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Software for the automatic non-linear least squares fit of chronoamperometric responses corresponding
to sandwich-type amperometric biosensors has been developed. The so-called Simplex algorithm com-
putes a minimum value for the difference between experimental and theoretical data. The latter consider
a numerical model based on a ping-pong reaction mechanism corresponding to an oxidase enzyme that
has been immobilized between diffusion membranes.

The results obtained from the simulation of a first-generation lactate biosensor in presence of 0.1 mM

ﬁ?gggﬁg substrate indicate that the concentration of O, would decrease only 0.1% with regards to its bulk value.
simplex Besides, the concentration of this natural mediator would remain practically unchanged during a typical

calibration curve. This is because the rather high diffusion coefficient of O, and its regeneration at the
electrode surface minimize the concentration changes of this species. In addition, it was found that
the thicknesses of polycarbonate membranes and the enzymatic matrix have average values of 13 um
and 20 pm, respectively. However, these membranes might exhibit smaller thickness depending on the
time provided for the crosslinking reaction. In this regard, if this reaction is slow enough, the enzymatic
matrix would be able to diffuse through the pores of polycarbonate membranes and they will appear to
be thinner than expected. This effect may compromise the response-time and the reproducibility of this
kind of biosensors.
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reaction. The species E;S and E,M are intermediate complexes of
the enzyme with S and M, respectively. From the analysis of Eqs.
(1) and (2) it is possible to obtain the expression that describes the

1. Introduction

The high specificity of enzymes enabled the development of

biosensors, which are devices that can recognize specific substrates
in samples with very complex matrixes [1-6]. The enzymatic reac-
tion is typically detected by electrochemical or spectroscopical
transducers [4-12]. A widely used detection strategy corresponds
to the amperometric biosensors that use an oxidoreductase enzyme
for changing the oxidation state of the substrate [1-6]. The reaction
of several oxidases such as glucose oxidase or lactate oxidase can
be represented by the following ping-pong mechanism [1,2,13]:

ki ok
Er + S2ES3Ey +R (1)
k_q
ks ky
Eo + M2 EoM—E, +P (2)

k_3

where E; and E, are the reduced and oxidized forms of the enzyme,
M is the mediator, while R and P are products of the enzymatic
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velocity of an enzymatic reaction according to a ping-pong scheme
[13-18]:

VUmax
V= 3
1+K5/CS+KM/CM ( )

In this expression vmax=Cgkaoks [(k2+ks)] ' =Cekeat, Ks=kq4
(k_q+ky) [(ky +kq)kq ]_1, and Ky =k (k_3+kyg) [(ky +]<4)k3]_1. The
constants Ks and Ky, are usually called Michaelis’ constants for
S and M, Cg is the total concentration of the enzyme, and the
variables Cy; and Cs indicate the concentrations for M and S,
respectively.

The electrochemical step for most amperometric biosensors can
be represented by the following reaction:
PE M (4)
where the enzymatic product P is electrochemically oxidized to
regenerate M. If the species P and M correspond to H,0, and
0,, the device is denominated a first-generation biosensor [5,16].
However, if this natural redox mediator is replaced by another arti-
ficial electron carrier such as metallic complexes, then it is named
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Fig. 1. Scheme of a sandwich-type amperometric biosensor. The numbers indicate different diffusion membranes.

second-generation biosensor [5,17]. Although oxygen is cheaper
and more stable than any other artificial mediator, the oxidation
of H,0, requires a rather high potential at which other interfer-
ing species can react [5,13,17,19]. In addition, the concentration
of oxygen is low and it is believed that it might compromise the
stoichiometry of the enzymatic reaction [17-20]. Since most inter-
fering species are negatively charged at pH 7, the first drawback can
be minimized by coating the electrode surface with Nafion [5,21].
The second problem could be solved by using a membrane that tai-
lors the diffusion of oxygen with regards to other reagents [5,13].
Both strategies have been implemented for optimizing sandwich-
type amperometric biosensors, which are typically devices of
first-generation [5,13]. Nevertheless, it is difficult or even impos-
sible to measure the concentration profile of O, into the E-matrix,
without disturbing the normal function of the sensor. Actually, it
is also hard to assess several other variables of the sensor and for
this reason, most advances on the area are based on a number of
hypothesis that intend to explain why a calibration curve provides
better or worse result than others.

