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Summary. The article is devoted to the problem of improving the existing mathematical and
computational tools for obtaining and analyzing the results of numerical modeling in the design of biosensors.
Parameters are identified in the work, stability is investigated and mathematical model is verified of a
potentiometric biosensor based on the inverse inhibition of butyricolinesterase to determine o-chaconin is
substantiated. The mathematical model of the biosensor under study is represented by a system of seven linear
differential equations that describe the dynamics of biochemical reactions during a complete cycle of measurement
of a-chaconine concentration. In this case, each of the differential equations describes the concentration of
enzyme, substrate, inhibitor, product, enzyme-substrate, enzyme-inhibitory, enzyme-substrate-inhibitory
complexes depending on time. A mathematical model of the biosensor for the determination of a-chaconine is
numerically solved using Wolfram Mathematica software. The initial parameters of the system are the initial
concentrations of the enzyme, substrate and inhibitor (5.8 x10* M butyricholinesterase, 1x10" M butyrylcholine
chloride and 1x10%; 2x10°8; 5x10°; 10x10°® M a-chaconine, respectively), which are experimentally calculated.
An existing potentiometric biosensor based on immobilized butyrylcholinesterase was used to verify the model and
compare it with the experimental response. The forward and reverse rate constants of the enzymatic reactions are
chosen so that the result of the numerical simulation is as consistent as possible with the experimental response
of the biosensor under study. According to the results of the comparative analysis, the dependence of the deviation
of the simulated and experimental responses of the biosensor to determine a-chaconine is established. It is found
that the absolute error does not exceed 0.045 conventional units. Based on the results of numerical simulation, it
is concluded that the developed kinetic model of the potentiometric biosensor allows to adequately determine all
the main components of the compartment components of biochemical reactions when measuring the concentration
of a-chaconine
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Problem statement. Application of the results of mathematical and numerical
simulation based on differential equations is a useful tool both for understanding biochemical
processes and for making extensive use of optimization analytical characteristics of biosensors
in their design.

Analysis of known research results. In recent years, much attention has been paid to
the development and use of biosensors by researchers [1-10]. In [5-10], the main tasks related
to the study of stability in biosensors are formulated. Over the last fifty years, many
mathematical models have been developed and applied to optimize the performance of various
biosensors [11-13]. In [14, 15], mathematical models for an ammetric electrode with an
immobilized enzyme based on nonlinear differential equations are proposed, which describe
Michaelis-Menten kinetics and diffusion, as well as a mathematical model of amperometric and
potentiometric biosensors [16]. In these models, the homotopy perturbation method is used to
solve the system of equations under stationary conditions. [17, 18] presented mathematical
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models of ammetric biosensors, which improved the sensitivity of the developed biosensors by
changing the input parameters (reagent concentrations, kinetic constants, and membrane
thickness). In these models, the finite-difference method is used to solve the equation system
under both steady-state and non-steady-state conditions. The vast majority of mathematical
models developed describe enzyme biosensors for direct substrate measurement. In addition, in
recent years there has been a tendency to increase the development of biosensors based on
inhibitory analysis [19, 20]. To a greater extent, such biosensors are used in environmental
monitoring for the detection of toxic substances such as pesticides, heavy metal ions, aflatoxins
[21, 22]. To date, quite a few mathematical models of biosensors of this type have been
developed. Of these, one can distinguish a mathematical model of the glucose oxidase biosensor
for the measurement of mercury ions [23]. In this model, a system of equations describing
diffusion and enzymatic nonlinear reactions is related to Michaelis-Menten kinetics, which
have been refined to account for irreversible inhibition.

This paper is devoted to the development of a mathematical model and the study of the
stability of a previously developed butyrylcholinesterase biosensor based on ion-selective field-
effect transistors (ISFET) for inhibitory measurement of a-chaconine [24].

The question is very urgent, given that a-chaconine is a very interesting biological object
because of its toxicity and its concentration in potatoes as a food through which potatoes have
a bitter taste. Measurement of the content of a-chaconine in potatoes is performed when new
varieties with reduced content are removed. In recent years, scientific research has been carried
out, which results in the conclusion that mechanisms of resistance of potatoes to disease and
insect action depend on the level of a-chaconine. Other factors that affect the level of a-
chaconine and can cause a significant increase in its primary concentration are climatic changes,
light effects, mechanical damage during potato harvesting and storage [25].

The goal of the work. The goal of the work is to ground, investigation of stability and
verification of the mathematical model of the potentiometric biosensor for determination of a-
chaconine.

