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a  b  s  t  r  a  c  t

A  comprehensive  numerical  treatment  of  the diffusion  and  reaction  within  a  sandwich-type  ampero-
metric  biosensor  is  presented.  The  model  considers  that  the  enzyme  reacts  according  to  a  ping-pong
mechanism  and  that  it is  entrapped  into  a so-called  enzymatic  matrix  placed  between  two  diffusion
membranes.  It is  found  that  the  concentrations  of  reagents  and  products  within  the sensor  are  difficult
of being  compared  to those  of  the  bulk.  In  this  regard,  the  use  of  approximate  analytical  solutions  would
involve  errors  in  the  analysis  of  kinetic  parameters  corresponding  to this  kind  of biosensors.  Provided  the
mediator  species  are  in  high  concentration  or diffuse  much  faster  than  the  substrate,  the response  time
of a  biosensor  of  this  kind  would  be  determined  by  the  diffusion  of  the  substrate  though  the  external
membrane.  In  this  sense,  those  systems  with  immobilized  mediators,  in which  diffusion  of  electrons  or
inite difference
andwich-type biosensor
actate
ydrogel
xidase

holes  is  assumed  for the  charge  transport  process,  could  be  also  described  by  this  model.  Thus,  the  thick-
ness and  the  permeability  to  the  analyte  of  the  external  membrane  are  critical  parameters  for  improving
the response  time  of  a  sandwich-type  biosensor.

The  simulated  curves  are  compared  with  experimental  profiles  corresponding  to  a lactate  amperomet-
ric biosensor  obtaining  consistent  results.  In  a future  publication  a  non-linear  fitting  algorithm  will be
combined  to the  model  for  the  extraction  of  kinetic  and/or  geometric  parameters.
. Introduction

Amperometric enzyme-based biosensors are devices that have
hown to be extremely useful for monitoring and quantifying wide
ariety of substances related to clinical, environmental and food
amples [1–8]. The success of an amperometric biosensor particu-
arly depends on the strategy for immobilizing the enzyme at the
urface of an electrode [1,3,4,6,7].  A simple approach that has been
idely used corresponds to the so-called sandwich-type ampero-
etric biosensors [3,4,9–11]. These devices are based on trapping

he enzyme between two membranes that, at the same time, serve
or the diffusion-controlled transport of species and the rejection of
otential interferences [9,10].  The general situation of a sandwich-
ype amperometric biosensor is schematized in Fig. 1.

There are different strategies for immobilizing the enzyme
etween the two polymeric membranes. In all cases, the enzyme

s physically or chemically linked to a given matrix or composite,

he enzymatic matrix (E-matrix), that would ensure the stability
f the enzyme and improve the performance of a given biosen-
or [1,6]. Thus, the sensor has the shape of a sandwich where the

∗ Corresponding author. Tel.: +54 351 4334169/80; fax: +54 351 4334188.
E-mail addresses: fgaray@fcq.unc.edu.ar, fsgaray@gmail.com (F. Garay).

925-4005/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.snb.2011.12.079
© 2012 Elsevier B.V. All rights reserved.

two  diffusion membranes entrap the enzymatic matrix [3,4,11]. The
convection movement of the electrolyte stops at the outer mem-
brane, while the flow of reagents and products is controlled by
diffusion within the sensor (Fig. 1). In this work, it is assumed that
the enzyme is an oxidase that catalyzes the oxidation of a sub-
strate (S) and the reduction of the mediator (M)  according to a
conventional ping-pong mechanism [11–18].

Even though the mediator could be any species that involve a
reversible redox couple, oxygen was  selected simply because it
is the natural mediator of most oxidases and several enzymatic
constants are available for ping-pong reactions with this reagent
[1,2,11,18]. Besides, the concentration of oxygen in aqueous solu-
tions or blood is well-known, it is present in most real samples,
it is free, and it is more stable and diffuses much faster than the
other involved species (which is an important advantage over other
mediators) [1].  Although both products of the enzymatic reaction
can diffuse within and without the sensor, only the species (P) is
considered to be electroactive. The reactions occurring in the enzy-
matic membrane can be summarized as:

Er + S
k1
�ErS

k2−→Eo + R (1)

k−1

Eo + M
k3
�
k−3

EoM
k4−→Er + P (2)

dx.doi.org/10.1016/j.snb.2011.12.079
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:fgaray@fcq.unc.edu.ar
mailto:fsgaray@gmail.com
dx.doi.org/10.1016/j.snb.2011.12.079


