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Electrochemical biosensors were used to develop a numerical model of transient mass
transfer coupled with enzymatic reactions in thin multilayer microstructures. A finite
volume method integrates the partial derivative mass-balance equations making the
model very versatile. With a multilayer physical description, general nonlinear enzymatic
kinetics and efficient space discretization, the model could be applied to various devices
under a broad range of physicochemical conditions. Theoretical results were validated
according to experimental data obtained with three different biosensors involving homo-
geneous or heterogeneous enzymatic catalyses. Model predictions are further discussed
for a bienzymatic immobilized enzyme system. The biosensor transient behavior de-
pended strongly on the location of the enzymes in the device and on the mass-transport
features. A transient maximum on the current-time curves was predicted accurately by
the model. This could be used to improve the biosensor performance. The model can

Modeling Mass Transfer with Enzymatic Reaction
in Electrochemical Multilayer Microreactors

also be a useful framework for designing new electrochemical microreactors.

introduction

Microtechnology opens promising new opportunities for
chemical and biochemical microsystems at the micrometer or
nanometer scale (Ehrfeld et al., 1988). It may be possible that
microreactors connected by microfluidic devices (Van de Pol
et al., 1990; Gass et al., 1994) could permit a complex synthe-
sis process to be finely controlled, avoiding side reactions and
resulting in extraordinarily high selectivity. Microreactors
would make it possible to perform many cost-
effective trials, consuming minimal amounts of substances, for
quick screening (Ehrfeld and Wegner, 1995), which would be
particularly useful in biotechnology (Walker et al., 1994).

Amperometric electrochemical sensors are examples of mi-
croreactors. Holding the electrode potential at an appropri-
ate value to ensure fast oxidation or reduction of the elec-
troactive species makes it possible to precisely monitor and
control the mass flux of this species at the electrode surface.
Thin layer electrochemical reactors correspond to the sim-
plest electrochemical microreactor configuration. They con-
sist of a single electrolyte layer generally bordered by the
electrode on one side and an inactive wall on the other. They
have been widely used to analyze electrochemical kinetics or
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homogeneous kinetics coupled with electronic transfer
(Plichon and Laviron, 1976; Laviron and Roullier, 1985). The
membrane-covered rotating electrode, which was designed to
study membrane permeability (Gough and Leypoldt, 1979) or
immobilized enzyme kinetics (Tse et al., 1987), represents an-
other kind of analytical microreactor. According to the same
principle, multilayer enzymatic biosensors consist of one or
several membrane(s) and electrolyte layer(s) juxtaposed
against the electrode surface with enzymes confined free in
solution or immobilized in different parts of the device
(Scheller and Schubert, 1992). When the sensor is dipped into
the solution to be assayed, the analyte diffuses through the
device and is involved in the enzymatic reaction(s). Its flux is
thus transformed into the flux of an electroactive species
which is detected amperometrically at the electrode surface.
Thanks to high enzymatic selectivity, these sensors are able
to recognize a very specific substrate in a complex mixture
and deliver a current directly proportional to its concentra-
tion, with a very short response time because of their re-
stricted dimensions.

For simulating classic electrochemical reactors, it is usually
assumed that steady state is reached inside the diffusion film
near the electrode surface, where all transfers and kinetics
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are faster than concentration changes in the bulk solution
(Bauer et al., 1981; Weise et al., 1986; Labrune and Bergel,
1992). In contrast, transient simulation is essential for mi-
croreactors because all parts have dimensions close to those
of a diffusion layer. Modeling transient behavior has already
been proposed for simple configurations, such as a thin-layer
reactor (Devaux et al.,, 1995) or membrane-covered rotating
electrode (Gough and Leypoldt, 1980). A finite volume
method, essentially used in heat-transfer simulations
(Patankar, 1980; Shih, 1984) has recently been used to model
mass transfer in multilayer electrochemical systems (Bacha et
al., 1993). The versatility of the discretization method permits
the space grid to be freely reduced or enlarged in any part of
the systems without limitation. The method is thus particu-
larly efficient in accounting for steep gradients induced by
surface reactions as they occur in immobilized enzyme multi-
layer biosensors. The objective of this work is to adapt this
numerical method to bienzymatic electrochemical sensors in
order to demonstrate the usefulness of this method for such
microsystems, and to give insight to transient behavior of
multilayer microreactors. After testing the model on a mo-
noenzymatic sensor, devices involving two different enzy-
matic catalyses at different sites are analyzed.

