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The pseudo-steady-state current due to a mediated enzymatic reaction on a microelectrode is characterized on the basis ! the
retical analysis and numerical simulation. The steady-state current is proportional to substrate concentration when the enzvratic
reaction is considerably faster than substrate mass transport via nonlinear diffusion. Under such conditions, the reactioi z:ane
where the mass flow of the substrate is converted to that of the mediator, exists near the electrode surface. The steatv stat
current increases as the diffusion coefficient of the substrate increases. In contrast, the diffusion coefficient and the conceruratior
of the mediator have minor effects on the current. This difference can be explained on the basis of a change in the reactior. plane
location. When a sufficient amount of enzyme exists in a system, the system can be used as an amperometric biosenscr, th
response of which is independent of any change in enzyme activity.

1 Introduction sensor is time dependent, its practical application is limited.
Steady-state current is necessary for stable amperometric se -
Bioelectrocatalytic reactions, a conjugation of biocatalysis bysors. One of the ideas is the use of microelectrode detectior..
enzymes and electrode reaction, lead to high enzyme selestonlinear diffusion of the substrate around the microelectrode
tivity in electrochemical devices, thereby offering benefits inresults in mass transfer that is adequate for sustaining a steadv-
terms of handling and sensitivity. Thus, the combinationstate currenf:” Additionally, the use of a microelectrode is ef-
of an electrochemical devices and an enzymatic reaction ifective from the viewpoint of biosensor miniaturizatiéf.in
frequently used as an electrochemical bioseAsdElectro-  contrast, the enzymatic electrode reaction provides a steacy -
chemical biosensors are classified into three generations. ktate current when the mass transfer due to substrate diffusion
first-generation biosensors, the product of the enzymatic reags balanced with the rate of enzymatic reactidi.he physical
tion is detected electrochemically. Second-generation biosenmeaning of the steady-state current obtained using the comb-
sors employ a mediator for connecting the enzymatic reacnation of nonlinear diffusion and rate of enzymatic electrode
tion with the electrode. In third-generation biosensors, directeaction is complicated, because the two mechanisms compere
electron transfer takes place between the enzyme and the elegith each other for control of the current. The enzymatic elec-
trode. Among these sensor generations, the second-generatigde reaction-microelectrode combination finds limited appli-
sensors, i.e., mediated enzymatic reaction-based sensors, ghtion in endpoint analysis:

ford the highest levels of flexibility in system desigf.Three R I _ inated diated .
electrochemical methods, amperometry, coulometry, and po- ecently, our group In\_/estlgate a me Iate_ enzymat c
lectrode reaction on a microdisc electrode, which providez

tentiometry, are employed for detecting whether the mediatof . . :
pseudo-steady-state current that is practically proportione!

reacted with the substrate. In these methods, amperomet h bstrat ratidAln thi ‘ i "
offers the best balance of the detection time, accuracy, and yp the substrate concentratiofln this system, the apparen

ability enzymatic reaction rate is set to be extremely fast by increas-
However, when the current response of an amperometri@g the enzyme concentration. For characterizing the linea
response of the steady-state current to the substrate concer.it:&
a Division of Applied Life Sciences, Graduate School of Agriculture, Kyototion for general application as an ultimate biosensor, a mode!
University, Sakyo, Kyoto, 606-8502, Japan. Fax: +81-75-753-6456; Tel:incorporating nonlinear diffusion and an enzymatic reaction
+81-75-753-6393; E-mall: kitazumi.yuki. 7u@kyoto-u.acjp is necessary for analyzing the current response of a mediate
Department of Chemistry, Konan University, 8-9-1 Okamato, Higashi-Nada, . | d . . di | d The
Kobe, Hyogo, 658-8501, Japan. Fax: +81-78-435-2497; Tel: +81-78-435- ENZymalic electrode reaction on a microdisc electrode. Th
2497; E-mail: masahiro@konan-u.ac.jp current at the microdisc electrode collaborated with the er.-
¢ Core Research for Evolutional Science and Technology (CREST), Japan Sckymatic reaction has been tackled by Galceran é8 &ur-
ence and Technology Agency thermore, the current at a micro spherical electrode under

