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ABSTRACT

A mathematical model to describe the amperometric response of a sandwich-type biosensor containing
polyphenol oxidase as the recognition catalytic element is proposed. The model was solved numerically
and the resulting nonlinear solution was used to simulate chronoamperometric curves as well as to
estimate the concentration profiles of reagents and products of the enzymatic reaction within the sensor.
Fromm’s systematic method was applied to get a kinetic expression for the analysis of polyphenol oxidase
enzymes. The simulated data are compared with curves corresponding to a biosensor prepared with an
oxidase enzyme that reacts according to a ping-pong mechanism. Although in both cases oxygen is used as
mediator of the enzymatic reaction, the electrochemical step can generate it back from the H, O, released
by enzymes such as glucose oxidase but it cannot do the same in the case of working with polyphenol
oxidase. Most of the calculated profiles and related data are presented using dimensioned variables so
that they can be directly compared with experimental results. Relevant parameters such as limit current,
response-time, and sensitivity are analyzed as function of the thickness of membranes, concentration of

enzyme and concentration of substrate.

© 2014 Elsevier B.V. All rights reserved.

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 [1-4]. The enzymatic
reaction is typically detected by electrochemical or spectroscopic
transducers [4-9]. A widely used detection strategy corresponds to
the amperometric biosensors that use an oxidoreductase enzyme
for changing the oxidation state of the substrate [ 1,4,6]. Recently we
have developed a model to describe the concentration of reagents
and products within a sandwich-type amperometric biosensor in
which the following reactions take place [10,11]:

k] k2
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Those reactions correspond to a ping-pong reaction mechanism
that will be referred as system 1 in this manuscript. It is considered
that the sensor corresponds to a first generation biosensor where
E;: and E, are the reduced and oxidized forms of the enzyme and
where E;S and EoM are the intermediate complexes of the enzyme
with substrate (S) and mediator (M), respectively [10]. The equa-
tions proposed to describe a ping-pong reaction mechanism have
been summarized in Appendix A and further details can be found
elsewhere [10,11].

The reaction mechanism of a polyphenol oxidase (PPO) has a
more complicated reaction mechanism where oxygen, the natu-
ral mediator of this enzyme, is transformed into water and two
molecules of a diphenol are consumed per enzymatic cycle [12]. In
this case, O, cannot be easily replaced by other redox mediators and
in some cases it might limit the enzymatic reaction. In this regard,
it has to be considered that a value of Cy;=0.274 mM corresponds
to the saturated oxygen concentration in blood and so, this would
be the maximum value that can be assumed for this kind of sys-
tem [13]. Although it is very difficult to measure the concentration
profile of O, into the enzymatic matrix of a biosensor where the
concentration can vary dramatically within few micrometers, it is
still possible to calculate and estimate the concentration changes
of involved species within a biosensor [10,11,14,15]. Those results
would help us to optimize the performance of a PPO biosensor as
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well as to explain why a given calibration curve provides better or
worse result than other [16-19].

The aim of this work is to develop a model that simulates
chronoamperometric and concentration profiles corresponding to
a PPO sandwich-type amperometric biosensor. The enzymatic
reaction of PPO will be referred as system 2. The idea is to
compare the reaction mechanism of enzymes such as glucose
oxidase (GOX) and PPO to show their major differences, and to
remark that none of those systems can be properly described by
employing the Michaelis-Menten equation [10,11,15,20-22]. Todo
this, chronoamperometric responses and concentration profiles of
sandwich-type biosensors involving enzymes associated with sys-
tem 1 or 2 are compared. In order to evaluate the dynamic response
of these nonlinear systems, numerical solutions are employed. The
results can be used to estimate the concentration of reagents and
products within a PPO biosensor and to determine the experimen-
tal parameters that would optimize the analytical response of this
kind of devices [11].