Setting objectives. Methods developed to determine total a-chaconine content are
based on the use of colorimetry, high performance liquid chromatography, thin layer and gas
chromatography, radioimmunological analysis. These methods are characterized by high cost,
long duration and complexity of sample preparation techniques. In order to optimize and modify
existing methods for the analysis of harmful substances in potatoes, it is appropriate to create
simple, inexpensive, highly sensitive methods for the measurement of a-chaconine based on
biosensors. At the same time, in order to save time and raw material resources (enzymes,
substrates and inhibitors), it is advisable and economically advantageous to create and study
adequate mathematical models of biosensors for the measurement of a-chaconine with the
possibility of numerical simulation.

Results of the research.

Mathematical model of a potentiometric biosensor for determine a-chaconin.

For numerical simulation of mathematical model in the work we used previously
developed biosensor for measurement of a-chaconine [24].

As the bioselective element of the biosensor used the enzyme butyrylcholinesterase
(BUChE). In a real experiment, 10 M butyricoline chloride (BuChCl) was used for working
substrate concentration. As potentiometric transducers a pair of identical ion-selective p-type
field-effect transistors with a sensitivity of 35-40 pA/pH placed on a single crystal has been
used.

The differential equation system, which describes the mathematical model of the
functioning of the developed biosensor for the measurement of a-chaconine, was solved
numerically by the R package.
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The program also built model responses from biosensors that are comparable to
experimental data.

Using the literature data [24] for the inhibitory measurement of a-chaconine using a
BuChE-biosensor based on ion-selective field-effect transistors, the measurement process of
the biosensor is attributed to a mixed type of inhibition, which can be schematically depicted
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Figure 1. Schematic representation of the enzymatic reaction in a potentiometric biosensor based on
BuChE-ISFET in the inhibitory measurement of a-chaconine (E — enzyme, S — substrate, | — inhibitor)

In Figure 1 k., and k. — the constants of the rate of forward and reverse reaction of
the formation of the complex (ES), k, —the constant of the rate », of formation of the product

(P), k; and k — the rate constants of the direct and reverse reaction of the formation of the
complex (EI).
Mathematical model of a potentiometric biosensor based on the inverse inhibition of

butyricolinesterase to determine a-chaconin can be described by the following system of
differential equations:
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dnasit(t) = ak,n,, ()N, () - akin, (t) + ak N, ()n, (t) - ak!n g (t) @
dn, (1) _
dt p es(t) k (t) (7)

where k, kg, k;, ki and k, — the corresponding rate constants of the reactions of complex
formation; k, — washout constant; « — a constant whose numerical value determines the
inhibition or activation of the enzyme; n (t), n.(t), n,(t), n (), n, (1), ng(t), ng(t) -
concentrations of enzyme, substrate, inhibitor, product, as well as enzyme-substrate, enzyme-

inhibitory and enzyme-substrate-inhibitory complexes, which change over time. The change in
product concentration n(t) time is directly proportional to the response of the biosensor.

The equations (1-7) describe the biochemical reactions taking place for concentrations
of enzyme, substrate, inhibitor, product, enzyme-substrate, enzyme-inhibitory and enzyme-
substrate-inhibitory. The first equation is considered for enzyme concentration n,(t) . The first
term on the right-hand side, -k.n,(t)n(t), represents change of enzyme concentration n_(t)
due to the reaction E +S — ES going with a rate of k. The rate of this reaction is proportional
to the enzyme concentration n,(t) and to the substrate concentration n_(t) . The negative sign
in this differential equation means that the process of ES formation results a decrease in the
concentration of the enzyme n_(t) .

The next term, -kn,(t)n (t), similarly to the first term, accounts for the reaction

E +1— El. The formation rate of EI complexes is proportional to the concentration of free
(available) enzymes ne(t) and available inhibitors ni(t), and it leads to a decrease of ne(t), so it
goes in negative. Dissociation of ES and EI molecules increases concentration of enzymes. It
is taken into account by adding terms +k!n_(t) and +k/n_(t). Formation of product also

(t) . All the other equations (2—7) are composed according

ses IEI

releases enzyme molecules as +k_n

p es
to the following reactions in Figure 1.

Investigation of Steady States of the Biosensor Model.

