	of	the	linker	that	connects	the	CDH	domains	allows	

the	haem	domain	 to	 freely	move	around	 the	 immobilisation	point	 to	obtain	 its	appropriate	

position	on	the	electrode	surface.	This	movement	mechanism	might	be	affected	by	different	

enzyme	orientation,	and	consequently	the	IET	distance	would	be	different	for	the	different	CDH	

variants.		

Table	5.2.	Values	of	apparent	 imax,	and	kcat	 for	the	different	CDH	variants	 for	DET.	The	values	
were	calculated	by	fitting	the	experimental	data	in	Figure	4.41	with	Michaelis‐Menten	equation	
(Eq.	4.7).	The	kint	values	were	obtained	from	the	simulation	data	in	Figures	5.9	and	5.10.	

  DET 

CDH variant  imax
app  (µA)  obtained 

from Table 4.3 
kcatapp (s‐1) obtained from 

Table 4.3 
kint (s‐1)  

D813  0.86±0.01      0.8±0.01  1.5 

E522  1.21±0.01  1.1±0.01  2.2 

E674  1.54±0.01  1.45±0.01  3.3 

T701  2.22±0.01  2±0.01  4.2 

	
Looking	closer	at	Table	5.2,	it	is	clear	that	the	estimated	values	of	kcatapp	are	always	half	of	the	

kint	values	employed	in	the	simulation.	As	the	IET	step	was	shown	to	be	the	rate	determined	

step	in	our	proposed	mechanism/model	(Scheme	4.6),	the	estimated	kcatapp	values	are	indeed	

the	apparent	kint.	Knowing	that	the	FADH2	is	re‐oxidised	to	FAD	by	Fe3+	in	two	one	electron	

steps.	Therefore,	the	kint	value	describes	the	rate	constant	for	one	step.	kint	(1)	and	kint	(2)	were	

assumed	to	be	identical,	hence,	the	apparent	kint	can	be	given	by	
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Thus,	the	values	of	kint	that	was	used	to	match	the	simulated	data	with	the	experimental	ones	

exhibits	a	similar	trend	to	the	estimated	values	of	kcatapp.	

5.1 Conclusion	

The	kinetic	analysis	had	been	performed	on	the	results	obtained	 in	Chapter	4	based	on	the	

steady	state	assumption.	A	potential‐dependent	Michaelis‐Menten	model	for	the	CDH	modified	

GC/MWCNT	has	been	constructed	and	a	master	equation	employed	to	simulate	the	DET	and	

MET	experimental	results.	More	than	70	experimental	cyclic	voltammograms	were	compared	

to	 the	 simulation	 results	 by	 iteratively	 adjusting	 the	 kinetic	 parameters	 for	 the	

substrate‐enzyme	reaction,	Km	and	kcat,	as	well	as	the	rate	constant	of	the	re‐oxidation	reaction	

of	FAD	by	haem	(kint)	and	the	rate	constant	of	the	enzyme‐mediator	reaction	(kmed).	Several	

mechanisms	have	been	tested	to	explain	the	DET	and	MET	for	the	MtCDH.	The	IET	was	deemed	

to	 be	 the	 rate	 determining	 step	 for	 our	 proposed	 mechanism.	 This	 is	 confirmed	 by	 the	

simulated	data	and	our	experimental	 results.	On	balance,	 the	simulated	data	point	strongly	

towards	 the	presence	of	 two	populations	of	 immobilised	enzymes,	MET	and	DET	enzymes.	

Another	important	consideration	is	that	the	Km	values	employed	for	the	different	CDH	variants,	

close	to	250	or	157	mM	that	have	been	reported	in	the	literature284,	337,	indicate	a	good	affinity	

between	the	immobilised	enzyme	and	the	substrate.	Furthermore,	the	Km	values	are	the	same	

for	all	the	different	CDH	variants,	indicating	that:	i)	the	site‐directed	mutagenesis	to	introduce	

cysteines	at	a	specific	surface	site	for	immobilisation	does	not	influence	the	enzyme	affinity	to	

the	substrate,	and	ii)	the	active	site	of	the	CDH	variants	is	not	block	by	the	immobilisation.Thus,	

our	 conclusion	 is	 that	 the	 combination	 of	 simulation	 and	 experimental	work	 is	 a	 powerful	

strategy	to	extract	the	kinetic	data.			

With	 these	 promising	 results,	 a	 wide	 range	 of	 engineered	 enzymes	 could	 now	 be	

electro‐kinetically	 investigated	 using	 our	 novel	 strategy;	 a	 detailed	 study	 of	 the	 enzyme	

kinetics	 of	 the	 immobilised	 bilirubin	 oxidase	 (BOD)	 mutants	 of	 interest	 are	 discussed	 in	

Chapter	6.	
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Chapter	6 Amperometric	bilirubin	oxidase	

electrode	

6.1 Overview	

The	 principle	 of	 a	 fuel	 cell	 dates	 back	 to	 1839,	 from	 individual	 searches	 by	 Grove339	 and	

Schoenbein.340	The	fuel	cell	is	a	system	for	producing	electrical	energy	directly	from	a	chemical	

reaction	by	utilising	noble	metal	catalysts.	The	electrical	energy	 is	continued	as	 long	as	 the	

reactants	are	supplied	to	the	cell.341	Fuel	cells	were	a	neglected	field	of	research	until	the	“space	

age”	(for	example	in	the	Apollo	and	Gemini	projects)	when	there	became	a	need	for	reliable,	

lightweight	power	 in	challenging	situations.342	An	enzymatic	biofuel	 cell	 (EBC)	 is	a	 fuel	 cell	

which	can	transform	chemical	energy	into	electrical	energy	via	biochemical	pathways343	using	

redox	enzymes	as	catalysts,	and	natural	(organic)	compounds,	such	as	glucose	and	ethanol	as	

the	fuels.	It	consist	of	two	electrodes:		anode	which	is	responsible	for	oxidation	of	a	provided	

fuel,	and	cathode	that	usually	contains	an	oxidoreductase	that	employs	molecular	oxygen	as	an	

electron	acceptor	and	catalyses	reduction	to	water	in	pH	condition	of	interest.344‐345	Figure	6.1	

shows	a	general	diagram	of	a	typical	EBC	consisting	of	a	cathode	and	an	anode.		

Enzymes	 that	 frequently	 employed	 in	 anodes	 include	 glucose	 oxidase	 (GOx),	 glucose	

dehydrogenase	(GDH),	cellobiose	dehydrogenase	(CDH)	and	alcohol	dehydrogenase	(ADH).346‐

347	For	the	biological	cathodes,	the	enzymes	are	usually	multi‐copper	oxidases	such	as	bilirubin	

oxidases	 (BOD)	and	 laccases.346	EBCs	have	numerous	advantages	over	 traditional	 fuel	 cells,	

essentially	the	low	cost	of	their	components	because	the	chemical	reactions	are	driven	by	bio‐

fuels	and	biological	catalysts.	The	employment	of	the	enzymes	in	such	application	offers	added	

advantages,	for	example	the	overpotential	is	often	close	to	zero,	low	operational	temperature,	

and	operate	 in	physiological	conditions.341	Furthermore,	membranes	are	not	needed	in	EBC	

design	 because	 of	 the	 high	 specificity	 and	 selectively	 of	 enzymes.348	 Another	 significant	

environmental	advantage	of	BFCs	is	that	they	can	be	disposable	and	completely	biodegradable	

devices.	Finally,	devices	that	use	enzymes	can	be	biocompatible,	so	that	they	could	serve	as	

implantable	medical	devices.349‐350	Nevertheless,	the	realisation	of	these	desirable	features	is	

often	 hampered	 by	 low	 current	 density	 per	 catalyst	 (enzyme)	 volume,	 poor	 stability	 and	

restricted	 temperature	 range.68,	 341	 Furthermore,	 efficient	 direct	 electron	 transfer	 (DET)	 to	

redox	enzymes,	which	are	close	to	the	electrode	surface	is	usually	very	slow,	making	necessary	

the	use	of	redox	mediators.276,	351‐352	However,	the	mediator	not	only	adds	an	extra	step	to	the	

electron	transfer	chain	but	also	 lowering	the	catalytic	rate	and	decreasing	the	voltage	 in	an	
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EBC.	As	in	EBCs	both	oxidation	and	reduction	are	executed	by	enzymes,	the	major	challenge	is	

to	prepare	electrode	surfaces	allowing	optimal	immobilization	of	these	biocatalysts.	

In	Chapter	4,	we	have	 shown	 that	 the	 covalent	attachment	of	 cysteine‐modified	genetically	

engineered	 cellobiose	 dehydrogenase	 (CDH)	 at	maleimide	modified	 electrodes	 leads	 to	 an	

extraordinarily	 stable	 attachment	 of	 the	 enzyme	 to	 the	 electrode	 surface.	 Moreover,	 the	

immobilised	 CDH	was	 active	 for	 the	 electrochemical	 oxidation	 of	 D‐glucose	without	 added	

redox	mediators.	With	these	promising	results,	other	genetically	engineered	enzyme	such	as	

bilirubin	oxidase	(BOD)	could	now	be	investigated.	

 

Figure	6.1.	General	diagram	of	a	typical	EBC	consisting	of	a	cathode	and	an	anode.	The	anode	
often	layered	by	immobilized	suitable	enzyme	for	conversion	of	biofuels	of	choice.	The	cathode	
usually	 contains	 an	 oxidoreductase	 that	 employs	molecular	 oxygen	 as	 the	 ultimate	 electron	
acceptor	and	catalyses	reduction	to	water	in	pH	condition	of	choice.		

6.2 Aim	of	the	work	

The	validity	of	the	flexible,	selective	immobilisation	method	based	on	the	covalent	attachment	

of	 cysteine‐modified	 genetically	 engineered	 enzymes	 at	 maleimide	 modified	 electrodes,	 is	

further	examined.	Three	BOD	variants	have	been	used	in	this	study,	which	were	modified	to	

bear	a	free	cysteine	residue	in	different	positions	at	the	surface	of	the	enzyme,	allowing	fast	

and	selective	attachment	 to	maleimide‐modified	GC/MWCNT	electrodes.	 It	 is	 likely	 that	 the	

majority	of	researchers	involved	in	research	on	enzyme‐based	fuel	cells	are	electrochemists.	

