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A mathematical model describing transport and kisebf substrate and redox mediator within
chemically modified electrodes comprising of redemzymes immobilized in dispersed carbon
nanotube meshes dispersed on support electrodecesris described. Two modes of amperometric
detection are subjected to analysis. In the finst ¢urrent arising from re-oxidation of the reduced
mediator at the support electrode is measured,e@sen the second the current arising from rednctio
of the oxidized mediator at the support surfacdetermined. Approximate analytical expressions for
the substrate reaction flux within the nanotubetare developed and related to the measured tflux a
the support surface. The kinetics both of subsaatemediator within the layer are also represemted
terms of a kinetic case diagram.
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1. INTRODUCTION

The science of the 24century will be driven by the direct manipulatiohevents at the atomic
or molecular level. More generally, the nanoscalewhere new and unexpected discoveries, of
potential technical value, will be made [1]. Invgating and manipulating the nanoscale will in many
ways define the science and technology of tHé@htury. Since the discovery by lijima [2] in 1993
carbon nanotubes have attracted enormous intenadtioterest because of their unique structural,
mechanical and electronic properties. The electital properties of both multi (MWCNT) and
single walled (SWCNT) carbon nanotubes are only bewg subjected to intensive examination due
largely to the fact that these materials shouldesexs excellent candidates for nanoelectrodes and
platforms for nanoelectrochemical cells and ampetombiosensor devices [3-5].
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Electron transfer in biological systems is one loé teading areas in the biochemical and
biophysical sciences [6], and in recent years thasbeen considerable interest in the directrelect
transfer between redox proteins and electrode sesff/]. However in the absence of mediating small
molecules, the observation of well defined eledtemical behaviour of immobilized flavoprotein
oxidase systems such as Glucose Oxidase (GOxnéered extremely difficult, because the FAD
group is embedded deep within the protein structiieeeby making the transmission coefficient for
direct electron transfer between the latter and uppart electrode very small [8]. Various
immobilization strategies [9,10] have been adoptedfabricate enzyme electrodes for biosensor
applications. These strategies have exhibited higridegrees of success and in many cases electron
transfer mediators have been used to facilitatetreleic communication between the active site ef th
protein and the underlying electrode. However tlteptial at which an amperometric enzyme
biosensor is operated depends on the redox pdtehtize mediator used rather than that exhibitgd b
the active site of the redox enzyme. Usually tlitedénce in magnitude between the latter potenigals
significant (ca. 0.3-0.5V) and is a factor whichisaagainst successful biosensor operation, siree th
more positive the operating potential, the gretéine tendency for the sensor to respond to calmlé
substances present in ther sample other than tigettsubstrate. Clearly the best strategy for
successful enzyme biosensor fabrication is to deaisonfiguration by which electrons can directly
transfer from the redox center of the enzyme to uhderlying support electrode. This has been
accomplished in recent years using the conceptotécular wiring.

The similarity in length scales between carbon haimes and redox enzymes suggest the
presence of interactions that may be favourabléitmsensor application [11]. The strategy of phgkic
adsorption or covalent immobilization of large bimecules onto the surface of immobilized carbon
nanotubes may well represent an exciting pathwagutéh which direct electrical communication
between support electrodes and the active siteduix enzymes can be achieved. For instance recent
work [12,13] has indicated that the chemical madifion of electrode surfaces with carbon nanotubes
has enhanced the activity of the latter with respethe reaction of biologically active specieslsas
hydrogen peroxide, dopamine and NADH. Furthermordtirwvalled carbon nanotubes have been
shown to exhibit good electronic communication wigdox proteins where not only the redox center
is close to the proteins surface such as found eytbhchrome c, azurin and horseradish peroxidase,
but also when it is embedded deep with the glycamacheath such as is found with glucose oxidase
[14,15]. In the present paper we report on the wesdblved redox behaviour and excellent catalytic
properties of glucose oxidase adsorbed on the@dasingle wall carbon nanotubes which have been
dispersed on the surface of support electrodesro & random mesh of high surface area.

In the present paper we develop a theoretical motelh describes transport and kinetics at
electrodes which have been chemically modified wighly dispersed meshes of single wall carbon
nanotubes on which redox enzymes such as gluco#sse have been adsorbed. The latter composite
has recently been shown [16] to exhibit excelleniviay as an electrochemical enzyme electrode for
the amperometric detection of glucose at very lateptial. We have also recently indicated that the
redox properties of the flavin groups located witthe immobilized enzyme may be directly probed
and quantified using electrochemical techniqueshsas cyclic voltammetry and potential step
chronoamperometry [17,18].
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We focus attention on understanding the catalygbalviour of a redox enzyme such as
glucose oxidase (GOx) adsorbed on the sidewall osiagle wall carbon nanotube. The latter is
assumed to form a highly dispersed mesh on a stpfemtrode thereby enabling a high loading of
enzyme to be obtained which is located in closipriby to the electrode surface. In our previous
experiments we have used cyclic voltammetry to sti@wthe surface coverage of adsorbed GOx lies
in the range 90-160 pmol ¢n{18]. Hence the loading of redox enzyme will béatigely high. We
have also shown in our previous work [16] that lulsle redox mediator such as molecular oxygen or
ferrocene monocarboxylic acid is required when ®&/CNT.GOx composite is used as an
amperometric electrode. Hence the mathematical maeitleconsider both the transport of substrate
and mediator in the solution to the electrode s@fdhe enzyme/mediator and enzyme substrate
reaction kinetics and the reaction kinetics ofrifediator at the support electrode surface. Furtbezm
the detailed relationship between the substratetiogaflux f, and the observed fluxX, measured at

the electrode is determined.

