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Abstract. This paper presents computational modeling of response kinetics of
bioelectroanalytical system based on the interfacial action of enzymeelipdhe
model also assumes that the substrate of enzyme is located on thee afrfaccelles
which are spread in the solution under study. Two distinct mathematicaklsod
have been developed and evaluated through computational simulaties. sefhe
results of simulation demonstrate that diffusion is important factor for ¢nsisvity of
bioelectroanalytical system, and it is important to take this process of inzexsser into
account in all system areas.
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1 Introduction

Recently, the amperometric detection methododérmomyces lanuginosus lipase acti-
vity has been published [1]. Lipases, triacylglycerol lojdses (EC 3.1.1.3) that cleave
triacylglycerols at the oil/water interface, have exteasapplications in the food, paper,
pharmaceutical, cosmetic, detergent, leather, and éextdustries [2, 3]. Widespread
practical use of these enzymes requires fast and reliablgtaral routines to assess their
activity. The electrochemical technique, described inptésents the method of this kind.
In the work under discussion, a lipid-like synthetic compduD-palmitoyl-2,3-di-
cyanohydroquinone (PDCHQ), that contains both the estéttanelectroactive hydroqui-
none-based groups, was used as a lipase substrate. The PBDGIdCules were solubi-
lized in the Triton X-100 micelles, while the product of enzgtic hydrolysis,
2,3-dicyanohydroquinone, was readily oxidized on thetebele in a diffusion-controlled
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process. Under the diffusion control, the magnitude of teeteode current is determined
solely by the concentration and diffusion coefficient of #lectroactive species (in the
case of work [1], 2,3-dicyanohydroquinone) and the effecthickness of the diffusion
layer [4].

The authors of the paper [1] have performed experiments ruthedesteady-state
conditions. The aim of the present work is computational efiad of response kinetics
of this bioelectroanalytical system.

2 Model

In a simplified one-dimension model (Fig. 1), the working@spaf bioelectroanalytical
system described in [1] could be divided into two parts: th& fine — wide area, where
enzymatic reaction and molecular/particle (convectii#fysion occur, the second one
- narrow area of a diffusion layer, where the diffusion of tofgsis product occurs.
The latter model assumes that area 2 experimentally coulddmse inaccessible (e.g.,
by covering the electrode surface with dialysis membraaepther components of the
system.

0 r r X

Fig. 1. Scheme of the model used in the present study: 1 — area, ve@aton and
diffusion and/or convection occur, 2 — area, where reaction pradiffasion occurs,
x = 0 —the electrode surface,= r; — outer surface of area 2.

The processes in area 1 could be written in the following st form which is
most commonly used for the description of lipase interfemidivation [5]:

B B 1)
ka
E* 45 BTS2 B 4 P, ?)
-1

whereE is the enzyme in solutiory* is the enzyme penetrated in the surface of micelle,
S is the substrate on the micelle surfag&S is the enzyme-substrate complex, dhd
represents the reaction product. According to the moddy, Bndiffusion takes place
in area 2, generating amperometric response of the systehe electrical signal is
proportional to the derivative of reaction product concatin %\zzo. The change of
this parameter with time is the object of our computatioivalgations.

The system under discussion can be described by two differathematical models:

1. Assuming that area 1 is large enough and substances aibulesi evenly, e.g., by
convection process. Thus, it may be inferred that the cdretgons of all substances
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are uniform across all area, and reaction equations can leedsim single space
point without taking diffusion into account. Also it is assed that there is no
special separation between areas 1 and 2, therefore alhsabs (except the reaction
productP) are uniformly distributed across area 2;

2. Itis assumed that substances are distributed non-umifdn area 1 and diffusion
should be taken into account. It is also assumed that thespeisial separation
between areas 1 and 2 (e.g., area 2 represents dialysis arerdfrthickness; on
the electrode surface), so only reaction product diffusiocurs in area 2.

For both models it is true that beyond zonerl* r5), there is large volume uniformly
filled with the same substances and where the same reactions @ll these substances
and reaction product flow to zone 1 through boundagy r5.