Nevertheless,	despite	the	fact	that	it	is	crucial	“to	get	the	electrochemical	principles	right”,	the	

complexity	of	the	redox	enzymes	should	not	be	underestimated,	and	it	is	important	that	their	

features	 be	 fully	 comprehended	 and	 considered.272	 In	 contrary	 to	 laccases,	 BODs	 are	

considered	to	be	Cl‾	resistant.	Nevertheless,	there	has	not	been	a	detailed	study	undertaken	to	
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understand	the	related	effect	of	Cl‾	and	pH	on	the	redox	state	of	 immobilized	BODs.	 In	 this	

Chapter,	the	catalytic	mechanism	of	O2	reduction	by	the	Magnaporthe	oryzae	BOD	covalently	

immobilized	on	multiwall	carbon	nanotube	(MWCNT)	electrodes,	in	the	presence	of	NaCl	and	

at	different	pH,	has	been	electrochemically	investigated.		

6.3 Bilirubin	oxidase	(BOD)	

Bilirubin	oxidase	(BOD)	(EC	1.3.3.5)	was	discovered	in	1981	by	Tanaka	and	Murao,353	first	used	

for	the	detection	of	bilirubin354	and	then	for	the	reduction	of	molecular	oxygen.355	It	belongs	to	

the	multicopper	 oxidase	 (MCOs)	 family,	 a	 large	 group	 of	 enzymes,	 including	 laccase,	 CueO,	

Fet3p,	and	BOD.356	The	MCOs		family	is	one	of	a	few	enzyme	classes	capable	of	reducing	O2	to	

water.357	 	 To	 date,	 seven	 BODs	 have	 been	 isolated,345	 among	 which	 are	 BOD	 from	

Magnaporthae	 oryzae	 (MoBOD),357	 BOD	 from	Myrothecium	 verrucaria	 (MvBOD),	 BOD	 from	

Trachyderma	 tsunodae	 (TtBOD),358and	 BOD	 from	 Bacillus	 pumilus	 (BpBOD).359	 The	 two	

recently	 identified	enzymes,	MoBOD	and	BpBOD	show	a	high	activity	at	pH	7,	good	thermal	

stability	and	a	 low	sensitivity	toward	NaCl.	 Indeed,	there	have	been	a	numerous	studies	(of	

EBCs)	 that	 rely	 on	BODs	 for	 one	main	 reason;	 in	 contrary	 to	 laccases,	 BODs	 exhibit	 a	 high	

stability	and	activity	 in	the	presence	of	Cl‾at	physiological	pH.360	However,	only	 two	crystal	

structures	of	BODs	are	available	so	far,	for	MoBOD356	and	MvBOD.345,	361	Figure	6.2	shows	the	

Pymol	generated	image	of	the	structure	of	BOD,	a	64‐kDa	protein,	from	Magnaporthe	oryzae	

(MoBOD)	and	shows	the	active	centers.	

 

Figure	 6.2.	 Cartoon	 representation	 of	 the	 secondary	 structure	 of	 bilirubin	 oxidase	 from	
Magnaporthe	oryzae.	The	Type	2	and	Type	3	(TNC)	coppers	are	represented	by	orange	spheres,	
the	Type	1	Cu	is	represented	by	the	green	sphere.	The	image	was	obtained	with	PyMol	software,	
PyMol	visualisations	are	based	on	the	crystal	structure	of	MoBOB,	PDB	code	2L9Y.362		
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BODs	contain	 four	coppers	classified	depending	on	 their	optical	and	electron	paramagnetic	

resonance	properties.	Their	exact	electronic	pathway	has	yet	to	be	confirmed,	however	it	 is	

assumed	that	the	type	one	copper	center	(T1)	receives	electrons	from	an	electron	donating	

substrate	and	relays	them	to	the	O2	reduction	site	through	~13	Å	of	Cys‐His	residues.	The	O2	

reduction	site	is	a	trinuclear	cluster	(TNC),	composed	of	one	type	two	copper	ion	(T2)	and	a	

pair	of	type	three	copper	ions	(T3).362‐363	BOD	has	been	examined	as	a	promising	nominee	for	

development	of	EBC	because	 in	nature	 it	 oxidizes	bilirubin	with	 simultaneous	 reduction	of	

O2.362	Figure	6.3	shows	the	BOD	active	site	with	arrows	marking	electron	flow	from	the	T1	to	

the	 TNC.364‐365	 These	 enzymes	 have	 been	 intensively	 investigated	 by	 electrochemist,	

particularly	for	their	ability	to	execute	oxygen	reduction	at	positive	potentials	in	physiological	

fluids.	This	is	the	reason	why	BODs	and	other	types	of	MCOs,	such	as	laccases,	have	been	widely	

employed	at	cathodes	of	EBCs.362	

 

Figure	6.3.	Structure	of	the	BOD	active	site	with	arrows	marking	flow	of	substrate,	electron	(e‐)	
from	the	T1	to	the	TNC,	and	O2.	Adapted	from	reference	365.	

 

6.4 Engineered	MoBOD	

Three	genetically	engineered	MoBOD	variants,	S362C,	A164C	and	N375C	have	been	used	 in	

this	study.	They	were	modified	to	bear	a	free	single	cysteine	residue	in	different	positions	on	

the	enzyme	surface	(Figure	6.4)	allowing	site‐specific	attachment	to	the	maleimide‐modified	
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electrodes.	The	three	variants	were	kindly	provided	by	Dr	Nicolas	Mano	from	the	Centre	de	

Recherche	Paul	Pascal,	Pessac,	France.		

 

	

	

	

	

	

	

Figure	6.4.	Cartoon	representation	of	the	secondary	structure	of	the	three	MoBOD	variants.	The	
free	cysteine	residues	on	the	surface	of	the	enzyme	are	highlighted	in	blue.	(PyMol	visualisations	
are	based	on	the	crystal	structure	of	MoBOD,	PDB	code	2L9Y).362	

	

6.5 Method	for	the	immobilization	of	BOD	variants	on	

GC/MWCNT	electrodes	

The	 modification	 of	 electrodes	 has	 been	 reported	 as	 an	 effective	 method	 to	 improve	 the	

interfacial	 electron	 transfer	 to	 BODs.	 These	 methods	 include	 covalent	 modification	 by	

diazonium	 coupling366	 or	 oxidation	 of	 amines,367	 physical	 adsorption368	 and	 utilization	 of	

functionalized	carbon	nanotubes	(CNTs).369	However,	in	many	case	they	do	not	allow	control	

over	 the	 orientation	 of	 the	 enzyme	 at	 the	 electrode	 surface.	 To	 address	 this	 problem	 of	

orientation	several	selective	immobilization	methods	able	to	proceed	under	mild	physiological	

conditions	have	received	increasing	attention.22,78		
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In	 this	 study,	 Multiwall	 carbon	 nanotube	modified	 glassy	 carbon	 electrodes	 (GC/MWCNT)	

were	 selected	 as	 a	 template	 for	 carbon‐based	 electrodes	 owing	 to	 their	 high	 surface	 area	

combined	with	comparatively	low	capacitance.	These	were	modified	with	maleimide	groups	

following	a	modular	approach	combining	electrochemical	surface	attachment	and	solid	phase	

synthesis	methodology.	The	method	for	the	covalent,	site‐specific	immobilization	of	cysteine‐

modified	proteins	on	GC/MWCNT	electrodes	has	been	fully	described	in	Chapter	4	(see	Scheme	

4.3).	The	“linker”	(N‐Boc‐1,6‐hexanediamine)	and	the	“passivating	group”	(N‐(2‐aminoethyl)	

acetamide)	were	electrochemically	grafted	to	the	GC/MWCNT	electrodes	from	an	acetonitrile	

solution	 containing	10	%	of	 the	 “linker”	 	 and	90	%	of	 the	 “passivating	 group”,	 holding	 the	

potential	at	+2	V	vs.	SCE	for	3	min.	Afterwards,	removal	of	 the	Boc‐protecting	group	on	the	

linker	results	in	a	mixed	monolayer	that	should	contain	10	%	coverage	of	a	free	primary	amine.	

Therefore,	a	“spacer”	was	introduced	between	the	linker	and	the	“reactive	group”	to	lengthen	

the	tether,	making	it	more	flexible	and	accessible	for	the	enzyme.	We	decided	to	work	with	a	

six	 carbon‐long	 spacer,	 by	 coupling	N‐Boc‐6‐aminohexanoic	 acid	 onto	 the	 amino‐modified	

surface	in	order	to	have,	at	the	end	of	the	modification,	a	tether	approximately	3	nm	long.	After	

de‐protection	 of	 the	 Boc	 group	 on	 the	 spacer,	 N‐maleoyl‐β‐alanine	 was	 coupled	 to	 the	

amino‐modified	 surface	 resulting	 in	a	maleimide‐modified	electrode.	The	key	aspect	of	our	

procedure	is	its	modular	approach	that	allows	the	single	elements	of	the	modification	to	be	

varied	independently.	Coupling	of	the	BOD	variant	(instead	of	CDH	variant)	was	carried	out	by	

drop	casting	3	μL	of	BOD	solution	(at	pH	7.0)	on	the	electrode	and	leaving	it	at	4	°C	overnight,	

allowing	the	most	efficient	use	of	small	quantities	of	purified	enzyme.		

6.6 Direct	electron	transfer	at	BOD‐modified	electrodes	

One	 of	 the	main	 challenges	 of	 employing	 an	 enzyme	 as	 an	 electro‐catalyst	 is	 to	 obtain	 an	

effective	electronic	connection	between	the	enzyme	and	the	electrode,	this	can	be	attributed	

to	the	significant	size	of	the	protein	molecule	and	the	anisotropy	(state	of	having	different	sizes	

or	 characteristics	 along	 different	 axes)	 of	 its	 electronic	 properties.345	 A	 poor	 electrical	

connection	 will	 result	 in	 kinetic	 losses.	 In	 the	 DET	mechanism,	 electrons	 transfer	 directly	

between	an	enzyme	and	an	electrode.	This	mechanism	relies	on	the	ability	of	the	BOD	to	accept	

electrons	from	an	electron	donor	such	as	the	electrode.			