Theory
Physical description

The general physical description of a bienzymatic ampero-
metric biosensor is shown in Figure 1, a scheme common to
most electrochemical biosensor designs (Buerk, 1993). For
immobilized-enzyme sensors, the enzymes are covalently
linked to the membrane surface or homogeneously immobi-
lized inside it. The electrolyte layer between the electrode
and the membrane is generally unavoidable, because the
membrane is only held mechanically against the electrode by
a silicone O-ring. In all cases, there is a diffusive layer adja-
cent to the outer membrane surface. Among the numerous
possible combinations, five immobilized enzyme arrange-
ments were investigated (Figure 2):
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Figure 1. General multilayer scheme for a bienzymatic
biosensor.

A finer discretization mesh is chosen near the interfaces
where an enzyme could be linked, and at the surface of the
electrode.
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Figure 2. Different bienzymatic biosensor types used in
the study.

e Both enzymes linked to the outer membrane surface, i.e.,
the side turned towards the solution (Type 1)

e Both enzymes linked to the inner membrane surface
(Type 2)

e One enzyme linked to the outer membrane surface, the
other to the inner surface (Type 3)

e Both enzymes linked to the inner and outer surfaces
(Type 4)

e Both enzymes immobilized inside the membrane (Type
5)

In free-enzyme sensors, the enzymes are not immobilized,
but confined in an electrolyte layer between the electrode
and the membrane (Type 6). All the species except the en-
zymes are able to diffuse through the membrane. Enzymes
either free in solution (Type 6) or immobilized inside the
membrane (Type 5) were assumed to be homogeneously dis-
tributed.

The electrode was held at a constant potential to oxidize
or reduce the electroactive species. Only the oxidation case
was studied; however, reduction is quite similar. The whole
bienzymatic system consists of two successive enzymatic reac-
tions:

E
S +7y,0x, - P + y,Red,
E,
Red, +y,0x, - Ox, + y,Red,

Detection is performed by oxidizing Red, at the electrode
surface
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Red, - Ox, +t e~

When a monoenzymatic system was considered, only the sec-
ond enzymatic reaction associated with the electrochemical
reaction was used, and Red; was considered the substrate.
The kinetics of the enzymatic reactions were assumed to be
of the “ping pong” type, which is a simple kinetic form cur-
rently used for two substrate reactions (Dixon and Webb,
1979)

.
L S a)
1+ 55, Ko

[s]  [Ox]

rate =

where r,,,, is the maximum activity of the enzyme, and K
and K, are the Michaelis constants of the two species in-
volved in the reaction (mol-m™~%). The nonlinearity of the
kinetics, the steep concentration gradients located at differ-
ent parts of the sensor and the multilayer structure help to
explain the lack of a general transient model.

Transient mass balance equations

The expressions for the two dimensionless groups ¢2, and
Da,,, were quite close to the square of the Thiele modulus
#? and the Damkéhler number Da, respectively. These num-
bers express the ratio of the potential reaction rate without
mass-transport limitations to the maximum diffusion rate. For

the second enzyme, ¢3,, and Da,,,, were the maximum val-
ues of ¢ and Da relative to Ox,

rmax O
Dz, l0x,1°
o3 = O 2 2 = (homogeneous)
1+ Kpear/IRed, ] + Ky2/10x,]
()
DE,[0x,1°
Da, = 2 ~  (heterogeneous)
1+ Kgear/[Red;]” + Koy,/10x,]
3)

The modified parameters ¢2, and Da,,, were used for sim-
plicity.

The system is fully described by the transient mass balance
equations relative to S, Red;, Ox,, Red,, and Ox,. The mass-
balance equations in a reactive layer and the balance of the
mass flux at the membrane/diffusion-layer interface are re-
ported in Table 1. The equations relative to the electrolyte-
layer/membrane interface were similar. No partition effect
was included and the diffusion coefficients of the reduced
and oxidized forms were assumed to be equal for all the com-
pounds. In these equations, some values of ¢, $Z.0, Daimo

