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Abstract

The non-steady state current density for reversible electrochemical coupled with a
homogeneous enzyme reaction and a constant potential is presented in this manuscript for the first
time. The model is based on non-stationary diffusion equations with semi infinite boundary
condition containing a nonlinear term related to the Kkinetics of an enzymatic reaction. The
nonlinear differential equation for the mediator is solved for reversible homogeneous enzyme
reaction. Approximate analytical expressions for the concentration of the mediator and
corresponding current for non-steady state conditions are derived. Kinetic parameters are also
determined such as Michaelis—Menten constants for substrate (KMS) and mediator (KMM) as well
as catalytic
rate constant (kcat).. Upon comparison, we found that the analytical results of this work are in
excellent agreement with the numerical (Matlab program) and existing limiting case results. The
significance of the analytical results has been demonstrated by suggesting two new graphical

procedures for estimating the Michaelis—-Menten constants for substrate (Kys)and mediator

(Kum ) as well as catalytic rate constant (k.,) from the current densities.



Keywords: Mathematical modelling, Non-linear reaction diffusion equations, Enzyme electrode,
Mediated enzyme reactions.
1. Introduction

Cyclic voltammetry has been used for the measurement of electroanalytical properties of
analytes by means of modified electrodes. During the past two decades, cyclic voltammetry has
attracted a great interest in electrochemical reactions, in particular coupled with a mediated
enzyme reaction. Since Nicholson and Shain [1] first reported their theoretical treatment of cyclic
voltammetry, it has commonly been used as an analytical method to explore reaction kinetics.

Simulations of mediated enzyme electrochemistry have been extensively reported [2-5].
Bartlett and Pratt have reviewed and analyzed previous works on the simulation of enzyme
electrodes [6]. Simulations are classified as either approximate analytical methods or numerical
methods. To obtain an approximate analytical solution, approximation and classification of each
different condition are needed. On the other hand, digital simulation to obtain a numerical solution
can be applied to any case, and neither simplification nor classification is necessary [7]. Many
digital simulations for steady-state and non steady-state responses of enzyme electrochemistry
have been reported [8-12]. However, concentration polarization of the substrate in the vicinity of
an electrode surface has never been considered for cyclic voltammetric simulation of a mediated
enzyme reaction. A cyclic voltammetric simulation of the homogeneous case has been described
in a preliminary way by Bartlett and Pratt [6] and compared to the simulated cyclic voltammetric
system with the simple EC’ system. Unfortunately, no further studies have been reported.

Osman and coworkers [13] analyzed and discussed about the validation of model against
the experimental polarization and power curves under different conditions. Do et al. [14]
developed and investigated the influence of the electrode structure and the immobilization
procedure, for two types of enzymatic electrodes. A computation model for microbial fuel cells
(MFC) based on redox mediators was described by Picioreanu et al. [15]. Voltage and power
current characteristics can also be calculated at different moments in time to evaluate the limiting
regime in which the MFC operates. Ideally the most powerful approach is to combine the use of
approximate analytical solutions that provide physical insights into the nature of the rate limiting
processes and the physical behavior of the system with numerical approaches that can be used to
fit the full range of experimental data and to extract the best estimates of the controlling kinetic

parameters. Eswari et al. [16,17] derived analytical expressions of concentration and current for



an EC and EC’ reaction using Laplace transform method for cyclic voltammetry. The simulation
of an idealized model for particular type of voltammetry and focusing on the effects of adsorption
coverage and binding strength on the surface on the voltammetry response was stated [18]. Molina
et al. [19] presented a series of simple analytical equations for multi electron transfer processes in
cyclic voltmmetry and staircase cyclic voltammetry at disc electrodes of any size.

Kenji et al. [20] developed a cyclic voltammetric simulation that can be applied to an
electrochemically mediated enzyme reaction involving any substrate and mediator concentration.
Rajendran et al. [21] reported an analytical expression of transient and steady-state catalytic
current of homogeneous mediated bioelectrocatalysis for ping-pong mechanism for semi finite
domain.

