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Abstract: Detection of virus in sample is an actual problem in biotechnology, virology, medicine
using biosensor. History of problem dates back to middle of last century and is associated with
development of an ion-sensitive solid-state device for neurophysiological measurements. Aim of
work is theoretical investigation process of detection antibody+antigen (AB+AG) complexes using
SOI-FET biosensor. On example of crystal with ten biosensors, estimates of probability detection
AB+AG complexes influenza virus are made. In detection process, following four results are possi-
ble: — target complex is present in test sample, and it was correctly detected; — target complex is
present in sample, but it was not detected; — target complex is absent in sample, but background
particles are mistakenly detected as target complex; — target complex is absent in sample, back-
ground particles present in sample and are correctly detected as noise.
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1. Introduction

The appearance of pathogens in crowded places can potentially lead to very serious conse-
quences for any country in the world and for an individual. Well-known in the history of mankind,
for example, the flu pandemics that occurred in 1918, 1957 1968, and Covid-19 clearly showed that
the price of moral suffering, financial and material losses are very significant and often unacceptably
high. Early and rapid diagnosis of cases epidemic infections with epidemic potential allows timely
implementation and organization of number of measures to prevent the occurrence of an epidemic
or even pandemic. Among them are quarantine, isolation, hospitalization, vaccination, treatment, etc.
[1,2,3].

Currently, the problem of rapid diagnosis pathogens is solved by various methods and technical
means that perform, and often successfully, only individual tasks. Among them, methods in various
variants can be distinguished: polymerase chain reaction (PCR), serological tests, enzyme immuno-
assay, etc.

PCR is based on detection of nucleic acid sites genetic material virus and determination their
group membership by this criterion. The technique has high diagnostic value, is modern and high-
quality way to confirm disease. It is considered the “gold standard” of diagnostics, and widely used
in virology laboratory, inpatient and outpatient settings [3].

Serological diagnostic methods — allow obtain data characteristics of pathogen and stage of clin-
ical process. The analysis performed on basis of patient's blood serum with assumption of presence
in body specific type antibodies and and/or antigen. This is retrospective laboratory study that uses
known virus antigen as well. When disease occurs, specific antibodies, immune complexes AB+AG
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are formed in patient's body, which confirms method. Determination of presence antibodies in blood
serum is carried out few days after onset of disease. Detection of immunoglobulin IgA against the
SARS-CoV-2 virus is carried out from 2 days after infection, of immunoglobulin IgM on 7th day, of
immunoglobulin IgG from about 3rd week. Method has high accuracy, sensitivity, reliability and
allows us to obtain numerical estimates of titer AB, dynamics their development. It has particular
value for prognosis of development pathology. Serology often used to diagnose erased forms of dis-
ease, obvious clinical signs or asymptomatic as well. In medicine and virology, the method is used to
diagnose presence of pathogens in body: coronavirus, influenza A, B viruses, HIV infection, hepatitis,
rubella and number of other pathogens [3,4,5,6].

Enzyme immunoassay (ELISA) is based on specific AB+AG reaction. Semi-quantitative analysis,
the purpose of which is to determine presence of IgM and IgG antibodies in blood serum taken from
a vein [4,5]. The principles of ELISA are based on modern knowledge in field of immunochemistry,
analytical chemistry, physico-chemical laws AB+AG reaction, and molecular biology [5,6,7]

A competitive alternative to traditional detection methods is rapidly developing direction of
sensors based on field-effect transistors (SOI-FET). Ion-sensitive sensors were first proposed by
Bergveld P. in 1970, 1972 [8,9]. Researchers are developing more advanced biosensors and methods
for detecting biological particles based on fundamental laws of physics and chemistry, using an in-
tuitive understanding of transfer analyzed substance as a result of its diffusion and convection, con-
trol kinetics of binding and chemical reactions in test sample. Various biosensors, their characteristics,
sensitivity, of design elements are presented in literature [10,11,12,13,14,15,16,17,18,19,20,21,22].
However, attention to problem of probability detection is insufficiently. Mistake detected of target
pathogen by SOI-FET biosensor may be as result procedures of preparing its surface. During manu-
facture or storage of biosensor, background particles from the air atmosphere (oils, photoresistors,
mechanical dust, etc.) can be adsorbed or chemically bound on its surface [23]. They influence: prop-
erties of nanowires (NW), selective interaction of AB+AG, their effective eclectic charge, amplitude
signal of detection. Mistake detected of target pathogen increases. The topology and the design of
SOI-FET biosensor can be cause mistake of detection AB+AG complexes also.