Steady states of the system (1-7) can be found as a solution of the algebraic system:

-k.,n.n. -k.n'n’ +ksnes+k,ne,+kn =0

g (8)

-k n.n; -ak.n;n; +kin +oakin, =0
©)

k,non, -kin,, -ak.n_n +akn. -k n, =0

s'les i'les' i i lesi p'les (10)
-knon"-ak.n.n’ +kin +akn,, =0

e a 1 'es 1 a 1 eSl (11)
ki n; klnel - aksnelns +aksne3| =0 (12)
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ok n;ni* - aki’n:si + aksn;n: - ak;n;i =0 (13)

k,n. -k,n, =0 (14)

Clearly, the system (8-14) has trivial solution (0,0,0,0,0,0,0)". Nontrivial solutions
n"=(n;,n.,n., n.;, ;)" can be calculated numerically.

Input parameters of the model (1-7), which were used in the experiment, are presented
in the form of Table 1.

n,n

ei?

Table 1

Input parameters of the model biosensor for the measurement of a-chaconine

Model parameters Numerical value Unit of measurement
kg 1670 L/(mol*s)
k; 167000 L/(mol*s)
k! 0.4 1/s
k! 0.0003 1/s
Ky 0.0008 1/s
k, 0.02 1/s
a 0.2 -

n, (0) 5.8%10° mol/L
n. (0) 0.001 mol/L
n; (0) 4*10° mol/L

For the parameter values of Table 1 we get the steady n” state of the model (1-7)
presented in the form of Table 2.

Table 2

Steady state of the model biosensor for the measurement of a-chaconine

Model parameters Numerical values Unit of measurement
n. 1,415*107 mol/L
n. 4*10° mol/L
n., 1129*10° mol/L
n; 1,27*10° mol/L
n, 2146*10" mol/L
Nog 1715*10° mol/L
n, 3,977*10° mol/L
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Stability research is fulfilled based on the linear model

dx(t)
et J (x(t))|x(t)5n* x(t), x(t)eR’, t>0,

where J(x(t)) is the Jacobian of the system (1)—(7). Namely,

—kgng (t) — kin; (t) — kN, (t) ke +k, —k;n, () k; 0 0
- ksns ® - ksne(t) *aksnei(t) ks 0 7aksns ® aks 0
keng (1) kene () —kq —akn; (t) -k, ak;nes (1) 0 ak; 0
J(n() = —k;n, (t) 0 —ak;n; (t) —king (t) — ak;ne, (t) k; ak; 0
kin; (t) —akgng; (t) 0 kine () — ki —akgng (t) akg 0
0 akyng; () ak;n; (t) ak;ne (t) ak,ng(t)  —ak;—ak, 0
0 0 k, 0 0 0 —ky,

For the parameter values in Table 1 we get

[-1.507978e +02 -0.120773074 2.505000e +01  -0.04830923 0.01670 0.00000 0.000 |
-1.507948e + 02 -0.125109570  2.500000e + 01 0.00000000  -30.15896  5.00000 0.000
1.507948e + 02 0.120773074  -2.505060e +01  0.05816714 0.00000 0.00334 0.000
J (n(t))‘n(t)zn* =|-3.001462e -03 0.000000000 -6.002924e -04  -0.10647636 0.01670 0.00334 0.000
3.001462e-03  -0.004336496  0.000000e + 00 0.04830923  -30.17566  5.00000 0.000
0.000000e + 00 0.004336496 6.002924e - 04 0.05816714 30.15896  -5.00334  0.000
| 0.000000e + 00 0.000000000 5.000000e - 02 0.00000000 0.00000 0.00000  -0.142

Hence, we get all eigenvalues of J(n(t))|n(t)zn* with negative real part, namely:
Ay =-1.759682e +02 , A, =-3.517811e+01 , A, =-1.420000e-01, 1, =-1.116629% -01,
As =-9.815916e-04, 15 =-3.437626e-05 |, 1, =-3.865944e -15

Hence, using Hartman-Grobman theorem [26], we can conclude that the steady state n”
of the system (1)—(7) at parameter values from Table 1 is locally asymptotically stable.
Numeric modeling of mathematical model of biosensor for measurement of a-

chakonin.
It is also taken into account that the system maintains a constant total concentration of

the enzyme E,, so at any given time the sum of the concentrations of free (E) and bound (ES),
(EI), (ESI) enzyme is equal to (E) + (ES) + (El) + (ESI) = E, . To simulate the operation of the

biosensor, the system described above was decoupled using package R. The numerical
simulation results are shown in Figure 2.