M.R. Romero et al. / Sensors and Actuators B 162 (2012) 284– 291 285

h-typ

w
w
w
t

P

c
r
i
o
a
fi
l
l
c
A
h
i
e

t
c
t
i
m
[
t
i
[
o
e
c
F
t
s

r
p
c
a
o
s
a
a
c
k

Fig. 1. Scheme of a sandwic

here Er and Eo are the reduced and oxidized forms of the enzyme
hile ErS and EoM are the intermediate complexes of the enzyme
ith substrate and mediator, respectively. The following reaction

akes place at the electrode surface:

−2e−
−→M (3)

In this way, the oxidation of the enzymatic product P electro-
hemically regenerates the species M.  Species P and M may  be
eplaced by H2O2/O2, or by any other redox couple in which organic,
norganic, or metal–organic complexes that usually involve cations
f Fe, Ru or Os mediate the transfer of charge between the enzyme
nd the electrode [1,2,11,17,18].  The main objective of adding arti-
cial mediators is to increase the concentration of M (CM) and to

ower the potential applied to the working electrode [1,2]. The
atter diminishes the effect of interfering species that are electro-
hemically active when the applied potential is around 0.6 V versus
g|AgCl. For the case of sandwich-type amperometric biosensors,
owever, other strategies such as the chemical modification of the

nner and/or the outer membranes can be used to minimize the
ffect of interfering species [1,3,9,11].

For the analysis of reactions (1) and (2) it is necessary to consider
he concentration of species into the E-matrix. Moreover, the con-
entration of reagents and enzymatic products can vary according
o their position from the electrode. As a consequence, the complex
nterplay of diffusion and kinetic contributions provides ampero-

etric signals that cannot be described by an analytical expression
17]. In this regard, approximate solutions can rarely be used since
he boundary conditions of most systems change from a limit-
ng situation to another while a calibration curve is carried out
17,19]. On the contrary, numerical simulation can be applied not
nly to calculate the response of a biosensor over a wide range of
xperimental parameters, but also to get an insight about the con-
entration profiles of involved species within the film [17,19,20].
or these reasons, numerical techniques have been used to describe
he transients and the steady-state situations of numerous biosen-
ors related to diverse boundary conditions [17,20–29].

In this work, a simple and comprehensive numerical algo-
ithm is provided to solve the coupled non-linear kinetic-diffusion
roblem of a sandwich-type amperometric biosensor. The model
onsiders that the enzymatic reaction takes place according to

 ping-pong mechanism, which would be the case for most
xidase-type enzymes [13,14,18].  Taking into account that most
andwich-type biosensors have thicknesses that go between 10

nd 100 �m,  this simple explicit algorithm would be an effortless
nd fast enough way to describe the responses as well as the con-
entration profiles associated with amperometric sensors of this
ind [28]. More complicated mathematical approaches should be
e amperometric biosensor.

used for the case of biosensors of nanometric thickness [17]. With
a better understanding of the several variables that affect a sen-
sor of this kind, it would be easier to explain experimental effects
such as the lack of linearity of a calibration curve. Finally, simu-
lated results are compared with experimental data corresponding
to a sandwich-type lactate biosensor.

2. The model

For the development of a theoretical model that describes an
enzymatic biosensor based on the scheme of Fig. 1 it was  assumed
that:

- The enzyme is present only in the E-matrix and has a constant
concentration value (CE).

- For t = 0, the concentration of M (CM) is a constant and the con-
centration of S (CS) and P (CP) is equal to zero in the sensor and
the solution.

- Within the sensor, the diffusion coefficient of every involved
species is constant and the enzyme cannot move since it has been
cross-linked with the E-matrix.

- The enzymatic product P can be rapidly re-oxidized at the elec-
trode surface, thus (CP)x=0 = 0.

- The thickness of the biosensor (�x) would be between 10 and
100 �m,  which is a typical thickness for sandwich-type biosen-
sors [11,27]. Thinner or thicker films would require either longer
calculation times or a better calculation mesh [17]. However,
since the result can be obtained within 10 s, we prefer the sim-
plicity of this explicit algorithm [28].

- The concentration of background electrolyte is high enough to
neglect effects associated with the migration of species [29,30].