2. The model

The reaction mechanism of a PPO involves a quite complex linear
system that can be summarized as follow:

kyq
E; + M—E,P,
ka

(3)

Eq. (3) shows a first step where, the reduced form of the enzyme
(Er) is oxidized to (Eo) by the mediator O, [12]. Reactions such as:
kj
E:M = E,P,

ki1

(4)

are omitted, because steady-state is assumed for these steps [23].
Therefore, the treatment is insensitive to internal intermediates of
this kind [23]. After the oxidation step, the reaction mechanism can
be abbreviated as:

ks ks
EoPy + S2EoP,Q=2EqPy +Q
kq ke

(5)

k7
EoPy=EmP + P
"8

(6)

kg k1
EmP + S=E-PQ=E; +P+Q
k1o k12

(7)

where Ep, is an intermediate redox form of the enzyme, while the
products Q and P correspond in this case to quinone and water,
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respectively. Other species are intermediate complexes of PPO
with the involved substrates and/or products. Egs. (3) and (5)-(7)
describe the system 2. In this work Eqgs. (3) and (5)-(7) have been
evaluated according to the Fromm'’s systematic method to get the
respective steady-state rate expression [23]. After applying this
procedure, it was obtained the following expression for the velocity
of the enzymatic reaction:

V= Vmax (8)
1+ (Ks/Cs) + (Km/Cm) + (Ksm/CsCum)
where Ks =[k7kgki1(kg +ks)+k3ks(ks +kg)(kig +k11 )](k3kgkv)_1 ,

Umax =2 Cgksk7k11(ky) ™! = CeKear, Km = ksk7 k11 (k1ky) ™1,
Ksp = kok7kq1(kg +ks)(kq kgkv)_l , and ky =kskqiq +k7kq11 + ksks.
The constants Ks, Ky;, and Ksy; are usually called Michaelis’ con-
stants, Cg is the total concentration of the enzyme within the
sensor, and the variables Cy and Cs indicate the concentrations
for M and S, respectively. All calculations have been performed
assuming that C; = 0.274mM, which is the saturated oxygen
concentration in blood [13].

At the electrode surface, the reduction of quinones to phenols
takes place according to:

(9)

The boundary conditions of this model are related to a
sandwich-type amperometric biosensor, in which the enzyme is
confined within a matrix such as that of the scheme of Fig. 1. It is
considered that, before the addition of the substrate, the concentra-
tions of E; and oxygen are constants and the values of Cs and Cg are
equal to zero. The electrode potential is selected to rapidly reduce Q
to S. The stoichiometric relationship between the enzymatic reac-
tion and the electrochemical process is considered by v = n;v;, where
n; corresponds to the stoichiometric coefficient of i species in the
global enzymatic reaction [12]. Effects such as diffusion of protons
and migration of charged species are neglected [24,25].

It is assumed that there is linear mass transfer along
the x-axis, which is normal to the electrode surface [10].
Therefore, the diffusion of species within the membranes, i.e.
Vx/(xc>x>Xp) " (Xg >Xx>Xg) can be described by the second Fick’s
law:

ac G
at ' ox2

(10)

where C; and D; are the concentration and the diffusion coefficient
of S, M or Q species. The changes on the concentration of H* and
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Fig. 1. Scheme of the sandwich-type amperometric biosensor considered for the model.
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system 1

system 2

Fig. 2. Theoretical dependence of Cs, Co, and Cp on time and space when a chronoamperometric biosensor works according to the scheme of system 1 (A-C) and system 2 (D-F).
The parameters used are: C; =1x107>M, Ds=1x10"%cm?s~!, Dp=5x10"%cm?s~!, Dy=1x 10" cm?s~!, Ax=100 pm, Ks=10"2M, Ky =10"*M, vmax =2 x 1072 M s,

KSM =10-3 MZ.

