
T
r

O
a

b

c

a

A
R
R
A
A

K
B
O
M

1

c
H
b
p
t
e
E
o
o
i
u
s
i
t

A
T

0
d

Talanta 81 (2010) 1245–1249

Contents lists available at ScienceDirect

Talanta

journa l homepage: www.e lsev ier .com/ locate / ta lanta

he influence of external factors on the operational stability of the biosensor
esponse
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a b s t r a c t

The behaviour of the electrochemical glucose biosensor based on the glucose oxidase was examined in
the diffusion and the kinetic modes of the action. The sensitivity and linearity of the biosensor can be
monitored changing the permeability of the outer membrane of the biosensor. The mathematical model
based on the enzymatic conversion of the substrate and the diffusion of the substrate was created. The
influence of the fluctuations of the membrane thickness, the diffusion coefficients and pH were modelled
and their impact was evaluated at different modes of an action of the biosensor. Taking into account
that limited acceptable fluctuations of the biosensor response should not exceed 5%, we calculated how
KM(app.) and Vmax can move to satisfy this requirement. In a deep diffusive mode (thick highly acetylated
odelling membrane), the fluctuations of KM(app.) up to 400% do not influence significantly the biosensor response.
In the diffusion mode of action of the biosensor, the limit of the Vmax fluctuations is on the level of 34%.
The increase of the thickness of the membrane 5 times, increases the limit of fluctuations only to 19%.
The reduction of the permeability of the membrane 4 times increases the level of limited fluctuations
about 10–16%. The novelty of this work is binding into one system the fluctuations of pH and diffusion
parameters and demonstrating the interdependence of them as an integrated factor of the reliability of

the biosensor response.

. Introduction

Biosensors as an analytical instrument have found wide appli-
ation in medicine, environment, and food-quality control [1,2].
owever, the application of the biosensors is limited by a low relia-
ility of the biosensor operation. This is due to a number of different
arameters. The stability of the biosensor action depends both on
he stability of the sensing element of the biosensor, i.e. usually an
nzyme or an enzymatic complex, and the stability of the matrix.
nzymes are not stable for a long time and are sensitive to a number
f factors. The activity of an enzyme is limited by the pH. A number
f compounds can activate and even more often inhibit the activ-
ty of the enzyme. The complicated construction of the biosensor,

sually consisting of several semi-permeable layers is very often
ensitive to the fluctuations of the pressure in the bulk, especially
n mixing or flow-through conditions. Fluctuations of the pH and
he concentration of salts can change the diffusion parameters of
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the biosensor membranes, thereby, changing the response of the
biosensor.

The main goal of this paper is mathematical modelling and eval-
uation of the influence of two main parameters of the biosensor–pH
fluctuations and diffusion fluctuations. pH fluctuations can occur in
the bulk during a number of processes outside the biosensor, such
as the microbiological, the action of enzymes, and as a result of dif-
ferent chemical reactions taking place in the bulk. The shift of the
pH can be the result of an enzyme reaction inside the biosensor.
The shift of the pH can change the activity of the enzyme, because
almost all enzymes are pH-dependent. The shift of the pH can also
evoke the shrinking of the membranes, thus the diffusion parame-
ters and the diffusion distance can be changed. All these shifts will
influence the response of the biosensor. We evaluated the weight
of these factors on the biosensor response.

2. Experimental
2.1. Biosensor

As a model biosensor, a well-known electrochemical glucose
biosensor based on glucose oxidase was selected [3]. Glucose
oxidase (Asp. niger sp., KM = 0.23 mM) in albumin gel layer was
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eposited on the surface of the flat Pt electrode and covered with
iffusion membrane made from cellulose or acetylated cellulose.
lectrochemical registration of the oxidation current of the pro-
uced (hydrogen peroxide) was performed at potential 0.6 V vs.
g/AgCl reference electrode.

.2. Mathematical model

Suppose that the substrate (S) conversion to product (P) was
atalysed by the enzyme:

E−→P (1)

Consider a biosensor as a flat amperometric device with a layer
f enzyme and outer membrane. It follows that the model has
wo regions. In the first region (outer membrane) only mass trans-
ort limited by diffusion takes place. In the second region (enzyme

ayer) enzymatic conversion of glucose to gluconic acid, oxygen
o hydrogen peroxide and mass transport are limited by diffusion.

mathematical model of a biosensor is based on the system of
he diffusion equations with a non-linear term corresponding to
he Michaelis–Menten kinetics of the enzymatic reaction [4–8]. Let
s suppose that the symmetry of a biosensor allows to describe
hanges in the concentration of the substrate and the product in the
iosensor by the following system of reaction–diffusion equations.

n the porous membrane region only the processes of diffusion take
lace:

∂Sm

∂t
= dSm

∂2Sm

∂x2
, ae ≤ x ≤ ae + am,

∂Pm

∂t
= dPm

∂2Pm

∂x2
,

(2)

here x and t are space and time respectively, Sm(x,t) is the
oncentration of the first substrate (glucose) and Pm(x,t) is the
oncentrations of the reaction product (hydrogen peroxide) in the
embrane region. ae is the thickness of the enzyme layer, am is the

hickness of the diffusion layer (outer membrane). dSm and dPm are
he diffusion coefficients of the substrate and the reaction prod-
ct in the membrane. The thickness of the diffusion layer remains
onstant. The concentration of the substrate as well as the product
ver the outer membrane surface (bulk solution/membrane inter-
ace) remains constant while the biosensor keeps in touch with the
ubstrate (t > 0). So, the following boundary conditions are satisfied:

m (t, ae + am) = S0, Pm (t, ae + am) = 0. (3)

0 is the substrate concentration in the bulk solution.
In the second region the diffusion of both the substrate and the

roduct, and the reaction take place:

∂Se

∂t
= dSe

∂2Se

∂x2
− VmaxSe

KM + Se
, 0 ≤ x ≤ ae,

∂Pe

∂t
= dPe

∂2Pe

∂x2
+ VmaxSe

KM + Se
,

(4)

here Se(x,t), Pe(x,t) are the concentrations of the substrate and
he reaction product in the enzyme layer, respectively. Vmax is the

aximal enzymatic rate. KM is the Michaelis–Menten constant for
lucose. dSe and dPe are the diffusion coefficients of the substrate
nd the reaction product in the enzyme layer, respectively. The
oncentration of the reaction product at the surface of electrode
x = 0) is equal to zero due to the fast electrochemical oxidation of
he hydrogen peroxide. As the substrate is an electro-inactive sub-

tance, the following boundary conditions for t > 0 can be applied
o the system:

∂Se

∂t
(t, 0) = 0, Pe (t, 0) = 0. (5)
81 (2010) 1245–1249

Let x = 0 represent the surface of the electrode, while x = ae + am

is the boundary between the diffusion layer and the buffer solution.
The biosensor operation starts when some substrate appears in the
bulk solution. This is used in the initial conditions (t = 0):

Se (0, x) = 0, Sm (0, ae + am) = S0,
Pe (0, x) = 0, Pm (0, x) = 0.

(6)

On the boundary between two regions with different diffusion
coefficients we define the compatibility conditions (t > 0). These
conditions mean that the concentration and the fluxes of the sub-
strate and the product through the outer membrane are equal to
the corresponding concentrations and fluxes entering the surface
of the enzyme layer:

Se (t, ae − 0) = Sm (t, ae + 0) ,
Pe (t, ae − 0) = Pm (t, ae + 0) ,

dSe

∂Se

∂x
(t, ae − 0) = dSm

∂Sm

∂x
(t, ae + 0) ,

dPe

∂Pe

∂x
(t, ae − 0) = dPm

∂Pm

∂x
(t, ae + 0) .

(7)

We introduce the concentration S of the substrate and the con-
centration P of the reaction product in the entire domain as follows
(t > 0):

S (t, x) =
{

Se (t, x) , 0 ≤ x ≤ ae,
Sm (t, x) , ae ≤ x ≤ ae + am,

P (t, x) =
{

Pe (t, x) , 0 ≤ x ≤ ae,
Pm (t, x) , ae ≤ x ≤ ae + am.

(8)

Both concentration functions S and P are continuous in the entire
domain.

Biosensor development and modelling from both chemical and
mathematical point of view are presented in a monograph [9].

3. Results and discussion

3.1. Digital simulation

Serious difficulties can arise when one tries to solve analytically
a multidimensional non-linear system of partial differential equa-
tions with complex boundary conditions. Therefore, the problem
was solved numerically [10,11]. All simulations were carried out
using MATLAB. We solved the initial-boundary value problems for
systems of parabolic partial differential equations. The finite differ-
ence technique was applied for discretization of the mathematical
model. A uniform discrete grid was introduced in x direction. The
second order approximation to the solution is made on the mesh
in x direction. The time integration was achieved with dynamically
selected time step. Having a numerical solution of the system of
partial differential equations, the density of the biosensor current
was calculated.

The steady-state biosensor current I (the biosensor response)
is one of the most important characteristics of biosensors. The
recorded current is a response of a biosensor to the glucose con-
centration in the bulk. The current depends upon the flux of the
reaction product at the electrode surface. The current density i(t)
at time t can be obtained explicitly from Faraday’s law and Fick’s
law using the flux of the product concentration at the surface of the
electrode:

i (t) = neFdSe
∂Pe

∂x
(t, 0) , (9)
where ne is a number of electrons, involved in the charge trans-
fer at the electrode surface, and F is the Faraday constant,
F = 96,485 C/mol. The steady-state current I is defined as:

I = lim
t→∞

i (t) . (10)
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ig. 1. Dependence of the linear diapason of action of the biosensor (A) and sensitivi
embrane.