1 Present address: Osaka Prefecture University College of Technology, Os- . . .
aka, Osaka, 572-8572, Japan omogeneous catalytic reaction was analyzed and calculate ¢
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numerically by Eswari and Rajendraft!>However, their cal-  here. M will be completely reduced by S near the electrode
culations were performed under slow catalytic reaction condiat the position of;. Under the steady-state conditions, this
tions, and it is difficult to extend the result (or prediction) to assumption implies that the inflow flux of 3sf across the re-
the system assumed helre. action plane surface is completely converted to the inflow flux
In this work, the current produced by a mediated bioelectro-of Mg (Jug). Therefore, the value of/#2Js is equal to the
catalytic reaction on a microdisc electrode with an extremelyoxidation rate of My on the electrode surface.
fast enzymatic reaction rate is investigated with a simplified The concentration and flux profiles around the sphericai
mathematical model and numerical simulation. The calculaelectrode under the limiting current conditions are written as
tions indicate the advantages of this system from the practicgbllows:

application viewpoint. c(r)=Ac (1 — rr—o) (6)
. and
2 Analytical model ac(r) DAcrg
) =-D = —=52, @)

A reaction-diffusion model is introduced for analytically de- _ . .
termining the current produced by the enzymatic microelecWhereAc denotes the concentration difference between in the

trode reaction. For simplifying the mathematical treatmenth|k_ phase and.that on the glectrode_surface. Therefore, the
of the microelectrode system, spherical coordinates are intrd?rOfIIe of Js outside the reaction plane is written as follows:
duced, and a semispherical microelectrode is considered. A dcs(r) r

schematic view of the microelectrode is shown in Fig. 1A. The Js(r) = —Ds I —Ds(Cs() —cs(r1)) 2 8)
radius of the microelectrode is denoted gy A hemisphere

with the radiusr; is the reaction plane where the enzymatic wherecs(o) denotes the bulk concentration of S ddg de-
reaction occurs under the steady-state condition (our simulaotes the diffusion coefficient of S. The concentration profile
tion, described later, validates the reasonability of this reactionf S is written as

plane assumption). Here, we assume an oxidative reaction of

the substrate (S, as a reductant), and in the beginning, S, the () = cs(00) — 05(r1) — r1(Cs(®) —Cs(ra)) )
oxidized enzyme (E), and the oxidized mediator (&) are r

assumed to be added in the system at the analytical concent
tions ofc, ¢, andc2, respectively. In the solution phase, the
enzymatic reactions proceed as below.

"Recording to the given conditions, whe >> ¢, + &, S in
the bulk phase is oxidized by dand By, andcs() is written
as

o_ 0 _0,,0_ 0
k Cs(®) = Cg— Cyy — Cg =~ Cg — Cyy.- (10)
S+Eo ~ES8 Eg+P 1) () =G-m—E=s-m
ka Thus, the profiles adw, andcyy, inside the reaction plane are
i « written as
Mo+ Er = EM = Ep + Mg, 2
ot Er EM = Fo+ Ve @ %ol wg(rrafo
JMR(I') = DM 9 = DM > (11)
where the subscripts R and O denote the reduced and oxidized r fi=fo T
forms, respectively, ES and EM indicate the Michaelis com-5,4
plexes, and; on the arrows represents the reaction rate con- CMg (r1)r1 ro
stants. The redox reaction of the mediator occurs on the elec- Omg (1) = r—ro ( - T) ’ (12)
trode surface. . . e -
N _ respectively, wher®y, is the diffusion coefficient of the me-
Under the limiting current conditions, Mis completely oxi- Here, additionally, our model assumes thag (r1) is equal
dized on the electrode surface. The boundary conditions ame c?,. The steady-state curreng)is written as follows:
formulated as follows:
o = —2mFDy, MO 13
Cmg(ro) =0 4) ¢ = —2mFDw (13)
and = 2mFDs(cd—cy —c —cs(r))ri.  (14)
CMo<r0> = CR/I) (5)