The aim of this work is to apply a recently developed model to
fit experimental chronoamperometric transients [13]. This proce-
dure would let us estimate the concentration profiles of involved
species within a sandwich-type amperometric biosensor as well as
other parameters such as the thickness of the membrane and the
E-matrix.

2. The model

The boundary conditions of this model are related to a
sandwich-type amperometric biosensor, where the enzyme is con-
fined within the E-matrix such as the scheme of Fig. 1. It is
considered that, before the addition of the substrate, the concentra-
tions of E and M are constants and the values of Cs and Cp are equal
to zero. The species P can berapidly re-oxidized at the electrode sur-
face, and the effects associated with the migration of species can be
neglected [22,23]. More details about the model can be consulted
in a previous manuscript [13].

The equations used for the evaluation of concentration profiles
are the following [13].

For (xc > x > xp)and (xa > x > xq) :

¢ D;dt

(G = (@) + 5,5

(G y = 2(C) + (G4 ] (5)

For (xp >x>x,):

(@ = @+ 20y 206 + (]

Umax
+ 6
14 Ks /(G + K /(G ©

The thickness of most real sandwich-type biosensors (Ax) goes
between 10 and 100 wm, where the x-axis is normal to the elec-
trode surface and &x corresponds to the grid-size [19,22,24]. The
subindex i represents some of the involved species, while j cor-
responds to a given position within the membrane [13]. The sign
minus is used to evaluate the concentration profiles of S and M
while the sign plus is employed for the case of species P and R. At
the electrode surface (x=0):

I(t) © _ DpdtN (Cp)i

W(r) = I
(D= FAG ™~ a2 G

(7)

In the last expression, ¥(t) corresponds to the dimensionless
current at the time r=NAt. The dimensionless diffusion of the
mediator was fixed as: Dy 8t/8x2 =0.40 [13]. Eq. (7) provides the
theoretical transients that need to be fitted to experimental profiles.

The fit of experimental data with theoretical curves requires
an algorithm that automatically minimizes the difference between
every calculated and measured data point [25-29]. The Simplex
algorithm calculates the goodness of fit (f2) by the following expres-
sion of minimum-squares [27]:

2 I I 2
2 exp,t — lcal,t 9_1
f B Z |: Iexp,Q :|

t=1

where Ieyp, o is the experimental limiting-current, lexp,s and Icape
are the experimental and calculated values of current, and £2 indi-
cates the number of experimental data points. This fitting algorithm
requires a set of starting values (seeds) that the researcher has to
estimate in order to calculate the first theoretical curve [25-28].
Then the Simplex algorithm automatically changes these values
to optimize the fit of the experimental profile, which is in fact a
minimum of 2 [28]. It is critical to provide a good set of seeds, oth-
erwise either the simulated curve will not match the experiment
or the out coming results will be meaningless [26,27]. Concern-
ing this last point, it is suggested to compare the results of a set
of experimental profiles instead of fitting isolated curves [25-27].
Such comparison helps the researcher to realize about the values of
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some variables and/or to find out some misleading results during
the fit.

3. Materials and methods
3.1. Reagents

All solutions were prepared with ultra pure water (18 MQ cm~1)
from a Millipore Milli-Q system. The base electrolyte solu-
tion (0.1 M) consisted in 0.05M HK,;P0,4/0.05M H;KPO4 (Merck,
Germany). This solution was renewed weekly and small amounts
of H,SO4 (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 Pediococus species (Sigma, USA)
was dissolved in 1000 L of base electrolyte. Then, the solution was
separated into aliquots of 20 wL 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 um 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 conven-
tional three-electrode system. The working electrode was a 2 mm
diameter Pt disc (CH Instruments, USA), while a Pt wire was the
counter electrode, and a Ag|AgCl|KCI(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 than that described previously [30]. Shortly,
6.0 mg of a mixture 70/30 mucin/albumin was dissolved in 40 pL
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 polycarbo-
nate. After waiting 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 90 with an Intel
Visual Fortran Compiler for Microsoft Visual Studio 2008. The time
required for each simulated curve was around 5s when a laptop
with an Intel Core i3 processor of 330 MHz was used. Once the
proper set of seeds has been found, the Simplex algorithm usu-
ally requires less than 50 iterations to achieve a minimum value of