H,0 are not considered, since it is supposed to work in an aque-
ous buffered solution. The reactions at the enzymatic matrix are
obtained by combining Eq. (8) with the second Fix’s law. Thus,
Vx[(Xp = X>Xq):

ac;, . dc
at_ Dl 8 2 +v Vi (1 1 )

At the electrode surface, the flux of species is described by:
I(t) dCq Cs

=Dgo| — =-Ds| — 12

neFA Q< x ) >\ ox 0 (12)
<3CM) o (13)

ox | _

x=0

Thus, the reduction of quinones gives negative current and the
number of electrons (ne) is 2. Egs. (10)-(13) can be evaluated by
their reformulation into the following finite difference expressions
where, for the case of x/(xc >x>xp) " (xqa > X>Xg):

D ot

(G =G +

5 (G4 = 2(G)) + (G (14)

While for x/(x, > x>xa):

D;ét
= G -

G = () 2(G)f + (G|

4 VUmax (15)
[14Ks/(Cs); +Kn/(Cm)j + Ksm/(CsCwm); |

The thickness of most real sandwich-type biosensors
(Ax=1006x) goes between 10 and 100 um [10,11,26,27]. The
subscript j corresponds to a given position within the membrane.
The sign minus is used to evaluate the concentration profiles of S
and M while the sign plus is employed for the product Q. At the
electrode surface (x=0):

I(r) 8t Dqdt (Co)j
neFAC SXx  ox2 C¢

v(r)= (16)

In the last expression, ¥(t) corresponds to the dimensionless
current at the time t=Ndt, Dq is the diffusion coefficient of the
electroactive product Q, and C¢ is the value of Cs in the bulk, Fig. 1.
The dimensionless diffusion coefficient of the mediator (Dy8t/5x2)
was fixed to 0.45 and the dimensioned value of Dy; was considered
to be 1x 107> cm?2s~1 [10,28]. Calculations performed with Egs.
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Fig. 3. Chronoamperometric profiles calculated for different values of vmax for (A)
Cs=103M and (B) Cs=10"2M according to reaction Scheme 1, Vmax/Ms~!=(a)
1073, (b) 1074, (c) 2 x 103, (d) 7 x 1073, (e) 1. (C) Theoretical dependence of ¥y,
0N VUmax for Cs/M=(a) 1072, (b) 10-3. Other parameters are: Ds=1x 10~ cm?s~1,
Dp=5x10"%cm?s~!,Dy=1x10">cm?s™ !, Ks=10"2, Ky =10"*M, Ax=100 pwm.

(14)-(16) provided the theoretical chronoamperometric transients
for this model of PPO sandwich-type biosensors.

3. Results and discussion

The results presented in this manuscript are compared or related
to those of a first generation sandwich-type biosensor where an
oxidase enzyme follows a ping-pong reaction mechanism [10,11].
The ping-pong reaction scheme corresponds to a simpler system
and the respective equations have been included in Appendix A
[10].

Fig. 2 compares the dependence of the concentration for sub-
strate (A, D), mediator (B, E) and enzymatic product (C, F) on
distance and time. All plots exhibit the evolution of concentration of
a given species during a hypothetical chronoamperometric exper-
iment corresponding to a biosensor prepared with an oxidase that
follows a ping-pong mechanism (A-C) or with PPO (D-F). The x-
axes correspond to the thickness of the biosensor and the t-axes
correspond to the time elapsed after the addition of S to buffer
solution. Although kinetic constants and other physicochemical
parameters have been kept identical for each system, the com-
parison of the plots placed in the right and left columns show
remarkable differences between both reaction mechanisms. For
the analysis of these plots it is necessary to keep in mind that the
thickness of the biosensor can be divided into three regions corre-
sponding to the outer membrane, the enzymatic matrix, and the
inner membrane.
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Fig. 4. Chronoamperometric profiles calculated for different values of vmax for (A)
Cs=103M and (B) Cs=10"2M according to reaction Scheme 2, vmax/Ms~!=(a)
1075, (b) 1074, (c) 2x 1073, (d) 7x1073, (e) 0.02, () 0.1, (g) 1. (C) The-
oretical dependence of Wy, on vmx for Cs/M=(a) 1072, (b) 10-3. Other
parameters are: Ds=1x10"%cm?s~!, Dp=5x10"%cm?s!, Dy=1x 10" cm?s1,
Ks=10"2,Ky=10"%M, Kspy =105 M2, Ax=100 wm.