Table 1. Transient Mass Balance Equations

Reactive Layer

a8 328
=Dt - R
aT ax?
0%, 3%*0x,
T Di(*)xIW—YZR;m'{'RgO

90X,  9%°0x,

dRed, N g’Red, =
3T =D’0x17XT“YlR1 —R;3
dRed, 3%Red,

T Di*OxZ‘TXT— +y,RE°

= Dity ,—— ~ v, RE®
oT O Toxz 722
Membrane-Diffusion Layer Interface
Di ﬁ = Dig — + Rbe
$9X x-Livn X |x =i+ -
Dis JdRed, Dim JdRed,; R 4 Rhe
L = ih —_— -y
T 6X x-wivn* 15X lx—wien- 0 :
40x, d0x,
Dif—— =Dif,—— +y,Ri¢~ R4*
Ol 65X lx-wien* 015X lxowien- 2
dRed, JdRed, he
Dityy—5— = 5 -71:R;
X Ix=(i+n* X x=wi+n~
Dit d0x, Di 30x, v A
Sy =Dif ,—— Y
25X [x-qisn* 025X |y-wien-
Enzymatic Kinetics
Homogeneous Heterogeneous
1 1
ho __ 42 he —
Ri® = ¢, o K . Kon R{* = Day,, K_’s . el
S Ox, S Ox,
h 2 1 he D 1
o _ R3¢ = Da
R2 d>2mp Ki{edl K:Z)XZ 2 2meo iledl + K6x2
Red, Ox, Red;, Ox,

*The subscript m or s relative to the membrane or the electrolyte layer, respectively.
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or Da,,,, must be set equal to zero according to the location
of the enzymes in the sensor.

At the electrode surface, boundary conditions are imposed
by the electrochemical reactions. S, Red;, and Ox, are not
electroactive; therefore, their mass flux are nil

as
a—XX50=0 4

JRed,;
X x=0=0 3

d0x,
X X=0=0 (6)

The mass flux of the oxidized and reduced forms of the elec-
troactive species are opposite

a0x,
X

dRed,
x=0 ). ¢

@)

X =0

The electrochemical reaction is assumed to be fast enough
for the concentration of Red, to be nil at the electrode

Redzlx=0=0 (8)

Current density is provided by

dRed,

W = Di}
lox2 X |x-o

1C))

When the electrolyte layer between the electrode and the
membrane is neglected for Type-2, -3, and -4 sensors, the
reactive surface is directly applied against the electrode and
the expression for the current density becomes

N dRed, D 1
= Dj o \o———— +
lez (9X Yo aZmo

[
KOX2
OX2|X=0

10

!
KRedl

1+
Red,ix-0

At the diffusion-layer/solution interface, the concentra-
tions are assumed to be constant during the assay

X=Li+1+Lo v
Red, =0 (12)
Ox, =0x? 13
§=s° (14
Red, =0 (15)
Ox,=1 (16)

The equations of Table 1 associated with the boundary
conditions (Eq. 4-Eq. 10) were solved numerically by a finite
volume method. These methods are based on an integral form
of the partial derivative equations. The computational do-
main is divided into elementary volumes within which the in-
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tegration is performed between a west (w) and an east (e)
frontier. For example, the substrate mass-balance equation is

3 S X = Dit eaZSdX
&wa B ’wa IX?

, e 1

— 2, /w HTKTO;-dX an
—+—
S Ox,

The integrals were calculated using a piecewise linear profile.
The nonlinear kinetic terms were linearized by a first-order
Taylor’s expansion. The application of this method to such a
geometrical system has already been described (Bacha et al.,
1993). An important advantage, with respect to classic finite
difference methods, is that the space discretization scheme
can be chosen without any constraints. It is therefore possible
to freely reduce or enlarge the space steps, in any part of the
integration domain, without modifying the equations. A
smaller mesh can be specified in the vicinity of all the reac-
tive interfaces where steep gradients occur. A typical space
discretization is shown in Figure 1. A fine or very fine mesh
was chosen at the electrode surface and on both sides of the
reactive surfaces, respectively.