Kenji et al. [22] developed an electrochemically mediated enzyme reaction involving any
substrate and mediator concentrations from cyclic voltammetry simulation for reversible
electrochemical reactions with one electron followed by an enzyme reaction with two electrons.
To the best of our knowledge, no rigorous analytical expressions for non-steady state
concentrations and current with a constant potential for all values of parameters have been
previously reported. In this manuscript, we present for the first time the approximate analytical
expressions for the concentration of mediator using homotopy perturbation method. The current

for constant potential was determined corresponding to all possible values of the parameters.

2. Mathematical formulation

2.1 Reversible reaction coupled with a homogeneous enzyme reaction
We first, consider an electrochemical reaction coupled with a homogenous enzyme
reaction. In equation 1, we assume one electron transfer for the electrochemical reaction and in

equation 2, two electron transfers for the enzyme reactions as shown below:
Re&O+e (electrochemical reaction) 1)

20+S > 2R+P (enzyme reaction) 2

where R, O, Sand P are the reduced and oxidized forms of the mediator, substrate and product

respectively. Fig. 1 represents the schematic diagram of the above mediated enzyme reaction

mechanism. Reaction (1) represents electrochemical reaction at the electrode surface with
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reversible kinetics and reaction (2) represents the enzyme catalysis by Michaelis-Menten kinetics.
Although two molecules of the oxidant O are involved in reaction (2), first-order kinetics in O are
assumed [20]. Considering one-dimensional diffusion with coupling of reactions (1) and (2)
described by Fick’s law leads to the following strongly nonlinear partial differential equations
[22]:

6Cg (X,1) &2Cr(x,t) 2kcaiCe
GRrNY _ p + 3)
ot R ox2 Kus . Kum
Cs(x,t) Cy(x,t)
2
oC, (x,1) - D, 0 CS(ZX,'[) B KeatCe 1>0, 0<X<o 4)
ot OX Kwus + Kwm

C.(x,t) C,(x1) "
where Cy (x,t),C, (x,t)and Cg (x,t) represents the reduced and oxidized forms of the mediator and
substrate concentration respectively. k. is the turnover number. Ky and Kys are the Michaelis-
Menten constants for the mediator and substrate respectively. C.is the enzyme concentration.
D, and Dg represents the diffusion coefficients for the reduced form of the mediator and

substrate. The initial and boundary conditions for the above equations are given as follows:

Cr=CRr”™,Cs=Cs*when t=0, x>0and t>0, X —> (5)

1 (oC
Cr =CRp™[1+e"] L, [a—xsj=0Whent >0,x=0 (6)

wheren = {an_:_: (E- EO)} andC,” and C4” are the bulk concentration of mediator and substrate

respectively. Here we can assume that the scan rate is very small and the concentration at x=0 is

potential dependent. At all x and t, sum of the concentrations of reduced and oxidized form of the

mediator is constant (C;”).

Cr(x,t)+Co(x,t)=Cgr”

(7)
The current density j (#A/cm?)is given by
: oCr
= ngFDR| =R
J="g R( X szo 8)

By using Eqn. (7), we can rewrite the Eqgn. (3) as
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0Co (X,1) _ D 0°Cy(x,t) 2K Cg )
ot ox? Kwus N Kvm N
Cs(x,t) Cy(xt)

Now the initial and boundary conditions for the Egns. (4) and (9) becomes as follows:

Co=0,Cs =Cs* whent=0, x>0 and t>0,x — o0 (10)
e ©» [0C
Co = Cr, (—Sj =0whent>0,x=0 (11)
1+ en ax x=0
Now the current density (Eqn. (8)) becomes [21]
j=-n, FDR(&"J (12
oX )

Using a recent approach of homotopy perturbation method [23-25] and shifting formula of
Danckwerts’ expression [26-28] (Appendix-A), we can obtain the approximate analytical

expression for the concentration of mediator:

. e@{ f[x 23%\/_} }+e {erf(—x 23%@)—1} B ( “ j
+ae “‘erfc| —

C
c_;:“(X’T)Z_E 2\ T
" —2e " “erf (Lj 4207 — g VX
2t

(13)
where the dimensionless parameters
a=e"l(l+e"), a'=[L/(Ba+y+a)l, & =2k,C./Cy, X =xJa, /Dy, r=ayt,
g K (14
C¢ Cr

Above Eqn. (13) satisfies the boundary condition (10) and (11) when 7 is very small.