Let us now focus on the concentration changes of the substrate,
Fig. 2A and D. At the external edge of the biosensor the value of Cs is
the same than that of the bulk of solution. The value of Cs decreases
almost linearly through the outer membrane and it reaches a min-
imum value in the enzymatic matrix. In both cases the enzyme
consumes the substrate but, the situation changes within the inner
membrane though. The system 2 has an electrocatalytic reaction
that regenerates the substrate at electrode surface, while there is
not such reaction in the case of system 1. As a result, Cs remains
close to zero within the inner membrane of system 1, but in the
case of system 2 the value of Cs increases more or less linearly from
the edge at the enzymatic matrix to the electrode surface.

With regards to the concentration changes of the mediator both
enzymatic reactions consume the species M, but system 1 generates
it back by the electrocatalytic reaction, Fig. 2B and E. This reaction
contributes to keep the value of Cy relatively constant within the
biosensor. Conversely, system 2 does not have an alternative source
of O, and the only way to restore M into the enzymatic matrix is
by its diffusion from the solution.

Both systems show quite similar concentration profiles for the
product of the enzymatic reactions, Fig. 2C and F. In both cases, the
maximum value of Cp is observed within the enzymatic matrix and
it decreases towards the electrode surface where it is consumed
and towards the solution where it is diluted. The main difference
between those profiles corresponds to the larger amount of prod-
uct generated by system 2 with regards to the system 1, which is
a consequence of the electrocatalytic generation of S species. The
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Fig. 5. (A) Theoretical dependence of ¥y, on Ksy. (B) Average values of (a) Cs,
(b) Cp and (c) Gv within the enzymatic membrane calculated for different val-
ues of Ksy, system 2. The parameters used are: C; =103 M, Ds=1 x 10~6cm? s~1,
Dp=5x10"%cm?s™!, Dy=1x10">cm?s~!, Ax=100 wm,Ks =102 M, Ky =10"* M,
Vmax=0.1Ms~1.

substrate reaches the enzymatic matrix not only from the solution
but also from the electrochemical reaction in the case of system 2.
Consequently, an electrocatalytic cycle that enhances the amount
of enzymatic product and the respective current stands for this
reaction mechanism. In this regard, the product generated by the
electrocatalytic reaction affects the steady-state response of the
biosensor. This is because the current directly depends on the con-
centration gradient of the enzymatic product, Eqs. (12) and (16). As
a result, a sandwich-type biosensor prepared with an enzyme that
reacts according to system 2 would have higher signal of current
and longer response time than an equivalent biosensor prepared
with an enzyme that reacts according system 1.

Fig. 3A and B shows theoretical chronoamperometric curves
corresponding to different values of vmax and considering two dif-
ferent values of Cs for the system 1. The dependence of the limiting
dimensionless current ¥);,, on the value of vmax is presented in
Fig. 3C. In a previous work it was found that a ¥y;;, change linearly
with the value of vnax and that ¥ does not depend on the value
of Cs [10]. Fig. 3 shows, however, that some changes occur for sys-
tems with Cs>10-3 M and vmax > 103 M s~!. Provided Cs <103 M,
theoretical chronoamperometric curves are identical to those pre-
sented in Fig. 3A. However, the current will be lower than that
expected because the mediator has been depleted into the enzy-
matic matrix and it is the limiting species of the enzymatic reaction
for Cs > 1073, Fig. 3B. Regarding the effect of vax, it was observed
that the limiting current linearly increases with the value of vmax
[10]. However, Fig. 3C shows that ¥y;,;, increases linearly only for
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Fig. 6. (A) Theoretical dependence of ¥j, on C; and (B) of the normalized
average values of (a) Gs, (b) Gp and (c) Cv within the enzymatic mem-
brane on Ci. The parameters used for system 2 are: Ds=1x10"%cm?s7!,
Dp=5x10"%cm?s™!, Dy=1x10"°cm?s~!, Ax=100 wm,Ks=10"2 M, Ky =104 M,
Ksm=10">M, Vmax =0.1Ms~1.

