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Abstract—This article contains the results of research on the topical problem of highly sensitive express reg-
istration of biological objects using field-effect transistors with the surface open for analyte access, which are
made based on silicon-on-insulator (SOI) films. The possibilities of dielectrophoretic effects for controlling
the concentration of the analyte in the area of sensory elements are considered on the example of the indica-
tion of viruses of nuclear polyhedrosis and vaccinia. It is shown that the use of the dielectrophoresis (DEPh)
effect makes it possible to solve (1) the key tasks for creating sensor systems: increasing the detecting ability,
as well as exrtacting and verifying the signal from the target particles; and (2) the fundamental task: determin-
ing the charge state of the analyte in solutions without modifying the sensors’ surface. The problems and pros-
pects of the mass application of nanowire (NW) biosensors, including those with the dielectrophoretic effect,

in biotechnology, virology, etc., are discussed.

DOI: 10.1134/51063739721030069

INTRODUCTION

The recently aggravated problem of the emergence
of an epidemic or pandemic is accompanied by new
and increasingly higher requirements on the indica-
tion processes of biological and chemical analytes
(viruses, pathogens, toxins, etc.), such as their sensi-
tivity, specificity, and reliability of the results
obtained; the speed of the procedure; performance,
signal-to-noise ratio; power consumption; and cost.
These circumstances require the development of new,
more advanced technologies in relation to the existing
and traditional options for solving this problem, based
on the use of clinical, virological control methods,
such as polymerase chain reaction, enzyme immuno-
assay, hemagglutination, analysis of pathogen mor-
phology, and the use of laboratory animals.

In the past decade, the rapidly developing direction
of the development of detectors based on nanowire
(NW) sensors has been a competitive alternative to tra-
ditional analytical display systems. Such devices have
unique characteristics in terms of sensitivity to biolog-
ical molecules in the femtomole and subfemtomole
ranges, rapidity, and the ability to display indicators in
the form of electrical signals arising from the contact
of analyte molecules with the surface of the sensor ele-
ment. Signal digitization makes it possible to widely
use the advantages of information technologies when
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processing and transmitting indication data through
communication channels to a single information cen-
ter, for an unlimited long-term storage of the indica-
tion results and computer statistical processing of an
array of results and for achieving high reliability of the
method.

In addition to the data collection and processing
system, the components of the sensor devices are the
analyte’s delivery system to the sensor element; and a
recognition element: a layer of receptors, enzymes,
antibodies, DNA fragments, etc., (or the so-called
layer of probes) on the surface of the sensor, which
selectively interacts with the analyte—the object of
research—and practically does not react with other
substances in the solution/gas; and the sensory ele-
ment itself, which converts the biochemical interac-
tion of an analyte with a layer of probes on its surface
into a measured signal [1]. In the past few decades,
various solutions have been proposed/implemented
for the creation of all components of sensor systems,
including the formation technologies and material of
the sensor element. Among the various types of NW
sensors, a special place is occupied by silicon-based
sensors (in particular, silicon-on-insulator (SOI)
films). This is primarily due to the possibility of the
mass production of sensors and diagnostic Lab-on-
Chip systems using industrial silicon technology.
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Earlier at the Rzhanov Institute of Semiconductor
Physics, Siberian Branch, Russian Academy of Sci-
ences (ISP SB RAS) together with the Orekhovich
Institute of Biomedical Chemistry, RAS, developed
NW sensors with femtomolar (10~ M) sensitivity to
proteins, based on the so-called top-down technology,
using optical and electron lithography of the
nanoscale SOI layers. In [2—4], BSA bovine serum
albumin molecules were used as the test molecules. To
ensure the maximum response to the protein, the tran-
sistor characteristics of SOI sensors were used (the
substrate of SOI structures was used as the control gate
and a baried dielectric was used as a gate). This made
it possible to provide internal signal amplification due
to the exponential dependence of the current in the
subthreshold SOI mode of the NW sensor (transistor).
Subsequently, SOI-NW sensors were used to detect
HBsAg markers of hepatitis B, the liver tumor marker
o-fetoprotein (sensitivity in the range of 10~ to 10~ M)
[5], and the lung tumor marker D-NFATc1 with a sen-
sitivity of 2.5 x 10~15 M [6].

The femtomole sensitivity level of NW sensors is
limited by the probability of analyte adsorption on its
surface. This limitation is partially removed, for exam-
ple, by using microfluidic cells with the cyclic running
of the test solution and/or by increasing the area of the
sensor element. The approach we used made it possi-
ble not only to provide internal amplification of the
readout signal but also to remove the limitation on the
nanometer size of the sensor element.

