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OPTIMIZATION OF ION TRACK CHARACTERISTICS
INATRACK BIOSENSOR

Abstract. When constructing a computer model of an ion track in a biosensor, it is important to
take into account the main structural features of a real track. As now established, the transition from
track to sample volume is not abrupt. In the present work, the three layer structure of the inner walls
of the track (including Penumbra) is taken into account. It is shown that the passage of a charged
liquid through the track depends significantly on the defect structure of this transition layer. Since
the profile of the current density flowing through the liquid track depends on the defective structure
of the transition layer in the track, it is important to determine the ion bombardment conditions that
provide its optimization. Thus, at the first stage of creating a track structure, it is necessary to solve
certain problems of radiation physics of the interaction between fast ions and a thin film. In turn,
these characteristics of track structure will determine the sensitivity of the biosensor to the detection
of contaminants in a particular environment. It is shown that it is important to take into account
the specific influence of each of the three-layer boundary layer on the flow of the “carrier” fluid.
Carrier liquid means a “pure” substance into which contaminants should be determined. Studies
have shown that the optimization of the functioning of a track biosensor is a multi-parameter task, in
which several parameters must be varied simultaneously. Therefore, computer simulation makes it
possible to be an effective method for optimizing the parameters of a track biosensor. Further studies
should be aimed at finding a correlation between the structural features of Penumbra and biosensor
parameters. However, this requires a significant improvement in the algorithms and computer model.

Key words: defect structure of track, sensitivity of track biosensor, computer modelling.

INTRODUCTION

The action of a track biosensor is based on the passage of ion flows (in particular, electrolytes)
through cylindrical nanopores. These nanopores (nanotracks) are obtained by ion bombardment
of thin dielectric films (for example, polymeric ones). When foreign nano-micro-objects enter the
liquid flowing through the nanotracks, the profile of the current flowing through the nanotrack
changes, which, in principle, makes it possible to identify biological contaminants in the medium.

The main difficulties in improving the parameters of the track biosensor are due to the
fact that the processes of migration and diffusion in nanopores differ significantly from
these processes in macro-volumes [1; 2]. Attempts to investigate the features of diffusion
in nanopores were made long ago in the 20’th century. It has recently been found [3; 4]
that these features are largely due to the fact that in nanopores a significant part of diffusing
particles interacts with the inner surfaces of nanopores. It is these interactions that determine
the features of the passage of ion flows in nanopores, which can improve the parameters of
the track biosensor.
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A nanotrack in a track biosensor is modeled as a nanocylinder [5]. The model should
reflect the real features of the defect structure of the internal surfaces. The presented models
provide for the presence of adsorption and scattering centers [6; 7]. The roughness of the
inner surface (RIS) significantly affects the movement of the ion flow in the track. In this
work, the model is implemented allowing varying the value of RIS.

Computer simulation of the passage of ion flows through nanocylinder allows one to
simultaneously check the influence of various factors on the efficiency of the biosensor: the
shape of the nanotrack and its diameter, the defective structure of the inner surface of the ratio
of the characteristics of the carrier liquid and biological contaminants.

1. SIMULATION OF A REAL STRUCTURE OF THE ION TRACK

A formation of internal surfaces of tracks in a thin film is accompanied by complex defect
formation processes and various diffusion-controlled reactions. Experiments show that the
track area consists mainly of 3 parts: the inner part (core), a disordered cylindrical layer
(Penumbra) and a slightly deformed surrounding volume in the film (Fig. 1).

1.1. SIMULATION OF AN INTERNAL SURFACE OF THE ION TRACK
The track wall consists of ions with identical characteristics, which we called nodal ions

(NI). The charge of NI is half that of the ions of the liquid flowing through the track. The
construction of the ion track is as follows:

' I

Time evolution
of impact of
energetic heavy ions
into a polymer foil

Fig. 1. The real structure of the ion track

1. From the nodal ions, we build the first layer, which is a circle with a diameter equal to
the track diameter. 2. Then it’s necessary to count the number of layers that we need to build
in accordance with the length of the track. We build the required number of layers. 3. The even
layers are located relative to the odd ones with an offset of 0,5 of the diameter of the nodal ion,
so a dense surface of track (without breaks) is obtained (Fig. 2). Modeling of adsorption centers
is described in [3; 8]. Nodal atoms with increased charge are scattering centers.
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After the first layer in the nanocylinder wall a layer of Penumbra with a thickness of
several nodal ion radii is built (Fig. 1). The closer to the core of the track, the more disordered
this layer. This can be achieved by varying the size of the ions that make up the layer. As you
move away from the core of the track gradually, Penumbra turns into a normal volume lattice.