This model requires the definition of andcs(r;) for calcu-
Wherecf\’,I is equal to the total mediator concentration in thelating the current. If the enzymatic reaction is extremly fest,
system. An extremely fast enzymatic reaction is assumedndcs(r1) will converge torg and 0O, respectively. Moreover,
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cg can be decreased to 0. Under these limiting conditions, ecstandard rate constant of the Butler-Volmer equation, numbe*

14 is written as of electrons, temperature, transfer coefficient, and formal po-
tential of the mdiator redox reaction.
lg = 2mFDs(c— CR/.O) ro (15) The current is determined by intergrating as follows at the
~ 27mFDsclro (16) electrode surface:
a dCMR
This situation agrees with the diffusion-limited condition of S I = /0 2mFDya—- da, a7

at the electrode surface.
wherezis the coordinate parallel to the rotation axis.

A J Potential-step measurements are simulated by changing ..
S @ boundary condition at the electrode surface. The potential ‘..
|4 the electrode surface is stepped frer@00 mV to 200 mV
againste®.
Three reaction-diffusion equations written as follows

dCMR

Eraitl O%Cwig, + KeCem, (18)
insulator | electrode | insulator dcm, 2
¢ = Dmb%uo — KaCmq Ceg + KsCem, (19)
and
B z % = Ds0%cs — k1CsCe, + kaCes (20)

and four kinetic equations forgs Ep, ES, and EM are solved
using the finite element method. Calculations are carriecd
a out using commercial FEM package called COMSOL 4.3b
0 a (COMSOL) on a workstation equipped with two Intel Xeon
~ processors and 64 GByte RAM.

insulator | electrode insulator

Fig. 1 Geometries of (A) the theoretical model of enzymatic 4 Results and discussion
reaction at a micro hemisphere electrode and (B) the numerical
simulation around the microdisc electrode. 4.1 Current time response

Figure 2 shows the calculated chronoamperogramsgai

(solid line) 5, (broken line) 10, and (dotted line) 15 mmol
3  Numerical simulation dm=3. These amperograms corresponds to the typical time

courses of potential-step amperometric measurements at tl:
For characterizing the system without assumption of the reaogmicrodisc electrode. The theoretical current-time response &.
tion plane used in the simplified mathematical model, a nuthe microdisc electrode when the potential is stepped to the
merical simulation is carried out. In this calculation, the dif- limited current region has been derived by Shoup and Szau~
fusion equations of S, M, and Mk are considered. The dif- as follows2’
fusion of the enzyme derivatives EEp, EM, and ES) can . _ B _1/2
be ignored because these species are huge and their diffusibir 41FP%a0 (0'7854+ 0.8862r /% +0.2146 762 ) ;
coefficients will be extremely smaller than those of the other (21)
relevant small molecules. The microdisc electrode used in thigtheret = 4Dt /aj, c, denotes the redox species’ bulk concen-
model (Fig. 1B) has a radiusd) of 25 um, as in a previ- tration, andD denotes the redox species’ diffusion coefficient.
ously reported experimental conditidA.The rate of the me- The circles in Fig. 2 show the current estimated using eq. 2=
diator redox reaction on the electrode surface is determine@henDs =6.0x 10 '°m? s ! andc, = g — ¢y —c2 = 3.8
using the Butler-Volmer equation. The parameter values emmmol dni 3. The numerically simulated current e% =5
ployed aren =1, T = 2982 K, k; = 1.0 x 10° m® mol~?  mmol dn7 2 agrees well with the circles. This shows that the
sLk=10x10s?t ks=10x10P st ky=30x10° simulated current is almost controlled by the diffusion of S.
m3mol st ks=20x10*s1 ks =1.0x10° s1,1216  The small deviation is ascribed to the kinetic resistance bc
a =05, andk’ =1.0s 1, wherek? n, T, a, andE® are the  cause of the enzymatic reaction.