Experimental Studies
General

The whole enzymatic system corresponded to a D-lactate
bienzymatic amperometric sensor. The two successive reac-
tions were

E
D-lactate + NAD* — Pyruvate + NADH + H*
E
NADH + 2Fe(CN)i~ — NAD™ +2Fe(CN)™ +H*

where E| was D-lactate dehydrogenase and E, diaphorase.
The detection was based on the oxidation of hexacyanofer-
rate (IT)

Fe(CN)é™ - Fe(CN)E ™ + e~

on a platinum electrode maintained at a potential of 0.35
V/SCE (Saturated Calomel Electrode) by a Taccussel PRT
potentiostat. The monoenzymatic system, which used NADH
as substrate, involved only the second enzymatic reaction and
the electrochemical detection of Fe(CN){ ™. Diaphorase (E.C.
1.8.1.4.) from Clostridium kluyveri, D-lactate dehydrogenase
(E.C. 1.1.1.28) from Leuconostoc mesenteroides, D-lactate,
NAD® and hexacyanoferrate were purchased from Sigma.
The monoenzymatic experiments were performed with 0.1-M
pH 7.5 phosphate buffer or 0.1-M pH 9.1 carbonate buffer
for free or immobilized enzymes, respectively. The bienzy-
matic experiments were performed in 0.05-M, pH 9.0 AMPSO
buffer. The sensor body consisted of a 2-mm? platinum bar
sealed in a Plexiglas cylinder. The membrane was mechani-
cally held against the top of the sensor by a silicone O-ring. A
cellophane membrane of 40-um dry thickness was used for
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free enzyme sensors. The immobilized enzyme sensors were
built with an Immunodyne preactivated membrane (Pall In-
dustries) of 150-pum dry thickness. The preactivated surface
of this membrane allowed diaphorase and D-lactate dehy-
drogenase to be covalently linked according to the protocol
already described (Montagné et al., 1993). The auxiliary elec-
trode was a platinum wire wound around the body of the
Sensor.

Determination of the physicochemical parameters

The diffusion coefficient of hexacyanoferrate in solution
was known from the literature (Weast, 1987). The diffusion
coefficient of NADH in solution was measured by a platinum
rotating disc electrode according to Levich’s equation (Bard
and Faulkner, 1980). The diffusion coefficients of NADH and
hexacyanoferrate in the membranes were measured with a
membrane-covered rotating electrode, according to the
method described by Gough and Leypoldt (1979). The activi-
ties of the free (r29,) and the immobilized (r}¢,) enzymes
were measured spectrophotometrically. The enzyme activity
units are defined as the amount of enzyme able to catalyze,
at 25°C, the oxidation of 1 pumol of NADH per min for the
diaphorase, and of 1 umol of D-lactate per min for the D-
lactate dehydrogenase. All the measurement protocols have
have been described elsewhere (Montagné et al., 1993). The
Michaelis constants of the diaphorase relative to hexacyano-
ferrate and NADH were determined experimentally by an
usual Lineweaver-Burk procedure (Dixon and Webb, 1979).
Values of 0.4 mM and 0.5 mM were obtained, respectively.
They were used to fit the experimental results concerning the
monoenzymatic sensor. All the Michaelis constants were set
to 0.5 mM in the theoretical discussion devoted to bienzy-
matic reactors. All the values used in the simulation are re-
ported in Tables 2 and 3.

Results and Discussion
Model validation

A free-enzyme device (Type 6) was used with the monoen-
zymatic system involving NADH as the species to be assayed.
Initial conditions were chosen, which gave the most repro-
ducible experimental results and resulted in specific transient

behaviors. The sensor was first stabilized in a solution con-
taining only 0.31-mM NADH (Red,). At the outset, it was
plunged into another solution containing NADH and hexa-
cyanoferrate(III) (Ox,). The initial conditions were

0<X<Li+1+Lo Red; =Red®? (18)
X<Li+1  (in the device) Ox,=0 19)
X>Li+1  (out of the device) Ox, =1 20)

Figure 3 depicts the experimental and calculated current-
time curves obtained with the parameter values reported in
Table 2 and for different Fe(CN);~ concentrations. As many
parameters as possible were determined by independent ex-
periments to ensure significant comparison between the nu-
merical model and experimental data. Except for the minor
correction made to the membrane thickness (45 wm instead
of 40 pm in dry thickness) which could be related to swelling,
only the thickness §; of the reactive layer was adjusted nu-
merically by trial and error. It was very shallow (4.5 pum) be-
cause the membrane was applied directly against the elec-
trode without any spacer. The thickness of the diffusion layer
was also an unknown parameter, but it only had a slight ef-
fect on the results because the greater mass-transfer hin-
drance was located in the membrane: a variation of §, from
10 to 100 wm only affected the computed values of the cur-
rent by less than 4%. The value of 60 um agreed reasonably
well with the low experimental stirring. Thus, the calculated
curves fitted experimental data well, with physically signifi-
cant values of the adjusted parameters.