From the analysis of Eqs. (1) and (2) it is possible to obtain the
following expression:

v = vmax

1 + KS/CS + KM/CM
(4)

where vmax = CEk2k4[(k2 + k4)]−1 = CEkcat, KS = k4(k−1 + k2)[(k2 +
k4)k1]−1, KM = k2(k−3 + k4)[(k2 + k4)k3]−1, while KS and KM are
usually called the Michaelis constants for S and M, respectively.
If there is linear mass transfer along the x-axis that is normal
to the electrode surface, then the diffusion of species within the
membranes, i.e. ∀x/(xc ≥ x > xb)∧(xa ≥ x > x0) can be described

by the following set of equations:

∂CS

∂t
=  DS

∂2CS

∂x2
(5)
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∂CM

∂t
= DM

∂2CM

∂x2
(6)

∂CP

∂t
=  DP

∂2CP

∂x2
(7)

∂CR

∂t
=  DR

∂2CR

∂x2
(8)

here DS, DM, DP, and DR are the respective diffusion coefficients
or the species within the membrane. The following equations are
sed to consider the reactions at the enzymatic matrix, i.e. ∀x/(xb ≥

 > xa):

∂CS

∂t
= DS

∂2CS

∂x2
− vmax

1 + KS/CS + KM/CM
(9)

∂CM

∂t
= DM

∂2CM

∂x2
− vmax

1 + KS/CS + KM/CM
(10)

∂CP

∂t
=  DP

∂2CP

∂x2
+ vmax

1 + KS/CS + KM/CM
(11)

∂CR

∂t
=  DR

∂2CR

∂x2
+ vmax

1 + KS/CS + KM/CM
(12)

inally, the flux of species at the electrode surface is described by:

I(t)
neFA

= −DP

(
∂CP

∂x

)
x=0

= DM

(
∂CM

∂x

)
x=0

(13)

∂CS

∂x

)
x=0

=
(

∂CR

∂x

)
x=0

= 0 (14)

To evaluate concentration profiles and the respective outcomes
f the model Eqs. (5)–(14) are reformulated according to the fol-
owing finite difference expressions:

For x/(xc ≥ x > xb)∧(xa ≥ x > x0):

(Ci)
t+1
j = (Ci)

t
j + Di �t

�x2
[(Ci)

t
j−1 − 2(Ci)

t
j + (Ci)

t
j+1] (15)

For x/(xb ≥ x > xa):

(Ci)
t+1
j = (Ci)

t
j + Di �t

�x2
[(Ci)

t
j−1 − 2(Ci)

t
j + (Ci)

t
j+1]

± vmax

1 + KS/(CS)t
j + KM/(CM)t

j

(16)

here the sign minus is applied to solve Eqs. (9) and (10) while the
ign plus is used for the case of Eqs. (11) and (12). The subindex i
epresents a given species, while j corresponds to a given position
ithin the membrane [28]. For x = 0:

 (t) = I(t)
neFAC∗

S

t

�x
= DP �tN

�x2

(CP)t
1

C∗
S

(17)

In the last expression, � (t) corresponds to the dimensionless
urrent at the time t = N�t. The dimensionless diffusion of the medi-
tor was fixed as: DM�t/�x2 = 0.45 [28]. Eqs. (15)–(17) provide
he theoretical transients from which steady-state currents can be
xtracted.

. Experimental

.1. Reagents
All solutions were prepared with ultra pure water (18 M cm−1)
rom a Millipore Milli-Q system. The base electrolyte solu-
ion (0.1 M)  consisted in 0.05 M HK2PO4/0.05 M H2KPO4 (Merck,
ermany). This solution was renewed weekly and small amounts
uators B 162 (2012) 284– 291

of H2SO4 (Baker, USA) or KOH (Merck, Germany) were used to fix it
at pH 7.0. Stock solutions of 0.1 M lactate (Sigma, USA) and 5% (v/v)
glutaraldehyde (Backer, USA) were prepared in the base electrolyte.
A total amount of 100 U LOD from Pediococcus species (Sigma, USA)
was  dissolved in 1000 �L of base electrolyte. Then, the solution was
separated into aliquots of 20 �L and stored at −20 ◦C. Thus, every
aliquot bears 2 U of LOD. Mucin (Sigma, USA) was mortared and
stored as dry powder at 4 ◦C. Bovine serum albumin (Sigma, USA)
was  used as received. All solutions were stored at 4 ◦C. All reagents
were of analytical grade and used as received. Polycarbonate mem-
branes of 0.05 �m pore size were cut in discs of 6 mm diameter
(Millipore, USA).