106 ......... ISSN 2522-4433. Scientific Journal of the TNTU, No 4 (96), 2019 https://doi.org/10.33108/visnyk_tntu2019.04


https://doi.org/10.33108/visnyk_tntu2019.0

Vasyl Martsenyuk, Andrii Sverstiuk, Sergei Dzyadevych
alpha-Chakonin: concentrations along time for the parameters
k_s=1666.667. k_i= 166666.7. k_s_prime=0.4166667. k_i_prime=0.0002783333. k_p=0.0008333333. k_w=0.02366667. a=0.2
n_e_0=528e-06. n_s_0=0.001. n_i_0=4e-06, MSRE=1.591202
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Figure 2. Numerical simulationof the enzymatic reaction in the BUCHE-ISFET membrane of the biosensor
using kinetic equations (1-7) and the parameters presented in table 1 (n_e, n_es, n_ei, n_esi,n_s,n_i,n_p—
concentrations of enzyme, enzyme-substrate, enzyme-inhibitory, enzyme-substrate-inhibitory complexes,

substrate, inhibitor, product, which change over time)

alpha-Chakonin: Output signal along time for the parameters
k_s=1666.667. k_i=166666.7. k_s_prime=0.4166667. k_i_prime=0.0002783333. k_p=0.0008333333. k_w=0.02366667. a=0.2
n_e_0=58e-06, n_s_0=0.001. n_i_0=4e-06. MSRE=1.591202

au.

0 200 400
time, sec

Figure 3. BUCHE-ISFET biosensor response: 1 — experimental; 2 — numerical simulation of the system (1-7)
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The squared error between experimental and simulated responses (Figure 3) of
biosensor for measurement of a-chaconine is 1.6 a.u.

At the zero stage of the simulation, the following initial conditions are set
ng(0) = n; (0) = nes(0) = ng; (0) = N (0) =n,,(0) =0, that is, when there is no substrate and inhibitor in

the system, but only the initial enzyme concentration in the working membrane of the biosensor
is entered. Under the given initial conditions and given parameters, there are solutions of the
system. In the first stage, the system is decoupled under the initial conditions given by the zero-
phase system junctions and the initial substrate concentration is added to the working cell.
The response to the inhibitor is simulated by substituting the previous solutions and the
concentration of the inhibitor known under the conditions of the experiment (Figure 4).

10 F —— ni:1x10'6 mol/l

—a ni:2x10’6 mol/l

‘ —A— ni:5><10'6 mol/l
‘ —v— ni=10><10'6 mol/l

08

0,6

0,4

Response (a.u)

0,2

0,0

200 300 400 500 600 700 800
t.c

Figure 4. Numerical simulation of the response of the biosensor at different values of the
concentration of inhibitor

In Figure 4 are presented results of numerical simulation of the response of the biosensor
for the measurement of a-chaconine at values of the concentration of inhibitor 1*10°mol/L,

2*10®° mol/L, 5*10° mol/L, 10*10° mol/L. It should be noted that the concentration of the
inhibitor used are measuring levels of a-chaconin. Analyzing the results of numerical
simulation obtained in Figure 4 we can conclude that the higher the concentration of the
inhibitor, the smaller the amplitude of the response of the investigation model of the biosensor.
The simulated responses of the biosensor at different concentrations of the inhibitor are fully
consistent with the principle of inhibition.

Conclusions. As a result of numerical simulation of the functioning of the biosensor,
the concentrations of the enzyme, substrate, inhibitor, product, as well as enzyme-substrate,
enzyme-inhibitory and enzyme-substrate-inhibitory complexes, which change over time, are
obtained to determine a-chaconine. The parameters of the model of the investigation biosensor
are identified in the paper. The stability is investigated and mathematical model is verified of a
potentiometric biosensor based on the inverse inhibition of butyricolinesterase to determine a-
chaconin is substantiated. The results obtained from the study of the stability of the biosensor
model for measurement of a-chaconine should be used for the design of new biosensors. The
use of numerical simulation results will further minimize laboratory experiments with toxic and
costly substances to select optimal concentrations of biosensor components to determine a-
chaconine. Numerical simulation was performed at initial concentrations of enzyme, substrate
and inhibitor used in the experimental studies in the package R. The physical content of the
constants of the rate of formation of complexes was studied, on the basis of which the
corresponding constants were selected so that the simulated response coincided as much as
possible with the experimental response of the biosensor. The selected constants were used to
model the responses of the biosensor to the addition of substrates and inhibitors. The results of
numerical simulation are especially relevant when developing new biosensors and when dealing
with toxic substance.
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INEHTU®IKALIA TIAPAMETPIB TA JOCIIIKEHHSA CTIMKOCTI
MATEMATHUYHOI MOJIEJII BIOCEHCOPY
1A BUBHAUYEHHA o0-9YAKOHIHY

