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Summary

COMPUTER SIMULATION OF OPTOCHEMOTRONIC SENSOR RESPONSE
IN DIFFERENT MODES OF ANALYSIS

N. V. Masolova

A mathematical model of optochemotronic (OC) sensor has been developed. The model
describes the OC-sensor response to the analyte in two modes of analysis: batch and flow
injection, processes in the volume of OC-sensor with the working electrode modified with
Langmuir-Blodgett film. This research is dedicated to revelation of parameters and processes,
that are vital for the creation of OC-sensor for analysis of different biological objects and its
operation in different mode of analysis.
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AHoTauisn

KOMITIOTEPHE MOJEJTIOBAHHS POBOTHU OIITOXEMOTPOHOI'O (OX) CEHCOPY
B PI3BHUX PEXMNMAX AHAJI3Y

H. B. Maconosa

Byna po3po6ieHa maTeMaTUUHa MOACIIbL poOoTH onToxeMoTrpoHoro (OX) ceHcopy. Mojienb
onucye Biryk OX-ceHcopy Ha MPUCYTHICTh Yy HbOMY aHAITY Y IBOX peXKUMax aHaIi3y: IPOTOY-
HOI IHXKEKIIII Ta J103aTOPy, IPOLIECH, IO MPOTIKarTh B 00’emi OX-ceHcopa 3 poOOUYNM €IIEKTPO-
JI0M, MOAM(IKOBAaHUM IUTiBKOIO JlanrMIop-biomkert. [laHe MOCTiKEHHS TPUCBIYCHO BU3HA-
YCHHIO TTapaMeTPiB Ta MPOIIECIB, SIKi € BAXIMBUMHU U1 po3pooku OX-ceHcopa Ta HOTO eKCILTY-
aTaIllii B pi3HUX peXMMax aHai3y.

Kumrouogi ciosa: OX-ceHcOp, MOJICITIOBAHHS, TPOTOYHA 1HXKEKIIIS, J03aTOP
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AHHOTALUA

KOMIIBIOTEPHOE MOJEJINPOBAHUE PABOTBI OIITOXEMOTPOHHOI'O (OX)
CEHCOPA B PA3JIMYHbBIX PEXKMMAX AHAJIM3A

H. B. Maconosa

brina pazpaborana matemaTudeckas Mojiellb paboTel ontoxeMoTpoHHoro (OX) ceHcopa.
MOI[G.HI) OIINCBhIBACT OTKIINK OX—ceHcopa Ha MPpUCYTCTBUC B HCM aHAJIMTA B JIBYX PEXKHUMaX dHaA-
JU3a: TPOTOYHOM MHXKEKIIMU U J03aTopa, MPOIECcChl, MpoTeKkammue B oobeMe OX-ceHcopa ¢
pabouuM 3IIeKTPOoIOM MOAUPUIIMPOBAHHBIM IIeHKOM JlanrMriop-braomkerT. JlanHoe uccneno-
BaHME MOCBSIICHO OMPEIETICHHUIO TapaMeTPOB H MPOIECCOB, BAXKHBIX 1 co3aanus OX-ceHcopa
" €ro SKCIIyaTallui B PA3JIMYHBIX PEXKUMaAX aHaJln3a.

KiroueBsble ciioBa: OX-CCHCOp, MOJCINPOBAHUC, ITIPOTOYHAA MHKCKIUA, 1O34TOP

Sensors are devices that combine the selectiv-
ity and specificity of a biologically active com-
pound with a signal transducer and an electronic
amplifier [1,2]. The transducer converts the bio-
chemical signal to an electronic one. The sensor
signal is proportional to the concentration of
measured analyte. The sensors are classified ac-
cording to the nature of the physical transducer.
Optochemotronic (OC) sensors measure the
electrochemiluminescent (ECL) [3] intensity and
current through working electrode due to recom-
bination processes, which are the essential part
of the ECL analysis. In case of the optochemo-
tronic sensors the potential at the electrode is
held constant while the ECL intensity and the
current flow is measured. The optochemotronic
sensors are reliable, relatively cheap and highly
sensitive for biomedical, environment and indus-
trial purposes.

Starting from the publication of Clark and Ly-
ons [1], the biosensors became one of the popular
and perspective trends of biochemistry. The un-
derstanding of the kinetic regularities of sensors is
of crucial importance for their design. Mathemat-
ical models can explain such regularities. The gen-
eral features of amperometric response was ana-
lyzed in the publications of Mell and Maloy [4].
Some later reports were also devoted to the mod-
elling and investigation of the amperometric sen-
sor response [3].