2. THEORETICAL MODEL

2.1. General considerations

A schematic representation of the SWCNT mesh fieadelectrode in which GOx molecules
are distributed is illustrated in figure 1.

—L d -

Figure 1. Schematic representation of immobilized enzymetedee using a soluble redox mediator.
The concentration polarization of substrate witthia enzyme layer is neglected but a Nernst diffusio
layer treatment for substrate and mediator tratispdohe solution is adopted.

The reaction scheme is based on a redox enzymeasuGlucose Oxidase which follows a
‘ping-pong’ reaction mechanism. In the figure A/Bpresents the mediator redox couple. In our
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system A denotessfand B represents;B,. Hence A denotes the oxidised form of the mediatal B
represents the reduced form. Furthermagead K represent the oxidized and reduced forms of the
enzyme and S,P denote the substrate and producbgg and gluconolactone) respectively. We also
assume that the enzyme is immobilized in a homagenenanner within the SWCNT matrix which
has a thickness L. We also assume that the SWCHK3hmmmobilized on the electrode surface
(typically a gold or glassy carbon electrode) igyv@pen and porous and so we can neglect
concentration polarization of both substrate ardbxemediator within the enzyme layer. We only
consider diffusion of the latter within the soluti@djacent to the modified electrode and use the
Nernst diffusion layer approximation to describe thtter process. The substrate is free to diffuse
through the film with a diffusion coefficientd2 It should be noted that the diffusion coeffi¢iefor
transport within the nanotube layer may differ ingnitude from that exhibited by the substrate & th
solution adjacent to the layer. The latter procesgiantified by the paramerer {2’ Partitioning of the
substrate across the layer/solution interface acand is quantified by a substrate partition coffit

s. The oxidized form of the mediator {Ois present in the bulk solution at a concentra@o
whereas it is assumed that the concentration ofetieced form of the mediator {B) is zero in the
bulk solution outside the Nernst diffusion layerigrhis assumed to have a thicknes3 he partition
coefficient of the mediator is designated

We consider the following reaction sequence preskm scheme 1. In this reaction sequence

within the SWCNT layer the oxidised form of the gyme E, reacts with the substrate S to form
product P and reduced enzyme. EThis process occurs via Michaelis-Menten kinetigih
characteristic parameters Michaelis constaptaldd catalytic rate constant k

Layer

S+E¥WR ESu® B f
E.+ ABHD E,Av® Ef B
Electrode

B¥% A
or

AY% B

Scheme 1Summary of kinetics within nanotube layer andletteode surface

Furthermore it is assumed that the oxidised fornthefmediator partitions into the nanotube
layer, diffuses within it and reacts with the uedd enzyme (again most generally via a Michaelis
Menten mechanism) to regenerate the catalyticaltivex oxidized enzyme. The latter process is
defined by parameters i£’,the mediator Michaelis constant, and k the ratestant for dissociation of
mediator-enzyme complex.
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2.2. Relating the observed flux to the substrategformation flux

The enzyme/substrate reaction and the enzyme/moedesdction are assumed to give rise to a
substrate fluxfs which is measured in the usual units of amoumntsficrmed per unit area per unit

time (mol cn? s%). This will be related in some defined manner hie bbserved fluxf,which is

measured at the electrode and is related to thierdutowing via the expression
fs=—17 )

where n,F and A denote the number of electronsfieared, the Faraday constant and the electrode
geometric area respectively. The exact relationsl@pends on the mode of amperometric detection
used at the support electrode. As indicated inraehg and in more detail in schemes 2 and 3, two
possibilities arise.

The first and more usual mode is that the reducediator diffuses to the support electrode
where it is reoxidized. This is characterized blgedierogeneous electrochemical rate constant k'. In
this scenario the measured flux will be proportlotza the substrate concentration as is usual in
analytical chemistry. This idea is illustrated ioheme 2. This detection mode suffers from the
disadvantage that reoxidation of the reduced mediatay well require a significantly positive
potential thereby reducing the selectivity of teattion method.

Alternatively, as presented in scheme 3 belowothidized mediator A will be detected at the
support electrode where it will be reduced to BlyCnfraction of the available A molecules will be
available for direct reaction at the electrode (kheetics of the latter being again described by th
heterogeneous rate constant k') since some postlbralso react with the reduced enzyme . Hence a
competition exists for the services of the oxidizaddiator between a direct reaction at the support
electrode surface and reaction with reduced enzjtaace in this latter situation the measured flux i
the presence of substrate will bessthan that measured in the absence of substratehanitlix
differencewill be proportional to substrate concentrationewtthe detection conditions are such that
saturation of enzyme by substrate will pertain.sTehetection method is very attractive since it may
occur at quite a low potential where very few iféegnt species may simultaneously react.

We assume that the heterogeneous rate constastwell described by the Butler-Volmer
equation:

bF(E- E°
k¢=k’exp + bFx _ K® exp ig
RT RT

(@)

where denotes a normalised potential is the symmetry factor (typically %2 ) and the othgmbols
have their usual meanings (all symbols are defingtie glossary at the end of the paper). When the
heterogeneous electrochemical rate constant is kege then the mediator concentrations at the
layer/electrode interface will be related via thellvestablished Nernst equation.
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Scheme ZTraditional amperometric detection strategy at NV{&nzyme electrode.