The transient part of the curve was very sensitive to the
kinetic parameters. The Michaelis constant were varied from
0.1 mM to 1 mM, which represents a typical range (Barman,
1985). The value of the peak intensity, computed with NADH
031 mM and Fe(CH)}~ 3.0 mM, varied from +61% to
—25%, and from +35% to —16%, for Kyapy and Kgecp3-»
respectively, whereas the steady-state value remained practi-
cally constant. This confirms that the steady-state behavior of
the sensor is strictly mass-transfer-limited, as must be the case
for a reliable device.

Table 2. Parameters Used in Simulation of the Free Monoenzymatic Sensor

Diffusion Coefficients, D (m?+s~1)

NADH
Solution

Cellophane Membrane

Dieas = 4.5%107 1 (Dif 4, = 9.5)
Dy =024Xx10710 (D2, = 0.5)

Fe(CN)}~
Dy =11.8% 10710 (D), =25.2)
D&, =047x10"12(DiZ, =1)

Kinetics, r2, (mol-m™3-s71)
Diaphorase (E,) rhe =135 (¢%,,: variable)
Kgea1 =05 Ky, = 0.4 (K’ variable)
Stoichiometric Coefficient Y, =2
Geometry, 8 (um)
Electrolyte Layer Membrane Diffusion Layer
8,=45(Li=0.1) 5, =45 8,=60(Lo=13)
Concentrations [ ](mol-m™)
NADH Fe(CN)2~

[Red, J> = 0.31 (Red?: variable)

[Ox,]? variable

* Dimensionless parameters are in parentheses.
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Table 3. Parameters Used to Simulate Immobilized-Enzyme Sensors

Diffusion Coefficients, D (m®-s~ 1)

Lactate

In the solution D§=150%x10"1°
(Dig=81)

In the Pall membrane DF =177%x10"1°
(DI =1)

NADH

Dieq =45%x1071
(Di%q; =24
D4 =0.65x10710
(Dif 4, =04)

Fe(CN);~

D, =11.8x10710
(Di%y, = 6.4)
DZ,=1.85x10"10
(Digy, =1)

g hO p-2.o-1
Kinetics, 72, (mol-m~*+s™1)

Monoenzymatic sensor

Bienzymatic sensors ‘max

(Day,,, =18.2)
(K’ = 0.025)

All the K: 0.5 mol-m~?

Stoichiometric coefficients vi=1

D-lactatedehydrogenase (E,)
no rhe =75%x1074

rhe =21x107*

Diaphorase (E,)

max

Da,,,,=21.6
rhe =75%x10"*

max

(Da,,,, = 64.9)

Y2 =2

Geometry, & ( um)

Monoenzymatic sensor Electrolyte layer

8=0(Li=0)

Bienzymatic sensors 5, =10 (Li = 0.06)

Membrane Diffusion layer
8, =160 8,=20(Li=0.12)
é8,, =160 8, =15(Li=0.09)

Concentrations | ](mol-m™?)

Monoenzymatic sensor NADH Fe(CN)2~
[Red; ) variable [Ox,1P =30
Bienzymatic sensors D-lactate NAD* Fe(CN):~
[ST 0.1(S?=0.01) [0x,]P =10 (Ox? =10) [Ox,P =10
* Dimension parameters are in parentheses.
This type of peak-shaped current-time curve is very rare in X1 _ b [Redl]b
the area of biosensor studies. Most often, the transient cur- e Red; = Red] = Ox ]b @2
rent increases continuously until a steady-state plateau is . z
reached. Current peaks have already been noted with a glu- 0<X<Li+l+Lo: Ox,=1 (23

cose biosensor, but they are induced by variations in bulk
concentrations and not by the coupled mass-transfer/kinetic
phenomena within the microdevice (Lucisano and Gough,
1988). The evolution of the concentration profiles of NADH
(Red,) and Fe(CH)?~ (Red,) in the reactive layer and the
membrane (0 < X < Li+1) are plotted in Figure 3 for
Fe(CH)?~ = 3.0 mM. The substrate Red;, which was initially
contained in the reactive layer, was consumed very quickly by
the enzymatic reaction as soon as Ox, penetrated the layer
by diffusion through the diffusion layer and the membrane,
resulting in the initial rapid production of Red, and current
increase (curves 1, 2, and 3). Diffusion of substrate through
the membrane was then not able to compensate its depletion
in the reactive layer. Evolution of the Red, concentration
profiles clearly explained the current decay (curves 4, 5, and
6). This behavior could have an important practical interest
for improving sensor performances, because a peak value
would be easier to measure than a steady-state value and it
would give a shorter response time.