2.
4. Results and discussion
4.1. Numerical errors vs. experimental limitations

Every fitting protocol has an error related to the assump-
tions of the model and, in the case of numerical solutions, to the

grid-size (8x)[31]. The assumptions that characterize the model are
described above and more details of this mathematical approach
can be found in a previous manuscript [13]. Fig. 2 shows the errors
introduced to the dimensionless steady-state current (¥ss) and to
the concentration of involved species when grids of different size
are used. This analysis is performed evaluating the dependence of
the relative error on the concentration of substrate. The concen-
trations of species are calculated using the average value of each
reagent into the E-matrix and once the steady-state condition has
been achieved. The numerical error is evaluated from the difference
of curves determined with grids of diverse size and “overcon-
verged” results [31]. The latter corresponds to the use of a grid of
0.1 wm, which ensures very good precision for the calculations, but
requires around an hour to get every simulated profile. However,
such a high precision would not be necessary since the experimen-
tal sensor-to-sensor reproducibility typically goes between 1 and
5% [19,30]. Moreover, Millipore informs that the thickness of its
polycarbonate membranes is between 7 and 22 wm, indicating that
these films may be not entirely flat in the micrometric scale either
[32]. The roughness of other membranes should be even more sig-
nificant, since they would not have the smooth glass-like surface of
polycarbonate membranes. Accordingly, it would not be necessary
to use a grid of very small size. Instead of it, a grid with numerical
error around 1% that provides fast results is preferred.

All calculations shown in Fig. 2 were done considering a biosen-
sor with Ax =100 p.m, where the E-matrix has a thickness of 34 pum
and the diffusion membranes are both of 33 pm. Fig. 2A shows that
the numerical error is around 0.5% for a grid of 1 wm, curve (b),
while the error is higher than 1% for grids larger than 2 m, curves
(c—e). The error of ¥, is more important when the value of Cs is
close to 6 mM. Similar behavior is observed for Cp in the enzymatic
matrix (Cpgm), Fig. 2B. For the higher value of Cs, the lower rela-
tive error is computed for this parameter into the enzymatic matrix
(Cs.em)- Conversely, the value calculated for Gy presents higher rela-
tive error when Cs is increased, Fig. 2D. This is because more amount
of mediator is consumed when the enzyme is in presence of a high
concentration of substrate. As a result of this analysis, and taking
in mind that the thickness of its polycarbonate membranes may
vary from 8 to 20 m, it was selected the grid of 1 wm for fitting
the different experimental profiles [32].

4.2. Fitting chronoamperometric transients

Fig. 3 shows experimental (circles) and simulated (lines) chro-
noamperometric profiles corresponding to a lactate biosensor
prepared with different number of external membranes. As indi-
cated in the experimental section, the external polycarbonate
membrane was placed on top of the E-matrix right after the addi-
tion of glutaraldehyde. Five minutes later, buffer was added to stop
the reaction [30]. Once the first sandwich was prepared, the subse-
quent membranes were added to the sensor. In consequence, it is
obtained a set of profiles with similar values of limiting current, but
different response-time [13]. For the analysis of these transients, it
was considered that Cy =0.274 mM, which is the saturated oxy-
gen concentration in blood [33]. The values of Ky, Ks, and kca: are
well-known [14], while Dp and Dy into the sandwich biosensor
were assumed to be the half of their values in aqueous solution
[34]. With regards to the concentration of the active enzyme within
the E-matrix, it was estimated a value of Cg =1 M by using a for-
mula weight of 350kDa [35]. As an additional constraint it was
required that the Simplex algorithm had to provide the same val-
ues for the thicknesses of the E-matrix and of the inner membrane.
After several fits it was found that all profiles could be fitted with a
rather low value of f2 when the thicknesses of the E-matrix and of
the inner membrane were 20 wm and 4 pm, respectively. Accord-
ingly, those values were set as constants and the software had to
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Fig. 2. Dependence of the relative error of: (A) ¥, (B) Cp, (C) Cs, and (D) Cv on the grid size used. The concentration of every species has been averaged into the E-matrix
under steady-state conditions. Cyy=0.274mM, Ds=1x 106 cm?s~!, Dp=5x 106 cm?s~!, Dy =1 x 10> cm? s, Ky =7.1 x 107> M, Ks =2.2 x 10~2 M, Ax=100 p.m, 7=200s,