Scheme3Mediator ‘competition’ strategy for low potenti@mperometric detection at SWCNT
/lenzyme electrode

We can relate the amperometric current to the nedftux at the electrode surface via the

following relationship

fS:DB %)

o ©
f,=p, 2
S A dX

x=0
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The first of the expressions in eqn.3 refers todiheation where the reduced mediator is re-
oxidized at the electrode whereas the second refdtse case where the oxidized mediator is reduced
at the electrode.

We must realise that the flux of substrate reaatiigin the nanotube film (the substrate flux)
is not necessarily the same as the flux of reduoediator detected at the support electrode [19]80].
appendix A we will show that for the situation wiaehe oxidation of reduced mediator B is detected
at the electrode, the measured fléixis related to the substrate reaction flfix via the following

expression

fo=hig 4

where the parameter is given by

1+%
h=——<¢ _ 5
1+q(1+f) ®)
where we have defined

g= DB kg

kBDB/L kD (6)
f= kBDB/L — kD
kgkC  kgk !

Hence defines the balance between reduced mediatorpans the diffusion layer defined
by the diffusive rate parametenpkand reduced mediator transport in the SWCNT ldgdéined by the
diffusive rate parameterpk Furthermore relates the balance between the diffusive trarmsplor
reduced mediator in the layer to the heterogeneeastion of the reduced mediator at the support
electrode surface. It is gratifying to note that theterogeneous rate constant k' is modified by the
partition coefficient of the reduced mediatos. Clearly will depend on the magnitude of the

electrode potential. When the potential E applethe detector electrode is very large k’ will begle
and sokgke>>k, and 7 ® 0 and from eqn.5 we note that

h@—2 (7)

The variation of with according to eqn.7 is presented in fig.2. We rbge when <<'1

corresponding to the case where diffusion in thet®m is much slower than diffusion in the layer,
there will be much reduced mediator present inlalyer and/2® land fg @fg. Conversely, when

>> 1, the reduced mediator B will be lost rapidiyrh the layer into the adjacent solution, therée el
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correspondingly less reduced mediator presentefaction at the support electrode and so the oldserve
flux will be less than the substrate reaction fluish /# @L/2. Hence to a good approximation when the

kinetics of reduced mediator oxidation at the etxbt are rapid.5£4 £ 1.

Figure 2. Variation of the flux efficiency factor with the mediator diffusive flux ratio

The situation is more complicated when the altéveainode of detection is employed where
the oxidized mediator is reduced at low potentigha support electrode surface in direct comjoetiti
with its reaction with the reduced enzyme. Thigaibn is described in detail in appendix B. Theee
show that the difference between the flux measurdtie absence of substrate and that measured in
the presence of substrate is related to the stbs&action flux via

Dfg =fg, - fs=/Atfg (8)
where we define
fg
Mor, _ 1+
he= D__ = 9)
1+ﬁ +h¢ l+g+e
K D

In the latter expression the parametedefines the balance between the diffusive flux of

oxidized mediator in solution and the kinetic flior oxidized mediator resuction at the support
electrode. When the electrode kinetics are rapieh th, =k k& is large and consequently

e=fg/f, <<1 and as noted in appendix B, the theoretical agpraaderlying eqn.8 breaks down.
2.3. Determination of the substrate reaction flux witthe SWCNT/enzyme layer

As previously noted the immobilized nanotube lagethin we so we can neglect diffusion of
substrate within the film. Furthermore we can neigémzyme diffusion since the latter is immobilized
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on the dispersed nanotube mesh. If substrate miffus specifically considered then the analysis of
Bartlett and Whitaker [21] , Marchesiello and Ger22] and Bartlett and Pratt [23] pertain. Thisaar
has been summarised by Lyons [24], and more rgcentBartlett and Calvo [25].

Hence we need to consider the rates of two proses$e reaction between oxidized enzyme
and substrate and the reaction between reducednenaynd oxidised mediator. The first process
depletes the catalytically active enzyme whereas scond replenishes it. We assume that both
reactions are well described by a Michaelis-Melki@rtic scheme, and we write:

E,+Sw E .+ P

(10)
A+E. v B+E,
where the rate constants &nd k, are given by:
ke =
KMk+s (11)
K = Kg +a

In the latter expressions s and a represent thstrstd and oxidized mediator concentrations
within the nanotube film.