GC/MWCNT	electrodes	modified	with	the	BOD‐S362	variant	(see	Figure	6.4	for	the	structure)	

were	 tested	 for	 direct	 electron	 transfer	 (DET)	 by	 cyclic	 voltammetry	 in	 200	 to	 100	 mM	

phosphate‐citrate	 (McIlvaine)	 buffer	 solution,	 pH	 7.4	 at	 10	 mV/s	 at	 different	 oxygen	

concentrations.	 The	 catalytic	 wave	 for	 DET	 is	 positioned	 at	 a	 potential	 that	 is	 principally	

determined	by	the	properties	of	the	enzyme	molecule.345	Figure	6.5	(black	line)	shows	that	the	

current	onset	starts	at	around	0.46	V	vs.	SCE	and	reaches	a	plateau	at	about	0.3	V	vs.	SCE.	This	
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current	 is	 dependent	 on	 the	 concentration	 of	 O2	 in	 solution	 because	 it	 decreases	with	 the	

increasing	length	of	time	that	the	solution	is	sparged	with	Ar,	and	ultimately	disappears	when	

all	the	oxygen	is	eliminate	from	solution.	The	position	of	the	electro‐catalytic	wave	agrees	with	

that	reported	in	the	literature	for	adsorbed	BOD	at	carbon	nanofibers	(CNFs),364	gold	disk	/	

gold	nanoparticles370	and	carbon	nanotube	(CNT)26	electrodes.	Thus,	the	catalytic	current	is	

assigned	to	the	DET‐type	bioelectrocatalytic	reduction	of	molecular	oxygen	by	the	immobilised	

BOD.			

 

Figure	6.5.	Typical	cyclic	voltammograms	showing	the	response	of	GC/MWCNT/BOD	electrode	
in	different	oxygen	concentration	to	ORR	in	200	to	100	mM	phosphate‐citrate	(McIlvaine)	buffer	
solution,	 pH	 7.0.	 CVs	were	 scanned	 from	 ‐0.05	 V	 to	 0.65	 V	 at	 a	 scan	 rate	 of	 10	mV	 s‐1.	 The	
GC/MWCNT	electrode	was	prepared	by	drop	casting	of	5	µL	of	1	mg	mL‐1	MWCNT	dispersion	onto	
the	cleaned	surface	of	GC.	The	S362‐BOD	was	 immobilized	on	the	GC/MWCNT	electrode	using	
covalent	attachment.				
	

6.6.1 Covalent	immobilization	vs.	physical	adsorption  

To	verify	that	BOD	was	immobilized	at	the	electrode	surface	through	covalent	bonding	to	the	

surface	cysteine,	we	carried	out	a	comparison	using	two	different	MoBOD	(cysteine‐modified	

MoBOD	and	a	WT‐MoBOD).	To	this	end,	three	different	electrodes	were	prepared	in	which	the	

covalent	immobilisation	method,	as	re‐described	in	Section	6.5,	and	the	physical	adsorption	
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method	were	employed.	The	covalent	immobilisation	of	MoBOD	variant	S362C	was	performed	

on	a	maleimide‐modified	GC/MWCNT	electrode.	Meanwhile,	the	physical	adsorption	was	done	

on	 two	 different	 electrodes;	 i)	 WT‐MoBOD	 was	 adsorbed	 onto	 a	 maleimide‐modified	

GC/MWCNT	electrode,	and	 ii)	MoBOD	variant	S362C	was	adsorbed	onto	a	bare	unmodified	

GC/MWCNT	electrode.	The	physical	adsorption	was	made	simply	by	drop	casting	3	μL	of	the	

WT‐MoBOD	or	the	MoBOD	variant	S362C	onto	the	aforementioned	electrodes.		

All	 GC/MWCNT	 electrodes	 modified	 with	 the	 BOD	 were	 examined	 for	 DET	 by	 cyclic	

voltammetry	 in	200	 to	100	mM	phosphate‐citrate	 (McIlvaine)	buffer	 solution,	pH	7.4	at	10	

mV/s	(Figure	6.6).	CVs	were	 first	carried	out	 in	argon–saturated	solution	(black	 lines).	The	

background	current	capacitance	is	very	similar	for	the	electrodes	used	in	Figure	6.6A	and	B	

(compare	the	black	lines).	However,	the	electrode	in	Figure	6.6C	exhibits	a	bigger	background	

current	 capacitance.	 This	 does	 not	 indicate	 that	 the	 quantity	 of	MWCNTs	 is	 greater	 at	 the	

surface	of	the	electrode	(in	Figure6.6C)	but	rather	than	that	the	maleimide‐modification	affects	

the	electrode	capacitance	(in	Figure	6.6A	and	B).		

All	GC/MWCNT/BOD	electrodes	were	then	investigated	in	oxygen‐saturated	buffer	solution.	

Direct	electron	 transfer	was	observed	 for	both	modification	methods,	 all	 electrodes	exhibit	

bioelectrocatalytic	activity	 towards	oxygen	reduction,	starting	at	onset	potentials	of	around	

0.46	V	vs.	SCE	(Figure	6.6	green	 lines).	For	 the	covalently	 immobilized	BOD	at	GC/MWCNT	

electrode	(Figure	6.6A),	a	sigmoidal	wave	typical	of	the	catalytic	reduction	of	O2	is	observed	as	

cyclic	voltammetry	proceeds,	reaching	a	plateau	at	about	0.3	V	vs.	SCE.	However,	the	catalytic	

currents	for	physically	adsorbed	BOD	(Figure	6.6B	and	C)	were	lower	than	those	for	covalently	

immobilized	BOD.	Also,	the	reduction	current	for	the	electrode	in	Figure	6.6C	is	less	than	the	

current	in	Figure	6.6B	by	a	factor	of	about	60	%.	This	might	be	attributed	to	a	smaller	quantity	

of	enzyme	molecules	immobilised	onto	the	electrode	surface,	vide	infra.		

The	 shape	 of	 the	 electrocatalytic	 waves	 is	 different	 depending	 on	 the	 corresponding	

immobilization	technique	(Figure	6.6).	The	main	difference	is	the	slope	of	the	current	at	more	

negative	overpotential,	 particularly,	 for	WT‐MoBOD	adsorbed	onto	 the	maleimide‐modified	

GC/MWCNT	 (Figure	 6.6B)	 and	 MoBOD	 variant	 S362C	 adsorbed	 onto	 the	 bare	 unmodified	

GC/MWCNT	 electrodes	 (Figure	 6.6C).	 It	 has	 been	 reported	 that	 when	 a	 redox	 protein	

undergoes	catalytic	DET	with	an	electrode,	the	voltammograms	often	exhibit	a	“residual	slope”	

over	a	wide	range	of	electrode	potential,	even	 though	 it	 is	basically	expected	 that	 it	 should	

reach	 a	 plateau.	 Indeed,	 this	 behavior	 is	 obtained	 with	 several	 multi‐centered	 redox	

enzymes.16,	 371‐373	However,	 less	 complex	 enzymes	 such	 as	 cytochrome	 c	 peroxidase374	 also	

show	this	behavior.	Thus,	 it	 is	not	 likely	that	this	performance	results	 from	an	electric	 field	

effect	 on	 the	 rate	 of	 intramolecular	 ET.375	 It	 has	 been	 proposed	 that	 disorder	 among	 the	

immobilised	 enzyme	 molecules	 participating	 in	 DET	 results	 in	 a	 sped	 of	 spread	 electron	
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transfer	 rates	 reflected	by	 the	 trailing	edge	 in	 the	catalytic	 cyclic	voltammogram.375	Kinetic	

models	that	obtain	information	from	voltammograms	provide	useful	and	detailed	information.	

Indeed,	several	models	have	been	developed	by	Tsujimura	et	al.,376	Armstrong	et	al.,375	and	

Hexter	et	al.	to	explain	that	“residual	slope”.	On	one	hand,	Tsujimura	et	al.,376	assumed	that	all	

the	 electrochemically	 active	 enzyme	 molecules	 have	 an	 identical	 orientation.	 Thus,	

heterogeneous	ET	can	be	defined	by	a	unique	average	rate	constant,	k0.	On	the	other	hand,	

Armstrong375	 and	 others377‐378	 have	 proposed	 a	 different	 kinetic	 model	 to	 describe	 this	

mechanism.	Their	model	 explains	 reversible	bioelectrocatalytic	 reaction	 in	which	 electrons	

enter	or	exit	the	redox	protein	in	sequential	single‐electron	steps;	it	is	believed	that	enzymes	

adopt	an	arrangement	of	slightly	different	orientations.	Consequently,	the	distance	between	

the	redox	center	and	the	electrode	surface	 is	equally	scattered	between	a	minimal	distance	

(dmin),	 and	 a	 distance	 (dmin	 +	 d0).	 The	 product	 βd0	 (Eq.	 6.1)	 reveals	 the	 distribution	 of	

orientations	and	determines	the	shape	of	the	wave	at	increasing	over‐potential.345	The	slope	of	

i	vs	E	is	given	by		

	

Where	 β	 is	 the	 decay	 constant	 in	 the	Marcus	 theory	 (see	 Chapter	 1,	 Section	 1.1),	R	 is	 the	

universal	gas	constant,	T	is	the	absolute	temperature	and	F	is	the	Faraday	constant.	Hence,	the	

green	voltammograms	in	Figure	6.6B	and	C	are	consistent	with	numerous	orientations	of	BOD	

at	the	surface	of	the	electrode,	which	is	responsible	for	changing	ET	rates.	

 

	

Figure	 6.6.	 Cyclic	 voltammograms	 recorded	 at	 maleimide‐modified	 electrodes	 (A,	 B),	 bare	
unmodified	GC/MWCNT	electrode	(C)	with	BOD	variant	S362	(A,	C)	and	WT‐MoBOD	(B).	CVs	were	
carried	out	 in	oxygen–saturated	 (green	 lines)	and	deoxygenated	 (black	 lines)	200	 to	100	mM	
(McIlvaine)	 phosphate‐citrate	 buffer	 solution,	 pH	 7.0,	 sweeping	 the	 potential	 at	 10	mV	 /	 s	
from	‐0.05	to	0.65	V	vs.	SCE.	

	

Thus,	the	results	in	Figure	6.6A	are	consistent	with	covalent	binding	of	the	cysteine‐modified	

MoBOD	at	the	maleimide‐modified	electrodes.	The	higher	catalytic	currents	and	the	sigmoidal	
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wave	typical	of	the	catalytic	reduction	of	O2	obtained	with	the	covalently	modified	electrode	

(Figure	6.6A)	can	be	explained	by	the	fact	that	the	covalently	immobilized	enzyme	is	held	in	a	

more	suitable	orientation	for	DET	as	compared	to	the	randomly	orientated	physically	adsorbed	

BOD	(Figure	6.6B	and	C).		