3.2. Apparatus

All electrochemical experiments were performed with an
Autolab PGSTAT 30 Electrochemical Analyzer (Eco Chemie, The
Netherlands). The measurements were carried out using a con-
ventional three-electrode system. The working electrode was a
homemade 2 mm diameter Pt disc, while a Pt wire was the counter
electrode, and a Ag|AgCl|KCl (3 M)  (CH Instruments, USA) was the
reference electrode. Amperometric detection was carried out under
batch conditions and the solution was  stirred at 120 rpm during the
whole electrochemical experiment.

3.3. Construction of the enzymatic electrode

In this work the strategy for preparing the enzymatic LOD-
matrix is the same as that described previously [11]. Shortly,
6.0 mg  of a mixture 70/30 mucin/albumin was dissolved in 40 �L
of base electrolyte and then transferred into a vial containing 2 U
of LOD. Each enzymatic electrode was  prepared using an aliquot of
6 �L LOD-matrix mixed with 3 �L of glutaraldehyde. The resulting
hydrogel was entrapped between two membranes of polycarbon-
ate. After waiting for 5 min, buffer solution was used to rinse the
electrode and eliminate glutaraldehyde molecules that did not
react in the E-matrix.

3.4. Calculations

All calculations were performed in Fortran 77 with an Intel
Visual Fortran Compiler for Microsoft Visual Studio 2008. The time
required for each simulated curve was around 5 s when a laptop
with an Intel Core i3 processor of 330 MHz  was used.

4. Results and discussion

Considering that Eq. (3) takes place when a platinum work-
ing electrode is kept at 0.65 V, the enzymatic product H2O2 can
be rapidly re-oxidized at the electrode surface, and its concentra-
tion at x = 0 will be zero during the whole experiment [31,32].  In
other words, Nernst equation is considered at the electrode sur-
face and the electrochemical reaction is limited by the diffusion of
H2O2 at any time. Within the sensor, the diffusion coefficient of
every involved species is considered constant. Besides, the diffu-
sion coefficients of H2O2 and O2 are the highest when compared
with the other species. The enzyme cannot move since it has been
cross-linked with the E-matrix. The solution and the sensor are sat-
urated with O2 prior to the beginning of the experiment, while
S is added to the solution at t = 0. Although the thickness of the
biosensor (�x) could take practically any value in the theory, most

real sandwich-type biosensors are between 10 and 100 �m thick
[11,27]. The thicknesses of the membranes and the E-matrix can be
changed. In this opportunity, however, it is assumed a sandwich-
type biosensor with �x  = 100 �m where the membranes and the
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Fig. 2. (A) Transients of � –t calculated for: CS = 0.1 mM,  CM = 0.274 mM,  DS = 1 × 10−6 cm2 s−1, DP = 5 × 10−6 cm2 s−1, DM = 1 × 10−5 cm2 s−1, KM = 7.1 × 10−5 M,  KS = 2.2 × 10−2 M,
� c) 0.0
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x  = 100 �m,  �t = 40 ms,  and different values of vmax (mM  s−1): (a) 0.010, (b) 0.033, (
max. (C) Dependence of (tresp)−1 on vmax.

nzymatic matrix have the same thickness 33 �m.  In a future pub-
ication, a non-linear fitting algorithm will be implemented to fit

 set of experimental curves and estimate the actual thickness of
hese layers [17,33,34].

All simulated curves are presented (or analyzed) against dimen-
ioned variables. It is expected that the discussion and conclusions
an be easily understood in this way.

Typical transients of the dimensionless current as function of
ime calculated for different values of vmax are shown in Fig. 2A.
or those calculations, the values of KM and KS corresponding to
he enzyme lactate oxidase (LOD) exposed to O2 and d-lactate
ave been used, respectively [14]. It was also considered that
M = 0.274 mM,  which is the saturated oxygen concentration in
lood [35]. As stated above, a thickness of 33 �m has been con-
idered for the diffusion membranes and the enzymatic matrix of
his sandwich-type biosensor.

The different profiles clearly exhibit an increase of � when
he value of vmax is raised. Actually, provided vmax < 3 mM s−1, lin-
ar behavior is observed for the dependence of the dimensionless
teady-state current (� ss) on vmax. When vmax is too high the last
erm of Eq. (16) competes with the term corresponding to the dif-
usion of S and/or M,  resulting in lower current than expected. In
ther words, the diffusion of S and/or M is not high enough to keep
he entire amount of enzyme working in the sensor.