It was not possible to obtain experimentally a similar tran-
sient behavior with enzyme-immobilized microdevices. The
preactivated membranes, which were used to link the en-
zymes, were too thick and hindered mass transfers too much
to allow an initial rapid current increase. The device was ini-
tially stabilized in solution without the substrate Red,, which
was added at the outset. According to the experimental pro-
tocol, the initial conditions were

0<X<Li+1+Lo: Red, =0 1
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where Red; and Ox, were still NADH and Fe(CH)}™, re-
spectively. The evolution of the experimental steady-state
current as a function of NADH concentration is plotted in
Figure 4. The solid line represents the calculated results ob-
tained with the physicochemical parameters reported in Table
3. As previously noted, the kinetic parameters and the diffu-
sion coefficients were determined by independent experi-
ments. 6; was set equal to 0. The dry thickness of 150 um
was slightly modified to 160 wm, but only the thickness of the
diffusion layer was really adjusted numerically by trial and
error. The value of 20 um for 8, corresponded to strong
stirring as was the case experimentally. The deviation ob-
served for high NADH concentrations could be explained by
enzyme inhibition due to the formed NAD™, which was not
incorporated in the model.

Figure 4 also shows the transient current evolution ob-
tained with two different bienzymatic immobilized enzyme
sensors which used D-lactate as substrate. Diaphorase (E,)
was always linked to the inner membrane surface, i.e., the
side against the electrode. D-lactate dehydrogenase (E,) was
linked either to the inner membrane surface (Type 2), or to
the outer surface (Type 3). Calculations were made with the
same parameter values as previously (Table 3). It was not
possible to determine experimentally the diffusion coeffi-
cients of D-lactate by the same method as for the other dif-
fusion coefficients, because it is not an electroactive species.
The diffusion coefficient of D-lactate in solution 15.0x 10~1°
m?+s~! was derived from a previous fitting obtained with a

AIChE Journal
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Figure 3. Free-enzyme sensor (Type 6).

Comparison of experimental (points) and theoretical (solid
lines) results. The parameter values are reported in Table 2.
The concentration profiles of NADH (Red,) and Fe(CH){~
(Ox,) are plotted for the initial concentration Fe(CN);™ =
3.0 mM at times: (1) 3.6 s; (2) 5.4 s; (3) 7.8 5; (4) 11.4 5; (5)
15.0 s; (6) 60 s.

free-enzyme device involving the bienzymatic system. The
value in the membrane was numerically adjusted by trial and
error to 1.77x107" m?.s71. §; and §, were only slightly
modified. Correction of §; from 0 to 10 um corresponded to
a real experimental difficulty in reproducing this layer from
one device to another. Similarly, §, was set to 15 pm instead
of 20 um, no doubt due to poor control of the stirring condi-
tions. Actually this parameter only had significant influence
on the response of the Type-3 sensor. The model showed
that free- and immobilized-enzyme devices, with no enzyme
linked to the solution/membrane interface, are more suitable
for model validation because they are only very slightly sensi-
tive to stirring conditions. The physical consistency of all the
adjusted parameters confirmed that the model satisfactorily
fits the experimental transient behavior of these devices.

Model predictions relative to bienzymatic immobilized
systems

Transient behavior of microreactors could reveal a great
number of different patterns according to the coupled effects
of their geometry and different mass-transport conditions.

AICHE Journal October 1996

Figure 4. Immobilized-enzyme sensors.

(A) Comparison of experimental (points) and theoretical
(line) steady-state response of a monoenzymatic immobi-
lized sensor (Type 1 with diaphorase only); (B) comparison
of experimental (dashed lines) and theoretical (solid line)
transient response of Type-2 and Type-3 bienzymatic immo-
bilized sensors. The parameters values are reported in Table
3.