To obtain the concentration profiles in the steady-state, the cal-
ulations were continued while the concentration profiles stopped
hanging. In digital simulation, the biosensor response time,
amely the time moment of occurrence of the steady-state current,
as calculated using the following formula:

= min
i(t) > 0

(
t :

1
i(t)

∣∣∣di(t)
dt

∣∣∣ < ε
)

, (11)

here ε is the given dimensionless decay rate. ε = 10−3 was used
or the calculations. Simulation time 5000 s was chosen so that
t guarantees an accurate simulation of the steady-state current.
he steady-state currents were calculated for the modelled biosen-
or response when the substrate concentration S0 changes up to
5 mM.

The activity of the enzyme depends on pH of solution. It is
escribed by the following equation:

(pH) = Vmax

10−pH+pKa1 + 10pH−pKa2 + 1
, (12)

pKa1 and pKa2 are the values of the ionogenic groups of the
nzyme active centre responsible for the activity.

Using computer simulation the influence of the variations of
H as well as the variations of the diffusion coefficient and the
hickness of the outer membrane on the biosensor response was
nvestigated. The following values of the parameters were con-
tant in the numerical simulation of all the experiments: the
quare of the flat electrode S = 2 mm2; the thickness of the enzyme
ayer ae = 4 �m; the diffusion coefficients of the substrate and
he reaction product in the enzyme layer dPe = dSe = 70 �m2/s;
M = 0.23 mM; Vmax = 1.1 mM/s, pKa1 = 3.5, pKa2 = 7.3. The numeri-
al solution of the model was evaluated for different values of input
arameters. In all numerical experiments the diffusion coefficients
f the substrate dSm and the reaction product dPm in the membrane

ere changed from 3 to 12 �m2/s. The thickness of the diffusion

ayer (outer membrane) am was changed from 5 to 25 �m. In this
imulation pH value was calculated at the point of maximal activ-
ty of the enzyme (the maximal enzymatic rate). In the case of the
iven values of ionogenic groups pKa pH = 5.4.
e biosensor (B) on diffusion coefficient (degree of acetylating) of the outer cellulose

3.2. Biosensor response

The response of the electrochemical glucose oxidase based
biosensors was monitored by the outer membrane possessing dif-
ferent permeability. The sensitivity and the linear response of the
biosensor depend on acetylating degree of the cellulose membrane.
When the enzyme layer on the electrode surface is covered with a
cellophane possessing high permeability for small molecules, like
glucose, the linearity of the biosensor (the concentration substrate
when the response of the biosensor differs from the linear mode
more than 5%) is short (Fig. 1A), but the biosensor possesses a high
sensitivity (Fig. 1B). It is a typical feature of the biosensor acting
in a kinetic mode. Increasing the acetylating degree of the cel-
lulose membrane (decreasing the permeability), the linearity of
the biosensor is increasing, and the sensitivity is decreasing. The
biosensor is switching to the diffusion mode of action. It is obvi-
ous that a set of parameters affecting the response of the biosensor
depends on the biosensor action mode, and the impact of the same
parameters is different.

3.3. KM(app.) fluctuations

As a sensitive element of the mode of the biosensor action
KM(app.) and Vmax(app.) were selected. Parameter KM was selected,
because it is easy to determine the value of KM(app.) (from the
concentration of substrate/response curve). Calculated from exper-
imental results KM(app.) covers all parameters responsible for the
enzyme action (denaturation of the enzyme, the shape of the active
centre, the inhibition of an enzyme, and other parameters affect-
ing the capability of the enzyme to recognize its substrate). The
fluctuations of KM(app.) directly reflect the integrated number of
impacts of a number of factors affecting the biosensor action. Taking
into account that limited acceptable fluctuations of the biosensor
response should not exceed 5%, we calculated how KM(app.) can be
changed to satisfy this requirement. Data are presented in Fig. 2.

As can be seen in the case of a thin membrane and a high dif-

fusion coefficient the biosensor operates in a kinetic mode and the
response of the biosensor is very sensitive to any fluctuations of
the value of the KM(app.). If the membrane is not tightly fixed on the
electrode (this can be observed in flow-throw systems when the
pressure of the liquid fluctuates, especially in the case when the
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ig. 2. Dependence of the limited increase of KM(app.) on membrane thickness and
iffusion coefficient. Limited decrease of KM(app.) will be symmetric (not shown).

eristaltic pumps are used), it can wave. The membrane can swell.
n both cases the thickness of the membrane (thereby, the diffu-
ion way) can be changed. Calculations show, that the increase of
he membrane thickness 5 times increases the allowed fluctuations
f the KM(app.) from 30.8 to 111.5%. It means that the biosensor is
witching to the diffusion mode of action and the impact of fluctua-
ions of the enzyme structure and the capacity to bind the substrate
educes 3.6 times. Thereby, the impact of the enzyme selectivity
n the biosensor selectivity also decreases. The obtained data can
e useful in modeling the action of the artificial catalytic activities
perating in the heterogeneous catalytic systems, both analytical
nd reactor.