Therefore, the dimensionless current density becomes

= J = f i 15
v neFCR /1 DR a{\/_er (\/_H\/_} )




The Egns. (13) and (15) are the new expression for mediator and current correspond to a constant
potential for semi infinite boundary conditions. The current density for steady state condition

(r — ) becomes
v, =aJa' (16)
When Kys or Kyw are very large (Bory islarge) «'=o. In this case y =al 77 . This is

represented by the Cottrell equation of current for planar electrode.

2.2 Limiting cases

Case (i): Homogenous system in the presence of excess amount of substrate and low mediator
concentration

If the substrate concentration is extremely high and the mediator concentration is extremely low

then Eqn. (3) becomes as follows [22]:

2 2k
0Cx (x,1t) _D, 0 CR(Zx,t) N atCeC, (X,1) 17)
ot 0 X Kum
Then dimensionless form of Eqgn. (17) is as follows:
au %
—=——-0'U 18
or ox2 (18)

where a,'=[1/y] is the dimensionless parameter. We obtain the approximate analytical expression
of mediator concentration and the current density with enzyme reaction, by replacing o' as «,'in

the Eqgns. (15) and (16). Now, the dimensionless current density becomes:

. — e—.r/;/
v :{(y) Y2erf () o)+ T (19)
T
The steady state current density becomes:
Vs =2 (7)_1/2 (20)
when 7 is small,
4 y |1
A A 21
Ve { z ] Ve e

By plotting (/<) verses (1/+/7) we obtain the kinetic parameter y (= Kyy /Cr™) .



Case (ii): Homogenous system in the presence of excess amount of substrate when the

mediator is confined in bulk phase [22].

If the substrate concentration is extremely high, then the Eqgn. (3) is written as: [22]

0Co(xt) . 8°Co(xt)  2keatCECo(X,1)

DR (22)
ot ox? (Kmm +Co (1))
Then the dimensionless form of the above Eqn. (22) is as follows:
ou o u
_ _ (23)

ot X2 y+u
where a, =[1/(y +a)] is dimensionless parameter. We obtained the approximate analytical

expression of mediator concentration and the current density for without enzyme reaction, by

replacing o' as «,'in the Egns. (15) and (16).The current density for this case becomes:

—(y+a)'r
7% :a{(y+a)_1/2erf (\/(7+a)_lr)+%} (24)

The steady state current density becomes:
ves =a(y+a) 2 (25)

From the Eqn. (24) - (25) we also get (v /45 ) as
—r/(y+a)
% 1 / T e’
——=,/y+a erf + (26)
Vss { vy +a [ r aj \/; :l

3.Determination of kinetic parameters of the enzyme reaction from current density profile

A simple and closed-form of an analytical expression for the current density (Egn.(15)) leads to

find the rate constant and Michaelis - Menten constants. The current density is dependent upon the
parameters a,a',a, and a,. Then the Eqn. (15) can be rewritten as:

) 2
J .
=D
{n FC;‘)a} e 27)

e

Substituting the value of o, and «'in the above equation (27), we can obtain the linear equation

as:



R "tcat cat cat

. -2
zaDiCE J _ _ KwMM £+ KMSOO + 1 (28)
C; | nFC; Coke |2 | kG K

The plot of

[e¢)

R "tcat

2aD,C, { j

-2
1 . K .
versus — gives the slope = MM_1and intercept (Cq) =
c: nch;} L9 p { } pt (Cq1)

L(K%jti} as shown in Fig.2(a). Now, using the plot of the parameter (C;) versus {Ci‘”} we
cat 'S cat S

can estimate the Michaelis-Menten constant for the substrate Ky,5 and mediator K, , turnover
rate Keat (Fig. 2(b)) . The flowchart for estimation of rate constants from the Eqn. (27) is also given
in Fig. 3. The graphical procedure yields the Michaelis-Menten constants K, =1mM,

Ku =ImM, Kk, =5mM /s, CS =10mM and C; =10mM .

cat

4. Determination of diffusion layer thickness
An estimate can be made of the diffusion layer thickness s, [28] by using the

following equation:

i _DrCr™|, Co(x=0) (29)
neF o CRr”

By substituting Eqn.(15) in Eqn.(29), we can obtain the Eqn. (30) as follows:

%{1—@}=Cﬁaqmﬁal {\/;erf (\/E)Jr(\e/%ﬂ (30)

From the above Eqn. (30), the dimensionless diffusion layer thickness §(z) can be determined as

given below:

5= (tm\/??“ﬁerf (\/E){\G/EH} (31)

From Eqgn. (31), we can also obtained the mass transfer coefficient (D, /9).