Fig. 2C shows that the concentration of the enzyme in the sand-
ich can be linearly related to the reciprocal of the response time

tresp) determined when the signal reaches the 95% of � ss. This
utcome cannot be easily explained since it is rather difficult to
easure the concentration of O2 within the enzymatic matrix

r in the inner membrane. Csóka et al. found that O2 would be
otally depleted if this molecule would diffuse through an enzy-

atic membrane of 200 �m [36]. Nevertheless, their experimental
etup did not involve the regeneration of O2 at the working elec-
rode.
From Eqs. (1) and (2) it is easy to conclude that the mediator is
eing consumed at the enzymatic membrane, and its consumption
ay  compromise the velocity of the enzymatic reaction. However,

or the case of an electrochemical biosensor, the product is oxidized
66, (d) 0.10, (e) 0.33, (f) 0.66, (g) 1.0, (h) 3.3, (i) 6.6, (j) 10. (B) Dependence of � ss on

at the electrode surface and generates back the mediator. Thus, the
consumption of the mediator will be relevant for the enzymatic
reaction depending not only on the value of CM, but also on the
diffusion coefficients of P and M.  The rapid diffusion of these species
through the sandwich minimizes the concentration changes of M
at the E-matrix.

Fig. 3 shows the dependence of the concentration of S, P and M
on the distance from the electrode surface and on the time elapsed
after the addition of S. These concentration profiles help us not
only to understand the role of the diverse variables involved, but
also to design a biosensor of this kind. This figure does not show
the most drastic concentration changes that occur just after the
addition of the substrate. This is because the concentration profiles
were saved every 20 s after the addition of the substrate. It is impor-
tant to remember, however, that for t = 0 the values of CS and CP are
equal to zero within the whole sensor.

All species show linear concentration profiles in the outer and
inner membranes while concentration changes are particularly evi-
denced into the E-matrix, where the enzymatic reaction takes place.
As a consequence of this, those profiles corresponding to the enzy-
matic product show maxima in the central region of the biosensor,
Fig. 3B. This behavior evidences that the enzymatic product diffuses
through both membranes to the electrode and to the bulk. On the
contrary, concentration profiles of the mediator exhibit minima at
the enzymatic matrix since this species is consumed by the enzyme
and regenerated at the electrode surface, Fig. 3C. These results are
in agreement with those of Gros et al., who  studied the concen-
tration of S, P and M species inside a film of 250 nm composed by
polypyrrole and glucose oxidase [23]. They also found that, in spite
of normal oxygen concentrations being around an order of mag-
nitude lower than the physiological level of analytes like glucose,
the use of mass-transport limiting films such as those presented in
Fig. 1, tailors the flux of the substrate and O2 [3,23].

The values of CS and CM into the sandwich are clearly not the

same as those of the bulk. This difference is more significant for
those cases where the value of vmax is high, Fig. 3A3–C3. It is
well-known that mathematical expressions such as Eq. (4) or the
Michaelis–Menten equation indicate the velocity of an enzymatic
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Fig. 3. Concentration profiles of (A) substrate, (B) product, and (C) mediator calculated as function of time and position within the membrane. The parameters used
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re:  CM = 0.274 mM,  DS = 1 × 10−6 cm2 s−1, DP = 5 × 10−6 cm2 s−1, DM = 1 × 10−5 cm2

S = 100 mM,  and on the right side of each group is vmax. The gray wall represents th

eaction. Nevertheless, it is worth to take in mind that these
xpressions involve values of CS, CE and CM that would depend
n the specific region of solution. For the case of an amperomet-
ic biosensor Eq. (4) refers to the concentration of these species
nto the enzymatic matrix, and not to their values in the bulk
19]. Some models assume high substrate concentrations to min-
mize the depletion of the substrate at the electrode surface. This
ssumption greatly simplifies the mathematical treatment of the
roblem, but, as it was pointed out by Bartlett et al., the result-
ng expression is valid only for certain restricted situations [22,37].
oreover, approximated analytical solutions commonly use bulk

oncentrations instead of local concentrations. These solutions
ould particularly fail for systems with low values of CS, where the
M = 7.1 × 10−5 M, and KS = 2.2 × 10−2 M. For (A1)–(C3) CS = 0.1 mM,  for (A4)–(C4)
trode surface.