At steady state the mediator/nzyme flux and enzguiestrate must be in balance and the
substrate reaction fluxy is given by

_ke&kss L_ kk,a eql
™Ky +hes K8 12)

where we have assumed tlet k ,a and s=kg Where a and s represent the oxidized mediator and

substrate concentrations at the outer edge ofahetabe layer at x = L. We note thataend & denote

the concentrations of oxidized and reduced enzyespectively. If e represents the total enzyme
concentration in the nanotube layer ther ¢ + ¢ .Here we have neglected the concentrations of the
bound enzyme since they area very small. Rearragigeat the flux expression in eqn.12 in terms of
total enzyme concentration results in:

= kkss kg g L (13)
kksS (Kaa + K|+ K ok g5+ K

We now take the effect of substrate and mediatoceatration polarization in solution into
account. We do this by matching the substrate imrafitix in the layer with the substrate and meualiat
diffusive fluxes in the solution. In the contexttbé Nernst diffusion layer approximation [26] wete



Int. J. Electrochem. Sci., Vol. 4, 2009 86

S¥-
fS:DgT‘CL =kgd¥ - 3)

" (14)
=Dg 2% =kg(a - 3
and so we obtain on further simplification:
f f
=¢-_S=-¥& 1. _S= %
AR a5
f f
=a‘-_S~= - __S =
a =a N & 1 % &,

where fg =k &s* and fg, =k ga* represent the diffusive fluxes of substrate andipad mediator

in the solution adjacent to the nanotube film. W¢enfrom eqn.14 that the effects of concentration
polarization will be important when the net reactftux fq becomes close to the limit imposed by the
diffusive transport of substrate through the solugiven by f ¢ =k ¢s*. Under these circumstances

the substrate concentration within the layer atlxwill differ appreciably from the value in the lau
solution and the enzyme will be less saturated thae would expect from the value of the bulk
concentration. A similar consideration pertains o oxidized mediator species concentratio@ta
the layer/solution interface [27-29].

Substituting the results obtained in egn.15 inte flax expression presented in eqn.13 we
obtain:

koS T & T L

fo= 16
S kcks§‘TS(kAé T+ K(ﬁ)+ k & Tk ¥s T# 5) (16)

We can readily simplify this rather complex expm@ssy inverting both sides to obtain:

1 1 1 1,1 17
f kg T e L [ K, oS o LRal kel )

The first term on the rhs of eqn.17 correspondsate determining unsaturated oxidized
mediator/reduced enzyme reaction kinetics modifigda mediator transport terma T, the latter
defined in eqn.15. The unsaturated bimolecular @astant isk¢=k/Kg. The second term

corresponds to rate determining unsaturated oxid&ze yme/substrate reaction kinetics quantified by
a bimolecular rate constakf, =k./K,, . Again this term is modified by the transport tefgxdefined

in eqn.15. The third term describes saturated raazykinetics involving rate determining
decomposition of the enzyme/substrate complex lamdourth and final term in eqn.17 corresponds to

rate determining saturated kinetics involving depoaition of the redox mediator/ enzyme complex.
If fq/fgs<<l and fg/fg,<<l then we can neglect concentration polarization and

T,®1T® 1 and eqn.16 reduces to:
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f = keksS ke & e L (18)
koksS* (K \& + Kg )+ I B [k 05 + K|
whereas eqn.17 is given by:
1= 1 + 1 L1 1 19
fs (WKglhaaaL (k/ K )ks8 gL kel kel (19)

We note that eqn.18 is a representation of thergeiMichaelis Menten rate equation for the
Ping-Pong mechanism whereas eqn.19 is the corrdsgprrepresentation of the generalised
Lineweaver-Burk equation [25].

2.4. Problem definition in terms of dimensionlessables and kinetic case diagrams

We now follow the procedure adopted in our previpapers and develop a kinetic case
diagram for an immobilized enzyme electrode syst&@.assume that the SWNT layer is thin . In this
analysis we also neglect concentration polarinatd mediator and substrate in solution . We will
assume that both the mediator/enzyme reaction ladubstrate/enzyme reaction are described by
Michaelis-Menten kinetics. Under such circumstartesreaction flux is given by eqn.17 . We can
introduce a normalised substrate flux as,

f f
Y .= S = S (20)
s 1:S,max kCeS L

where fg _  denotes the maximum enzyme turnover rate. Weialsaduce saturation parameters

and for substrate and mediator as follows,

kst

KM
21
:kAa¥ (21)

K

a=

b

We finally introduce a kinetic competition parametes follows

_ (k/Kgs )k a2" _kgk @ g L_ e 27
g (ke/Ky ks koksS &L T (22)

Henceg compares the mediator/enzyme reaction flux tosthiestrate/enzyme reaction flux.
Wheng << 1 thenf,, <<f, and the net flux is limited by the kinetics of thanolecular reaction

between mediator and enzyme. In contrast wgen 1 thenf,,. >> f,. and the net flux is limited by
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the kinetics of the reaction between substrate emdyme. The substrate saturation paramater
compares the value of the substrate concentratitinei layerk s* to the Michaelis constark,, for

substrate. Whea << 1 thenkss* <<K,, and we have unsaturated enzyme kinetics. In cstnivhen
a >> 1 thenks* >> K, , and saturated enzyme kinetics pertain. The medszturation parametér
compares the oxidized mediator concentration withinlayerk ,a¥ , to the Michaelis constant for the
mediator K¢ . Whenb << 1 k,a* <<Kg, and unsaturated mediator kinetics pertain. Thishe

situation usually considered in the literature. tba other hand when the mediator concentration
within the layer is large, thek,a* >> K¢, , saturated mediator kinetics will apply ame> 1.