The biosensor is sensitive to the fluctuations of the diffusion
oefficient. The outer membrane can be glued by adhesive com-
onents from the bulk. This can be observed very often when the
iosensor operates in the blood. The decrease of the permeability of
he membrane 4 times switches the mode of action of the biosen-
or to the diffusive mode. This allowed the fluctuations of KM(app.)
o increase up to 3 times. In a deep diffusive mode (thick highly
cetylated membrane), the fluctuations of KM(app.) up to 400% do
ot influence significantly the biosensor response.

.4. V fluctuations
max

Vmax of the immobilized enzyme can be affected by a num-
er of factors of the matrix. How important is it to the biosensor
esponse? The activity of the enzyme directly impacts the response

Fig. 3. Dependence of the limited increase and decrease of Vmax
Fig. 4. Dependence of the limited increase of KM(app.) (left axis) on pH and diffusion
coefficient in membrane (cm2/s). Dash line (right axis) is pH dependence of activity
of the native glucose oxidase.

of the biosensor, thereby, the allowed fluctuations of the Vmax. can
be applied in a much shorter diapason, than KM(app.). The fluc-
tuations of the enzyme activity directly affect the ratio of the
kinetic/diffusion modes of action, thereby, increasing or decreas-
ing of the enzyme activity. The permeability of the membrane
also regulates the ratio of the kinetic and the diffusion regimes
of the biosensor. It is obvious that decreasing permeability of the
membrane causes the impact of the fluctuations of the membrane
thickness on the biosensor response to decrease slightly. There-
fore their impacts will not be symmetric as can be seen in Fig. 3.
By increasing the thickness of the membrane from 5 to 25 �m,
we increase the diffusion mode of action, the response time, and
thereby the time of the relaxation of any fluctuations inside the
membrane. Obviously, the limited fluctuations of the enzyme activ-
ity also increase. In the case of highly permeable thin membrane the
limit of the Vmax fluctuations is on the level of 34%, that indicates the
diffusion mode of action of the biosensor. In this case the increase
of the thickness of the membrane 5 times, increases the limit of
fluctuations only to 19%. The reduction of the permeability of the
membrane 4 times increases the level of limited fluctuations about
10–16%. The decreased permeability of the membrane reduces the
influence of the fluctuations of membrane thickness to 12%, as can

be expected.

During the exploitation of the biosensor we can expect inactiva-
tion of the enzyme rather than unexpected activation. The increase
of the enzyme activity can switch the mode of the biosensor action

. on diffusion coefficient at different membrane thickness.
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nto the diffusion mode, thereby further increase of the enzyme
ctivity does not influence the response of the biosensor, and the
odel does not describe the process.

.5. pH fluctuations

Another parameter affecting the action of the biosensor is pH.
ts dependence of glucose oxidase is determined by two ionogenic
roups with pKa equal to 3.5 and 7.3 (calculated from the data pre-
ented in [12]), see Eq. (12). pH activity of the native glucose oxidase
n the solution is depicted in Fig. 4 (dashed line, right axis).

As can be expected, pH affects the ratio of the diffusion/kinetic
odes, thereby, it also affects the impact of the enzyme capacity

o bound the substrate. The higher the activity of the enzyme, the
eeper the diffusion mode of action is, the lower is the impact of
he pH dependence.

. Conclusion

In this study we have demonstrated a mathematical model,
llowing to predict the operational stability of the biosensor and
valuate the influence of the membrane thickness, the diffusion
oefficient and pH on the metrological parameters of the biosen-
or. In a deep diffusive mode (thick highly acetylated membrane),
he fluctuations of KM(app.) up to 400% do not influence significantly
he biosensor response. The activity of the enzyme directly impacts

he response of the biosensor. In the case of highly permeable thin

embrane the limit of the Vmax fluctuations is on the level of 34%,
hat indicates the diffusion mode of action of the biosensor. The
ncrease of the thickness of the membrane 5 times, increases the
imit of fluctuations only to 19%. The reduction of the permeability

[
[

[
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of the membrane 4 times increases the level of limited fluctua-
tions about 10–16%. The model shows, that in the case of diffusion
mode of action the fluctuations of KM(app.) affects the response of
the biosensor much weaker than the fluctuations of the enzyme
activity. It means that the substrate specificity of the biosensor,
operating in the diffusion mode of action will be smothered. The
importance of the sensitivity of the enzyme activity on pH has been
evaluated in different modes of the action of the biosensor.
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