The principle of operation of NW sensors is based
on the field effect. The adsorption of particles leads to
a change in the potential on the NW surface. Accord-
ingly, the concentration of free carriers in the sensor
and its conductivity change (in real time, which
ensures the rapidity of the analyte’s indication). If
during adsorption, the sensor element is depleted by
the free carriers in the local region and the depletion
region is comparable to the dimensions of the NW ele-
ment, then one particle is capable of completely
blocking its conductivity. This results in the maximum
response with extreme sensitivity: one particle per sen-
sor element. Note that the experimental maximum
sensitivity of NW sensors was achieved during the
detection of the influenza virus in [7]. The width of
the depletion region is determined by the concentra-
tion of the free carriers. The subthreshold transistor
mode allows changing the concentration of the free
carriers within several orders of magnitude, i.e., tun-
ing the width of the depletion area. Accordingly, it
becomes possible to remove the limitation on the
nanometer size (increase the effective area) of the sen-
sor element and move completely to optical lithogra-
phy during its formation.

The femtomole sensitivity level for sensors with a
micron width of the sensor elements (SOI strips) fab-
ricated using the standard optical lithography was
obtained by us by detecting short RNA sequences cor-
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responding to non-small cell lung cancer markers
(with a dynamic range of 10 orders of magnitude) [8] and
the subfemtomol level (up to 107 M) for micro-RNA
contained in the blood plasma of patients with breast
cancer [9]. The recent work [10] showed the possibility
of using such sensors for the indication of the model
protein VP-40 of the Ebola virus and its complexes
with specific monoclonal antibodies.

A high degree of sensitivity of the sensors is
achieved provided that the signal from the analyte is
greater than the signal from the background particles.
The signal from the background particles is deter-
mined by the response of sensors without probes on
the surface. In other words, in order to verify the mea-
surements, a chip with sensors must have at least two
types of elements:

(1) modified with probes for selective specific
interaction with the analyte;

(2) not modified or modified by nonspecific
probes (for comparison). In [8], a method was pro-
posed for modifying the surface of the sensors, which
makes it possible to obtain its response to the back-
ground RNA (to the nonspecific interaction with the
oligonucleotide probes), not more than 2%, even
when their concentration changes by 9 orders of mag-
nitude (from 10~ to 10~® M). To suppress the back-
ground signal, we used the passivation of the residual
bonds on the surface of the sensors that did not react
with the probes with glycine molecules. The efficiency
and features of the surface passivation of sensors were
studied in [11].

At the same time, the prospects for the widespread
use of SOI biosensors to realize their competitive
advantages in solving practically important problems
of modern biomedicine and virology are constrained
by a number of problems. The main ones are listed
below: (1) the problem of surface preparation and
indication of the analyte in real biofluids with a high
concentration of background particles of various types
(for example, in blood, blood plasma with a particle
concentration of 150 mM, nutrient media for viruses,
and bacteria with a high concentration of proteins);
(2) the problem of combining the technology of mod-
ifying the surface of the sensors with the formation of
microfluidic cells; and (3) the problem of the accumu-
lation of charge on the surface of the sensors during
their storage [12]. The femtomole and subfemtomole
sensitivity of the sensors, as mentioned above, is lim-
ited by the delivery of the analyte to the sensory ele-
ments. Dielectrophoresis (DEPh) is a promising solu-
tion to these problems.

DEPh is the electrokinetic movement of dielectri-
cally polarized materials in an inhomogeneous alter-
nating electric field [13]. The DEPh manipulation of
bioparticles depends on their polarizability and the
polarizability of the environment. The force acting in
an inhomogeneous electric field of strength £ on a
spherical particle with radius 7 is defined as
Vol. 50
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Fig. 1. Optical (a) and schematic (b) images of an SOI sensor: S, source; D, drain; Z-1 and Z-2, lateral DEPh-electrodes; RE,

reference electrode.
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Here ¢, is the absolute dielectric constant of the
medium; Re[ F,,] is the real part of the Clausius-Mas-
sotti factor, the sign of which determines the direction
of the acting force, positive (+) or negative (—) DEPh,

and E: and €, are complex dielectric constants of the
particle and the medium, respectively. At +DEPh

(Sz > ej:,), the particles move into the region of high
fields and are captured in the space between the elec-
trodes to which an alternating electric field is applied.