If eqn.20-eqn.22 are introduced into eqn.18 weiakdfter some algebra,

=_ a9
Vs g1+ a)+1+b (23)

This normalised expression for the flux pertainerahe entire range of substrate and mediator
concentrations. We can simplify the analysis ansum® firstly that the concentration of redox
mediator within the SWNT film is low. Under thesenditions <<1 and eqn.23 reduces to:

ag
Y S@W (24)

Eqn.24 can be reduced further depending on theevatlopted by the substrate saturation
parameter . When the substrate concentration in the laylws << 1 and eqn.24 reduces to:

Y @29 (25)

This expression is valid for the situation where timediator and enzyme kinetics are
unsaturated. We can simplify still further by examg suitable limiting values of the competition

parameteg.
Firstly, when g<<1, we recall that the substrate reaction flux isitéeh by reaction between

oxidized mediator and reduced enzyme. Here the aled flux is given by:

Ys@ag (26)

We label this situation as case IA. Transforming.2§ into an expression for the substrate flux we
get:

f %% k& Sge lk, 4 27)
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Hence when the reaction between oxidized mediatdrraduced enzyme is rate determining
the flux in the film should exhibit a first ordeependence on the bulk concentration of oxidized
mediator, provided that the concentration of medias not too large. The flux should also be
independent of the bulk substrate concentrationeaibit a first order dependence both on enzyme

loading and layer thickness.
Secondly,wherng>>1 the substrate reaction flux in the layer will beifed by the unsaturated

reaction kinetics between oxidized enzyme and safiestin this case the normalized flux takes the
form:

Y @a (28)
We label this situation case IB. Re-transformirtg ithe usual variables we get:

fq @*%es k¥ gk $ (29)

Hence we note that the reaction flux should bet fingler with respect to bulk substrate
concentration, independent of mediator concentmadiod first order with respect to enzyme loading
and layer thickness. Hence case IA and IB pevaiena << 1 and whet << 1.

We now turn to the situation wheee>> 1 andb << 1 . Re-examination of eqn.24 indicates
that the approximate expression for the normalfzedis now given by:

ag
Ys@rzg (30)

Again we get two limiting cases depending on theeaf the produchg. Firstly whenag <<
1 eqn.30 reduces to:

Y @ag (31)

This is a result which was obtained previously, aaske IA is obtained again. Secondly, when
ag >> 1 egn.30 reduces to:

Y@l (32)
We label this case Il. Here the reaction flux igegi by:
fo @k gL (33)

This specific situation corresponds to rate deteimgi saturated enzyme kinetics. The rate
limiting step will involve dissociation of the emmg substrate complex. Here the flux will be
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independent both of bulk substrate and mediatocemmations but will depend linearly on enzyme
loading and layer thickness.

We have identified three cases (IA, IB and Il) wiiea mediator concentration in the layer is
low. We now turn to the situation when the oppopgetains. In this case the general flux expression
presented in eqn.23 reduces to:

=_ 49
Y ol a7 b (34)

Again we can simplify by taking the smalland largea limits. Firstly, whema << 1 we get

_ a
Y= g+~‘7b (35)

We now compare the magnitudes of the normalizedrpatersy andb. Wheng << beqn.35
reduces to:

Y (= %‘7 (36)

We label this situation case Ill. Transformingte usual expression for the flux we obtain:

fo @kesL (37)

Hence case Il corresponds to the case of saturatediator kinetics in which the
decomposition of the mediator/enzyme complex tanfoeduced mediator and oxidized enzyme is rate
determining. Here the flux is independent of bulledmtor concentration and bulk substrate
concentration , but depends in a first order maoneznzyme concentration and layer thickness.

On the other hand whemn>>bwe getY ;@a , which (c.f. eqn.28) again is case IB. Hence
case IB pertains also whér>> 1and so holds for the entire range of bhearameter.

Turning again to egn.34, which holds for the cabere the mediator concentration in the layer
is high, and considering the case> 1 we obtain:

=_4a9
V=29 (38)

Again we can get two possible limits by comparing magnitudes adg andb . Firstly when
ag << b we again get case Il and the normalised readliox reduces tOYS:%. Whereas in

contrast wherag >> bwe getY (@l , which (c.f.eqn.32) defines case Il. Hence case Malid when

the mediator saturation factbris large and is valid for the entire range of $xdis concentrations or
a values. lIts region of validity will be determinéy the conditiongy << bandag << h Case II,
corresponding to saturated enzyme kinetics, isdviair the entire range di values , and for large
values ofa, and subject to the restraints that> b andag > 1.Hence we have identified three cases
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(1B, 11, Ill) for the situation where the mediat@oncentration in the layer is high and all reduced
enzyme is bound by mediator.

These various mechanistic and kinetic possibiliaes presented in terms of a kinetic case
diagram in figure 3. The natural axes defining ¢hse diagram are lom, log b and logg Although
we indicate the general form of the three dimeraicase diagram in figure 3 it is more instructive
examine two limiting slices of the diagram. Thesffiis a plot of loga versus logg valid forb << 1.
This is illustrated in the lower right inset in dige 3. We see that case IA is located in a blo¢kee
by the lineag = 1andg = 1 Case IB is defined by the quadrant bordered bylitiesg = 1anda = 1.
Finally case Il is defined in terms of the regiamrdered by the lineag = 1anda = 1. Cases IA, 1B
and Il are most often found experimentally since rtiediator concentration in the enzyme layer will
usually be low. The second slice of the case dragsgpresented in the upper right hand inset urég
3. Here case IB is bounded by the lires gandb =1 Case Il is defined by the linds= 1 and
b = ag Finally case Il is delineated by the lifes agandb =g

Logb

Logb 4 T b=g
B 1]
i b >> 1 //:3 Log g
Il m ]
Log @ b =ag |
Log a
ag =1\ -
B : 2 11
Log g
I b<<1 A
IB