The goal of this investigation is to make a
model allowing an effective computer simulation
of optochemotronic sensor response to an ana-
lyte. The developed model is based on non-sta-
tionary diffusion equations, containing a non-lin-
ear term. The model allows to simulate the sensor
action in batch and flow injection (FI) modes. In
the FI analysis the sensor contacts with the ana-

lyte for short time [6, 7] while in the batch analysis
the sensor is assumed as immersed in the analyte
solution of infinite volume and during long time.
The digital simulation of the sensor response was
carried out using the semi-implicit finite differ-
ence scheme.

The developed software was employed to gen-
erate sensor response data for analyte. The gener-
ated data can be used for the optochemotronic
sensor calibration. Data needed for a sensor cali-
bration can be produced by multiple physical ex-
periments. However, computer simulation is
much cheaper and faster than the physical experi-
ment.

Mathematical model is based on physical
model that describes processes taking place in OC
sensor [8]. Due to peculiar properties of OC sen-
sor’s construction, namely working electrode
modified with Langmuir-Blodgett (LB) film,
physical model presents heterogeneous and ho-
mogeneous processes that take place in OC sen-
sor. Charge (electron) transfer between electrode
surface and molecules in immobilized LB film, in-
tramolecular electronic excitation energy transfer
(ET) between excited and ground states of immo-
bilized reagent present the heterogeneous process-
es. As the homogeneous one diffusional and/or
convectional ion transfer in the volume of the sen-
sor is considered.

The analytical process starts by applying volt-
age to the electrodes. While ion-radicals (IR) of
analyte interact with IR of reagent as the result of
radical-recombination process, analytical signal,
which is proportional to the concentration of an-
alyte in tested probe, is generated by OC sensor.
Charge transfer includes electron tunneling form
electrode to reagent molecules through intermedi-
ate layer (subphase) consisted with amphiphilic
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molecules (necessary feature of LB technique),
that are potential barrier for tunnelling electrons.
Thus, charge tunnelling provides IRs creation of
reagent in LB film. The excited singlet and triplet
states of molecules have finite lifetime, so radia-
tive transition of singlet states and non-radiative
transition of triplet states to ground state leads to
system deactivation. The deactivated molecules in
ground state become IRs again due to electron
transfer. ET occurs between IR of analyte and IR
of reagent, deposited in the LB-film. Here ET rep-
resents resonant interaction of donor and accep-
tor molecules’ dipole moments and proceeds by
Forster mechanism, i.e. migration of electronic
excitation energy from donor to acceptor that
leads to distribution of excitation across LB film
layers. After IR’s creation IR of analyte diffuse
towards the surface of the working electrode cov-
ered with reagent-electrochemiluminophore. As
result of biradical recombination in LB excited
singlet and triplet states are generated. After re-
combination IRs of analyte pass into ground
state and diffuse back to the working electrode,
starting new cycle of the processes described
above.

Mathematical model of complex processes in
OC-sensor includes two interconnected sub-
models:

1) model of processes on the electrode surface,
modified with Langmuir-Blodgett (LB) film (elec-
tron tunneling, energy transfer, radiative deacti-
vation);

2) model of mass transfer in the sensor vol-
ume, filled with analyte solution.

Only ion-radicals (IR) of analyte are distribut-
ed in the cell volume, because recombination
processes take place at the surface of the working
electrode, covered with LB film of electrochemi-
luminophore molecules, and reactions products
will be generated in the film. If IR’s of analyte are
stable enough, then their diffusion time from an-
ode to cathode is small enough in comparison
with their lifetime 1, i.e. T, <<t. The analyte dis-
tribution in the sensor volume is described by dif-
fusion kinetics equation:

de, (x,1) b

g 2 i
al ax Ti (1)
O<x<L, O<t<T,

.azcg (x,t) 1
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where ¢, — concentration of analyte molecules in
ground state in the cell volume; D, — diffusion
coefficient of analyte molecules in ground state;
¢,— concentration of analyte IR; D, — diffusion
coefficient of analyte IR; T — is full time of OC-
sensor operation to be analysed.

The sensor operation starts when some analyte
appears in the bulk of the OC-sensor with elec-
trodes under the applied voltage. This is used in
the initial conditions (7 = 0):

c,(x,0)=c,, (3)

¢ (x,0)=0. 4)