At —DEPh (ej < eﬂ,:,), the particles are displaced from
the area between the DEPh-electrodes.

Since the polarizability of bioparticles reflects their
uniqueness and is determined by their shape/size (see
expression (1)), the use of the DEPh effect opens up
wide-ranging possibilities for manipulating the loca-
tion of the analyte and background particles between
the DEPh-electrodes. Currently, the successful use of
DEPh for manipulating nanomaterials, Si-NWs [14],
bioparticles, including their separation in solutions
[13], self-formation of interfaces between NWs and
bioparticles (bio/nanointerfaces) [15], etc., is well
known.

The aim of this study is to use DEPh for a con-
trolled change in the concentration of bioparticles in
the region of the NW-sensor elements. For this pur-
pose, SOI sensors with lateral DEPh-electrodes were
manufactured. The objectives of the study are to deter-
mine the response of sensors without DEPh and with
DEPh-controlled manipulation of viruses when
exposed to DEPh of different signs. Nuclear polyhe-
drosis viruses and vaccinia viruses were used as an
analyte. The research results showed the possibility of
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increasing the targeted delivery of the analyte to the
sensor element due to the positive DEPh and the pos-
sibility of isolating the useful signal at the background
level with a negative DEPh without using the surface
modification of the sensors. The paper also discusses
the advantages and limitations related to the use of
DEPh for the indication of bioparticles.

EXPERIMENTAL

SOI sensors were made based on SOI films
(Smart-Cut [16]) of p-type conductivity with the fol-
lowing design parameters: thickness of the cut-off sil-
icon layer ¢; = 30 nm and buried oxide thickness #,,, =
200 nm. The concentration of the acceptors in the SOI
film was 2 x 10'© cm—3. The sensor elements were SOI
strips 1 um wide, 10 um long, having drain-source
contact regions at the ends. Some of the on-chip sen-
sors contained lateral DEPh-clectrodes, which were
made of highly doped CVD polysilicon. Since the
maximum electric field strength is achieved in the cor-
ner regions of the rectangular electrodes, we used a
design with offset (asymmetric) electrodes relative to
each other in order to obtain the maximum value £ in
the center of the sensor element. The optical and sche-
matic image of the sensor is shown in Fig. 1. The
chip’s surface was insulated with a film of pyrolytic sil-
icon dioxide. In the area of the sensor elements (cen-
tral part in Fig. 1a), the protective layer hadwindows
for the open access of solutions with the analyte.

The time dependences of the sensor current were
measured [;(f) with the sequential application of
aqueous solutions of the analyte of different concen-
trations to their surface. The sensor current was
recorded using a multichannel data acquisition system
based on an NI 6363 module with a LabView graphical
programming package (National Instrument, United
States). In the measurements, the substrate of SOI
structures was used as the control electrode of the bot-
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tom or back-gate (BG), which allows purposefully
changing the conductivity mode of the sensor element
(Fig. 1b). An easily programmable algorithm was used
to select the voltage at the BG, which provides the
maximum response to the charge adsorbed on the sur-
face of the sensors, which is described in detail in [17].
A Pt electrode, which maintains a constant potential
of the solution on the surface of the sensors, was used
as the reference electrode (RE). An inhomogeneous
electric field in the space between the lateral elec-
trodes and the sensor elements was created by an alter-
nating voltage applied to the electrodes (gates) Z-1
and Z-2 (Fig. 1a). The sensors’ response to the ana-
lyte’s adsorption was defined as

Resp. = (I — 1)/ 1. )

Here 13, is the value of the sensor’s current in deion-
ized water before adding the analyte to the solution.

As an analyte, we used nuclear polyhedrosis viruses
(NPVs) and vaccinia viruses (VVs). The initial viral
suspensions were obtained at Rospotrebnadzor’s Fed-
eral Budgetary Institution of Science, Vector State
Research Center of Virology and Biotechnology and
represented the following viruses:

(1) the NPV at a concentration of 10" mL~! (or
~2 x 1071 M) in a 0.3 M sucrose solution;

(2) the vaccinia virus inactivated by beta-propio-
lactone, strain LIVP at a concentration of 10° mL~!
(or ~2 x 10712 M). The initial solutions also contained
residual proteins of the virus-supporting medium. In
order to obtain isotonic solutions of highly resistant
viruses, they were diluted in deionized water (DI).
Solutions with different concentrations of viruses
(samples) were applied onto the surface of the sensors
by the drop method (pipetting). The droplet volume
was ~0.5 uL.