Figure 3. Kinetic case diagram for a SWNT-Enzyme compdsite

We summarize the various kinetic possibilitiesablé 1 where expressions for the normalized
flux, and the substrate flux are outlined for tharfcases considered. In table 2 we outline thetiora
orders with respect to bulk mediator concentratlmulk substrate concentration and enzyme surface
coverageg, =e,L for each of the rate limiting cases developedibie 1.We note that is is not possible
to distinguish between case Il and case Il by emamg the way that the reaction flux varies with
enzyme loading, bulk mediator concentration or [sukstrate concentration since an identical set of
mechanistic indicators are predicted for both cases
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The variation of normalised reaction flux with strbge saturation parameter is illustrated in
fig.4 -fig.6. This is the form in which most expmental batch amperometry data is usually expressed.
In this analysis we have indicated the form of bach amperometry response over a range of
mediator concentrations (defined in terms of theliater saturation parametb) and for a range of
values for the kinetic competition parameagevhich as we have noted defines the balance bettheen

rates of the the oxidized mediator/ reduced enzyssetion and the substrate/oxidized enzyme
reaction flux.

Table 1. Summary of pertinent rate limiting expressions ffieaction flux in SWNT-redox enzyme
composite modified electrode film.

Kinetic Case Normalised Substrate flux
substrate flux

IA Ys@ag
Unsaturated @ k
mediator fs K LA
kinetics =kge; Lk, &
1B Y @a ak
Unsaturated fs Ky Slkes
enzyme kinetics =k, gLk &
I Y @l fs @k &L
Saturated
enzyme kinetics
1l vy =29 fs @kesL
Saturated b
mediator
kinetics

Table 2. Mechanistic indicators for SWNT-immobilized enzmodified electrodes.

Kinetic case a S
1A 1 0 1
IB 0 1 1
Il 0 0 1
1"l 0 0 1

In figure 4 the kinetic competition parametis small and set at 0.01, implying that the
reaction between oxidized mediator and reducedreezyg slow and rate limiting. Here the substrate
flux does not depend significantly on the substrad@centration as manifested in the substrate
saturation parameter, except when values of the latter is larger th@nltlis interesting to note that
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the response to increasing substrate concentratodepressed significantly as the mediator
concentration is increased (the latter being regmtes! in terms of the mediator saturation parameter
b).

0.6
0.5 A g=001,b=0

— — g=0.01,b=0.01

——— g=001,b=1
0.4 1 ———— g=001,b=10

- g=0.01,b=100
0.3 - /
%] /
>
0.2
0.1 ]
0.0 1
0.01 0.1 1 10 100

Figure 4. Variation of normalised substrate reaction fluxhwsubstrate saturation parameter. The
curves are calculated using eqn.23. Here the kimetmpetition parameteyis small and set at 0.01.
This implies that the flux for reaction between siudte and oxidized enzyme is much greater than the
flux for reaction between oxidized mediator andu@a®tl enzyme and so the latter reaction is rate
determining.
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Figure 5. Variation of normalised substrate reaction fluxhwsubstrate saturation parameter. The
curves are calculated using eqn.23. Here the kimetmpetition parameteyis reasonably small and
set at unity. This implies that the flux for reactibetween substrate and oxidized enzyme is equal t
the flux for reaction between oxidized mediator aeduced enzyme and so neither of the two
reactions limit the net rate.
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In figure 5 we represent the variation of normaliseibstrate flux with substrate saturation
parameter corresponding to the situation when tinetik competition parametey = 1. In this
circumstance the reaction rate between substrat@x@dized emzyme in the nanotube layer is equal
to the reaction flux between oxidized mediator egdliced enzyme. Here the rate of oxidized enzyme
regeneration is in balance with the rate of oxidizazyme loss.

1.2 4

———— g=100,b=0
— —— g=100,b=0.0]
———— g=100,b=1
084 |——— g=100,b=10
“es g=100, b =100

1.0 1

0.6 A

0.4 A

0.2 A

0.01 0.1 1 10 100

a =s/K,,

Figure 6. Variation of normalised substrate reaction fluxhwsubstrate saturation parameter. The
curves are calculated using eqn.23. Here the kimmetmpetition parameteyis large and set at 100.
This implies that the flux for reaction between stulite and oxidized enzyme is much less than the
flux for reaction between oxidized mediator anduasti enzyme and so the former reaction is rate
determining.

We note from figure 5 that the substrate reactiom ¥aries significantly with increasing
substrate concentration . The flux levels off whigs saturation parametaris large. Furthermore the
shape of the normalised response curve is strogifgted by the numerical value adopted by the
mediator saturation parameteras indeed it should if the reaction kinetics@strolled jointly by the
mediator/enzyme and enzyme/substrate reactioissinteresting to note that the dynamic range ef th
biosensor depends on the mediator saturation p&araad perhaps the best dynamic range and
sensitivity is obtained when the reaction betweediator and enzyme is rate limiting.

In figure 6 we represent the variation of normaliseibstrate flux with substrate saturation
parameter corresponding to the situation when thetik competition parametgr>> 1. In this case
the reaction between substrate and oxidized enzgmate limiting and so we note that the curves
computed for varying values of the mediator saimaparameteb in the range 0 ¥ < 100 do not
vary much in shape. Again the saturation kineties @vvident at high substrate concentrations as
expected by rate determining Michaelis-Menten eregobstrate reaction kinetics.