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-7 |3



Physical Chemistry Chemical Physics Page 4 of 7

100
=
T 50 pm
<é \ CCCo—
S0 S~ 0 1.0
~ L ________ - C em,/ mmol dm™
0
0 10 20 50 um .
t/s
C—
0 0.2
Fig. 2 Chronoamperograms of catalytic current on microdisc cp,/ mmol dm”
electrode at(s’ = (solid line) 5, (broken line) 10, and (dotted line) 15
mmol dnt3, ¢ = 0.2 mmol dn13, ¢§, = 1 mmol dn7 3, Fig. 3 Cross-sectional view of concentration profiles of (A)
Dy = 1x 1oj0 m? s 1, andDg =6 x 10 1 m? s~1. Circles substrate (S), (B) reduced mediatorgMand (C) reduced form of
indicate the current calculated using eq. 2tat 3.8 mmol dnt3 enzyme (RR)around a microelectrode e = 4 mmol dm3, ¢y =1
andD =6x1010m?s 1, mmol dnt3, ¢2 = 0.2 mmol dnt3, D2 = 6 x 10-10m? 51, and

DY, = 1x 1071%m? s71. The profiles were recorded 20 s after the
potential step.
The true steady-state current of the microdisc electrode
(Isg) is given by'®
Similarly, the enzyme in the bulk phase is completely re
Iss = 4nFDaoyao. (22)  duced by S. However, the enzyme is completely oxidized ty

the Mo generated at the electrode (Fig. 3C). Interestingly, the
abundance ratio of the enzyme changes drastically in the reac-
tion plane. This sharp change in the enzyme’s redox state is
due to the balance between the reduction by S and oxidatio.
by Mo. This numerical simulation result demonstrates that the
reaction plane assumed in the analytical model is appropriate..
) i The concentration profile of S seems to be spherical dif-
4.2 Concentration profiles around electrode fusion around the microelectrode, except in the region nea*

Figure 3 shows the concentration profiles of (A) S, (By,M the electrode. Figure 4A shows the concentration profiles vi

and (C)  near the electrode recorded 20 s after the potentiafSOlid line) S, (broken line) M, and (dotted line) k, along
step atc?, = 1 mmol dn13, 2 = 0.2 mmol dn3, andc2 = 4 the rotation axis under conditions identical to those in Fig. 3.

mmol dnt3. The color-filled part of the scaled bar indicates Additionally, the concentration profile of S in regions far from
the concentration. Thes is nearly radially distributed. This the electrode is shown in Fig 4B. The concentration gradien:
shows the distribution afs is controlled by the hemispherical ©f Mr exists only inside the reaction plane, which is located
diffusion as if S is removed at the electrode surface. How-2tZ= 3um.

ever, the concentration gradientsagf, andce, exist only in Interestingly, the profile ofs has an inflection point on the
the vicinity of the electrode. At the electrode surface; M reaction plane. The value @k inside the reaction plane is
completely oxidized and M in the bulk phase is completely quite small (ideally, it will be zero), and the gradientagfat
reduced by the enzymatic reaction with S. Therefore, in thdhe electrode surface is nearly zero. These findings imply thet
bulk phasecuy, is practically zero andyy is equal to the the diffusion of S inside the reaction plane is negligible wher.
value ochM. The oxidation of M at the electrode induces the Cs(r1) << Cos-

diffusion of Mg from the bulk phase. The regeneration ofM When cg = 5.0, 10, and 15 mmol dr?, the values ofs

in the solution phase determines the reaction plane position. on the reaction plane are 0.25, 0.9, and 2.0 mmot Yme-

At 20 s after the potential step, the curreigg) is in an
almost steady-state, but it is 8 percent larger thasn (at
Ds = 6x 10719 m? s71). Because the time dependence of
I20 is practically ignored in practical sensing performarige,

is regarded as the steady-state current in this paper.