5. Validation of the model
Next, we present how the analytical model is validated against the simulation results. Our

analytical expression of concentrations of mediator is compared with simulation results in Tables
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1(a—b) and Fig. 4 for non-steady state conditions. Matlab/Scilab program is also given in Appendix
B as a supplementary material. From these tables, it can be noticed that our analytical results

matches quite well with the numerical results for various values of timez and potential; provided

S <y. The concentration of mediator attains the steady-state value when time 7 =100. Our

approximate analytical expression for current density (Eqn.(15)) is also compared with the limiting

case results in Fig.5.

6. Discussion

Egns. (13) and (15) represent the new closed approximate analytical expression of the non
steady-state concentration of mediator and current for all values of parameters. The current density
depends upon the parameters such as dimensionless potential, oxidized form of bulk mediator
concentration and Michaleis-Menten constant for the mediator. Fig. 4. illustrates dimensionless
concentration of oxidized mediator versus dimensionless distance from the electrode surface using
Eqgn. (13) for various values of the parameters. Oxidised form of the mediator generated at the
electrode is consumed within the diffusion layer by reaction with the reduced form of the enzyme

present at its bulk concentration.

From the figures, it is also observed that the concentration of mediator in the vicinity of the
electrode surface increase when potential increases. This is also due to depletion of the substrate
concentration in the vicinity of electrode when there is a high enzyme activity and mediator
concentration and low substrate concentration. Dimensionless current density (Eqgn. (15)) is
compared with the limiting cases results ( Egns. (19) and (24)) in Fig.5. Satisfactory agreement is
noted between analytical results and simulation

results is 3.567%.

5.1 Influence of the electrode potential , reduced concentration of mediator on the current
The influence of the current density versus dimensionless potential for various values of

parameters A,y and z is shown in Figs. 6(a-c). From this figure, it is observed that, the current
density reaches the peak value when potential 7 > 4 for all values of the other parameters. Also
the current density decreases when dimensionless Michaelis-Menten constants for substrate (5),

mediator (y) and time ( z)increases. From the Figs. 6, it is also noted that the shape of the cyclic
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voltammograms changes significantly with enzyme ( «; ), substrate (C<”)and mediator (CR)

concentrations. At higher substrate concentration, the catalytic current density reaches the

maximum value.

5.2 Influence turnover, Michalis-Menten constant for the mediator and substrate on the
current

Fig.6 (a-c) illustrates the dimensionless current density versus potential for various values of the
parameters. The current density increases as the dimensionless parameters decreases. From Fig.

6(d), it is inferred that the current density increases as the dimensionless potential increase.

5.3 Influence of diffusion layer thickness on the current

Increasing the velocity of the solution brings reactants up to the electrode surface more
easily, thus reducing the thickness of the diffusion layer (5). As 6 decreases, the value of the
limiting diffusion current density will increase, as per Egn. (29). The diffusion-layer thickness is
the only factor influencing the limiting current density, which corresponds to the results of current
transients indicated in Fig. 9.

Diffusion layer thickness is plotted against the potential as shown in Fig.9 (a-d). The figure
demonstrates that the diffusion layer thickness depends on the parameters bulk concentration of
substrate and mediator, turnover number and time. When the bulk concentration of substrate or
mediator increases the diffusion layer thickness s increases. The diffusion layer thickness is
increases when the turnover number and time decreases. From the Fig. 9, it is observed that the

diffusion layer thickness reaches the steady state value when the potential 77 =2 for all values of

other parameters. The thickness of the approximately linear diffusion layer grows with time.

6. Differential sensitivity analysis of parameters
Differential sensitivity analysis is based on partial differentiation of the aggregated model.