Indeed,	to	assess	the	productivity	of	the	adopted	approach	toward	enzymes	orientation,	it	is	

conceivable	to	assess	the	increase	in	DET,	which	however	reflects	also	a	greater	quantity	of	

enzyme	 molecules	 immobilised	 onto	 the	 electrode.	 Therefore,	 the	 comparison	 DET/MET,	

which	is	a	reciprocal	function	of	the	quantity	of	perfectly	oriented	enzymes,	is	more	precise.345		

Thus,	 to	 exclude	 the	 possibility	 that	 the	 different	 catalytic	 currents	 in	 Figure	 6.6	might	 be	

obtained	 from	 different	 enzyme	 loading	 on	 electrodes	 surfaces,	 2,	 2’‐azino‐bis	

(3‐ethylbenzothiazoline‐6‐sulphonic	 acid)	 (ABTS),	 was	 introduced	 as	 a	 mediator.25	 The	

mediator	in	the	solution	should	react	with	all	of	the	enzyme	molecules	on	the	surface	of	the	

electrode.36	Therefore,	the	mediated	electron	transfer	(MET)	experiment	can	be	employed	as	

an	approach	to	relate	the	currents	observed	in	Figure	6.6	to	the	real	amounts	of	the	BOD	on	

each	 electrode.	 To	 this	 end,	 the	 same	 three	 electrodes	 were	 re‐tested	 by	 monitoring	 the	

catalytic	current	caused	by	MET	in	the	presence	of	ABTS	as	a	mediator	(Figure	6.7).			

 

Figure	 6.7.	 Cyclic	 voltammograms	 recorded	 at	 maleimide‐modified	 electrodes	 (A,	 B),	 bare	
unmodified	GC/MWCNT	electrode	(C)	with	BOD	variant	S362	(A,	C)	and	WT‐MoBOD	(B).	CVs	were	
carried	 out	 in	 oxygen–saturated	 (red	 lines)	 and	 deoxygenated	 (black	 lines)	 200	 to	 100	mM	
phosphate‐citrate	(McIlvaine)	buffer	solution	in	presence	of	0.3	mM	ABTS,	pH	7.0,	sweeping	the	
potential	at	10	mV	/	s	from	‐0.05	to	0.65	V	vs.	SCE.	

	

From	the	sigmoidal	wave	 typically	obtained	 for	 the	catalytic	 reduction	of	O2	 in	Figure	6.6A	

(MoBOD	variant	S362C	was	immobilised	at	the	maleimide‐modified	GC/MWCNT	electrode	via	

the	thioether	bond),	the	addition	of	ABTS	has	a	negligible	effect	on	the	reduction	wave	shape	

as	well	as	the	catalytic	current	(Figure	6.7A).	This	experiment	indicates	that	all	immobilized	

BOD	are	favorably	orientated	towards	the	enzyme	active	site	(most	probably	the	T1	copper	

site).	 On	 the	 other	 hand,	 the	 addition	 of	 ABTS	 for	 the	 electrodes	 used	 in	 Figure	 6.6B	

(WT‐MoBOD	 on	 maleimide‐modified	 GC/MWCNT	 electrode)	 and	 in	 Figure	 6.6C	 (MoBOD	
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variant	 S362C	 on	 bare	 unmodified	 GC/MWCNT)	 generates	 an	 increase	 of	 the	

bioelectrocatalytic	oxygen	reduction	current	(Figure	6.7B	and	C),	which	verifies	 that	not	all	

immobilized	BOD	are	favorably	oriented	on	the	electrode	surfaces.	Moreover,	the	lower	MET	

current	value	for	the	electrode	used	in	Figure	6.7C	compared	with	that	used	in	Figure	6.7B	is	

consistent	with	the	current	for	the	same	electrode	in	Figure	6.6C	being	less	than	the	current	

observed	for	the	other	electrode	in	Figure	6.6B.	Thus,	the	more	catalytic	current	obtained	in	

Figure	6.6B	compared	to	the	one	in	Figure	6.6C	was	due	to	higher	BOD	surface	coverage.	

6.6.2 The	influence	of	the	cysteine	position	

DET	between	BOD	and	an	electrochemical	interface	may	be	achieved	via	suitable	modifications	

of	the	electrode	surface.364,	367	Efficient	DET	requires	a	good	connection	between	the	electrode	

and	 enzyme	with	 the	 correct	 orientation	 and	 favourable	 distance	 as	 suggested	 by	Marcus	

theory.364		

As	we	 have	 already	 shown	 in	 Section	 6.5,	 the	 free	 surface	 cysteine	 reacts	with	maleimide	

groups	 previously	 introduced	 at	 the	 electrode	 surface.	 In	 this	 way,	 we	 would	 expect	 the	

different	BOD	 variants	 (see	 Figure	 6.4	 for	 the	 structures)	 to	 be	 immobilised	with	 different	

orientations	on	the	electrode,	depending	on	the	position	of	their	free	cysteine	residues.	Figure	

6.8	shows	 the	presumed	orientations	 for	 the	 three	MoBOD	variants	on	maleimide‐modified	

electrodes.	The	different	variants	should	have	different	electron	transfer	distances	(distance	

between	the	T1	copper	cluster	and	the	electrode	surface)	and,	consequently,	different	direct	

electron	transfer	rates.	

To	test	this	prediction,	maleimide‐modified	GC/MWCNT	electrodes	were	used	to	immobilise	

the	three	different	BOD	variants.	DET	and	MET	of	the	BOD‐modified	GC/MWCNT	electrodes	

(for	 each	 variant)	 are	 tested	 by	 cyclic	 voltammetry	 in	 oxygen‐saturated	 200	 to100	 mM	

phosphate‐citrate	(McIlvaine)	buffer	solution,	pH	7.4	at	10	mV	/	s	before	and	after	and	the	

addition	 of	 0.3	mM	ABTS	 (Figure	 6.9).	 Direct	 electron	 transfer	was	 observed	 for	 the	 three	

variants	 (Figure	 6.9,	 green	 lines),	 all	 electrodes	 exhibit	 bioelectrocatalytic	 activity	 towards	

oxygen	reduction,	starting	at	onset	potentials	of	around	0.46	V	vs.	SCE.	For	the	GC/MWCNT	

electrode	modified	with	S364C	variant	(Figure	6.9A,	green	line),	a	sigmoidal	wave	typical	of	

the	catalytic	reduction	of	O2	is	observed	as	cyclic	voltammetry	proceeds,	reaching	a	plateau	at	

about	0.3	V	vs.	SCE.	However,	the	currents	did	not	reach	a	plateau	for	any	of	the	other	variants	

(Figure	6.9,	B	and	C,	green	lines),	meaning	that	the	interfacial	electron	transfer	was	a	quite	slow	

process.345,	 379	 It	 should	 be	 noticed	 that	 CVs	 were	 reproduced	 on	 at	 least	 two	 different	

electrodes	for	each	variant.	Thus,	the	shape	of	the	CVs	during	catalysis	is	different	depending	

on	the	variant.	This	can	be	attributed	to	the	different	orientation	of	the	BOD	variants	on	the	
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electrode	surface,	because	each	variant	has	a	free	cysteine	group	in	a	different	position	on	the	

surface	of	the	enzyme	(see	Figure	6.8).	

The	 same	 electrodes	 were	 re‐tested	 for	 MET.	 All	 electrodes	 exhibit	 mediated	

bioelectrocatalytic	activity	towards	oxygen	reduction,	starting	at	onset	potentials	of	0.5	V	vs.	

SCE	 (Figure	 6.9,	 red	 lines).	 The	mediator	 in	 the	 solution	was	 employed	 to	 relate	 the	 ORR	

current	observed	in	the	DET	mode	for	each	variant	to	the	real	amount	of	that	variant	on	the	

electrode	surfaces.	Experiments	were	carried	out	in	the	presence	of	ABTS	as	a	mediator.	From	

the	results,	it	is	clear	that	the	amounts	of	the	S362C‐BOD	and	A164C‐BOD	on	each	electrode	is	

almost	the	same.	Thus	it	can	be	concluded	that	the	fast	direct	electron	transfer	achieved	for	the	

S362C‐BOD	 is	 due	 to	 a	 more	 favourable	 orientation	 of	 this	 variant	 on	 the	 surface	 of	 the	

electrode	rather	than	due	to	higher	enzyme	surface	coverage.	

The	N375‐BOD	variant	was	re‐tested	again	but	to	no	avail.	The	results	were	compared	to	the	

other	variants	and	there	were	very	small	reduction	currents	before	and	after	the	addition	of	

0.3	mM	ABTS	(Figure	6.9C).	This	was	reported	to	our	collaborator	(the	enzyme	supplier)	and	

a	new	batch	of	N375C	was	prepared.	However,	the	new	N375C	batch	had	a	similar	low	activity,	

like	 the	 old	 batch,	 when	 compared	 to	 the	 other	 variants.	 Therefore,	 the	 bad	 performance	

obtained	in	Figure	6.9C	can	be	accounted	for	by	the	low	enzyme	activity	due	to	the	mutation.	

Indeed,	such	behaviour	(Figure	6.9C)	can	be	taken	as	evidence	that	the	different	shape	of	the	

CVs	 during	 catalysis	 obtained	 for	 variant	 A164C	 (Figure	 6.9B)	 compared	 to	 variant	 S362C	

(Figure	6.9A)	was	not	due	to	less	enzyme	activity	rather	than	a	better	orientation	of	the	S362C	

variant	which	allows	the	mononuclear	T1	copper	cluster	to	be	brought	closer	to	the	electrode	

surface	with	the	favourable	distance	as	suggested	by	Marcus	theory.			

 

Figure	6.8.	The	presumed	orientations	 for	 the	 five	MtCDH	variants	on	 to	maleimide‐modified	
electrodes.	The	variants	 images	were	obtained	with	PyMol	 software,	PyMol	visualisations	are	
based	on	the	crystal	structure	of	MoBOB,	PDB	code	2L9Y.362	
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Figure	6.9.	Typical	cyclic	voltammograms	showing	the	response	of	GC/MWCNT	electrodes	for	
various	variants:	(A)	S362,	(B)	A164	and	(C)	N375	to	ORR	 in	oxygen‐saturated	(red	 lines)	and	
deoxygenated	(black	lines)	200	to	100	mM	phosphate‐citrate	(McIlvaine)	buffer	solution,	pH	7.0,	
and	after	the	addition	of	0.3	mM	ABTS	(red	lines).	CVs	were	scanned	from	‐0.05	V	to	0.65	V	at	a	
scan	rate	of	10	mV	s‐1.	The	GC/MWCNT	electrodes	were	prepared	by	drop	casting	of	5	µL	of	1	mg	
mL‐1	MWCNT	dispersion	onto	the	cleaned	surface	of	GC.	The	BOD	variants	were	immobilised	at	
the	electrode	surfaces	via	the	thioether	bond.	