The viruses used in this work (and their complexes)
are transparent in aqueous solutions. In order to deter-
mine the sign of DEPh for a transparent analyte in
solutions, its DEPh-controlled motion was visualized
in an optical microscope in transmission. For this, we
used test structures in the form of rectangular chro-
mium DEPh-electrodes deposited on glass. The dis-
tance between the electrodes was 70 pum.

RESULTS AND DISCUSSION

For a qualitative understanding of the features of
the distribution of the electric field strength E (with-
out taking into account the effects related to the diffu-
sion of mobile ions in the electrolyte, charge adsorp-
tion on the electrodes, etc.), scaled modeling of the
investigated structures in the TCAD Sentarius envi-
ronment was used. The asymmetric and symmetric
configurations of DEPh-electrodes (with and without
displacement relative to each other, respectively) are
considered. In the simulation, the electrolyte was
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taken as a medium with a dielectric constant €,, = 81,
and the voltage across electrodes Z-1 and Z-2 was
taken equal to 8 and 0 V, respectively.

Figure 2 shows the results of modeling the distribu-
tion of the electric field strength £ in structures with
DEPh-electrodes of two configurations and the corre-
sponding £?(x) dependences obtained in different sec-
tions of the structures. As expected, the structures
with displaced electrodes, in comparison with the
symmetric configuration, provide the maximum val-
ues £ and maximum gradient £2.

The results of modeling the distribution of the elec-
tric field strength E for SOI sensors with asymmetric
DEPh-electrodes and E*(x) dependences obtained at
different voltages at the control gate of the BG are
shown in Fig. 3. The values £? have the following
properties:

(1) They have maximums near the DEPh-elec-
trode and N'W-sensor element;

(2) They depend on the voltage V. Anincrease in
the control voltage Vg leads to an increase in the gra-

dient E? near the sensor element and its decrease near
the DEPh-electrode.

Figure 4 shows an optical image of structures with
symmetric electrodes during the DEPh manipulation of
NPVs at a frequency of alternating voltage of 2 x 10* Hz.
The research results showed that a positive DEPh is
observed in the subMHz range for the NPV. An
increase in the concentration of viruses, first of all,
occurs in the corners of the electrodes, i.e., in accor-
dance with the data in Fig. 2, particles are collected in
the area of increased values of V £2.

Figure 5 shows the time dependences of the current
of sensors with +DEPh-control and without DEPh-
control, measured with the indication of the NPV of a
different concentration in the samples. For compari-
son, the original current values /; of the sensors (in
deionized water) are brought to the same level. It can
be seen that the sensor without DEPh control reacts
poorly to samples with a low analyte concentration.
For a sensor with DEPh control, an increase is
observed in the value of [; with a delay of 100—200 s
relative to the moment of introducing samples with the
NPV. For samples with a subattomolar analyte con-
centration (units of 10~7 M), the response of sensors
with DEPh- and without DEPh-control is (23—90)
and 10%, respectively. An increase in the sensor cur-
rent is characteristic of the adsorption of positively
charged particles on its surface; in the investigated
solutions, the NPVs are positively charged.

Figure 6 shows the optical images of the sensors
after the indication of the NPV, washing in the DW,
and drying. Despite the fact that the surface of the sen-
sors for covalent binding with the viruses was not
modified (i.e., their physical adsorption is observed in
the experiments), it can be seen from Fig. 6 that puri-
fication in DW does not completely remove the viruses
Vol. 50
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(@)
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Fig. 4. Optical image of the distribution of the concentration of NPVs at a voltage on the DEPh-electrodes of V, V: 0 (a) and 8 (b).
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Fig. 5. I;(#) dependence of sensors with DEPh-control (/) and without DEPh-control (2) during the indication of NPVs in sam-

ples with different concentrations of viruses. f= 2 X 104 Hz.

from the crystal’s surface. Sensors with DEPh-elec-
trodes, unlike sensors without DEPh-electrodes, con-
tain viruses on the surface. Thus, the use of +DEPh in
the subMHz range makes it possible to increase the
concentration of the NPVs in the area of the sensor
element and, accordingly, its response.

The I4(7) sensor dependences when testing samples
with the vaccinia virus are shown in Fig. 7. It can be
seen that with an increase in the VV concentration, in
contrast to the NPV (compare with Fig. 5), a decrease
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in the current of the /; sensors is observed. Moreover,

the current modulation is greater for a sensor with
DEPh control.