4|  Journal Name, 2010, [vol] 1-7 This journal is © The Royal Society of Chemistry [year]
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Fig. 4 (A) Concentration profiles of substrate (S) (solid line),

reduced form of mediator () (broken line), and reduced form of For accelerating the enzymatic reactim@, is increased.

enzyme (ir) (dotted line) along rotation axis. (B) Concentration  The circles in Fig. 5 arky values calculated & = 0.4 mmol

profile of substrate far from the electrode is shown as well. The dm~3. Although the currents increase, the increments do nof

profiles are recorded 20 s after the potential step. The simulated  jncrease the current to values close to the diffusion-controlle

conditions are the same as those in Fig. 3. values. This shows that the effecta¥ on the linear range is
small. In practical applications, decreasing the diffusion flux

. L . . .by increasing the viscosity may be necessary for expandii
spectively. The values indicate that the enzymatic reaction '?nye linear rar?g 42 y may y P o

almost completed inside the reaction plane, but not perfectly. Figure 6A shows the effect @, on the current. Although
Here, for discussing the numerical simulation on the basi he value ofcy., is changed frorrF; 02102 mmoi drd. the
of the analytical model, the reaction plane in Fig. 3 is define hange il isRsmaIIer than 20 percent. This weak, depen-

e _ O e .
at the position oftg; = Cg/2. In addition, the radius of the yoc0 ol oncwvy is understood from the reaction plane posi-

reaction plane in the simulated result is determined using thﬁon The inset of Fig. 6A shows the dependenceafn cy
. . .

radius of a hemisphere with the same surface area as the "®3e horizontal dotted line in the inset of Fig. 6A represents

tion plane. the corresponding radius of the microdisc electragg (The
value ofry —rq is proportional to the value afy,. Accord-

4.3 Effect of the concentration on the current ing to eq. 13, the current is proportionaldQ.r1/ (r1 —ro).
Given that the effect ofv, is canceled by —rg, the weak

The relationship betweeho andcs is shown in Fig. 5 by dependence dbg on cuy, is ascribed to the insensitivity of

triangles. The line in Fig. 5 shows the diffusion-controlled on cy,. This result shows that the adjustmentcf}f does not

current calculated using eq. 21Bt=6x 10 m? s 1 and  have a high priority in amperometric biosensor optimization

Co = €2 —Cyy — 2. When the substrate concentration is low The decrease ity at higher values off, is related with the

(cg < 5 mmol dnv3), 159 is close to the line. This agreement decrease ofs in the bulk phase (eq. 14).

indicates that the conversion of the flaly to Jy is almost Figure 6B shows the effects of onl,. Whencg is lower

complete. Therefore, the microdisc electrode conjugated withhan 0.1 mmol dm?, 1,0 depends strongly ocf. Under these

the enzymatic reaction acts as an amperometric biosensor thednditions, the current is controlled by the reaction rate of the

detects steady-state mass flow of the substrate. enzymatic reaction. Wheef is greater than 0.1 mmol dm,

Whenc‘s’ is higher than 5 mmol dr?, the simulated current I is independent ooig (the change inyg overc(E’ =0.1-0.6

is deviated downward from the line representing the diffusion-mmol dn3 is less than 5 percent). This response reflects the

controlled mechanism. Under these conditiarzsat the elec-  ideal characteristic that the current is controlled by substra:c

trode surface is far from zero, and it strongly depends%nn diffusion whencg is sufficiently high. This concentration de-

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol]l, 1-7 |5
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Fig. 6 Effect of initial concentration of (A) mediator and (B)
enzyme on the current 8 = 5 mmol dnt3, (A) € = 0.2 mmol
dm~3, (B) ¢, = 1 mmol dnT3, Dg=6x 1071°m? s71, and

Dm = 1x 10719m? s1. The inset of A shows the effect of, on

A
30
A
< N
= 20
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B
A
28
A
< 26 “
~ A
E 24
24 a izo e «°
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Fig. 7 Effect of diffusion coefficient of (A) substrate and (B) the
mediator on the current & = 5 mmol dnt3, ¢, = 1 mmol dnt3,
c2 =0.2 mmol dnt3, (A) Dy = 1 x 1073%m? s71, and (B)

Ds=6x 101%m?2 s~1. The line in A shows the diffusion-limited

the corresponding reaction plane radius. The dotted line in the insetcurrent. Inset in B shows the effect bf, on the corresponding
of A indicates the corresponding radius of the microdisc electrode’sradius of the reaction. Dotted line in the inset indicates the

surface.

corresponding radius for the surface of the microdisc electrode.

pendence is important for constructing amperometric biosenlimitation of the enzymatic reaction rate may cause this de-
sors, because the response in our method is independent wifition, sincels increases with an increase B. When the
the enzyme activity as long as excess amounts of the enzymalue of Dg is high, Js will exceed the reaction rate of the

exist.

conversion from S to M.