Consider biosensor that uses field-effect transistor with two isolated gates [14,15,16]. First gate
is made in form of NW between source and drain of biosensor. Second one is located on reverse side
of biosensor crystal. It is used to select initial current in source-drain circuit [14]. Source of input
signal is various ions chemical elements, molecules, viruses, proteins, bacteria, DNA, etc., which are
present in tested suspension and partially adsorbed on surface of first gate - NW [10,11,12,13]. Ad-
sorption of biological particles (proteins, viruses, DNA, etc.) on NW do to change in concentration of
charge carriers in semiconductor and its conductivity in real time. Electric current is modulated in
source-drain chain of SOI-FET as result of their absorption. If during adsorption semiconductor is
depleted by electric charge carriers, and depletion region is comparable to size of sensor element,
then one particle can potentially completely block its conductivity. Thus, potential sensitivity is
achieved — one particle per sensitive element [11]. Regulation of choice operating mode, optimization
of response NW biosensors is considered in articles [14,15]. Sensitivity of biosensor is result of choice
its operating mode, presence of receptor layers on surface of NW and design and technological pa-
rameters, etc. Among other factors, delivery of analyte to biosensor is indicated.

Aim of work is theoretical investigation of process detection AB+AG complexes by SOI-FET bi-
0sensor.

Whole detection process is divided into three main stages.

First stage. Formation of AB+AG complexes by introducing a specific serum (antibodies) into
studied viral suspension, which is located on surface of biosensor. This stage of reaction occurs very
quickly and has no visible changes. The interaction of antibodies with background particles suspended in solu-
tion can lead to cross-linking and the formation error of detection by SOI-FET biosensor also.

Second stage. Adsorption of complexes on surface NW causes current modulation in source—
drain circuit. As a result, a target information signal is formed. It is defined as difference between
value of a priori selected initial current biosensor set before introduction of a specific serum, and
current after detection process is completed.
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Third stage. Registration of electric current in source-drain sections of transistor using special-
ized devices.

Adsorption of AB+AG complexes from a liquid onto surface of NW is random event that de-
pends on number of factors. Among them are radius of AB+AG complex, its diffusion coefficient,
viscosity and temperature of suspension, etc. see, i.g, [24,25]. Listed parameters are selected a priori
for practical reasons in order to achieve optimal detection of target complex. Development of express
detection methods and systems based on biosensors is carried out in direction of increasing sensitiv-
ity, improving operational characteristics, simplicity of methodological procedures, minimizing ma-
terial and time costs, use of middle-level personnel, as well as accessibility for wide range of users
[10,11,12,13,14,15,19,20].

2. Materials and Methods

Most demanded characteristics of a biosensor are its high sensitivity, specificity and speed. Sen-
sitivity is understood as minimum amount of a substance that can be detected with its help in test
sample. Specificity refers to reliability of detection target substance (antibody or antigen), against
background of others particles.

The topology of biosensor manufactured by Design center of Bio-microelectronic technology
Vega shows at (Figure 1). It contains following elements:

1, 10 - typical contacts of biosensor. Contacts are necessary to connect silicon crystal to contacts
of case;

2 - NW (gate). NW is located between source and drain of each transistor;

3, 8 — contact of ground;

4 - transistor, NW region;

5 - drain electrode;

6 - contact of gate;

7 - typical contact of point;

9 - crystal of biosensor. All components of biosensor are located on surface of crystal.

There are 10 independent biosensors located on surface of crystal. Overall dimensions of crystal
are 6x6 mm. The back side of crystal is glued to body chip. Photo of biosensor case is shown at (Figure
2).

Biosensor is connected to data acquisition and processing recorder, in which information signal
is amplified in analog form, converted into digital and primary mathematical processing. Further
signal processing is performed by a computer, which makes it possible to use its capabilities for sta-
tistical analysis of results obtained, data transmission via communication channels to a single infor-
mation center, practically unlimited time for storing results, quick decision making, etc.

Operating principle of recorder is based on measuring value of current flowing in source-drain
circuit of transistor. Registrar software performs following functions:

plotting dependence electric current of transistor — time;

calculation of average value current for given time interval of measurement. In suspension un-
der study, all background particles, as well as antibodies and antigen, experience Brownian motion.
Process of movement occurs spontaneously and proceeds constantly. Average value square of dis-
placement A? particle during observation ¢ is found from expression of Einstein and Smolukhovsky,
see i.g. [24,25]:

RT
- 3mmr N, 't
where: R - universal gas constant 8.31 [J/(mol-K)];

T - absolute temperature [K];

7 - viscosity of sample [Pa-s];

r - radius of suspended particles [m];
N,- Avogadro constant 6.02-10% [mol];
t - observation time [s].