Fig. 2. View of the roughness of the inner surface of the model nanocluster

Thus, the proposed model makes it possible to create conditions for the flow of an
ionic liquid through a nanotrack, which reflect the defective structure of the interior of the
nanotrack. It should be noted that in some cases it becomes necessary to give the model a
conical shape (Fig. 3), which, according to the experimental results, improves the parameters
of the biosensor.

Fig. 3. Conical nanotrack model

It is also important to take into account the specific influence of the three-layer
boundary layer (Fig. 1) on the flow of the “carrier” fluid. Carrier liquid (CL) means a
“pure” substance into which contaminants (including biological ones) get. During the
functioning of the biosensor, there is an influence of Penumbra on the core of the track.
There is a certain evolution of this Penumbra and, accordingly, the evolution of the
nucleus (Fig. 1). The model should capture and show all these processes: these processes
affect the flow of the CL in the track. In the case of a conical track shape, the nature of
the influence of Penumbra on the flow of CL through the track changes. Therefore, it is
important in the process of computer simulation to find out the possibility of forming such
a nucleus and Penumbra that provides an optimal ion current for the track sensitivity. To
this end, for different structures of the track walls, we studied the nature of the CL flow
through the tracks.
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1.2. SIMULATION OF THE ION FLUX THROUGH THE TRACK

Creating an ion flow includes several steps:

1. The track is filled with a certain amount of ions, which provides the required density
of the CL. These ions are randomly and evenly distributed along the length of the track. The
Random program is used. 2. An array of ions in the CL is given a temperature in accordance
with the approach of the molecular dynamics method [9]. All ions in the array are given
initial velocities taken from the Maxwell distribution for a specific temperature and using
the Random program. The program sets the magnitude and direction of the velocity for each
ion. 3. Next, an external force is applied to each ion in the array, which simulates the external
applied voltage in the biosensor.

Earlier [6], it was found that the appearance of an extraneous micro-nano-object in the CL
is detected in connection with the appearance of negative peaks on the time dependence of
the current in the track biosensor. Further studies showed that a change in the current through
the tracks when a foreign object enters the CL can also be used when the polluting object
is discrete. In this case, a series of peaks appears in the current profile, and their number
is proportional to the number of discrete polluting objects (Fig. 4). Modeling of foreign
pollution is carried out by changing the basic characteristics (size, mass, charge) of randomly
selected ions in the CL.
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Fig. 4. Negative peaks in the profile of ion current. In general, the number of peaks
is proportional to the number of discrete foreign objects in the CL

2. INFLUENCE OF TRACK PARAMETERS
ON BIOSENSOR SENSITIVITY

The problem of improving the track biosensor is complicated by the fact that the track
characteristics are mutually dependent and difficult to reproduce. For example, adsorption
centers significantly affect the sensitivity of the device. However, this effect can be
compensated if the exact conditions of penumbra formation are not taken into account when
fabricating the track structure. Therefore, model experiments are extremely important. As an
example, let us consider the influence of the density of adsorption centers on the sensitivity of
a Fig. 5 shows the dependence of the CL current on the concentration of foreign contaminants.

It can be seen that with an increase in the density of adsorption centers (yellow line), their
influence on the ion current increases sharply. Current changes caused by the presence of
contaminants will also be greater.
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Fig. 5. Dependence of the CL current on the concentration of mixed products (MP).
Yellow line corresponds to larger concentration of adsorption centers

DISCUSSION AND CONCLUSION

The article shows that despite the fact that the track biosensor operation scheme is quite
simple, the creation of a high-quality device requires optimization of a large number of track
structure parameters. The operation of a track biosensor is based on the migration of liquids
and gases in nanopores. Migration and diffusion of a substance in nanopores does not proceed
in accordance with the usual Fick laws and requires a special study. It has been established
that the interaction of a diffusant with the inner surfaces of a nanopore plays a decisive role
when considering diffusion in nanopores. To improve the parameters of the track biosensor,
the main task is to find ways to control the passage of CL through the tracks. The solution of
this problem is connected with the directed creation of local centers on the inner surfaces of
tracks and the corresponding defective structure of Penumbra.
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AHOTALIS