In the FI mode the OC-sensor contacts the an-
alyte for short time only (seconds to tens of sec-
onds). When the analyte disappears, a buffer so-
lution swills the analyte solution from the OC-
sensor volume, reducing its concentration to zero.
Because analyte can’t be washing out from the
sensor instantly, the mass diffusion as well as the
reaction still continues for some time. This is used
in (3) as cg(x,0)=0 and in the boundary conditions
(0<r<T ) given by

dc, (0,1) e
Dg.ga—:ksf.(l—e ), 01), (5
X
c, €, 0,0), =T,
c.(0,1)= I '
/(0.0 c, e s -c,(0,0), t>T,° (6)
¢, —¢ (L), t<T,
c, (Lt)= i '
(1) c,-e o —c¢ (L), t>T,” )
dc.(L,t
k.ﬁ/m'ci(L’t)"'Di'[;—x):O, (8)

where T, — is the time of FI, i.e., the time when
analyte is in the bulk of the OC-sensor; ¢, — total
concentration of analyte in the cell volume; k ,—
cation-radicals formation rate at the electrode
surface; T — interelectrode capacitance charging
time; L — interelectrode distance; kﬁlm — IR re-
combination time at the film-solution interface.
In the batch mode of the analysis the simulat-
ing sensor remains with the analyte inside all the

analysing time. Assuming 7, =7 the model ex-
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pressed by equations (1-8) may be accepted for
batch analysis as well.

The current is measured as a response of a sen-
sor in a physical experiment. The OC-sensor cur-
rent (current through the working electrode) de-
pends upon the flux of reaction product at the
electrode surface. Consequently, density J(¢) of
the sensor current, as a result of the ECL-process
at time ¢, is proportional to the concentration
gradient of the analyte IR at the surface of the
working electrode as:

J(t)=F-D,-c,(L,1), 9)

where F — is Faraday constant.
The developed computer simulation software
was employed to generate data for a calibration of

an optochemotronic sensor. Two parameters: 7,
and T depend on the mode of analysis. In FI anal-
ysis due to the disappearance of the current, time 7°
was considerably less than in batch analysis.

The results of the simulation are depicted in
figure 1-3. Figure 1 shows the current dependence
on ¢ in a case of batch analysis. Figure 2 presents
generated sensor responses in FI analysis with

T, =50s. Evolution of sensor current is depicted
for the first 100 seconds of sensor action only be-
cause of petty change of the sensor current at
greater values of time ¢. In batch analysis the max-
imal sensor current is the steady-state current.
Figure 2 shows, that the current function I(z) is
not monotonous in FI analysis. Figure 3 shows
the comparative curves of two modes of analysis
and two types of curves, which characterize the F1
mode with 7, =50s and T, =20s. As shows on fig-
ures 1-2 the intraelectrode distance influence on
the maximal current, i.e. I(¢) rising with intrae-
lectrode distance reduction.

As presents on fig.3 form of the analytical sig-
nal has its individual features in different modes.
Thus, in FI mode, conditions for analytical signal
measuring are non-equilibrium, when neither
physical processes of testing probe diluting by
carrier nor chemical reactions are incompleted.
The increasing peak’s region of analytical signal
(except the initial phase of delay) is exponential.
Steady state degree doesn’t depend on concentra-
tion. Hence there isn’t necessity to carry out ana-
lytical reaction up to its total completion. Form
of the decreasing part of the FIA peak depends on
the washing out rate of test solution from the flow
cell and its inertiality. In batch mode profile of

increasing part of the analytical signal has expo-
nential form too, but its free of decreasing part,
i.e. there is satiety, thus batch mode doesn’t pro-
vide non-equilibrium measuring conditions.

i i | 1 i
0 20 40 60 80 100 120 t,s

Figure 1. The current dependence on ¢ in a case of

batch analysis with intraelectrode distance:
1 — 40um; 2 — 60um; 3 — 8Oum

0 20 4‘0 é() é() 100 lé() t.s
Figure 2. OC-sensor responses in FI analysis with

T, =50s and intraelectrode distance:
1 — 40um; 2 — 60um; 3 — 80um

i
120 t.s

Figure 3. Comparative curves of two modes of analysis:
1 — batch; 2 — FI with Tf=50s; 3 — FI with Tf=205
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From the aforesaid each mode has its advantag-
es and disadvantages. Thus FI mode is suitable for
multiple mass samples investigation on account of
its high mass productivity, that reduces price of
analysis and automats it. However analytical FI
signal is under the influence of the kinetics of two
processes: physical dispersion of the sample’s zone
in the career flow and electrochemical processes of
detecting particles formation, that necessitate of
the exacting control of sample residence time in the
system and degree of its dilution in the flow.

By batch mode this is out of necessity, as ana-
lytical signal is under the influence of detecting
particle formation by electrochemical process,
that just improves the analytical precision. Sen-
sors in plane gives the opportunity to carry out
mass investigation too. But disadvantages of this
mode are nonrecoverable and low economic ef-
fect at single analysis. High economic effect ap-
pears in mass manufacturing only.

So the information about kinetics processes is
essential to construct sensors successfully, that un-
der the explanation of the mathematical models.

Obtained results can be used for verification
and comparison of experimental data and theo-
retical results, for determination of OC-sensor
parameters for efficient analysis, and to make a
choice of the analysis mode.

The author is grateful to Prof. N.N. Rozhitskii
for pointing out onto the necessity of solving
above mentioned goal of investigation.
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