Umax <1073 Ms~1, Above this value, the dependence of ¥};;, on vmax
deviates from the expected linear behavior until ¥;;, reaches a
plateau for vmax > 0.3 M s~1. A similar behavior can be observed for
the system 2, Fig. 4C. In this regard, the deviation from linearity
observed in Figs. 3C and 4C can be used to estimate vmax by relat-
ing this value with the concentration of enzyme used to prepare a
given biosensor. From the comparison of Figs. 3 and 4 it is also
possible to observe that the electrocatalytic cycle of system 2
provides higher current than that of system 1 if Cs < 10-3 M. Nev-
ertheless, if Cs is close to 10~2 M or above this value, then Cyy — 0
within the enzymatic matrix and the system 2 would show lower
values of ¥};;,, than system 1, Figs. 3B and 4B. Moreover, chronoam-
perometric curves of system 2 can show peak-shaped profiles due
to the depletion of Cy if the values of vmax and Cs are both as high
as in curves Fig. 4B(f and g).

Fig. 5 shows the effect of the parameter Ksy on the value of
Yim as well as on the average values of Cs, Cp and Cy; within the
enzymatic matrix. Fig. 5A shows, in a logarithmic scale, that ¥,
diminishes when the value of Ksy, is increased. In this regard, the
diminution of ¥y;;,, indicates that less amount of enzymatic product
reaches the electrode surface. Chronoamperometric curves calcu-
lated for K5y < 10-> M2 do not change the value of ¥y;,, not shown.
The increment of Ky diminishes the value of the last term of Eq.
(15) and so, it slows down the velocity of the enzymatic reaction.
This effect can be more clearly observed in Fig. 5B, where the con-
centrations of S and M reach practically the values of the solution
bulk for Ky > 1072 M2. Under these conditions, neither Cs nor Cy
would be limiting the enzymatic reaction. On the contrary, both
species are in excess while the kinetics of the enzyme is limiting
the generation of product.
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Fig. 7. Chronoamperometric profiles calculated for different thicknesses of (A)
outer membrane, (B) enzymatic matrix, and (C) inner membrane. The parame-
ters used for system 2 are: C; =103 M, Ds=1x10"%cm?s™!, Dp=5x 106 cm? s,
Dym=1x10"cm?s™!, Ks=102M,Ky=10"*M, Ksy=10">M, vmax=10"3Ms"'.
Axm/pm=(a) 13, (b) 18, (c) 23, (d) 28, and (e) 33.

Fig. 6A shows the dependence of Wiy, on the value of C{. The
value of ¥y, is independent of C¢ for C§ < 10-3 M. Above this con-
centrationrange, the value of ¥j;;;, diminishes when ¢ is increased.
To explain this behavior the dependence of normalized average
values of Cs, Cp and Cy; within the enzymatic membrane is ana-
lyzed on the value of C%, Fig. 6B. The values of Cs and Cp have been
divided by CZ, curves (a, b), while for the case of the mediator it
has been considered the ratio Cy/Cy;, curve (c). For solutions with
C¢< 10-3 M the average concentration of S within the enzymatic
matrix is approximately constant and its value is close to 7% of C.
The relative amount of S increases within the sensor for C¢ > 103M
since the enzymat C{ reaction is being limited by the diffusion of
M. Accordingly, the normalized concentrations of P and M decrease
when the value of C{ increases above 10-3 M, curves (b and c).