We have found the partial derivative of current density w (dependent variable) with respect to the
parameters  f,yand n (independent variables). At some fixed experimental values of the

parameters (£ =0.05,7 =5 and 7 =1) , numerical value of rate of change of current density ¥ can
be obtained. From this value we can obtain the percentage of change in current density with respect

to the parameters £, yand 7. Sensitivity analysis of the parameters is given in Fig. 10.
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From this figure, it is inferred that the potential () has more impact than the Michalies constant

for mediator for the variation of the current density. The remaining parameter Michaelis—Menten
constant substrate accounts for only small changes in current density. This result is also confirmed
in the Fig. 10.

7. Conclusion

A theoretical model for reversible electrochemically mediated enzyme reaction has been
described. In this work, systems of coupled, non-steady state nonlinear reaction diffusion equations
are solved analytically. We can determine the enzyme kinetic constants from the current density.
The influence of the parameters such as diffusion layer thickness, turnover, Michaelis-Menten
constant for the mediator and substrate and the electrode potential on the current are also discussed.
Sensitivity analysis of the parameters is also reported. This technique can also be extended for any

reaction system between any redox enzymes and mediator for quasi reversible reactions.
Nomenclature:

The nomenclature employed in this manuscript is represented in the table below:

Parameters Definition Units
a=e"/(1+e") Dimensionless parameter (none)
Ce Enzyme concentration (mM)
Co Concentration of oxidized mediator (mM)
cy Bulk concentration of reduced mediator (mM)
o Bulk concentration of reduced mediator (mM)
C, Concentration of substrate (mM)
cr Bulk concentration of substrate (mM)
D..D;,D, Diffusion coefficients (cm?/s)
Ky Michaelis constants for the mediator (mM)
K Michaelis constants for the substrate (mM)
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Keat Turnover number (1/s)
r=(Ds /Dg) Dimensionless parameter (none)
T Time (s)
u=(C,/Cg) Dimensionless concentration of oxidized mediator | (none)
v=(C,/C?) Dimensionless concentration of substrate (none)
X Distance from electrode (cm)
X =Xy, I Dy Dimensionless distance from the electrode (none)
a=(K,s/C?) Dimensionless parameter (none)
a, =(2k_,C./CZ) | Dimensionless parameter (1/s)
B=(K,s/C) Dimensionless Michaelis constants for the | (none)
Substrate
B, =(k,C:)ICs Dimensionless parameter (1/s)
Ko Dimensionless  Michaelis constants for the | (none)
V= )
Cr mediator
- n.F (E - E?) Dimensionless potential (none)
RT
r=ayt Dimensionless time (none)
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Appendix A: Non linear dimensionless form

Eqgns. (4) and (9) can be written as given below:

2
8CS(X,'[) _ DS a Cs(let)_ kcatCE ’ t>01 0<X<OO
ot X Kus . Kum
Cs(x,t)  Co(x,1)
2
oCo (X, 1) _ D, 0 CO(Zx,t) B 2keatCe (A1)
ot ox Kwus N Kmm

_|_
Cs(x,t) C,(x,t)
The nonlinear partial differential equation (A1) are made dimensionless by defining the following

dimensionless parameters:

C C D 2k -+ C K
u:—fo, v:—fo, r=oqt, X=X g—l, r=D—S, a =%, =%,
C C R R C C
R S R S (A2)
K e’ CR
y= MOOM , a= ; ﬂlZ—ROO
of: 1+e” 2C2

The governing nonlinear reaction diffusion Eqns. (A1) can be expressed as non dimensional form

as follows:
ou_ ' uv (A3)
ot oXx? (Bu+yv+uv)
2
ov . o°v pLuv (A4)

or  ox2 (Pu+yv+uv)
where u and vrepresent a normalized concentration of mediator and substrate respectively. X is
the normalized distance from the electrode. g, » and g, are the normalized kinetic parameters.

The initial and boundary conditions in dimensionless form becomes as follows:

u=0,v=1whenz =0, X >0and 7>0,X > o (A5)

u=a, (ﬂj:Owhenr>O,X:0 (A6)
oX

Now the dimensionless current density becomes

j ou
y=—A —(—j (A7)
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A general relationship, arising from Danckwerts’ expression, allows the computation of the
transient concentration/limiting current in a system with a homogeneous first-order reaction
regenerating the electroactive species with diffusion and convection, from the

concentration/limiting current at the same electrode when there is no homogeneous reaction.