A decrease in the sensor current means an increase
in the effective negative charge on its surface (more
precisely, on and near the sensor surface in a solution
within the Debye screening length), i.e., the effective
charge of the analyte and background particles in the
samples with VV is negative. The experiments on visu-
alization of the DEPh-control of viruses showed that
Vol. 50

No.3 2021
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Fig. 6. Optical image of sensors: (a) without DEPh-electrodes; (b) with DEPh-electrodes after detection of the NPV and purifi-

cation in DI.
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Fig. 7. () dependence of sensors with DEPh-control (/) and
viruses in samples. f= 5 X 10* Hz.

in the frequency range of 10* to 10° Hz, there is a neg-
ative DEPh for VV; i.e., the viruses are expelled from
the area between the electrodes. Therefore, smaller
values of I 4 for sensors with DEPh-control, in com-
parison with sensors without DEPh-control, mean
that at —DEPh there is a depletion of the area around
the sensor element with positively charged vaccinia
viruses.

Thus, the DEPh manipulation of the analyte can
be used not only to increase the detectivity of sensors
but also to verify the signal from the analyte and its

RUSSIAN MICROELECTRONICS  Vol. 50
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without DEPh-control (2) during the indication of vaccinia

charge state in solutions. At the same time, as the
experiments carried out on viruses show, the surface of
the sensors does not need to be modified. This
approach has the following effects:

(1) it removes a number of problems related to the
multistage modification of the surface of the sensors
[11], including the problem of a possible change in the
properties of the analyte itself during its interaction
with probes;

(2) it provides the ability to create relatively inex-
pensive and highly sensitive test systems, including for
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laboratory research express diagnostics in the field of
virology and microbiology, which is especially import-
ant, as is being shown with the the current pandemic.

Another positive aspect of using DEPh-controlled
sensors is that their design parameters provide a cer-
tain selectivity in the indication of the analyte. The
dielectrophoretic force, according to expression (1),
depends on the geometric dimensions of the particles
and the strength of the electric field (respectively, the
distance between the electrodes). The effective DEPh
control of viruses and bacteria requires a distance
between the electrodes at the level of units and tens of
microns; and for controlling proteins, a submicron
range. In other words, in the case of sensors with
DEPh-controlled viruses and bacteria, the used alter-
nating voltage does not affect the concentration of the
background proteins near the sensor element.

The method has, among others, the following dis-
advantages. As the frequency increases, the electro-
lyte’s conductivity increases (capacitive component of
the sensor-electrolyte conductivity). This means lim-
iting the frequency range when displaying the analyte
in real time. For example, for aqueous solutions of the
viruses studied in this paper, this limitation lies in the
MHz region. Research has shown that for the vaccinia
virus +DEPh is observed at a frequency of a few MHz.
In this case, the result of a + DEPh increase in the VV
concentration on the sensor element can be obtained
only as follows:

(1) when immobilizing (fixing) the analyte on the
sensor at high frequencies using the appropriate
probes;

(2) in the subsequent measurement of the I (?)
dependences at the permissible, lower, frequencies;
i.e., the process + DEPh manipulation and indications
(measurement of () dependences) must be spaced
in time.

In addition, viruses, bacteria, etc., are bioparticles
that can change their properties. For example, with
prolonged exposure to an alternating signal, we
observed a tendency for the formation of complex and
a decrease, up to the complete loss, of the mobility of
the viruses. In any case, DEPh-controlled sensors are
only an instrumental platform with the option to con-
trol the analyte’s concentration in the area of the sen-
sor element. The test system must have a specific pur-
pose and be optimized for a specific type of analyte.

CONCLUSIONS

The results obtained in this study show that SOI
sensors with DEPh control electrodes made based on
optical lithography have the following advantages:

(1) They can provide an express indication of
viruses with a sensitivity of ~2 X 10~ M;

(2) They can increase the response of the sensors by
factors of 2 to 9 (compared to the response of sensors
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without DEPh control) at a subattomolar concentra-
tion of the analyte;

(3) They can determine the charge state of viruses
(in particular, the positive effective charge of the NPV
and VV) in the tested solutions without modifying the
surface of the sensors.

Outlined in this work, results of the use of highly
sensitive SOI sensors for recording viruses carrying
socially significant diseases, together with the data
accumulated on their use in solving various problems
of biomedicine, illustrate the promising prospects of
their use as an instrumental platform for research and
diagnostic tasks for the indication of pathogens of viral
and bacterial forms in real time, which is extremely
important in emergency (epidemic, pandemic, etc.)
situations.
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