Michaelis constant is estimated. In this regard, experiments have
shown that substrate depletion should not be ignored, when there
is either low substrate concentration and/or high enzyme activity
[37].

From the analysis of these results it is clear that the performance
of a sandwich-type biosensor of this kind cannot be described by
simply considering the consumption of M,  S, or the generation of P,
since it is a function of several other parameters [9,38].  Although the
concentrations of these species are related, it is necessary to evalu-

ate the whole set of involved variables to provide a comprehensive
description of the system [22]. This set of variables should entail
the enzymatic constants as well as the concentrations and diffu-
sion coefficients of species and particularly the thickness and/or
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of DS the system becomes also controlled by the diffusion of the
enzymatic product.
ig. 4. Dependence of (A) � ss and of the average values that (B) CS, (C) CP and (D) C
sed  are: CM = 0.274 mM,  DS = 1 × 10−6 cm2 s−1, DP = 5 × 10−6 cm2 s−1, DM = 1 × 10−5

a)  10, (b) 1, (c) 0.1, (d) 0.01. Full lines: KM = 7.1 × 10−5 M,  dashed lines: KM = 2.2 × 1

imensions of the biosensor. Thus, the higher consumption of the
ubstrate in the enzymatic matrix is coupled to a proportional
ncrease on the formation of the enzymatic product, Fig. 3B1–3.
owever, the concentration of O2, the mediator, does not signifi-
antly change within the E-matrix, Fig. 3C1–3. On the one hand this
s because O2 is regenerated at the electrode surface and it diffuses

uch faster than the other involved species. On the other hand,
his behavior does depend not only on the ratio between CS(DS)1/2

nd CM(DM)1/2, but also on the constants KM and KS, since these
arameters determine the amount of enzymatic product that can
e generated for a given set of CS and CM.

Fig. 3C4 shows a situation in which the concentration of O2 into
he enzymatic membrane may  be compromised. To achieve this,
ery high concentrations of substrate and values of vmax have been
sed. Even under these extreme conditions, the average concentra-
ion of the mediator in the E-matrix and in the inner membrane is
till far of being zero. Besides, those devices that employ sandwich-
ype biomembranes commonly dilute the sample into a buffer.
hus, they are rarely exposed to solutions with very high values
f CS, directly.

Fig. 4 shows how � ss and the average values for CS, CP and
M in the E-matrix depend on CS. Different values of vmax and the
ffect of varying KM have been also considered. As it is shown in
ig. 2, there is linear dependence between � ss and vmax. In other
ords, those biosensors with higher amount of enzyme will have
igher sensitivity. Provided KM � KS, the value of � ss does not
ignificantly change while CS is increased. This indicates that the
imensional steady-state current can be linearly related to CS, as

t is typically intended for the case of a biosensor. However, if
M ≈ KS, the current of this system may  become limited by CM,
ig. 4A(a′). The analysis of a biosensor with an enzyme present-
ng a ping-pong mechanism is usually simplified to be described
y the Michaelis–Menten equation. This would be actually right

hen 1 � [KS(CS)−1] � [KM(CM)−1]. Accordingly, the value of CS

rom which the value of � ss starts to diminish depends on the
atios KS(CS)−1 and KM(CM)−1. For the case of KM = 2.2 × 10−2 M,
ower amounts of substrate and mediator are consumed, curves
e within the enzymatic membrane as a function of CS in the bulk. The parameters
1, KS = 2.2 × 10−2 M, �x  = 100 �m,  �t = 40 ms, and different values of vmax (mM s−1):

a′. However, also less concentration of product is being generated
in the enzymatic membrane, Fig. 4C.

Fig. 5 presents dimensionless chronoamperometric transients
calculated for a system in which the substrate would have different
diffusion coefficients. This would correspond to a situation where
outer membranes of different pore sizes are evaluated. As it can be
observed, the sensitivity of the signal does not depend on DS, but
the response time does. In this regard, the reciprocal of the response
time shows linear behavior as function of DS. The linear dependence
presented in the inset is not perfect because for the highest values
Fig. 5. � –t transients calculated for: DP = 5 × 10−6, DM = 1 × 10−5, KM = 7.1 × 10−5 M,
KS = 2.2 × 10−2 M,  vmax = 0.01 mM s−1, �t = 40 ms,  �x = 100 �m, CS = 1 × 10−5 M,  and
DS (×107 cm2 s−1) = (a) 1, (b) 2, (c) 4, (d) 8, (e) 10, (f) 20, (g) 40. Inset: Dependence of
the reciprocal of tresp on the value of DS.
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Fig. 6. Experimental calibration curves of lactate biosensors prepared with CE (U):
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Fig. 7. Experimental chronoamperometric profiles for a set of lactate biosensors
prepared with different number of external polycarbonate membranes. Sensors
a)  0.005, (b) 0.01, (c) 0.05, (d) 0.1, and (e) 0.2. The enzyme is LOD and the enzy-
atic product H2O2. E = 0.65 V, pH = 7.0. Inset: Dependence of the slope of calibration

urves on CE.