Bacuab Mapueniok'; Anapiii Ceeperiok?; Cepriii I3sanesuy®

Y Vuisepcumem 6 Benvcoro-Banit, Benvcvrko-bana, Honvwa
2 TepHoninbcoKull HAYIOHANLHUL MEOUYHUL YHIgepcumem
imeni 1. A. I'opbauescvkoco, Tepnonine, Yxpaina
3Tucmumym monexynapuoi 6ionozii ma 2enemuxu HAH Yxpainu, Kuis, Yxpaina

Peztome. [Ipuceaueno npobaemi 600CKOHANEHHS iICHYIOUUX MAMEMAMUYHUX | 00UUCTIOBANbHUX 3aCc00i8
ONid OMPUMAHHA MA AHANIZY Pe3yIbmamie YUCEIbHO20 MOOETI8AHHA NpU NPOEKMYSaHHI 0i0CeHCcopis.
I0enmudghikosarno napamempu, O00CHIOHCEHO CMIUKICb Ma NPOBEOeHO BePUPIKAYII0 MAMEeMAMUYHOL MOOeL
NOMEHYIOMEeMPUYHO20 DIOCEHCOPY HA OCHOBI 360POMHO20 [H2I0Y8aHHA Oymupuxoninecmepasu 0ist BUSHAYEHHS O.-
uakoHiny. Mamemamuuna mooenv 00CHIOHCYBAHO20 OIOCEHCOPY NPeOCHmABIeHA CUCTHEMOIO CeMU JIEHIHUX
OoughbepeHyianbHux pigHsHb, AKI ONUCYIOMb OUHAMIKY DIOXIMIYHUX peaKkyill nio 4ac NOBHO2O YUKILY BUMIDIOBAHHS
KoHYenmpayii a-wakouiny. Ilpu ybomy kodiche i3 OupepenyianbHux pigHsIHb ONUCYE KOHYEHMpPayii epmenmy,
cyocmpamy, ineibimopa, npodykmy, hepmenm-cybcmpamuoeo, gepmenm-in2ioimoproeo, pepmenm-cyocmpam-
1H2161m0pH020 KoMAaeKcig 3anexcho 6i0 yacy. Mamemamuuna mooens biocencopa 01 GUSHAYEHHS O llaKOHZHy
038 a3aHa uucenvHo 3a 0onomozor nakema R. BXiOnumu napamempamu cucmemu € NOYAmMKO8i KOHYeHMpayii
epmenmy, cybempanty ma inzibimopa (5,8 <10 M 6ymupuxoninecmepasu, 1x10° M 6ymupuxonin xn1opudy ma
I1x1078 2x1078; 5x1075; 10x10°° M a-yaxoniny 6€ionoeiono), saxi excnepumenmanvo pospaxoséawi. JIns
sepuikayii  moodeni ma  NOPIGHAHHA 3  EeKCHEPUMEHMATbHUM  8I02YKOM  BUKOPUCMAHO  ICHYIOYUL
nomenyiomempudnull 6ioCeHcop Ha O0CHO8I IMMOOINI308aH0i Oymupuxoninecmepasu. Ilpawi ma 360pomui
KOHCMAaHMuU WeUuoKocmel pepmenmamusHux peakyii nioiopani maxum YuHoOM, Wob pe3yrbmam YuceibHO20
MOOeNI08ANHS MAKCUMAILHO 8I0N0B8I0A8 eKCNEPUMEHMATbHOMY 8i02YKY 00Caiddcysanozo Oiocencopa. 3a
pe3yIbmamamyy.  NOPIGHANbHO20 — AHANI3Y  BCMAHOGIEHO  3ANENCHICMb  BIOXUNEHHS 3MO0eNb08AHO20  Md
eKCnepUMeHMaIbHo20 8i02yKi8 bioceHcopa 05 BUSHAUEHHS a-YaKOHIHY. Bcmanoeneno, wjo abcontomua noxubxa
ne nepesuwye 0,045 ym.00. Ha ocHo8i ompumanux pe3yibmamis YuceibHo20 MOOeN08aHH S 3p00IeHO BUCHOBOK,
wo po3pobnena KiHemuuHa mMooelb NOMeHYioMempuuHo2o 6ioceHcopa 0ae 3Mo02y a0eK8amHo 8U3HA4amu yci
OCHOBHI CKAA008I KOMNAPMMEHMHUX KOMNOHEHM OIiOXIMIYHUX pearkyill npu GUMIPIOBAHHI KOHYeHmMpayii
O-YAKOHIHY .

Knrwuosi cnosa: mamemamuuna mooennb, 0I0CEHCOD, OOCHIONCEHHS CMIUKOCMI 0-YAKOHIH, YUCETIbHe
MOOent08aHHsL.
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