In summary, the enzymatic microelectrode is sensitive to Figure 7B shows the dependenceDgf on the current. The
c2, but insensitive ta? andcy,. The necessary condition for current increases @y increases. However, the current is
ensuring these enzymatic microelectrode characteristics is thasensitive to changes iDy. This insensitivity is explained

excess enzyme activity in the solution phase.

4.4 Effect of the diffusion coefficients on the current

Figure 7A shows the dependencelgf on Ds. The current
increased with the increase Bfs. The line in Fig. 7A is

by the expansion of the reaction plane with an increagjn
The inset of Fig. 7B shows the relationship betweemnd
Dwm, and a linear relationship betweepandDy is obtained.
According to eq. 13ly is proportional tadDmrory/ (r1 —ro).
Given that the value dDy/ (r1 —ro) remains almost constant
(Fig. 7B), the small dependence b on Dy is due to the

the diffusion-limited current calculated from eq. 21. For insensitivity ofr; to Dy. These features are effective from the

small values ofDs, the simulated current agreed with the application viewpoint because the current is independent or
diffusion-limited current. However, the simulated current de-the selection of mediator. A mediator suitable for this sensc:
viated downward from the line at higher valuesidf. The type is selected based on its standard potential and reactivity

6| Journal Name, 2010, [vol]l1-7 This journal is © The Royal Society of Chemistry [year]
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with the electrodé? 12 T. Noda, M. Wanibuchi, Y. Kitazumi, S. Tsujimura, O. Shirai, M. Ya-
Whenc < ¢, this system became the endpoint anaftsis mamoto and K. Kanonal. Sci, 2013,29, 279-281.

In this situation, the current is determined by the diffusion of '3 ;622'5°f;”’ S. L. Taylor and P. N. BartigttElectroanal. Chem2001,

M R Th_erEfore’ the calibration Cu.rve QB \_NIII haYe an I_nﬂec' 14 A. Eswari and L. Rajendrad, Electroanal. Chem2010,641, 35-44.
tion point atcg = C(I% + COM' To avoid this inflection pointDs 15 A. Eswari and L. Rajendrad, Electroanal. Chem2011,651, 173-184.
must be close tDy. 16 S. Tsujimura, S. Kojima, K. Kano, T. lkeda, M. Sato, H. Sanada and
H. Omura,Biosci. Biotechnol. Bioche2006,70, 654—659.
. 17 D. Shoup and A. Szabad, Electroanal. Chem1982,140, 237-245.
4.5 Conclusions 18 Y. Saito,Rev. Polarogt. 1968,15, 177—187.

When the enzymatic reaction is sufficiently fast, the enzymatic® K-anoand T. lkedainal. Sci, 2000,16, 1013-1021.

reaction-microdisc electrode combination provides a steady-
state current controlled by substrate diffusion. The steady-
state current is proportional to the concentration and the dif-
fusion coefficient of substrate because the substrate flow com-
pletely converts to mediator flow at the reaction plane. The
concentration and diffusion coefficient of mediator have lim-
ited effects on the steady-state current (as long as fast en-
zyme kinetics is guaranteed), because the change in the re-
action plane position cancels the changes in the current values
ascribed to the mediator characteristics. In addition, at suf-
ficiently high levels of the enzyme activity, the steady-state
current becomes independent of the enzyme activity. The use
of the microelectrode allows the system miniaturizati®and

the use of concentrated enzyme. Therefore, such an enzymatic
electrode reaction on the microdisc electrode with fast enzyme
kinetics becomes very useful for the miniaturized amperomet-
ric biosensor in future.
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