 

6.6.3 Stability	of	the	BOD‐modified	electrodes	

The	stability	over	time	of	the	bioelectrocatalytic	activities	of	the	BOD‐modified	GC/MWCNT	

electrodes	(S362‐BOD)	to	bioelectrocatalytic	reduction	of	dioxygen	was	also	studied.	To	this	

aim,	 a	 comparison	between	 the	 stability	 of	 the	BOD	 immobilised	 through	maleimide	 and	 a	

physically	adsorbed	WT‐BOD	on	maleimide‐modified	GC/MWCNT	electrode	was	performed.	

The	 storage	 stability	of	 the	GC/MWCNT	electrodes	modified	with	BOD	was	 investigated	by	

keeping	the	electrodes	in	a	deoxygenated	wet	condition	in	the	refrigerator	(4	°C)	for	six	days.	

Figure	6.10	 shows	 that	 the	 enzyme	 immobilised	 through	 the	 thioether	bond	 (black	 line)	 is	

much	 more	 stable	 than	 the	 control	 for	 the	 WT‐BOD	 on	 maleimide‐modified	 GC/MWCNT	

electrode	(red	line),	where	the	catalytic	response	decays	much	more	rapidly.	The	GC/MWCNT	

electrode	covalently	modified	with	S362C‐BOD	variant	electrodes	can	still	retain	about	95%	of	

the	 initial	 response	 after	 3	 days	 storage	 as	 shown	 in	 Figure	 6.10.	 On	 the	 other	 hand,	 the	

GC/MWCNT	 electrode	 physically	 modified	 with	 WT‐MoBOD	 retains	 ca.	 40%	 of	 its	 initial	

activity.		

By	analogy	with	our	previous	study	with	CDH	(see	Chapter	4,	Section	4.7.2.2.),	it	is	clear	that	

CDH	was	much	more	stable	(for	about	two	months)	at	the	surface	of	the	maleimide	modified	

GC/MWCNT.	However,	this	would	support	a	conclusion	that	the	dramatic	decay	on	the	BOD	

activity	after	3	days	is	because	of	the	enzyme	denaturation,	probably	due	to	loss	of	copper	from	

the	enzyme‐active	site.	Indeed,	this	conclusion	can	be	supported	by	the	finding	of	numerous	

studies	which	suggested	that	the	decrease	in	cathodic	current	over	the	time	cannot	be	related	
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to	 BOD	 loss	 but	 most	 probably	 to	 enzyme	 denaturation	 or	 structural	 rearrangement	 on	

different	electrode	surfaces.380‐382				 

 

Figure	6.10.	The	maximum	electro‐catalytic	activities	of	the	maleimide	modified	GC/MWCNT	
electrodes	covalently	modified	with	S362C‐BOD	variant	(black	line)	and	physically	modified	with	
WT‐BOD	(red	 line)	over	a	period	of	time.	CVs	were	recorded	oxygen‐saturated	200	to	100	mM	
phosphate‐citrate	 (McIlvaine)	 buffer	 solution,	 pH	 7.0,	 sweeping	 the	 potential	 at	 10	mV	 /	 s	
from	‐0.05	to	0.65	V	vs.	SCE.	

	

6.7 Effect	of	solution	pH	

It	is	widely	believed	that	the	cathodic	current	onset	starting	at	around	0.46	V	vs.	SCE	at	pH	7	

(see	Figure	6.5)	corresponds	to	the	BOD‐T1	site.383‐386	 Indeed,	 it	has	been	difficult	to	obtain	

electrochemical	 evidence	 of	 BOD	 electroactive	 at	 lower	 potentials.	 However,	 some	 authors	

tried	to	assign	peaks	observed	at	300–500	mV	vs.	Ag/AgCl	to	the	BOD‐T3	site20,	383,	387	and	peaks	

in	the	potential	window	of	100–300	mV	vs.	Ag/AgCl	to	the	BOD‐T2	site.384,	387		

In	 this	 study,	 the	 cyclic	 voltammetry	 measurements	 of	 BOD	 at	 maleimide‐modified	

GC/MWCNT	electrodes	was	carried	out	(vs.	SMSE,	vide	infra)	within	the	pH	range	of	4.0	to	7.6	

(Figure	6.11A).	An	almost	constant	current	of	about	16	µA	was	observed	over	the	pH	range	of	

4.0–7.0.	The	onset	potential	for	reduction	of	O2	was	pH	dependent	and	shifted	negatively	with	

increasing	 pH	 (Figure	 6.11B).	With	 decreasing	 pH	 from	 7.6	 to	 6	 (using	 a	 universal	 buffer	

system,	200	to	100	mM	phosphate‐citrate	(McIlvaine)	buffer)	the	onset	potential	for	reduction	

of	the	BOD‐T1	site	shifted	positively	with	a	slope	‐dE/dpH	of	about	57	mV.	According	to	the	

Nernst	equation	‐dE/dpH	=	0.0592	x	(m/n),	with	m	being	the	number	of	proton	transferred	

and	n	being	the	number	of	electrons	transferred,	such	a	value	(57	mV/pH)	is	in	an	excellent	

agreement	with	a	value	of	59	mV/pH	expected	 for	a	redox	process	 involving	 transfer	of	an	

equal	number	of	electrons	and	protons.388	However,	when	the	pH	decreased	further	(from	6.0	
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to	 4.0)	 a	 slope	 ‐dE/dpH	 of	 28	 mV	 was	 obtained,	 implying	 that	 two	 electron	 transfer	 is	

accompanied	with	one	proton	transfer	at	this	pH	window.	Thus,	in	the	pH	range	of	4.0	to	7.6,	

there	is	one	value	of	pH	at	which	the	slope	of	E	vs.	pH	for	the	BOD‐T1	site	changes,	namely,	at	

a	pH	close	to	6.0.	

Filip	and	Tkac389	recently	reported,	in	a	detailed	study,	a	decrease	of	the	redox	potential	for	the	

T1	site	with	pH	with	a	slope	of	66	mV/pH	in	two	different	buffer	systems	(acetate	and	HEPES)	

for	pH	between	5.0	and	7.5.	Another	study	by	Weigel	et	al.390	observed	a	slope	of	54.5	mV/pH	

in	the	pH	range	of	4.0	to	8.0	using	a	citrate‐phosphate	buffer	for	dependence	of	a	formal	redox	

potential	 of	 the	 BOD‐T1	 site	 on	 pH.	 However,	 Shleev	 et	 al.391	 stated	 in	 a	 detailed	 study	 a	

decrease	 of	 a	 redox	 potential	 for	 the	 BOD‐T1	 site	with	 pH	with	 a	 slope	 of	 23	mV/pH	 in	 a	

universal	buffer	(phosphoric,	boric	and	acetic	acids)	at	pH	between	4.2	and	7.0.	The	reason	for	

the	 disagreement	 between	 the	 latter	 report	 by	 Shleev	 et	 al.	 and	 the	 others	 is	 unknown.	

Nevertheless,	 it	 can	 be	 attributed	 to	 a	 different	 enzyme	 immobilization	 method	 and/or	

different	buffer	used	 for	 the	cyclic	voltammetry	measurements.389	Indeed,	 it	has	often	been	

suggested	 that	 the	choice	of	buffer	components	can	have	a	 significant	 impact	on	 interfacial	

electrochemistry	of	various	enzymes.392‐394	

 

Figure	6.11.	(A)	Cyclic	voltammograms	of	BOD	at	maleimide‐modified	GC/MWCNT	electrode	
in	various	oxygenated	solutions	(pH	4.0,	5.0,	6.0,	and	7)	at	10	mV	s‐1.	Measurements	were	
performed	in	universal	buffer	system	(200	to	100	mM	phosphate‐citrate	(McIlvaine)	buffer)	
vs.	SMSE.	(B)		The	onset	potential	of	reduction	of	O2		plotted	vs.	pH.				

 

To	the	best	of	our	knowledge,	in	a	very	small	number	of	examples	the	effect	of	the	amino	

acids	 involved	 in	 a	 proton‐coupled	 electron	 transfer	 has	 been	 examined	 during	 the	

intensive	electrochemical	studies	of	BODs.	Indeed,	the	behavior	obtained	in	Figure	6.11B	

is	 consistent	 with	 previous	 studies	 of	 the	 potential/pH	 dependence	 of	 	 other	 copper	

enzymes,	such	as	azurin389,395	or	CueO.396		
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On	one	hand,	a	recent	study	by	Cosnier	et	al.25	has	suggested	that	a	pKox	of	6.0	(Kox	is	the	

proton	dissociation	 constant	 for	 the	 oxidized	 form	of	BOD‐T1	 copper)	 is	 related	 to	 the	

acid/base	couple	of	an	amino	acid,	 such	as	histidine	(His)	 in	 the	vicinity	of	 the	BOD‐T1	

copper	center	(see	Scheme	6.1),	which	effects	structural	rearrangement	of	copper	upon	the	

redox	process.	On	the	other	hand,	there	is	agreement	that	two	acidic	amino	acids,	namely,	

glutamic	 acid	 Glu	 and	 aspartic	 acid	 Asp,389  which	 are	 highly	 conserved	 amongst	 all	

MCOs,397‐400	 are	 crucial	 for	 the	 enzymatic	 activity	with	 participation	 in	 proton	 transfer	

during	catalysis.389	In	the	current	study,	Glu/464	and	Asp/107	are	present	in	the	MoBOD	

in	a	close	proximity	to	the	trinuclear	cluster	(TNC),	see	Scheme	6.1.	The	MoBOD	structure	

was	 rendered	 with	 PyMol	 software,	 the	 PyMol	 visualisations	 are	 based	 on	 the	 crystal	

structure	of	MoBOB	(PDB	code	2L9Y).362		In	their	work	Filip	and	Tkac389	suggested	that	the	