Int. J. Electrochem. Sci., Vol. 4, 2009 95

3. CONCLUSIONS

In this paper we have considered the transportkaretics of substrate and redox mediator at
an assembly of enzymes immobilized within a carbanotube mesh dispersed as a thin film on a
support electrode surface. We have assumed thamnthebilized enzyme layer is thin enough such
that diffusion of mediator and substrate within tager can be neglected. In doing so we have
developed simple analytical expressions which sésvquantify the substrate reaction flux and we
have related these expressions to the actual flaasored at the support electrode. The balance
between mediator and substrate reaction at theveni/characterized using a kinetic case diagram.

It should be noted that substrate and mediatougiifé transport within the nanotube film
cannot be neglected when the latter is of sigmiftithickness. Under these circumstances the pettine
reaction-diffusion equations for substrate and wwedi within the layer must be formulated and
solved. This can most readily be accomplished apadg and extending a methodology previously
published by Lyons and co-workers [30] and Bartetd Whitaker [20]. This analysis will be
presented in a subsequent paper.
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Appendix A

In this appendix we outline a derivation of the eegsion presented in eqn.5 which relates the
substrate reaction flux within the layer to the erved flux measured at the underlying support
electrode. We have previously noted that the lajteantities are not identical, since some reduced
mediator can diffuse through the enzyme layer atm@y the electrode and be lost into the adjacent
solution. To take this fact into account we havettem that f,=» f,. We now will determine an
expression for the parameterfollowing an argument initially proposed by Battleand co-workers
[19].

Within the enzyme layer we note that the reducediater species B (e.g..B,) is generated
at a uniform rate given by the expressigpn. . Furthermore B is lost from the layer via diffusiaway
from the support electrode towards the outer edd@leeoSWNT layer. This process is described by the
Fick diffusion equation, and noting that in theaste state the rate of reduced mediator diffusiath an
generation must balance we can write

d2b, fs _
s g * 1 = (A1)
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where @y denotes the diffusion coefficient of B in the emeylayer and b represents the distance
dependent concentration of mediator species witfenlayer of thickness L. We can consider two
boundary conditions:

- _ do _ fg _
0D &, T, TR #2)

0
x=L b=h

The boundary condition at x = O corresponds tosiheation at the support electrode/enzyme
layer interface. The first statement is that theepbal of the electrode is set to a value such ttha
concentration of reduced mediator will be set deined value § The second statement refers to the
fact that the observed flux arises from the oxmatf the reduced mediator at the support electrode
surface and that the rate of this process is defiiyethe heterogeneous rate constant rate constasit
defined by the Butler-Volmer equation as notedgn.2 in the text. The second boundary condition
refers to the interface between the enzyme laydrthe adjacent solution phase at x = L. Here the
reduced mediator concentration has a value b

We integrate eqn.Al between 0 and L to obtain:

D, %2 . %t: =- 1y (A3)
L 0
Noting from eqn.A2 that
_n db
fs=Dg ax i (A4)
We obtain
Dy %2 = f ot f (A5)
L

Now the flux of reduced mediator B across the ereyayer/solution interface can be equated
with the diffusive flux of B across the diffusioayer in solution and we note that:

db _ __Db
Do g = fs* o= 7%* (A6)
where Dg denotes the diffusion coefficient of reduced mediatorsalution, b*L represents the

mediator concentration in the solution phase just dettie nanotube layer adddenotes the Nernst
diffusion layer thickness [26]. The latter concentratierm is related to the mediator concentration
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within the nanotube layer at x = L by =4ph , where &y is the partition coefficient of reduced

mediator.
An indefinite integration of eqn.Al from 0O to x yields

do_fs = fs
D —_ X (A7)

B B (A8)

When x = L we geb=p and so eqn.A8 reduces to

_e 1. 1 fdl
b = fg ?¢+7DB T 25, (A9)

We also note from eqn.A5 that:

_@bL:_ fS+ fS (A].O)

1, 1 fL_
kd skéoyr 2, € s (AL1)

After some rearrangement we can readily show that

1+%kD§/d|_
fo=fy 8Ds/ (A12)
08Dy 1, 1
kgDg/L k¢ Dg/L
We can introduce the diffusive flux ratipas:

kg _ Dgd
g=1>= (A13)

D kBDB/L

To obtain
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1+9 1+9
fS:fS 2 :1:872 (A14)
140 14+KeDs/L 1+q(1+7)
Tk ke
where we have introduced the competition paranfeser
_kgDg/L
f= k-ke (A15)

This parameter compares the rate of reduced mediffasion in the layer to the rate of
reduced mediator oxidation at the support electmg#ace. Eqn.5 in the main text follows directly
from eqn.Al4. A plot of the resulting efficiencyctar h defined in egn.5 for various values of the
competition parametédris illustrated in figure Al.
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Figure Al. Plot of efficiency factoh defined in eqn.5 of the main text as a functiothefnormalised
parameters| andf .

Appendix B

In this appendix a derivation of the expressiorsenéed in eqn.9 which relates the substrate
reaction flux within the layer to the observed flditference or, measured at the underlying support
electrode is outlined. The latter quantity is siyjnghe difference in flux for the reduction of the
oxidized mediator species A (e.gp)Qit the support electrode surface which is reabiogth in the
absence of and in the presence of substrate. hh ishiefines the flux difference for the ‘no sutase’
and ‘substrate present’ situations.