Vmax =0.10mM s, and grid size/pm=(a) 0.1, (b) 1, (¢) 2, (d) 5, and (e) 10.

minimize only three variables: the thickness of the sandwich (Ax),
Diac, and a scaling factor. From this second set of fits, it was
found that the scaling factor=0.05, while Dy, decreased from
5x10"6cm2s~! to 3 x 10-6cm?s~! according to the number of
membranes was increased. With regards to Ax the fits pointed out
that this variable depends linearly on the number of external mem-
branes, see Fig. 3B. Moreover, from the linear regression of these
data it was determined a slope of (14 + 1) wm, which would be the
thickness of every polycarbonate membrane added to the sensor.
This resultis in agreement with Millipore’s specifications since they
inform that the thickness of these membranes ranges from 7 to
22 pm [32]. The most relevant data obtained from these fits can be
consulted in Supporting information, Table S1.

Curiously, the membranes that are directly bounded to the E-
matrix evidenced smaller thickness than the others. The values
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Fig. 3. (A) Experimental (circles) and simulated (lines) normalized current
transients measured for different number of external membranes and (B)
dependence of the calculated external membrane thickness on the num-
ber of membranes. The parameters used for the fits are: Cy=0.274mM,
Dp=5x10%cm?s !, Dy=1x10">cm?s™ !, Ky=7.1x10"°M, Ks=22x102M,
Umax =0.10mMs~!, Cs =0.1 mM, thicknesses of inner membrane =4 pm, and thick-
ness of the E-matrix =20 wm.

calculated for the inner and outer membranes are 4 and 5 pm,
respectively. In order to study this outcome, a new sandwich-
type biosensor was prepared. In this case, after the addition of
glutaraldehyde, we wait for 5 min before placing the external poly-
carbonate membrane. In consequence, the E-matrix was already a
hydrogel at the time that the external membrane was placed. Fig. 4
shows experimental (circles) and simulated (lines) chronoampe-
rometric profiles corresponding to this second lactate biosensor.
After recording the first chronoamperogram, an additional poly-
carbonate membrane was placed between the sandwich and the
electrode surface. The same procedure was performed for the sub-
sequent membranes.

The fits were carried out using the same parameters than
before. After the required preliminary set of fits it was found that
thicknesses of the E-matrix and the external membrane could
be estimated as 20 wm and 13 pm, respectively. With regards to
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Fig. 4. Experimental (circles) and simulated (lines) current transients measured
for different number of inner membranes. The parameters used for the fits
are: Cy=0.274mM, Dp=5x 106 cm2s!, Dy=1x10"°cm?s!, Ky=7.1x 107> M,
Ks=22x10"2M, ¥max=0.10mMs~!, Cs=0.1mM, thicknesses of outer mem-
brane =13 wm, and thickness of the E-matrix =20 pwm.
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this last value, we should remember that the external membrane
was placed when the E-matrix was already a hydrogel. In a sim-
ilar way than before, these values were used as constraints for
the subsequent fits. Thus, it was also necessary to fit three vari-
ables: Ax, Di,c, and the scaling factor. Again an average value of
(4+1)x 105 cm? s~ is found for Dy »c. The thickness of the sensor
also increased linearly with the number of inner membranes and
the value obtained for the scaling factor was equal to 0.3 nA. The
numerical data resulting from these fits can be found in Supporting
information, Table S2.

The parameters obtained from the fit of curve (a) in Fig. 4 were
used to calculate the concentration profiles of involved species in
the sandwich-type amperometric biosensor. These data are shown
in Fig. 5. The concentration profiles of lactate (Cs), H,0, (Cp) and O,
(Cm) are analyzed as functions of the distance from the electrode
surface in Fig. 5(A)-(C), respectively. These figures also show the
evolution of those profiles on time. In this regard, the numbers cor-
respond to the seconds elapsed after the addition of the substrate.
The full straight lines of the figure intend to show the boundaries of
the sensor, while the dashed lines would point out the limits of the
E-matrix. As it can be observed, Cs diminishes at the beginning of
the experiment, but it practically reestablishes the concentration
of the bulk after 30s. At any time the transient of current depends
on the value of Cp within the sensor, which is determined by the
enzyme kinetics and by its own diffusion through the membranes,
Egs. (1)-(6). As a consequence of this, simple analytical equa-
tions can be used for calculating the limiting current, but not for

analyzing the whole chronoamperometric response of this kind of
Sensors.