Asp	identified	in	the	exit	channel	of		the	MvBOD‐TNC	is	involved	in	the	reductive	separation	

of	the	oxygen‐oxygen	bond	at	acidic	pH,	in	supporting	protonation	of	the	hydroxyl	groups	

bound	to	the	BOD‐T2	copper	ion	or	in	governing	protonation	of	a	Glu	residue	and	in	the	

activation	of	proton	of	the	BOD‐T2	bound	water	at	high	pH.	However,	Glu	located	in	the	O2	

entrance	channel	of	the	MvBOD‐TNC	was	shown	to	be	involved	in	a	proton	transfer	to	the	

peroxide	during	the	reductive	separation	of	the	oxygen‐oxygen	bond	at	around	pH	7.397,	401	

Hence,		the	break	point	observed	at	pH	6	(Figure	6.11B)	can	be	attributed	to	the	activity	of		

the	Asp/107	residue.	A	question	that	arises	from	this	conclusion	is:	Why	do	amino	acids	

identified	 in	 the	 BOD‐TNC	 influence	 the	 BOD‐T1	 electrochemistry?	 However,	 a	 study	

conducted	 by	 the	modulation	 of	 redox	 potential	 of	 the	 BOD‐T1	 site	 by	 different	 states	

(various	oxygen	 functionalities)	of	 the	BOD‐TNC	have	shown	 that	BOD‐T1	site	 is	 firmly	

interconnected	in	terms	of	electrochemical	disruption	by	the	BOD‐TNC.389,402	

Scheme	6.1. A	schematic	representation	of	BOD	with	the	Cu	active	sites	and	positions	of Asp	
107,		Glu	464	and	His	463	amino	acids	in	the	enzyme	shown.	The	BOD	structure	was	rendered	
with	PyMol	software,	PyMol	visualisations	are	based	on	the	crystal	structure	of	MoBOB,	PDB	
code	2L9Y.362				
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It	 is	worth	mentioning	that	 this	study	was	 initially	carried	out	using	a	SCE	as	the	reference	

electrode.	However,	unusual	behavior	was	observed,	namely	at	pH	4	(see	Figure	6.12A),	apart	

from	a	peculiar	CV	shape,	by	proceeding	 from	pH	5	 to	pH	4,	no	onset	potential	 shift	 in	 the	

reduction	 of	 O2	 was	 witnessed.	 This	 behaviour	 could	 be	 attributed	 to	 chloride	 ion	

contamination	from	the	SCE.	To	verify	this	conclusion,	a	control	experiment	was	performed	

using	a	saturated	mercurous	sulfate	electrode	(SMSE)	instead	of	SCE,	the	potential	was	then	

converted	with	respect	to	that	of	a	SCE	by	adding	0.395	V306	(see	black	line	in	Figure	6.12B).	A	

normal	 sigmoidal	 wave	 typical	 of	 the	 catalytic	 reduction	 of	 O2	 is	 observed	 as	 cyclic	

voltammetry	 proceeds.	 After	 that	 the	 SMSE	 was	 replaced	 by	 an	 SCE	 and	 the	 the	 cyclic	

voltammetry	measurements	were	repeated	immediately,	after	5	and	10	minutes	(see	coloured	

lines	in	Figure	6.12B).	On	one	hand,	in	the	forward	scan,	the	onset	for	O2	reduction	shifts	down	

and	is	observed	at	less	positive	potential.	On	the	other	hand,	the	reverse	scan	is	less	affected,	

confirming	that	the	chloride	contamination	from	the	SCE	causes	an	inactivation	process	of	BOD	

for	O2	reduction.	Detailed	discussion	will	be	provided	in	the	next	Section.	

 

Figure	6.12.	(A)	Cyclic	voltammograms	(first	scan)	of	BOD	at	a	maleimide‐modified	GC/MWCNT	
electrode	 in	various	oxygenated	solutions	(pH	4.0,	5.0,	6.0,	and	7)	at	10	mV	s‐1.	Measurements	
were	performed	in	universal	buffer	system	(200	to	100	mM	phosphate‐citrate	(McIlvaine)	buffer)	
vs.	 SCE.	 (B)	Cyclic	 voltammograms	of	BOD	at	a	maleimide‐modified	GC/MWCNT	 electrode	 in	
oxygenated	(pH	4.0)		200	to	100	mM	phosphate‐citrate	(McIlvaine)	buffer	solution	at	10	mV	s‐1.	
Measurements	were	performed	vs.	SMSE	then	converted	with	respect	to	that	of	a	SCE	by	adding	
0.395	 V	 (black	 line),	 then	 SMSE	 was	 replaced	 by	 SCE	 and	 the	 the	 cyclic	 voltammetry	
measurements	were	repeated	immediately,	after	5	and	10	minutes	(coloured	lines).		

	

6.8 The	influences	of	pH	and	chloride	on	the	redox	state	of	BOD	

In	recent	years,	numerous	BOD	investigations345,	356,	364,	403	have	been	conducted	to	explore	the 

precise	nature	of	the	electron	transfer,	as	outlined	in	Scheme	6.2.	Basically,	after	the	substrate	

oxidation	at	the	T1	site,	electrons	are	transferred	to	the	TNC	where	the	reduction	of	O2	occurs	
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via	 two,	 two‐electron	 steps.	The	 first	 step	produces	 the	peroxide	 intermediate	 (PI).	 	 In	 the	

second	 two‐electron	 step,	 the	O‐O	 bond	 is	 cleaved	with	 a	 fast	 rate	 constant	 leading	 to	 the	

formation	of	the	native	intermediate	(NI).404	Where,	in	the	absence	of	substrate,	NI	gradually	

decays	to	the	resting	oxidized	(RO)	form	and	only	reenters	the	catalytic	cycle	upon	reduction	

with	a	substrate.	Whereas,	in	the	presence	of	substrate,	NI	is	reduced	to	the	fully	reduced	form	

of	 the	 enzyme	 and	 is	 ready	 for	 another	 catalytic	 cycle.364	 Another	 resting	 state,	 called	 the	

alternative	 resting	 form	 (AR),	was	 identified	 in	 some	BODs.	 These	 two	 resting	 forms	were	

shown	to	exist	 in	MoBODs	and	MvBOD.356	For	AR,	 It	was	demonstrated	that	only	one	of	the	

three	TNC	Cu	site	is	oxidized.	Meanwhile	in	RO,	all	three	TNC	Cu	site	are	oxidized.403		

	

 

Scheme	6.2.	A	mechanism	for	the	O2	reduction	by	BODs	based	on	the	study	by	Solomon	et	al.404	
The	 catalytic	 cycle	 is	 colored	blue;	 the	non‐catalytically	 related	 forms	are	 colored	green,	and	
electrode‐driven	redox	changes	are	colored	red.	Adapted	from	reference	364.	

	

Since	a	different	 resting	 structure	have	been	detected	 in	multicopper	oxidases	 (MCOs)	and	

might	 be	 even	mixed,	 hence,	 there	 has	 been	 some	 sort	 of	 disagreement	 as	 to	which	 is	 the	

pertinent	 form	 for	 initiation	 for	 catalysis.397	 However,	 a	 spectroscopic	 characterization,	

supported	by	crystallographic	data	has	been	suggested	that	MoBOD	(our	model	enzyme)	has	

two	distinct	inter‐convertible	resting	forms:	the	RO	form,	produced	upon	re‐oxidation	of	fully	

reduced	enzyme,	and	the	AR	form,	detected	in	the	as‐isolated	enzyme	and	upon	Cl‾	addition	to	

RO,356	Scheme	6.3	shows	the	AR	formation	and	reactivation	for	BOD	from	Bacillus	pumilus	in	

the	presence	of	chloride	ions	based	on	the	work	of	Lojou	et	al.364			
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Scheme	6.3.	AR	formation	and	reactivation	in	the	presence	of	chloride	ions	based	on	the	work	of	
Lojou	et	al.364	The	non‐catalytically	related	forms	are	colored	green,	and	electrode‐	driven	redox	
changes	are	colored	red.	Adapted	from	reference	364.	

	

Herein,	we	electrochemically	define	both	the	RO	and	the	AR	forms	of	MoBOD	and	show	that	

they	can	interconvert.	Figure	6.13	shows	the	response	of	a	GC/MWCNT/BOD	electrode	to	ORR	

in	oxygenated	200	to100	mM	phosphate‐citrate	buffer	solution,	pH	7.0,	first	scan	(black	line)	

and	second	scan	(red	line).	Essentially,	the	voltammograms	of	the	first	and	second	scans	are	

not	the	same,	with	onset	of	catalytic	current	monitored	at	∼+425	mV	(vs.	SCE)	on	the	first	scan,	

shifting	 to	∼+470	mV	on	 the	 second	 scan.	 This	 behavior	 is	 similar	 to	 the	 that	 observed	 in	

Laccase	from	Podospora	anserine	(PaL)403	where	the	lower	onset	potential	in	the	first	scan	was	

ascribed	 to	 reduction	 of	 the	 one‐electron	 oxidized	 Cu	 of	 the	 AR‐form	 TNC	 	 after	 which	

electrocatalytic	turnover	was	launched	with	electron	transfer	via	the	T1	Cu,	consistent	with	

the	higher	initiation	potential	detected	on	the	following	scan.	Where	the	RO	form	(Figure	6.13,	

red	line)	 is	catalytically	active	under	experimental	conditions,	whereas	the	AR	form	(Figure	

6.13,	 black	 line),	 needs	 a	 low	 potential	 to	 be	 fully	 reduced	 for	 O2	 reactivity.	 This	 can	 be	

attributed	to	the	fact	that	the	AR	form	has	a	partially	reduced	TNC	that	is	not	efficient	for	ORR.	

Therefore,	the	AR	form	can	be	activated	for	O2	catalysis	at	adequately	low	electrode	potentials,	

consistent	with	the	observation	of	Kjaergaard	et	al.356	of	a	lower	potential	TNC	Cu,	whereas	the	

RO	form	is	activated	at	the	higher	potential	of	the	T1	Cu.	
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Figure	 6.13.	 Typical	 cyclic	 voltammograms	 showing	 the	 response	 of	 a	 GC/MWCNT/BOD	
electrode	to	ORR	in	deoxygenated	(green	line)	and	oxygenated	200	to100	mM	phosphate‐citrate	
(McIlvaine)	buffer	solution,	pH	7.0,	first	scan	(black	line),	second	scan	(red	line)at	10	mV	s‐1.	The	
S362‐	BOD	was	immobilized	on	the	GC/MWCNT	electrode	using	covalent	attachment.	