U(X,7) = a'Te P ug (X, 7)dp +e Uy (X, 7) (A8)
0

where o'=[1/(fa+ y +a)]is a dimensionless parameter. Here, U,(X,7) is the concentration of

mediator without homogeneous term. The normalized concentration and current density becomes

u,(X,7) =erfc(X /(2\/?)) and (1/\/E). Using this result and shifting formula of Danckwerts’

expression, we can obtain the concentration of mediator u(X, z) as follows:

T
Lo _ u(x,z) = a'aje"“'perfc X dp + ae"‘”erfc(LJ (A9)
CR 0 2Jp 2z

Integrating the above equation we get the equation (13) in the text.

Appendix B: Homogeneous mediated bioelectrocatalysis in ping-pong mechanism of the
oxidoreductases (semi finite)
For this finite case, the nonlinear reaction diffusion equations (3) and (4) can be written in the form

as Egn. (B1) and (B2):

2
oC, (x,t) _p, 0 Co(zx,t) — 2kcat([:<E (81)
ot OX Ms . Omm
C.(x,t) C,(x1)
oC, (x,t 0°Cy(x,t KeatC
sa(tx ) — DS 5(2X ) _ < cat KE (BZ)
OX Ms L Bmmo
C,(x1)  Co(x,1)
Now the initial and boundary conditions for the Eqgns. (B1) — (B2) are
C,=0,C,=C,"whent=0,x>0, and t>0,x=L (B3)
g » [0OC
Co = ¢ (OF [ Sj =0 whent >0 (B4)
1+e” X )y
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The dimensionless parameter L =.,/Dg/a; is included in the Egn. (A2). We get the equation

as same as Eqgns. (A3) and (A4) for the finite case. The initial and boundary conditions for the

dimensionless concentration are described as follows:

u=0,v=1whenz=0,X >0, and 7>0,X =1 (B5)
n
u=—""—a [X)  _owhenr>0 (B6)
Y X Jyg

Using a recent approach of Homotopy pertuberation method, we obtained an approximate

analytical expression for the concentration of mediator u and substrate v

sinh(v/a'(L— X)) 24 i (-1)"nzsin(nz(l— X))@+ at

o | (B7)
sinh(v/ar') n=1 22
v(X,t)= cosh(y/(B'/r) X) Ay i (L+2n)(=1)" cos((L + 2n)7X / 2)e~((+2n) 7 r+45)t/4
, cosh(m)) n=0 [48'+(1+ 2n)2;z2r]
+ 4 i (-1)" cos((1+2n)z X /2) o~(L2n) Trea )4
" n=0 (1+2n)
(B8)
where f'= pal(fa+y +a)
Therefore the dimensionless current density for finite case is as follows:
5 & n2e (@Ot
w=a |Ja'coth(Wa') + 27 Y o .
n:l a'+n V4

where o'=[1/(Ba+ y + a)]

Rajendran and Saravanakumar [21] obtained the analytical expressions of concentration of

mediator and current by solving the Egn. (B1) for the boundary conditions (a—;j =0 or
X
().
OX x=L
Appendix C: Matlab/Scilab coding to find the numerical solution of Egns (A3) and (A4)

function pdex4
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m =0;

x = linspace(0,30);

t = linspace(0,100);

sol = pdepe(m,@pdex4pde, @pdex4ic,@pdex4bc,x,t);
ul =sol(:,:,1);

u2 =sol(:,:,2);

%

figure
plot(x,ul(end,:))
title('ul(x,t))
xlabel('Distance x')
ylabel('ul(x,1)")
figure
plot(x,u2(end,:))
title('u2(x,t)")
xlabel('Distance x')
ylabel('u2(x,2)")

function [c,f,s] = pdex4pde(x,t,u,DuDx)

¢ =[1;1];

f=[1;1].* DuDx;

beta=.1;gamma=100;betal=1;cri=10;
F=-(u(1)*u(2)/((beta*u(1))+(gamma*u(2))+(u(1)*u(2))));
F1=-betal*((u(1))*u(2)/((beta*(u(1)))+(gamma*u(2))+((u(1))*u(2))));
s =[F:F1];