First model is described by the following system of non-dindifferential equations
for single area 1 space point [5]:

dE I I
& o k= F+ ky—E*
dt kpv + kdv ) (3)
dE*

dtS = k’lE* xS — (kcat + ]ﬁ_l)E*S, (4)
dE* " *
T kpE 4 (keat + k—1)E™S — (kg + k15)E™, (5)
d
(Tf —k_E*S — k,E* x S, (6)

where symbol€, £*, E*S andS represent concentrationkjs the total interfacial area
of micelles;V is the total volumek,, kq, k1, kcqt, k—1 are the rate constants shown in
equations (1) and (2};— time. The following initial conditionst(= 0) were applied:

E(0) = Eb,
E*(0)=0, E*S(0)=0, (7)
5(0) = S

Additional equation for area 2 (product diffusion plus glism reactions in this area):

or 9*P Lo
E = dPW + kcatvE S7 T e (077.1)7 (8)

where symbolP represents reaction product concentratignis the diffusion coefficient
of P; x — distance ,£* S is calculated from solution of equation system (3)—(6) tidhi
condition ¢ = 0) for the second part of calculations:

P(0,2) =0, x€][0,r], 9)
whereas boundary conditions:

P(t,0)=0, t>0 (10)
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and

oP I_,

a = kcatvE S, r =T, t > O7 (11)
which is calculated from solution of equation system (3)—(6

The second model is described by the system of non-lineéinpdifferential equa-

tions [5]:

%f - _k”éE * kdéE* + dEg%’ (12)
ang =k E" xS = (kear +k-1)E"S + dE*SGQaET:S’ (13)
O = BB+ (ke + E)E'S = (ha t 1) + %’ (14)
ag_f:kflE*S—]ﬁE* X5+dsg27§, o

for arear € (rq,r2). Definitions are the same as for the first model, dpdd g« s, dg-,

dg are the diffusion coefficients of free enzyme, micellar eneysubstrate complex, mi-
celle with penetrated enzyme (in fad- s = dg-), and substrate, respectively. Reaction
product generation and diffusion equation is as follows:

opr I 2P

E = chatVE*S + dpﬁv S (037'2)3 .
)0, xe(0,m]; (16)
¢ 1, z€(r,r).

Initial conditions ¢ = 0):
E*(0,2) =0, E*S(0,z)=0,
E(0,2) = Ey, S(0,2) =Sy, x€]|ry,ra; a7
P0,z) =0, x€][0,rs].

Boundary conditions:

P(t,0)=0, t>0; (18)
no flow condition for subregions boundary point 1, ¢t > 0:

oE S OE*S OE*

ol =0 50| (=0, —=| (=0 | (©)=0 (19

and boundary condition for point = r5,t > 0:

P|x:1“2 (t) =D, (t)7 E|r:rz (t) = Ly, (t),
S|m:r2 (t) = Sr, (t)a E*S|z:r2 (t) = E*Srz (t), (20)
E¥ |o—r, (t) = E7, (1)

P, E.,, E;, andE*S,, are calculated from solution of equation system (3)—(6).

248



Computational Modeling of the Amperometric Bioanalytical ®ys for Lipase Activity Assay

3 Computer simulation setup and results

The series of computational simulations were performechtestigate how electrode
readings would differ if bioelectroanalytical system wedkunder the first or second
model.

The first simulation experiment was designed accordingeditkt model of bioelec-
troanalytical system. Calculations were divided into tweps: in the first step, calcula-
tions were performed according to equations (3)—(6), armtaond step, the diffusion of
P was calculated for area 2 according to Eq. (8). The follgwisues were used in calcu-
lations (all parameters, except kinetic constants, are fid): dp = 5.49-10° cm?s ™1,
ri =4-10%em, I = 7.5-10° cm?, V = 10 cn?®, Ey = 2.35 - 108 molcm™3,
ket = 7587, ky = 1.12-10° c?mol™*s™!, k_;, = 10 s, k, = 100 cms™!,
kg = 0.025 571, Sy = 6.7 - 1072 molcnm™2. The system of differential equations was
discretized using the implicit finite difference scheme aod-linear equation system,
corresponding to this scheme, was solved using simplditesamethod [6]. Integration
steps in space and time were as follows:= 5 - 1075 cm, h; = 1 s; integration in time
interval wasT' = [0..3000]. The results of computational experiment are presented in
Fig. 2.