	

The	effects	of	pH	and	chloride	ions	on	the	BOD	activity	are	of	great	importance,	particularly	if	

BOD‐based	bio‐cathodes	are	projected	for	BFCs	operating	in	physiological	conditions.360	In	this	

section,	 GC/MWCNT	 electrodes	 covalently	 modified	 with	 MoBOD	 were	 further	

electrochemically	studied	in	200	to	100	mM	phosphate‐citrate	(McIlvaine)	buffer	solution	with	

varying	NaCl	concentrations	at	different	pH.	Indeed,	apart	from	a	very	recent	contribution,364	

there	has	not	been	a	detailed	study	undertaken	to	understand	the	related	effect	of	Cl‾	and	pH	

on	 the	 redox	 state	 of	 immobilized	 BODs.	 Pertinent	 information	 can	 be	 acquired	 from	 the	

catalytic	voltammograms	of	the	immobilized	enzyme,	particularly	because	this	technique	can	

define	 the	 redox	 potential	 of	 a	 redox	 species.	 For	 instance,	 it	 allowed	 investigation	 of	 the	

mechanism	 of	 O2	 reduction	 by	 BOD	 on	 electrodes.341,	 405	 To	 this	 aim,	 the	 covalent	

immobilisation	of	MoBOD	variant	S362C	was	performed,	as	re‐described	in	Section	6.5,	on	a	

maleimide‐modified	 GC/MWCNT	 electrode.	 The	 influence	 of	 chloride	 on	 BOD	 activity	 as	 a	

function	of	pH	was	investigated	by	using	cyclic	voltammetry.	Figure	6.14	shows	the	response	

of	 GC/MWCNT/BOD	 electrode	 to	 ORR	 in	 oxygenated	 200	 to	 100	 mM	 phosphate‐citrate	
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(McIlvaine)	buffer	solution	(A)	pH	4	(B)	pH	6	and	(C)	pH	7	(black	lines)	and	after	the	addition	

of	different	concentrations	of	Cl‾		(coloured	lines).		

At	pH	4,	before	the	addition	of	NaCl,	 the	onset	for	O2	reduction	is	observed	at	0.6	V	vs.	SCE	

(Figure	6.14A,	black	line).	A	sigmoidal	wave	typical	of	the	catalytic	reduction	of	O2	is	observed	

as	cyclic	voltammetry	proceeds.	After	addition	of	1.5,	5,	and	10	mM	NaCl	to	the	electrolyte,	a	

progressive	decrease	 in	 the	catalytic	current	occurs.	Furthermore,	on	 the	 forward	scan,	 the	

onset	for	O2	reduction	shifts	down	by	50,	100,	and	120	mV	respectively.	The	reverse	scan	is	

less	 influenced	by	NaCl,	suggesting	that	O2	reduction	 is	more	efficient	after	 the	enzyme	has	

been	 exposed	 to	 reducing	 potentials.	 This	 unusual	 CV	 shape	 reveals	 an	

inactivation/reactivation	of	BOD	for	O2	reduction.	Similar	behavior	has	been	obtained	with	the	

thermostable	BOD	from	Bacillus	pumilus	adsorbed	on	a	graphite	electrode	modified	with	CNFs	

as	 reported	 previously.364	 Also,	 our	 results	 are	 in	 good	 agreement	with	 the	 literature	 data	

reported	by	Dagys	et	al.406	for	the	influence	of	F‾	on	O2	reduction	by	a	high‐potential	laccase	

(LCA).	In	their	work	Dagys	et	al.406	demonstrated	that,	F‾,	a	well‐known	LAC	inhibitor,	reduced	

both	bioelectrocatalytic	current	and	onset	potentials	of	O2	reduction,	and	these	effects	were	

more	pronounced	at	low	pH.	Reportedly,	BODs	were	considered	to	be	Cl‾	resistant,	as	opposed	

to	laccases.345,	360,	363‐364	However,	taking	into	account	that	both	Cl‾	and	OH−	bind	to	the	T2/T3	

Cu	cluster	and	obstruct	the	IET	from	the	T1	site	to	the	Cu	cluster	without	affecting	the	ability	

of	TNC	to	bind	O2,407 It	can	be	concluded	that	the	inhibition	by	chloride	is	due	to	the	formation	

of	the	alternative	resting	form	of	the	enzyme.	

The	peculiar	CV	shape	in	the	presence	of	chloride	(Figure	6.14A)	with	a	reactivation	process	at	

low	potential	(Figure	6.13),	may	be	attributed	to	the	coexistence	of	the	two	resting	forms	of	

the	 enzyme,	 i.e.,	 fully	 oxidized	 RO	 and	 partially	 oxidized	 AR,	 as	 previously	 suggested	 for	

MoBOD.356	However,	the	orientation	of	the	T2/T3	cluster	towards	the	electrode	surface	is	not	

favorable	for	DET.	Nonetheless,	a	very	recent	modulation	study408	have	been	focused	on	the	

“curvature	effect”	of	mesoporous	structures	on	the	long	range	electron	transfer	kinetics	of	the	

BOD	 active‐site.	 This	 study	 assumed	 a	 spherical	 enzyme	 with	 a	 radius	 of	 r,	 an	 active	 site	

situated	at	a	certain	distance	from	the	center	of	the	enzyme,	and	a	spherical	pore	with	a	radius	

of	Rp	in	which	the	enzyme	is	immobilized.	The	authors	have	concluded	that	when	Rp	becomes	

close	 to	 r,	 the	mesoporous	 electrodes	 are	 able	 to	 provide	 platforms	 suitable	 for	 DET‐type	

bioelectrocatalysis	 of	 enzymes.	 Such	 “curvature	 effects”	 of	mesoporous	 electrodes	 become	

particularly	 important	 for	 rather	 large	sized	enzymes	such	as	BOD.	To	 test	 this	hypothesis,	

additional	work	needs	to	be	performed.	However,	the	study	was	stopped	at	this	point	due	to	

very	low	enzyme	availability	and	time	limitation.	 
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Figure	6.14.	CVs	showing	the	response	of	GC/MWCNT/BOD	electrode	to	ORR	in	oxygenated	200	
to	100	mM	phosphate‐citrate	(McIlvaine)	buffer	solution	(A)	pH	4	(B)	pH	6	and	(C)	pH	7	(black	
lines)	and	after	the	addition	of	different	Cl‾	concentration	(coloured	lines).	CVs	were	scanned	from	
‐0.05	V	to	‐0.65	V	at	a	scan	rate	of	10	mV	s‐1.	The	GC/MWCNT	electrode	was	prepared	by	drop	
casting	of	5	µL	of	1	mg	mL‐1	MWCNT	dispersion	onto	the	cleaned	surface	of	GC.	The	S362C‐BOD	
was	immobilized	on	the	GC	/	CNT	electrode	using	covalent	attachment.	

	

Nevertheless,	by	comparison	with	previous	work	by	Solomon	and	co‐workers356,	403	it	can	be	

concluded	that	the	MoBOD	is	in	the	RO	form	and	is	switched	to	the	AR	form	upon	addition	of	

Cl‾,	 see	Scheme	6.3.	At	pH	6	and	7	 (Figure	6.14B	and	C),	however,	on	 the	 time	scale	of	 the	
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experiments	the	MoBOD	remains	in	its	oxidized	resting	state	even	after	addition	of	Cl‾.	Similar	

results	were	recently	reported	for Bacillus	pumilus	BOD	by	Lojou	et	al.364	as	a	first	evidence	

that	 the	 inter‐conversion	 between	 the	 two	 resting	 forms	 generated	 by	 addition	 of	 NaCl	 is	

pH‐dependent.	

6.9 Conclusion	

In	 this	 Chapter,	 the	 flexible	 and	 structured	 approach	 that	 was	 used	 in	 Chapter	 4,	 for	 the	

oriented	 immobilization	of	genetically	engineered	redox	proteins	and	enzymes	at	electrode	

surfaces	(maleimide/thiol	coupling	reaction)	has	been	further	examined.	The	maleimide	group	

was	chosen	because	it	undergoes	spontaneous	reaction	with	free	thiols	in	aqueous	solution	at	

neutral	 pH	 and	 room	 temperature,	 allowing	 efficient	 use	 of	 small	 quantities	 of	 the	

cysteine‐modified	genetically	engineered	enzyme.		

Using	three	variants	of	Magnaporthe	oryzae	bilirubin	oxidase	(MoBOD)	we	have	shown	that	

this	approach	can	be	applied	to	different	enzymes,	leads	to	stable	attachment	of	the	enzyme	to	

the	 electrode	 surface,	 and	 that	 the	 immobilised	 BOD	 enzyme	 is	 active	 for	 the	 DET‐type	

bioelectrocatalytic	reduction	of	di‐oxygen	on	the	electrode,	without	added	redox	mediators.	

Comparison	of	the	three	different	MoBOD	variants	shows	that	the	position	of	the	mutation	on	

the	enzyme	surface	affects	the	measured	catalytic	currents.		

The	effect	of	Cl‾	on	MoBOD	is	of	outmost	importance	for	the	use	of	this	enzyme	in	the	field	of	

biofuel	 cells	 and	 biosensors,	 specifically	 under	 physiological	 conditions.	 This	 Chapter	

highlights	 for	 the	 first	 time	 the	effect	of	Cl‾	on	 the	direct	oxygen	 reduction	by	MoBOD	as	a	

function	of	pH.	The	results	have	confirmed	that	 the	power	of	hydrogen	has	an	effect	on	Cl‾	

inhibition,	 and	 offers	 understanding	 into	 the	 decrease	 in	 performance	 observed	 upon	

long‐term	operation	 under	 physiological	 conditions. In	 this	 study,	we	 have	 focused	 on	 the	

coexistence	of	the	two	resting	forms	of	the	enzyme,	i.e.,	fully	oxidized	RO	form	and	partially	

oxidized	AR	form.	The	AR	form,	which	was	identified	in	as‐isolated	enzyme,	can	be	stimulated	

for	 O2	 catalysis	 only	 at	 adequately	 low	 electrode	 potentials.	 However,	 if	 an	 electrode	with	

immobilized	activated	enzyme	(i.e.,	RO	form)	is	placed	in	pH	4	NaCl	buffer	the	CV	exhibits	a	

return	to	the	low	activation	potential.	