. Comparison to experimental results

In this section, some characteristics calculated for the responses
f sandwich-type biosensors are compared with experimental data.
o evaluate the effect of vmax on the value of the steady-state
urrent (Iss), a set of calibration curves was performed for lac-
ate biosensors prepared with different concentrations of enzyme,
ig. 6.

For these calibration curves, the enzyme was cross-linked by
sing glutaraldehyde according to the protocol described in Sec-
ion 3. The unique difference is that diverse concentrations of
OD were used for each sensor. As it is shown, the slope of the
alibration curves linearly increases with the amount of enzyme
n the hydrogel. In other words, the sensitivity of the sensor is
mproved when more concentrated enzyme is used. The detection
imit also improves with higher concentration of enzyme. However,
he detection limit increases 3 times for a sensor with 20 times more
oncentrated enzyme. Bearing in mind that typical detection lim-
ts are around 1 �M,  and that the basal level of lactate in blood is
round 1 mM,  it would not be necessary to use too much enzyme
o provide a proper lactate biosensor [10,11].

These experimental outcomes are consistent with the theoret-
cal results of Fig. 2. Nevertheless, the experimental dependence
etween amount of enzyme and Iss would be lower than that pre-
icted theoretically. This is because the model does not consider if
here is a best mass ratio between the enzyme, hydrogel and cross-
inker [10]. The lack of glutaraldehyde may  result in the lost of the
nzyme that was not properly linked to the matrix, while an excess
f cross-linker could denature it [10]. Besides, simulated results do
ot consider effects such as the electrochemical active area or the
atio between diameters of the sandwich and the electrode.

Fig. 7 shows a set of chronoamperometric transients performed
ith a lactate biosensor in which, the number of external poly-

arbonate membranes is changed. After the addition of lactate all
esponses reached practically the same limiting current. A similar
ffect was observed in Fig. 5. In this case, however, the diffusion of
he substrate has been controlled by varying the thickness of the

xternal membrane. The relationship between the variables dis-
ussed in Figs. 5 and 7 could be summarized by the equation of
iffusion: �x2 = 2DStresp [39]. As a result, the tresp will be condi-
ioned by the kind of external membrane that is chosen for a given
were prepared with 0.02 U of LOD and exposed to solutions of 100 �M lactate. Poly-
carbonate membranes have a 50 �m average pore size. Inset: Dependence of (tresp)1/2

on the number of external membranes.

biosensor. Thick membranes with small pore size will have higher
tresp than the thin membranes. This effect should not depend on the
parameters of the enzymatic reaction.

6. Conclusions

A numerical model for the analysis of sandwich-type amper-
ometric biosensors has been presented. The model considers the
reaction of an oxidase enzyme that reacts according to a ping-pong
mechanism in which H2O2 is generated. Although significant effort
has been done for replacing O2, the natural mediator, from a sample,
this molecule would be more stable, naturally available, and with
better kinetic and diffusive characteristics than any other proposed
mediator. Perhaps because of this, the assay of glucose through
enzyme-catalyzed reactions in which H2O2 is amperometrically
measured has been the subject of more than 400 publications [1].
The use of mass-transport limiting films allows tailoring the flux
of substrate and oxygen [3,4], while the effect of interference can
be minimized by utilizing cation exchange or other permselective
membranes [1,3,4].

According to the calculated curves, the concentration of
reagents and products within the enzymatic matrix would rarely
have the same value than in the bulk. In this regard, it is important
to consider not only the concentration of involved species and the
enzymatic constants, but also their diffusion coefficients and the
dimensions of the biosensor.

Simulated profiles were compared with experimental data pro-
viding consistent results. In future publications the model will be
integrated to a non-linear least squares fitting algorithm for esti-
mating the parameters related to the chemical and geometrical
aspects of diverse biosensors.
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