So far the discussion has been focused on diverse aspects related
to the enzyme Kkinetics of different sandwich-type biosensors.
Fig. 7 shows changes that can be observed on chronoamperomet-
ric responses due to variations of the geometric characteristics of
the sensor. Fig. 7A shows the effect of varying the thickness of
the outer membrane. All curves have the same value of ¥y, but
their response-time is conditioned by the diffusion of S within
this membrane. In other words, the slower response is observed
for the sensors with thicker external membrane. The thickness
of the enzymatic matrix, however, affects the response-time and
the sensitivity of the sensor, Fig. 7B. Even though the highest
response of current is expected for sensors prepared with the thick-
est enzymatic matrix, such sensors would present also the slowest

Table 1
Comparison between the variables used in this work and experimental data col-
lected from references.

Theoretical data Experimental data References
used in this work
Kyi-m/mM 1012 10~ - 10? [29,30]
kear/s™! 101> 104 10° - 103 [29,31]
Ko2[pM 102 47 [31]
Ce/M 109 — 10~ 109 — 104 [31-33]
Vimax/Ms~! 1075 -1 10-% - 10!
Gs' /M 1075 - 102 1091073 [2,34-37]
Ax[pm 80— 100 10— 100 [10,12,26,38]

3 It is considered that Ky_m = Ks.

response-time, curve 7B(e). The enzymatic sensors prepared with
the thinnest inner membrane should have the highest value of
current, while the response-time does not depend on the thick-
ness of this membrane, Fig. 7C. These results are consistent with
experimental data corresponding to biosensors prepared with lac-
tate oxidase [11]. The reaction of lactate oxidase can be described
according to a ping-pong mechanism such as that described by
system 1 [10].

4. Connection between theoretical and experimental
parameters

Table 1 compares experimental data with the corresponding
theoretical parameters used in this work. Although Michaelis-
Menten equation would not be proper for describing PPO
biosensors, experimental parameters indicate that such equation
would be suitable for the analysis of most PPO biosensors provided
CK,[(C;)” > 10.Under this condition, it can be considered that Ks >
[Km (Cm)~1 +Ksym (CsCm)~1]Cs, and so the Michaelis-Menten con-
stant (Ky-m) tends to Ks. The upper limit of Vpax was estimated
from the product between the maximum values of kc;: and Cg, while
the theoretical data of k¢, and Cg have been calculated from the set
of values considered for Viax. With regards to the thickness, most
sandwich-type biosensors have rather high values of this param-
eter since it depends on the width of the diffusional membranes
employed for the sensor. The diverse values informed for Kyj_u, Kcat,
and Vpay, result from the large number of enzymes corresponding
to the family of PPOs.

5. Conclusions

A numerical model for the description of sandwich-type amper-
ometric biosensors containing PPO as the recognition catalytic
element has been presented. The reaction mechanism of PPO was
analyzed according to Fromm'’s method to get an expression that
considers the enzyme kinetics of this kind of enzymes. Chronoam-
perometric profiles of biosensors prepared with an oxidase enzyme
such as GOX (system 1) and with PPO (system 2) are compared.
Although both systems consume oxygen as mediator of the enzy-
matic reaction, the electrochemical step of system 1 can regenerate
it back from H,0,, while this is not possible in the case of system
2 since PPO produces H,0 and quinone species.

The concentration of reagents and products within the enzy-
matic matrix rarely has the same value than the bulk. Those values
are the result of diverse parameters such as the concentration and
diffusion coefficients of involved species, the enzymatic constants,
and the dimensions of the biosensor that determine the results of
Egs. (14)-(16). The thickness of membranes has noticeable influ-
ence on the response of the sensor. The outer membrane affects
the response-time of the sensor, while the inner membrane influ-
ences the amplitude of the signal. With regards to the enzymatic
matrix, there is a committed relationship for its thickness since
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the thinnest matrixes provides the fastest responses as well as the
lowest values of current.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.snb.2014.10.105.
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