The five types (1 to 5) of previously described bienzymatic
sensors with immobilized enzymes were considered and com-
bined with the three mass-transport conditions reported in
Table 4

(A) All the species have normal mass-transfer features

(B) Mass transfer of the substrate S is slow

(C) Mass transfers of the substrate S and of the mediator
Red, are both slow.

Figure 5 compared the performances of the five sensors
under the mass-transport conditions of Case A. The Type-2
sensor ensured the fastest and highest current response. All
the reactive processes occurred at the electrode surface in
this device; there was consequently no loss of species Red,
by diffusion back to the bulk of the solution as this occurred
in the other devices, resulting in a drastic decrease in the
response of Type-1 sensor. The discrepancy between Types 1
and 2 demonstrates the great importance of the choice of
enzyme location in the device. Moreover, comparison with
the current-time responses, which were calculated under the
mass-transport conditions of Case B, showed that designing
the microdevices must also account for the properties of the
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Table 4. Dimensionless Parameters Used to Simulate
Various Mass-Transfer Conditions

Diffusion Coefficients
Case A Di5 =20  Dit, =20 Digy, =10
DiT =10 Dig, =10 Dig,=1
Case B Diz =05 Dig, =20 Dig,, =10
Di¢ =01 Dig, =10 Dign=1
Case C Di5 =05 Dig =05 Dig =10
D =01 D%, =05  Dif,=1
Kinetics

d’lzmo = Dalma =01 and ¢%mo = Dazmo =10
All the K': 0.025

stoichiometric v =1 ¥, =1
coefficients
Geometry
Electrolyte layer Membrane Diffusion layer
Li=0 1 Lo=1
Concentrations
§°=0.05 Ox! =1 Ox5=1

physicochemical system to be processed. In this case, the
Type-2 sensor was drastically hindered by the slow diffusion
of S through the membrane and only gave a low current,
whereas Type 3 was the most efficient. Actually, the Type-3
sensor combined two advantages in Case B. On the one hand,
the substrate, which had the worst mass-transport properties,
reacted on the outer side of the membrane and did not have

.05

Figure 5. Theoretical current-time responses of immo-
bilized enzyme sensors (Type 1 to 5).

The parameters used for the three Cases A, B and C are
reported in Table 4.
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to diffuse through the membrane. The Red; species, with
better mass-transport properties, ensured the diffusion to the
electrode. On the other hand, the electroactive species Red,
was only generated on the inner side of the membrane, in
direct contact with the electrode surface. There was no diffu-
sion of this electroactive species back to the solution.

Comparison of the behaviors of Type-3 and -4 sensors in
Cases A and B also emphasized the difficulty in making qual-
itative predictions without any theoretical model. Case A in-
dicated that addition of enzyme in order to transform Type 3
into Type 4 improved the response. Case B showed the oppo-
site effect. When enzyme E,, which catalyzed the transfor-
mation of Red, into Red,, was also present on the outer
membrane surface, most of the Red, generated at this inter-
face was immediately transformed into Red, and was lost for
detection by diffusion to the bulk of the solution. In this case,
multiplying the enzyme linkages on all the reactive sites in
the hope of enhancing the reactive process was detrimental
to the performances of the device. It is also worth noting the
shape of the response curve of the Type-4 sensor in Case B,
which showed the superposition of a first fast response simi-
lar to that of Type 3, over a second one corresponding to the
slow diffusion of substrate S through the membrane.

Comparison of Cases B and C showed that the same fea-
tures which ensured the high performances of Type 3 in Case
B can also become detrimental to it under the mass-transport
conditions of Case C. When both § and Red; had very low
transport rates (Case C), the amplitude of the response of all
the sensors decreased considerably, but Type 3 was affected
the most. In this case, the main preoccupation must be to
ensure that only the species with acceptable mass-transport
properties diffused through the membrane. This was achieved
by Type 1, which transformed a great part of S into Red, as
soon as it reached the outer side of the membrane.

In Case C, the Type-1 sensor exhibited a response curve
with a maximum as was the case with a few previous re-
sponses. Examining the concentration profiles at three times,
prior to the current maximum (a), close to it (b) and after it
(¢c), demonstrated that this phenomenon was similar to those
encountered with free-enzyme sensors (Figure 6). The enzy-
matic system rapidly consumed the substrate S initially
present in the diffusion layer that resulted in a great Red,
production and a gradient increase at the electrode surface.
Then, the diffusion of the species was not able to compensate
the substrate depletion and the high reaction rates could no
longer be maintained. The Red, concentration gradient de-
creased at the electrode surface.