After 30 s the concentration of H, O, reaches its maximum value
in the E-matrix, Fig. 5B. Under these conditions the value of Cp
is around 0.5 M into the E-matrix and this value would linearly
increase within the linear range of the sensor. Even though the
concentration of O, exhibits a minimum in the E-matrix, this
diminution corresponds only to 0.1% of its concentration in the
bulk. When the same calculation was performed for a solution with
Cs=1mM, the value of C; would have diminished to 0.271 mM
from 0.274 mM. The reason for this insignificant change on the con-
centration of O, is related to the regeneration of this species at the
electrode surface, and to the fast diffusion with regards to the other
reagents. Besides, sandwich-type biosensors are rarely exposed to
higher concentrations of substrate, since blood samples are diluted
[13,36].

As indicated above, the thicknesses estimated for the outer and
inner membranes are 13 and 4 wm, respectively. Conversely, if
the external membrane is placed right after the addition of glu-
taraldehyde, the thicknesses calculated for the membranes that
are directly bounded to the E-matrix were both around 4 pm,
Fig. 2. To explain this, it is necessary to consider the preparation
of the biosensor. In this regard, the E-matrix consists on a solution
of macromolecules that can diffuse through the holes of poly-
carbonate membranes. Once the glutaraldehyde has been added,
the E-matrix becomes a hydrogel that cannot escape from the
sandwich. Consequently, polycarbonate membranes appear to be
thinner than expected because they have been partially filled with
the E-matrix. Thus, when the external membrane is placed after
the crosslinking reaction, the E-matrix can only diffuse through the
inner membrane. This effect has been schematized in Fig. 5 where
dashed lines indicate the thickness of the E-matrix while the dotted
line would point out the actual limit of the inner membrane. The dif-
fusion of the E-matrix into the membranes does not only affect the
thickness, but also the response-time of a sandwich-type biosen-
sor. For this reason the response indicated by curve (a) in Fig. 3
requires 11 s to reach 95% of the limiting current while the one of
Fig. 4 needs 18s. In brief, the thickness of the external membrane
affects the response time, while the one of the inner membrane
controls the sensitivity of the biosensor, see Figs. 3 and 4.

5. Conclusions

The fit of experimental results of a sandwich-type amperometric
biosensor has been performed using a numerical model coupled to
the Simplex algorithm. The software was used to fit chronoampe-
rometric profiles corresponding to a lactate biosensor in which the
number of inner and outer membranes was varied. These well con-
trolled conditions were used to validate the model and to explain
some characteristics of sandwich-type biosensors.

From the analysis of these curves it was found that the con-
centration of O, would be practically unchanged after the addition
of 0.1 mM of substrate. Moreover, the addition of 1 mM substrate
would only decrease Cy; in 1%, for a stirred system that is typically
saturated with oxygen. The high diffusion coefficient of O, with
regards to the one of the substrate and its regeneration at the elec-
trode surface minimize the concentration changes of this mediator.
Those minor changes calculated for the concentration of O, should
not affect at all the linear response of first-generation biosensors
with sandwich-type configuration.

The thickness of polycarbonate membranes would have an
average value of 13 wm, which is well in the range informed by
Millipore. Besides, the thickness of the E-matrix was estimated
in 20 wm and this value would not significantly change provided
the same experimental conditions are used. In this regard, it is
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imperative to control the time in which the crosslinker agent is
added, since it would determine the degree in which the E-matrix
diffuses through the membranes.

With the data obtained in this work it is possible to go further
and evaluate the effect of other variables such as the concentration
of enzyme, the concentration of crosslinker, and the matrix com-
position. These variables will be discussed in a future manuscript
since it is necessary to consider more parameters such as the
aqueous/matrix distribution coefficient. The Simplex algorithm
automatically minimizes the difference between the experiment
and a theoretical curve. However, the researcher has to decide what
result has more physical meaning from a set of local minima.
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