X 1075

0P/ dx, mol cm™

1 1 1 1 1 ]
0 500 1000 1500 2000 2500 3000
t,s

Fig. 2. A — recalculated experimental data points from [%E(zzo (in molcm™%)
dependency on time); solid line — computé§ |.—o (in molcm™*) dependency on
time (in seconds) according to the first model of bioelectroanalyticé¢sys

Fig. 2 also contains the recalculated data points from f.for the rotating disk
electrode employed in [1]22|,_, = I/(nFAdp) [4], where ! is the experimental
current valuesp = 2 is the number of electrons transferred during the oxidatibn
P, F is the Faraday constant, and= 0.07 cn? is the electrode surface area. As can
be seen from Fig. 2, the mathematical model (model 1) and afddhetic constants
used in the computational experiment enabled us to attaod ggreement between the
experimental and modeling results. It is believed thatsystically slightly higher values
of experimental data points in Fig. 2 result from imperfeabtsaction of background
current in work [1]. Unfortunately, because of complexifyrderfacial lipase action (see
Equations (1) and (2)), individual kinetic constants fas #nzyme are not reported in the
literature. This fact presents difficulties to check thadity of the kinetic constants used
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in our calculations.

The second experiment was designed according to the secahel of amperomet-
ric system. Constant values were the same as for the firstimema, additionally the
second stagnant diffusion layer was definegl= 8 - 1072 cm; dg-g = 10~7 cn?s™ !,
dp- = 1077 en?s™!, dp = 1079 em?s™!, dg = 1076 cm?s™!, whenr, < 2 < ry
and, for the diffusion coefficients, zero in other cases. febétial equation system
was transformed into implicit finite differences scheme and-linear equation system
corresponding to this scheme was solved using simple ibasamethod [6]. The re-
sults are presented in Fig. 3 (continuous line). The samerarpnt was repeated two
more times with following boundary location pairsia) = 8 - 1074, ry = 4.8 - 1073;
b)ri =4-107%,7, = 4.4- 1073 (all values in cm).

x10°

0P/ dx, mol cm™

0 500 1000 1500 2000 2500 3000
t,s

Fig. 3. Solid line %h:o (in molcm~*) dependency on time (in seconds) according

to the second model of analytical system and assuming 4 - 10~ cm andr, =

8 -1072 cm; dashed line -; = 8 - 107* cm andr, = 4.8 - 10~% cm; and dotted
line—ry =4-10"* cmandry = 4.4- 1073 cm.

4 Conclusions

The results of foregoing computational experiments enabléo make the following
conclusions:

1. Assuming a simple model of single stagnant diffusion latehe electrode surface
as well as three-step interfacial activation and actionradyene, we were able to
compute the performance of electroanalytical system feditermination oTher-
momyces lanuginosus lipase activity described by Ignatjev et al. [1].

2. A set of individual kinetic constants fdthermomyces lanuginosus lipase with re-
spect to the synthetic substrate, O-palmitoyl-2,3-dioygmiroquinone, is suggested
in the computational experiments.

3. As expected, modeling of the analytical system with aoldétl stagnant diffusion
layer (the diffusion layer in model 1 is replaced by the disdymembrane of the
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same thickness, and the second diffusion layer of condtékrtess in model 2 is
formed, for instance, by electrode rotation) demonstratdscreased initial rate of
system response (i.e., rate of current increase upon enmy@ogion in the system).
Computational experiments also show that significant @gseref dialysis membrane
thickness and increase of electrode rotation rate (leatigetdecreased thickness of
the second diffusion layer) should improve the performari¢he analytical system.
Electrochemical experiments along these lines are in pesgr
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