A2 1)
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1 —typical contacts
of biosensor

7 — typical contact
f point
2 —nanowire ofpoin
8 — contact of
3 — contact of
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ground
4 —transistor, 9 — crystal of
nanowire region biosensor
5 — drain electrode 10 - typical
contacts of
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6 — contact of gate

Figure 2. Photo of biosensor in case: 1 — crystal of biosensor, 2 — case.

Numerical estimates show that colloidal particle, for example, complex of flu virus AB+AG with

aradius r = 5.00-10° m during observation ¢ =200 s in an aqueous medium with viscosity 7=10" Pas,
at temperature of 300 K is able to overcome linear distance I:

l= VA2 m )
After substituting listed parameters in (1), we find:
1=58.7-10°, m ®)
Value of [ allows us to give reasonable estimate of measuring volume for one biosensor v1:
vl=2 - nP=42310"m’ 4
and for ten v10 biosensors located on crystal (Figure 1, Figure 2):
010 =4.23-10"%, m?3 ®)

During detection, both target AB+AG complexes and background particles, which are inevitably
present in any test sample, are simultaneously adsorbed on surface of NW biosensor. Biosensor trans-
forms adsorption of AB+AG complexes into a useful information signal in form of an electric current,
and adsorption of background particles onto surface of NW into an electrical interference signal. As
result, an additive (total) output signal b is observed at output of recorder, which is described by
equation:

b=Ax+c
(6)
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where: x - useful information signal of target complexes;

¢ - background particle interference signal;

A - logical parameter, takes values 0 or 1.

In general, solution to problem of express detection AB+AG is reduced to estimate value of b.
Parameter A, takes one of two values, or A=1or A=0.

In process of detection, following four logical events are likely according to the Latin square with
two rows and two columns [26,27].

1. If target AB+AG complex is present in sample, and it is correctly detected against background
of interference signal. Result — decision was made correctly, A =1.

2. If target complex is present in sample, but it has not been detected. Result is an error of deci-

sion, A =0.

3.If target complex is missing in sample, but it has been “detected". Result is an error of decision,
A=0.

4. If target complex is missing in sample, and it is not found. Result — decision was made cor-
rectly, A=1.

Finally, detection process should end with one of two mutually exclusive solutions, or A =1 or
A =0. Any other result of detection, any uncertainty in decision-making is not allowed. It is obvious
that detection of a single AB+AG complex by biosensor will not be statistically reliable. Thus, ex-
pected potential sensitivity of biosensor at level of one particle becomes questionable. In order to
obtain reliability, a series of independent samples is carried out, which will determine probability
that AB+AG complexes will appear m times in measuring volume of biosensor, and parameter A will
take value equal to one.

The Pawson distribution is closest description of probabilistic discrete m-time detection AB+AG
complexes in measuring volume [28]. Following assumptions that are mandatory for it are fulfilled:

measurements do not depend on each other; they can be considered as random processes both
in time and (or) in space;

- probability of occurrence event A in a single unit dimension is small (0.05-0.1 and less) and
constant;

- number of measurements - a sample of n measurements is quite large;

- dispersion index %2 > 1:

¥2=ol/o* (7)

where: o - standard deviation of distribution under study;

o* - standard deviation of approximating distribution.

Pawson probability density for AB+AG is written as:

7\':1,;?+AG =y 8
P(b)ap+ac= ¢ ApAG ®)

where: Aas+ac =1 - p(1) - average intensity of occurrence events in during observation;
m=0, 1, 2+ 25 - number of simultaneously expected events;

n - samples of process measurement;

p(1) - probability detection of target event in one count.

Pawson probability density for background particles is written similarly:
m

P(b)pg~ —F - e ©)
Likelihood ratio:
_ P(b)ap+ac
Z(b) = TPy (10)

allows you to select most reliable hypothesis of occurrence event A.

It should be remembered that these probability densities generally differ in parameter 4, which
is calculated separately for both AB+AG and background particles. An increase in ratio leads to an
increase in reliability of detection target complex. Decision on presence of a useful information signal
is made if likelihood ratio has a value greater than one.