ONNTUMIBALIA TPEKOBUX XAPAKTEPUCTHUK IOHIB
Y TPEKOBOMY BIOCEHCOPI

IIpn moOynoBi KoMIT'FOTEpHOI MOJIelli 10HHOTO TpeKy B 0l0CEHCOpi BaXKIMBO BPaxoBYBATH
OCHOBHI CTPYKTYpHI 0COOTHBOCTI peaIbHOTO TPEKY. SIK Terep yCTaHOBICHO, TIEPEXi BiT TPEKY 110
00’eMy 3pa3ka He € Pi3KUM. Y il poOOTi BpaxoBaHO TPUIIAPOBY CTPYKTYPY BHYTPILIHIX CTIHOK
Tpeky (Bkmtodaroun Penumbra). TlokazaHo, 1mo MpOXOMKEHHS 3apsKEHOT PIAMHHA Yepe3 TPeK
ICTOTHO 3JICKUTD BiJ1 Ie()EKTHOI CTPYKTYPH IIbOTO TIepeXiHOTO 1mapy. OCKUIbKU MPpodisib I'yCTUHH
CTpYMY, L0 TPOTIKA€ Yepe3 PIAMHHHUN TPEK, 3aJEeKHUTh Bill Ae(PEKTHOI CTPYKTYPHU TEPEXiTHOTO
mapy y TPeKy, BaKJIMBO BH3HAYUTH YMOBH 10HHOTO OomOapiayBaHHsI, sIKi 3a0€3IedyloTh Horo
onTuMizanito. TakuM YHMHOM, Ha MEPIIOMY €Tali CTBOPSHHS TPEKOBOI CTPYKTYpH HEOOXiTHO
BUPIIIUTH MTEBHI 3a1a41 paiamiiHoi Gpi3uKu B3aeMOii ITBUAKIX 10HIB 3 TOHKOIO ITIBKOIO. Y CBOIO
4epry, i XapaKTePUCTHKH CTPYKTYPH TPEKy BU3HAYATUMYTh Uy TNINBICTh O10CEHCOpa 10 BUSBICHHS
3a0pyIHECHb Y KOHKPETHOMY cepemoBuiii. [loka3aHo, 1m0 BaKIMBO BPaxoByBaTu crenugiky
BIUIMBY KOXKHOTO 3 TPHIIAPOBHX IMOTPaHUYHMX IIAapiB HA MPOTIKaHHI «HOCI» piguHa. Piguna-
HOCIH 03HaYa€ «YHUCTY» PEUOBHHY, B SIKiH CIIiji BU3HAUATH 3a0pyHEeHHS. Jl0CIiKeHHS TTOKa3ay,
IO ONTHUMI3allisl (QYHKIIIOHYBaHHS TPEKOBOTO OioceHcopa € OararormapaMeTpUYHOI0 3aavero,
B SKilf HEOOXiTHO 3MIHIOBATH JEKUTbKAa MapaMeTpiB OAHOYACHO. TaKMM YHWHOM, KOMIT IOTEpPHE
MOJICTTIOBAHHS 1a€ MOKIIUBICT OyTH €(EeKTHBHUM METOIOM ONTHMIi3allii mapaMeTpiB TPEKOBOTO
6iocencopa. Ilomanbi JOCHiKEHHsT MaroTh OyTH CHPSIMOBAaHI Ha BUSIBJICHHS KOPEISIii MiX
CTPYKTYpHUMH OcoOmuBocTsMH Penumbra ta mapamerpamu OioceHcopa. OmHak 1e moTpedye
3HAYHOTO BJIOCKOHAJICHHS aJITOPUTMIB 1 KOMIT FOTEPHOI MOJIEII.

KnrouoBi cioBa: JnedexrHa CTpyKTypa TpeKy, YyTIMBICTH TPEKOBOrO OioceHcopa,
KOMTI FOT€PHE MOJICTIOBAHHSI.
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