Indeed,	RO/AR	reciprocal	conversion	 is	not	particular	or	unique	to	MoBOD.	 It	 is	a	common	

feature	of	BODs	as	well	as	other	MCOs	containing	 four	coppers.	For	 instance,	a	group	have	

reported	the	same	effect	with	laccase	from	Bacillus	subtilis.364		Also,	the	same	behavior	has	been	

observed	with	BODs	from	Bacillus	pumilus	as	well	as	from	Myrothecium	verrucaria.365	We	have	

shown	that	for	the	immobilized	MoBOD	the	RO/AR	changeover	only	happens	in	the	presence	
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of	Cl‾.	The	results	obtained	in	this	Chapter	are	consistent	with	a	model	in	which	both	BOD‐T1	

and	TNC	are	in	direct	electronic	contact	with	the	surface	of	the	GC/MWCNT	electrode.		
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Chapter	7 Conclusion	

This	Chapter	presents	an	answer	to	the	question	that	has	arisen	from	this	work:	What	evidence	

is	required	to	demonstrate	DET?	The	following	discussion	has	been	put	together	by	taking	into	

account	what	experimental	results	would	be	crucial	to	demonstrate	DET	for	any	redox	enzyme.		

First,	it	is	fundamental	to	recognize	that,	some	redox	enzymes	have	exposed	redox	centres	as	

a	result	of	the	nature	of	their	biological	function,	and/or	they	have	identified	redox	pathways	

that	 allow	 them	 to	 exchange	 electrons	 with	 other	 large	 biological	 redox	 species	 such	 as	

cytochrome	 c	 or	 biopolymers	 such	 as	 lignin.255	 In	 these	 cases,	 direct	 electron	 transfer	 to	

electrode	surfaces	should	be	feasible,	provided	that	the	surface	is	correctly	modified;	examples	

of	such	enzymes	include	horseradish	peroxidase	(HRP),	laccase,	bilirubin	oxidase	(BOD),	and	

cellobiose	dehydrogenase	(CDH).	In	this	work,	the	latter	two	enzymes	have	been	investigated	

using	a	flexible	and	structured	approach	to	the	oriented	immobilisation	of	redox	enzymes	at	

electrode	surfaces.	This	has	been	achieved	based	on	the	use	of	site	directed	mutagenesis	to	

introduce	cysteine	residues	at	specific	locations	on	the	enzyme	surface	and	using	the	reaction	

between	the	free	thiol	and	a	maleimide	group	on	the	electrode	surface.	On	the	other	hand,	some	

redox	enzymes,	 such	as	glucose	oxidase	 (GOx),	have	one	 region,	namely,	 the	vicinity	of	 the	

prosthetic	group,	where	the	ET	reaction	between	the	substrate	and	redox	active	sites	of	the	

redox	enzyme	happens.	Since	there	is	no	natural	requirement	for	long	range	ET	pathways	to	

the	surface	of	the	protein,	DET	is	very	difficult	to	achieve.	In	Chapter	3,	we	have	demonstrated	

that	the	results	presented	in	the	literature,	in	the	vast	majority	of	cases,	in	support	of	DET	to	

GOx	at	carbon	nanotube	electrodes,	are	unconvincing,	arguable	or	debatable.	This	study	has	

shown	that	the	surface	redox	peaks	that	are	observed	in	these	cases	are	due	to	free,	adsorbed	

flavin	and	not,	as	claimed,	due	to	DET	to	flavin	within	the	enzyme.		

Second,	as	supplied,	commercial	enzymes	are	not	pure	and	usually	contain	added	substances	

to	maintain	them	in	a	stable	chemical	and/or	physical	condition.	Therefore,	it	is	essential	to	

purify	the	commercial	enzymes	since	these	impurities	can	have	a	substantial	effect	on	their	

electrochemistry.	In	Chapter	3,	we	have	demonstrated	that	in	contrast	to	the	situation	for	as	

supplied	GOx	from	Sigma,	the	redox	peaks	produced	by	purified	GOx	from	BBI	are	negligible.	

Thus,	 it	 can	 be	 concluded	 that	 the	 surface	 redox	 peaks	 observed	 in	 these	 cases	 are	 not		

associated	with	 DET	 of	 GOx	 but	 instead	 arise	 from	 free	 flavin	 and/or	 catalase,	 present	 as	

impurities	that	can	be	adsorbed,	and	concentrated,	on	high	surface	nanomaterials,	and	thus	

dominate	the	electrochemical	response.			

Third,	it	is	recommended	to	execute	control	experiments	to	confirm	that	the	enzyme	selectivity	

is	 maintained.	 In	 the	 cases	 of	 GOx	 and	 CDH	 this	 is	 readily	 achieved	 using	 L‐glucose.	 One	
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evidence	that	the	catalytic	current	is	due	to	the	oxidation	of	the	glucose	by	the	immobilised	

enzyme	 is	 delivered	 by	 the	 control	 experiment	 using	 L‐glucose.	 We	 have	 shown	 that	 the	

increase	in	current	was	not	seen	on	addition	of	L‐Glucose,	which	is	not	oxidised	by	CDH	or	GOx,	

and	 therefore	 can	 be	 used	 to	 check	 for	 any	 non‐enzyme	 specific	 effects,	 such	 as	 direct,	

non‐enzyme	 catalysed	 oxidation	 of	 the	 glucose,	 that	 might	 occur.	 The	 L‐glucose	 control	

experiment	is	highly	recommended	in	the	case	of	high	surface	area	electrode	materials	since	

even	 very	 inefficient	 direct	 oxidation	 could	 lead	 to	 a	 noticeable	 signal	 for	 high	 (>10	mM)	

glucose	concentrations.	Another	strategy	here	is	to	employ	an	inhibitor	for	the	enzyme	to	show	

that	upon	addition	of	the	inhibitor	the	electrocatalytic	response	is	decreased	as	expected.			

Fourth,	 it	 is	 fundamental	 to	 look	 for	 the	 “signature”	 for	 the	 electrocatalytic	 response	 upon	

addition	of	the	substrate	and	to	look	at	the	magnitudes	of	these	catalytic	currents	and	their	

substrate	 concentration	 dependence.	 In	 the	 case	 of	 CDH,	 we	 have	 demonstrated	 that	 the	

current	starts	to	 increase	at	ca.	 ‐0.2	V	vs.	SCE,	and	this	position	of	 the	onset	of	 the	catalytic	

current	 agrees	 with	 that	 reported	 in	 the	 literature	 for	 immobilised	 MtCDH	 at	 different	

electrodes	and	corresponds	to	DET	from	the	haem	to	the	electrode.	However,	In	the	case	of	

GOx	the	oxidation	of	glucose	should	be	seen	at	potentials	starting	from	the	redox	potential	of	

the	 bound	 flavin	 accompanied	 by	 the	 disappearance	 of	 the	 corresponding	 flavin	 reduction	

peak,	which	did	not	occur.	

Finally,	 it	 is	 significant	 to	 perform	 experiments	 using	 different	 substrates	 with	 different	

enzyme	reaction	kinetics.	This	is	a	powerful	strategy	to	test	whether	the	enzymatic	activity	and	

selectivity	 are	 totally	 maintained	 or	 whether	 the	 structure	 of	 the	 enzyme	 has	 undergone	

considerable	disruption.	 For	GOx	 this	 can	be	 achieved	by	measuring	 the	 response	 to	 other	

substrates	such	as	2‐deoxy‐D‐glucose	and	D‐mannose.194,	409			

These	same	general	criteria	can	be	equally	well	applied	to	studies	of	other	redox	enzymes.	

The	 results	 presented	 in	 Chapter	 3	 have	 conclusively	 demonstrated	 that	 the	 surface	 redox	

peaks	observed	on	the	MWCNT	electrodes	with	adsorbed	GOx	are	not	due	to	DET	to	the	active	

site	of	the	enzyme	but,	rather,	are	due	to	the	adsorption	of	some	impurity,	probably	free	flavin	

and/or	catalase,	onto	the	electrode	surface.	Thus,	the	evidence	presented	in	the	literature	for	

the	 vast	majority	 of	 cases	 in	 support	 of	 DET	 to	 GOx	 at	 electrodes	 constructed	 for	 various	

nanomaterials,	particularly	CNTs	of	various	forms,	is	unconvincing,	arguable	or	debatable.	As	

a	consequence	of	the	clear	drawbacks	with	GOx,	there	has	been	a	continuous	investigation	for	

alternative	carbohydrate‐oxidation	enzymes.	CDH	was	selected	as	 the	model	 redox	enzyme	

system	in	Chapter	4.	Therefore,	with	the	cysteine‐modified	genetically	engineered	MtCDH,	we	

have	 shown	 that	 our	 immobilisation	 approach	 (based	 on	 the	 covalent	 attachment	 of	

cysteine‐modified	genetically	engineered	enzymes	at	maleimide	modified	electrodes)	leads	to	
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a	 very	 stable	 attachment	 of	 the	 enzyme	 to	 the	 electrode	 surface	 and	 the	 fact	 that	 the	

immobilised	enzyme	is	electrochemically	active	without	added	redox	mediators.	To	broaden	

the	validity	of	the	same	immobilisation	method,	BOD,	a	promising	redox	enzyme	in	the	field	of	

biofuel	cells	was	chosen	(in	Chapter	6)	as	another	model	enzyme.	We	have	shown	that	this	

method	can	be	applied	to	different	enzymes,	leads	to	stable	immobilisation	of	the	enzyme	to	

the	 electrode	 surface,	 and	 that	 the	 immobilised	 BOD	 enzyme	 is	 electrochemically	 active	

without	added	redox	mediators.	

7.1 Future	work	

A	wide	range	of	engineered	enzymes	can	now	be	electro‐kinetically	investigated	using	such	a	

novel	strategy.	However,	the	stability	of	the	enzyme	on	the	surface	will	still	need	improvement	

for	applications	such	as	biosensors	and	biofuel	cells.	Indeed,	it	is	not	clear	why	the	BOD	was	

not	very	stable,	 like	CDH,	on	 the	maleimide	modified	GC/MWCNT	electrodes.	However,	 the	

length	 of	 the	 “spacer”	 should	 be	 optimised,	 and	 a	 better	 enzyme‐compatible	 “passivating	

group”	should	be	 investigated.	Also,	 the	use	of	a	polymer	 film	on	 top	of	 the	enzyme	can	be	

attempted.	 The	 method	 of	 attachment	 could	 also	 be	 investigated	 in	 more	 detail;	 the	

electrochemical	oxidation	of	amines	does	not	lead	to	coupling	on	all	types	of	electrode	material,	

for	example	it	does	not	work	on	gold,	one	of	the	common	metals	used	for	electrodes.	Hence,	an	

alternative	method	involving	reduction	of	diazonium	salts	could	be	investigated.	
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