Choice of hardware construction of recorder, its software, algorithm for analyzing and pro-
cessing input data may be most optimal based on second and third conditions of four previously
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specified. Target AB+AG complex is absent in sample, but it was “detected” or target complex is
present in sample, but it was not detected. For first condition, choice avoids possible significant ma-
terial costs from organization of large-scale anti epidemic measures, for second condition, possible
tragic events as a result of a single disease. In this variant, threshold level B-const should be chosen
based on equality of their probabilities with some correction factor risk of missing or “false positive
detection" complex. Considering equality of relations makes it possible to avoid analyzing a priori
data on presence or absence of a signal already at stages of designing and building a schematic dia-
gram recorder.

3. Numerical estimates

A biosensor with ten (d) transistors is planned to detect AB+AG complexes. Detection is sup-
posed to be carried out considering compliance with mandatory conditions of Poisson distribution,
for t =300 s and n =200 samples of process measurement. Probability p(1) of detecting single AB+AG

complex by one biosensor is found from equation
vl
p(D= 7S 11)
S
where: v1 - measuring volume for one SOI-FET biosensor for AB+AG particle [m3];

Vs - total volume of suspension for investigation and detection on surface of crystal biosensor

[m3];
S - number AB+AG complexes in volume of suspension for investigation and detection by bio-
sensor.
Similarly, for ten biosensors [29]:
dvl
p(10)~ °S (12)

S
where: d - number of biosensors on surface of crystal.

Number of complexes search from equation:
S=C.Vs (13)
where: C - number of complexes in total volume of suspension for investigation, in test tube.
After appropriate substitution, v1 = 4,23-10" m?, d = 10, C = 10* [number/ml], Vs =102 [ml], S =
100 to equations (11) and (12), we find probability of detection p(1) = 8,38-10 for a single complex of
AB+AG.

One of many possible variant’s probability density target complexes and background particles
shows at (Figure 3). Variant is determined by parameters included in equations (1-13):

1 - target complex is present in test sample, and it was correctly detected, A =1, m =10 - 25;

2 - target complex is present in sample, but it was not detected, A =0; m =10 - 25;

3 - target complex is absent in sample, but background particles are mistakenly detected as target
complex, A=0, m=0-10;

4 - target complex is absent in sample, background particles present in sample and correctly
detected as noise, A=1, m=0 - 10.
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Figure 3. Four detection options. Probability density of simultaneous detection of particles in equal
time intervals in independent tests. Dotted green area - threshold of clipping and making a logical
decision for parameter A, blue line - AB+AG complexes, orange line - background particles.

4. Discussion

Background particles are present in tested samples always. The source of particles are samples
themselves, laboratory utensils, chemical reagents used, air of diagnostic laboratories, laboratory
clothing, human breathing, surface of biosensor, etc. Numerous natural proteins are present in blood
samples, which create a background signal (noise) as well also [23]. The complete removal of these
particles is complex and expensive task that does not have simple solution. Thus, it is obvious that
detection of viruses and antibodies in samples is always carried out in the presence of numerous and
diverse background particles. They can have a negative impact on results of detection. Within frame-
work of presented work, an attempt was made to investigate probability of detection influenza
AB+AG complexes using biosensor and to establish factors affecting the reliability of detection. Stud-
ies have shown that use of biosensors imposes strict requirements on detection method, design of the
biosensor, as well as qualifications of personnel. Currently, theory of experimental planning and
methods of technical decision-making are being developed at junction of analytical, computational
mathematics, statistics, optimization theory [26,27]. Planning gives an understanding of objectively
existing limitations, gives confidence in reliability of results obtained or expected, allows you to trace
links between various operational procedures of the experiment, etc.

The undeniable advantage of silicon-based biosensors on an insulator is their potential high sen-
sitivity, high speed, low material and time costs, instrumental measurements that exclude subjective
evaluation of results obtained, mathematically justified reliability of detection. A biosensor, like any
other device, has its advantages and disadvantages, which must be treated carefully. For example, it
should be emphasized that likelihood co-efficient is calculated for a sample already deposited on
surface of biosensor. The likeli-hood coefficient of another sample is likely to be different from first
one. This circumstance establishes methodical construction of experiment, first step of which is the
calculation of probability densities for background particles and signal + background particles.