For analytical purposes, mastering the conditions required
for obtaining a response curve with a transient maximum
could offer a relevant opportunity to improve biosensor per-
formance. Unfortunately, it was very difficult to recover this
shape of the response curve experimentally with immobi-
lized-enzyme devices. This behavior depends on the amount
of substrate initially present in the diffusive layer compared
to the consumption rate. The curves were calculated with
quite a large diffusive layer thickness (Lo =1, resulted in §,
= §,,), which was difficult to achieve experimentally with im-
mobilized-enzyme devices because of the excessive thickness
of commercially available membranes. Because of the en-
hanced performances this transient behavior could offer, a
systematic study is now in progress to define precisely the
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Figure 6. Evolution of the concentration profiles of S
and Red, for Type 1 sensor under mass-
transfer conditions of Case C.
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conditions necessary for obtaining a reproducible maximum,
as was the case with monoenzymatic free enzyme sensors.

Conclusion

A first insight into transient behavior of electroenzymatic
microreactors was proposed on the basis of the available sim-
ple technology of enzymatic biosensors. The different geo-
metrical and physicochemical features, kinetic properties, or
operating conditions multiply the number of cases to be stud-
ied. Comparison between experimental and theoretical re-
sults were made with different sensor types under different
conditions. Unfortunately, the simple technology used here
did not ensure strict reproducible values of the geometrical
parameters and some corrections were necessary from one
microdevice to the other. The examples covered here clearly
show that it is very difficult to predict qualitatively the behav-
ior of these microdevices by simple rules of thumb. Two sen-
sor types which at first glance could appear very similar can
lead to quite different responses. The best way to design and
optimize a microreactor appears to model all the suitable ar-
rangements, once most of the parameter values have been
estimated. In this way, the model proposed here can be a
useful tool, particularly due to the great versatility provided
by the numerical integration method.
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The greatest difference between these biosensors and fu-
ture possible microreactors is undoubtedly the substrate
feeding mode. Diffusion from the bulk through a diffusion
layer should be replaced by feeding with microfluidic devices.
On the other hand, electrochemical monitoring was found to
be a promising means for microreactor analysis because of
the possibility of continuously monitoring the mass flux of the
electroactive species. Moreover, because of the restricted di-
mensions and the very high surface-volume ratio of these re-
actors, the electrochemical conditions could not only affect
the strict vicinity of the electrode, but also monitor the whole
reactive volume. This might, for instance, allow homogeneous
reactions to be easily driven far from thermodynamic equilib-
rium.
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Notation

Da; ., = modified Damkohler number,
Da i,mo (rz max‘S )/I)OXZ[OXZI )
D = diffusivity, m?-s~!
Di = dimensionless diffusivity, Di =
F = Faraday’s constant, C-mol !
i=current density, A-m™?
K%, K4y, Kreq = dimensionless Michaelis constants, K’ = K/[Ox,]°
Li, Lo = dimensionless thickness of the electrolyte layer and
the diffusion layer respectively, Li= §8,/8,,,
Lo=268,/5,
rhe  rte =homogeneous and heterogeneous activity of the
enzymes, mol-m~>-s~! and mol-m~2-5~!
Rhe Rhe= homogeneous and heterogeneous enzymatic rates,
mol-m~?+s~! and mol-m™~2-5~! (defined in
Table 1)
S,0x,Red= dunensmnless concentrations of S, Ox, Red,
=[SVIOx, I’
[8],[0x],[Red]= concentratlon of §, Ox, Red, mol'm~
t=time, s
T = dimensionless time, T = tDF/52
x=distance from the electrode, m
X = dimensionless distance from the electrode, X = x/5,,
z=number of electrons exchanged

D/Dg

Greek letters

Y1, Y2 = Stoichiometric coefficients
8;, 8,,, 6, = thickness of the electrolyte layer, the membrane, the
diffusion layer respectively, m
¢: mo = modified Thiele modulus,
¢mo _(71 max m)/(DOXZ[OXZ] )
= dimensionless current density,
& =(i8, ) zFDZ[Ox,1°)

Subscript and superscripts

1,2 = relative to the first and second enzymatic catalysis
b= in the bulk of the solution
s, m= relative to the solution and the membrane respec-
tively
he, ho = heterogeneous, homogeneous
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