%
function u0 = pdex4ic(x)

uo = [0;1];

function [pl,qgl,pr,qr] = pdex4bc(xI,ul,xr,ur,t)
eta=(2);

pl = [ul(1)-(exp(eta)/(1+exp(eta)));0];
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ql = [0;1];
pr = [ur(1)-0;ur(2)-1];
ar = [0;0];
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Fig.1. Schematic diagram of mediated enzyme reaction mechanism.
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Fig. 2. Determination of kinetics parameters k., K,sand K,,, using the Eqn. (27). The

graphical procedure yields the Michaelis-Menten constantsK,, =1ImM, K,,, =1ImM,

Koy =5mM /s, CS =10mM and C; =10mM .
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Fig. 4.Plot of dimensionless concentration of oxidized mediator versus dimensionless distance
from the electrode using Eqn. (13) for various values of the parameters.
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Fig.5. Comparison of dimensionless current density (Eqn. (15) ) with the limiting cases using
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Fig. 6.Plot of dimensionless current density on (a-c) dimensionless potential for various values of

parameters (d) dimensionless time for various values of potential using Eqgn. (15).
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Fig.10.Sensitivity analysis of the parameters: Percentage change in dimensionless current density
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Table 1 (a): Comparison of normalized non-steady-state concentration of oxidized mediator u with simulation results for various values

of X and for some fixed values of 5 =0.1,» =100 and n =2.

X Substrate concentration u

u (when 7 =3) u (whenr=15) u (when 7=30) u (when 7=100)

This Simulation % of erron This Simulation % of | This Simulation | % of [This Simulation | % of

work deviation | work error work error work error
Eq.(13) Eq.(13) deviation | EQ.(13) deviatio | EQ.(13) deviatio
n n

1 ]0.5968 | 0.5966 0.0335 | 0.7386 | 0.7384 0.0271 | 0.7687 | 0.7686 0.0130 | 0.7928 | 0.7928 0.0000
2 0.3698 | 0.3699 0.0270 | 0.6073 | 0.6070 0.0494 | 0.6654 | 0.6652 0.0301 0.7129 | 0.7126 0.0421
5) 0.0355 | 0.0353 0.5634 | 0.2958 | 0.2954 0.1352 | 0.4079 | 0.4075 0.0981 0.5140 | 0.5148 0.1556
7 |10.0037 | 0.0037 0.0000 | 0.1621 | 0.1621 0.0000 |0.2793 | 0.2794 0.0353 | 0.4100 | 0.4119 0.4631
10 | 0.0000 | 0.0000 0.0000 | 0.0537 | 0.0537 0.0000 | 0.1449 | 0.1449 0.0000 0.2879 | 0.2851 0.9726
Average error % 0.1248 Average error % 0.0423 Average error % 0.0353 | Average error % 0.3268

26



Table 1(b): Comparison of normalized non-steady-state concentration of oxidized mediator u with simulation results for various values
of X and for some fixed values of #=0.1, =100 and 7 =100.

X | Substrate concentration u

u (when n=-2) u (whenn=0.1) u (when n=1) u (when n=2)

This Simulation% of error This Simulation % of error | This Simulation| % of error [This work Simulation | % of error

work deviation | work deviation | work deviation | Eqg.(13) deviation

Eq.(13) Eq.(13) Eq.(13)

1 10.1072 0.1072 | 0.0000 | 0.4725 |0.4720 0.1058 0.6580 | 0.6580 | 0.0000 0.7928 | 0.7928 0.0000
2 10.0964 0.0964 | 0.0000 |0.4247 |0.4246 0.0000 0.5916 |0.5917 | 0.0169 0.7129 | 0.7126 0.0421
5) 0.0694 0.0692 0.2882 0.3061 | 0.3060 0.0000 0.4265 0.4262 0.0703 0.5140 0.5148 0.1557
7 0.0554 0.0550 0.7220 0.2441 | 0.2454 0.5326 0.3402 0.3418 0.4703 0.4100 0.4119 0.4634
10 | 0.0388 0.0385 |0.7732 |0.1714 |0.1721 0.4084 0.2388 | 0.2397 | 0.3769 0.2879 | 0.2851 0.9726
Average error % 0.3567 Average error % 0.2094 Average error % 0.1869 Average error % 0.3268
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