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Abstract

Previous work illustrated that glucose oxidase (GOx) could be deposited on conducting substrates using
asymmetrical alternating current electrophoretic deposition (AC-EPD) to form thick enzyme layers suitable
for the manufacturing of highly active biosensors. Here, we modeled the amperometric response of GOx
layers to glucose as a function of the thickness of the enzyme layer. The model is based on reaction-diffusion
equations with irreversible first-order catalytic reactions. The numerical results displayed qualitative and
reasonable quantitative agreement with the experimental data obtained for oxidation currents due to glucose,

which increase with the enzyme layer thickness.
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1. Introduction

Immobilization of enzymes is used in biosensors to de-
tect the concentration of a specific analyte as a result of
the biological recognition between the analyte and the
immobilized enzyme [1-6]. Thick enzyme layers have
been fabricated via cross linking with glutaraldehyde
[7-9], entrapment in polymers or gels and carbon paste
mixing [10-12] and, by electrochemical deposition [13,
14]. The purpose of these approaches is to immobilize
enzymes in their active state. Recently, we reported that
enzymes such as glucose oxidase, glutamate oxidase and
[-galactosidase can be deposited using AC-EPD to yield
thick, active enzyme layers which were used for the de-
velopment of highly sensitive biosensors [15-18]. In this
regard, it is worth noting that among the advantages of
the AC-EPD technique over the existing deposition me-
thodologies we quote the ease of the manufacturing
process as well as the high reproducibility due to the
automated deposition procedure.

Mathematical models and solutions of enzyme elec-
trodes prepared by various processes such as immobili-
zation in dispersed carbon nanotubes, electropolymeriza-
tion and encapsulation in membranes have been reported
[19-22]. In this note, the steady state amperometric cur-
rents of glucose oxidase layers deposited by AC-EPD is
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modeled as a function of the layer thickness and com-
pared to experimental values.

2. Theoretical Model

A schematic representation of the enzyme modified elec-
trode on which a uniform GOx layer is deposited is illus-
trated in Figure 1.

The amperometric response to glucose is due to the
enzymatic conversion of glucose to hydrogen peroxide
and D-glucono-1,5-lactone:

B —D—glucose+ 0O, + H,O
—& , D—glucono—1,5-lactone + H,0,

This reaction model shows that for every molecule of
glucose that reacts, one molecule of hydrogen peroxide is
formed.

As the transport of glucose inside the enzyme film
occurs by diffusion, we assume that the concentration ¢;
of glucose inside the film is governed by the one-dimen-
sional reaction-diffusion equation:

dZ
Df??—kq:OforOSxS& )

where Dy is the effective diffusion coefficient of glu-
cose ([m*s']), k is the forward reaction rate constant
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Figure 1. Schematic representation of the electrocatalytic
oxidation of glucose inside the GOx enzyme layer deposited
by AC-EPD on a platinum electrode.

([s']) of the reaction between glucose and oxygen, x is
the normal distance to the electrode and 9 is the thickness
of the enzyme film ([m]). In Equation (1), we assume
that the reaction rate of glucose is first order in the glu-
cose concentration (kc;). Based on the experimental evi-
dence of Figure 5 of Reference [23], this is a valid as-
sumption for the glucose concentrations used in this
work. Equation (1) also assumes that the reaction is irre-
versible or that the backward reaction proceeds at a much
smaller rate and that the oxygen concentration is high
enough as experimentally observed for the enzyme elec-
trode [16]. Equation (1) is subject to the following bou-
ndary conditions:

94 g atx=0 @)
dx

Edc o0
—Dlalzhl(cl—cl)atx:é 3)

where ¢ is the glucose concentration in the bulk (in
this work 5 mol'm™). The first boundary condition states
that glucose itself is not electrochemically active and
hence does not oxidize or reduce on the surface of the
electrode (x = 0). This is indeed the case at the applied
potential of +0.6 V vs. AgCl/Ag. The second boundary
condition states that, at the enzyme film-electrolyte in-
terface, the mass transport by diffusion in the film equals
the convective transport in the electrolyte, with %; the
convection coefficient of glucose (m-s ™).

The enzymatically generated hydrogen peroxide is
subsequently electrochemically oxidized on the surface
of the platinum electrode:

H,0, —">0, +2H" +2¢”

Hence, the concentration ¢, of H,0O, inside the enzyme
film is governed by the following one-dimensional reac-
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tion-diffusion equation:

,d%c
D2ﬁ+kc,:OforO£xS5 ()]

with D; the effective diffusion coefficient of H,O,.
This equation is subject to the following boundary condi-
tions:

c,=0atx=0 ®)]

de

—D;ﬁ:hz(cz—cf)atxzé' (6)
where ¢, is the concentration of H,O, in the bulk (in
this work 0 mol'm™). The first boundary condition states
that at the applied potential (+0.6 V vs. Ag/AgCl), hy-
drogen peroxide is mass transport limited inside the en-
zyme film and its concentration becomes zero on the
surface of the electrode. The second boundary condition
is identical to Equation (3). Equations (1) through (6) can
be solved analytically for ¢, (see Appendix). The current
density i, (Am %) due to the oxidation of hydrogen per-
oxide is proportional to the concentration gradient of
hydrogen peroxide on the surface of the electrode ac-
cording to:

i, = —nFD¢ ‘% atx=0 %)

where n is the number of the electrons exchanged in the
oxidation of one molecule of H,O, (2 in this case) and F
is Faraday’s constant. This results in the following
closed-form expression for the current density:

_ nEDfke”
D; +h,o

L, =

D:\Jk/Df sinh k/Df§+h2(cosh k/Dfﬁ—l) ®)

cosh k/Df5+‘/k£D1sinh k/Df S

1

3. Results and Discussion

The amperometric response of the GOx film was calcu-
lated using Equation (8) based on values for the diffusion
coefficients found in literature and listed in Table 1. In
accordance with Reference [24] on the diffusion of or-
ganic solutes in biofilms (which we believe to be similar
to the enzyme films of this work), we assumed that the
ratio of the effective diffusion coefficient inside the en-
zyme film to the diffusion coefficient in water equals
0.25. The convection coefficients for glucose and hy-
drogen peroxide were estimated assuming:

h =D/t )
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Table 1. Diffusion coefficients in water at 25°C.

Solute D; (m*s™") Reference
Glucose 6.7-10°"° [25]
Hydrogen peroxide 1.3:10°(20°C) [26]

where ¢ represents the diffusion layer thickness in the
unstirred glucose solution, which is assumed to be 100 pm.

The amperometric response of the GOx film on a Pt
disk electrode with a diameter of 1 mm (surface area =
0.78 mm?) to a glucose concentration of 5 mM is plotted
in Figure 2 as a function of the thickness of the enzyme
layer for various values of the reaction rate constant k.
As can be seen, the current due to glucose strongly in-
creases as the thickness of the enzyme layer increases, in
accordance with our experiments [15-16]. Figure 2 also
displays that when the film reaches a certain thickness
(value depending on the rate constant), the current levels
off and reaches a maximum. This behavior can be under-
stood as follows: when the film is very thin, almost no
glucose is converted to hydrogen peroxide and the cur-
rent is small. As the film thickness increases, more and
more glucose reacts to hydrogen peroxide and the current
increases. At a certain thickness, all of the glucose that
enters the film is converted to hydrogen peroxide and the
current reaches a maximum. When the film becomes
thicker, the current drops as part of the hydrogen perox-
ide that is formed in the film diffuses out before it reacts
at the electrode. In our previous experimental study, it
was found that the thickness of the enzyme layers after
10, 20 and 30 minutes deposition time are respectively 3,
7 and 11 pm and the corresponding amperometric re-
sponses to 5 mM glucose are 665, 1254 and 1804 nA
[15], shown as triangles in Figure 2. Figure 2 reveals
that the absolute values of the simulated currents are in
reasonable agreement with the experimental values as-
suming a value of order 1 for the enzymatic conversion
rate k. When the enzymatic reaction rate k£ takes on a
value of 1 s™', the model deviates from the experimental
values by —10, +13 and +33% for films of resp. 3, 7 um
and 11 pum thickness.

4. Conclusions

The amperometric current response of glucose oxidase
layers deposited by AC-EPD to glucose was modeled as
a function of the thickness of the enzyme layer. The
model is based on reaction-diffusion equations with ir-
reversible first-order reactions. The numerical results are
qualitatively and quantitatively in reasonable agreement
with the experimental data.
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Figure 2. Simulated currents due to 5 mM glucose on a Pt
disk electrode with a diameter of 1 mm (= 0.78 mm” surface
area) as a function of the enzyme thickness for various val-
ues of the reaction rate constant k. From bottom to top, the
rate constant K equals 0.1, 0.2, 0.5, 1, 2 and 5 s L. The ex-
perimental data points are shown as triangles.
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Appendix: Derivation of Equation (8)

Equation (1) is a second order differential equation with
constant coefficients for which the general solution is
given by:

= Acosh\k/Df x + Bsinh/k/Df x

with 4 and B two integration constants, whose value can
be determined from the boundary conditions (2) and (3).
Equation (2) yields B = 0 while Equation (3) yields:

©

C

cosh k/Df§+Vk£ D ginh k/Df S

1

A=

yielding the following solution for ¢y:

cosh/k/Df x

— o0
G =¢q

cosh k/Df5+\/k}/lDlsinh k/Df S
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With the solution of ¢y, the general solution of Equa-
tion (4) can be found:

c,=— k/Dfx+Cx+D

2

The two integration constants C and D which can be
found from the boundary conditions (5) and (6), result in
the following solution for c¢;:

¢, = Dl - A| 1—cosh LS +i
Df D; +h,6
{ }—smh / §+—[cosh f —0— 1ﬂ

from which Equation (8) can be derived by differentia-
tion according to Equation (7).
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