The development of rapid detection pathogens using sensor - SOI-FET is a step towards solving
problem of diagnostics on new technological platform.
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The use of sensor - SOI-FET will allow to obtain qualitatively new results and fundamental
knowledge:

- understanding the sign of electric charge AB, AG, and AB+AG;

- adjusting sensitivity of biosensor threshold electronically;

- creation of automated, inexpensive stationary posts for rapid detection of pathogens in cities,
airports, subways, stadiums and other real-time facilities;

- the use of modern digital technology for processing, storing, transmitting display results using
a computer, via radio channels, the Internet;

- organization of production disposable biosensors by hundreds of thousands and even millions
of pieces at a minimum price;

- use of modern digital technology for processing, storing, transmitting display results using a
computer via a radio channel, the Internet;

- availability on market of ready-made computer programs for processing indication signal and
statistical processing;

- ability to create biosensors for individual use.

Investigation of probability density detection of AB+AG complexes by biosensor and consider-
ing account relationship of equations (1), (12), (13) allowed us to draw following conclusions:

total measured volume of biosensors on surface crystal must coincide with volume of test sam-

ple on it;

- probability of detecting AB+AG complex using SOI-FET biosensors increases with an increase
in number of biosensors on crystal;

- detection of single AB+AG complex, by biosensor cannot be considered reliable;

- ratio of probability density simultaneous detection AB+AG complexes and background parti-
cles at regular intervals in independent tests should be in range of 3-10 times, see (8-10);

- planning of experiment, making technical decisions and conclusions based on results of detec-
tion test sample, optimization of detection process are complex tasks and still remain within compe-
tence of a person.

5. Conclusion

This article presents the results of study possible errors, misses that arise due to the design fea-
tures of sensors, methods of detection and sample preparation of suspension for research, character-
istics of the pathogens themselves also. Statistical analysis revealed completely non-obvious factors
that have a significant impact on the quality of sensors and their reliability.

Brownian motion, diffusion of complexes leads to their adsorption both on the FET gate and on
the crystal surface. In the first case, the detection of the complex is possible, in the second case, detec-
tion is excluded. Continuous modification surface of crystal by specific antibodies to the pathogen
will lead to adsorption of pathogen outside gate of FET, chemical binding of AB+AG and partial
exclusion the pathogen from detection process. The sensitivity of detection pathogen by sensors on
crystal is decreasing overall. The sensitivity of detection pathogen by sensors on crystal is decreasing
overall. A number of FET on crystal surface must be such that the desired number of particles in the
suspension must necessarily have the probability of being adsorbed onto the transistor gate.

Doctors, researchers associate the desired amount of pathogen with its infection dose for humans
usually. It varies from single values to ten thousand for various pathogens [30]. It values determines
the requirements for sensor sensitivity also.

These circumstances make us think about the necessary and sufficient amount of FET at the stage
of select assigning the technique detection. Modern technologies make possible to create thousands
and hundreds of thousands of transistors on the crystal surface, however, an excessive amount of
FET leads to an increase of the price and time detection with a sequential survey of all FETs. An
increase number of sensors reduces the detection time to units of seconds with parallel survey of all
sensors on the other hand.

Continuous modification of crystal surface by specific antibodies to the target’s pathogen can
will lead to adsorption it outside gate of FET and partial exclusion of its particles from detection
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process and, as consequence, an undesirable decrease in sensitivity of technique and the sensor as a
whole. Parallel adsorption of background particles onto gate FET leads to detection errors. Sample
preparation of studied suspension, elimination, reduction of the number of background particles
should be carried out considering the diffusion coefficient for both background and the targets par-
ticles. These coefficients should be fundamentally different in value. So, a universal method of sample
preparation, sensor topology, design solutions, registrar device and software for any pathogens is
impractical. A line of specialized detection devices should be considered, which would be aimed at
selective detection of bacteria, viruses, and proteins. We propose to use the particle diffusion coeffi-
cient (1) for sensors as a specialization criterion as well. This coefficient allows to estimate of effective
area controlled by an individual FET, considering its size and the radius of the pathogen particle.

Summing up the work, we note. Pathogen detection is a complex interdisciplinary problem that
has no unambiguous, universally recognized solution today. It affects to method detection and de-
sign of sensors in area: microelectronics of designing the topology of the sensor, radio engineering
in development of schematic diagram of recorder, programming of detection algorithm, sensor sur-
vey, statistical analysis of results and their reliability, medicine in diagnosis of the disease, epidemi-
ology in part of controlling the development of an epidemic or even a pandemic, molecular biology,
virology, microbiology in the preparation of specific antibodies, viral, microbiological suspension in
the detection procedure. Biosensors already has promising prospects for application in the field of
pathogen detection and new big market potentially.
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