We proceed via an analysis similar to that presemeAppendix A. The net reaction flux for
the reduction of the oxidized mediator A is giverthe following expression:
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fs=D, o~ =k, (B1)

where g denotes the concentration of oxidized mediat¢hesupport electrode surface. If we k¢,

denote the reduction flux for oxidized mediator thé electrode surface in the absence of any
substrate/enzyme reaction then the flux differeisceslated to the reaction flux in the layer ansl i
given by egn.8 in the main text:

Dfg =fg - fs=/1fs (B2)

We need to examine the balance between the diffusionediator A to the electrode surface
where it will be detected directly, and the reactid A with the reduced enzyme in the nanotuberlaye
where it will be depleted. We therefore note that

f

d?a_ fg_
Dage T 0 (B3)

and the relevant boundary conditions are:
da

ax TR (84)
X=L a=g

x=0 D,

It is important to note that [31] in general thagton flux fg in eqn.(B3) can be a function of
the oxidized mediator concentration a. Fdg to be independent of the oxidized mediator
concentration a requires thiaf a>> k. s. This immediately suggests that the responseeobitisensor

device with respect to glucose will depend greatiythe magnitude of the detection potential applied
to the electrode. If the electrode kinetics for geay reduction are driven hard then the concentratio

A at the electrode surface, ® 0 , (a, = f;/k4) very quickly and one would not obtain much of a
response to added substrate because the conaamtodtis; near the electrode is too low due to
electrochemical depletion. Therefore at best wehingxpect a limited range of response to glucose
before the sensor response became oxygen limitedh© other hand if one operates at a detection
potential below the limiting current for oxygen ustion, although there might well be a response to
glucose, it would possibly not represent the optimanalytical strategy, because any changes in

electrode kinetics due to poisoning would havergelffect on the calibration curve.
As before in appendix A we leb, denote the diffusion coefficient of the oxidized diztor

species in the film and seD¢ to be the corresponding oxidized mediator diffuasamefficient in
solution with Dg=4,D, and just outside the film we note that =g /k,.Integrating eqn.B3 we

obtain:

da _
D, Ix fo= fq (B5)
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where we have used the first statement in eqn.Blimplify. Now egn.B5 may be equated with the
flux of oxidized mediator A across the diffusioryéda

da _ _D *
Du g, =Tt fs =g (@ -4 (B6)

where a* represents the concentration of oxidized mediatorthe bulk solution. This
expression may be recast as:

D
fo+fg= *a kd (B7)

and we need to derive an expression foMée perform an indefinite integration of eqn.B3tmain:

o

a_fs fs
dx D, ID,* (B8)

A second indefinite integration of eqn.B8 produces

A=+ g xty g X (B9)

When x = L and noting thad, = f5/k¢we can show that:

g fl L oL
aL_7¢+D7A+7DA (B10)

and we have found our expression for@ubstituting the latter into eqn.B7 and simpiifyiwe get:

D¢ 1, 1 _Dg D ,l¢

=—A
sWrak'or =7 'sYodkg (B11)
We can readily show that the latter expressioncesito:
Dga* D¢
g Youbd's

fg= (B12)

+DPg 1 1

Tkd x ke D,/L

Eqn.B12 can be simplified still further by multiplg above and below by the factofDga*

to obtain
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i 1 D¢l
 VYoeta ¥ apa s

s 1 . 1 . 1
pa*/dt kka TKDE L

(B13)

Now when we ‘turn off' the enzyme reaction we onbnsider the direct reduction of oxidized
mediator at the support electrode surface and wése0 in eqn.B13 to obtain:

_ 1
fso=—1 n T (B14)

Dga¥ /d " kka& T K,D,& L

It is very gratifying to note from eqn.B13 that gheesence of the substrate reactieduceshe
value of the observed mediator reduction flux W participation of thef, term. Hence one expects
that the amperometric response shaddgrease(when compared with the response recorded in the
absence of substrate) withicreasingsubstrate concentration. This is because thelesssoxidized
mediator available for direct electrode reactionttesconcentration of substratr increases ddubeo t
increased quantity of reduced enzyme produceddrc#talytic reaction which must be reacted with.
The experimental data underpinning the latter onMag®n was recently reported by the author and
confirmed by others [16,32].

We note that in the absence of added substratexiized mediator reduction flux consists of
three distinct terms : the diffusive flux of oxida mediator in the nernst diffusion layer, the udive
flux of oxidized mediator within the nanotube layerd the heterogeneous electron transfer kinetics o
the oxidized mediator reduction at the supporttedele surface. We can simplify the notation by
introducing the following definitions:

¥
ig=D0 1 =D e (B15)

Hence eqn.B13 reduces to:

1
- '8 o (B16)

(B17)

We define the flux difference as:
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1,1 1 f
. fgh2ty . _ TTafy
7 =lso fs_i+i + 1 € _1+ ', fDq:fS (B18)
fe" f, " f, T, Tt

Again introducing an efficiency factdrd as:

fg
Toi, _ 149

he= — (B19)
1+E+h¢ l+g+e
1:D 1:K
Where we define:
g=18 o= ol (B20)
fD fK

And we have derived eqn.9 of the main text.
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