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Traditional antiviral vaccines are currently created by inactivating the virus chemically, most often using
formaldehyde or P-propiolactone. These approaches are not optimal since they negatively affect the safety
of the antigenic determinants of the inactivated particles and require additional purification stages. The most promising
platforms for creating vaccines are based on pseudoviruses, i.e., viruses that have completely preserved the outer shell
(capsid), while losing the ability to reproduce owing to the destruction of the genome. The irradiation of viruses with
electron beam is the optimal way to create pseudoviral particles. In this review, with the example of the poliovirus,
the main algorithms that can be applied to characterize pseudoviral particles functionally and structurally in the process
of creating a vaccine preparation are presented. These algorithms are, namely, the analysis of the degree of genome
destruction and coimmunogenicity. The structure of the poliovirus and methods of its inactivation are considered.
Methods for assessing residual infectivity and immunogenicity are proposed for the functional characterization
of pseudoviruses. Genome integrity analysis approaches, atomic force and electron microscopy, surface plasmon
resonance, and bioelectrochemical methods are crucial to structural characterization of the pseudovirus particles.
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INTRODUCTION

The COVID-19 pandemic forced the vaccine
researchers and the entire pharmaceutical industry to find
rapid solutions to stop the spread of SARS-CoV-2.
Bioinformatics methods and techniques were
critical to the development of COVID-19 vaccines.
Modern bioinformatics and genetic technologies have
enabled the rapid acquisition of genome sequences
of a new pathogen, allowing the identification
of the primary antigenic determinants of SARS-CoV-2
through homology with its predecessors, SARS-CoV
and MERS. These data were needed to develop
essential mMRNA- and vector-based vaccines.
In addition, computational analysis and modeling
tools have enabled the creation of chimeric genetic
structures underlying mRNA and vector vaccines and
demonstrated their stability and efficacy [1].

In addition to vaccines generated using
bioinformatics methods and novel technologies
(mRNA and vector vaccines), a whole distinct cluster
of vaccines based on viral capsid protein molecules
is being developed [2]. Subunit (based on specific viral
proteins or domains) and peptide (based on tiny epitope
regions of viral proteins) vaccine platforms are included

in this category [3, 4]. Whole virion platforms based
on pseudoviral particles are one of the most promising
platforms for vaccine development [5, 6]. A pseudoviral
particle is defined as a viral particle that contains
the core/base and envelope proteins of one or several
viruses. In this case, the genetic material within
the pseudovirus must be destroyed to prevent virus
from replicating and being pathogenic. In addition,
the retention of antigenic determinants should ensure
immunogenicity. Pseudoviral particles ought to be
distinguished from inactivated ones. Inactivated viral
particles (and, therefore, vaccines based on them)
are particles that are unable to replicate due to a chemical
or physical action. Such treatments usually damage
the structure of the virus protein coat, making it different
to the original virus. Pseudoviral particles (and vaccines
based on them) are a type of inactivated particles that
has retained its outer shell but lost its ability to replicate
due to genome destruction. A pseudoviral particle
by definition is a perfect inactivated virus.

Pseudovirus vaccines are characterized by their
safety in use and production, controlled antigen dosage,
and efficacy, which is directly dependent on the correct
conformation and properties of the antigenic
determinants in the vaccines [7].
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One of the major challenges in the rapid inactivation
of viral particles that can be used to produce
vaccines is finding ways for complete inactivation
of the genetic material and preservation of the antigenic
(immunogenic) properties of the pseudoviral particle.
It is necessary to destroy nucleic acids but preserve
the protein architectures of pseudoviruses. At the same
time, inactivation methods must meet high production
requirements (several tons per shift). Due to low
production rates and the use of hazardous compounds
such as formaldehyde and B-propiolactone, chemical
methods are often not suitable [8, 9]. In addition,
antigenic determinants may not be effectively retained
(or even eliminated) due to intermolecular interactions
between amino acids [10].

In this context, various types of the ionizing
radiation are more effective than chemical inactivation.
The ionizing radiation-based methods destroy viral
nucleic acids to prevent the viral replication capacity
but preserve viral proteins for generation of antibodies
against the resulting pseudovirus [11]. This effect
is based on the fact that a large nucleic acid molecule
is easier to destroy than a protein molecule; at the same
time, the virus usually contains many identical copies
of the same protein, and any damage to one of them
will not have a significant negative effect on the protein
component of the virus.

It is useful to begin research on the production
of pseudoviral vaccine particles with a model virus
that has sufficient data on its structure and functions.
Poliovirus and its attenuated vaccine strains
Sabin type 1, 2 and 3 are ideal for this purpose.
The advantage of working with these strains is their
safety due to the strong population immunity to these
strains in the Russian Federation [12, 13]. This virus
is one of the most studied ones; therefore, the obtained
results can be interpreted using the current knowledge
about the characteristics of this virus.

Algorithms  adapted to the  poliovirus
for the determination of residual infectious activity
and immunogenicity, as well as algorithms for genome
inactivation and integrity analysis of antigenic
determinants, can be used to develop and produce other
vaccine preparations based on pseudoviral particles.

In this review we have considered the functional
and instrumental properties of variously inactivated
pseudoviral particles as a potential platform
for vaccine development.

1. POLIOMYELITIS VIRUS: STRUCTURE AND
PROPERTIES AND INACTIVATION

Poliovirus (or poliomyelitis virus) is an enterovirus
of the picornavirus family. The viral particle
is 27-30 nm in size and it lacks a lipoprotein envelope.
The icosahedral capsid has an unsegmented, single-
stranded (+)RNA genome of 7441 nucleotides [14].
Three poliovirus serotypes exist and each poliovirus
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serotype causes neutralizing antibody generation.
However, a virus of one serotype cannot be neutralized
by antibodies against two other serotypes [15]. Human
and primate cells replicate poliovirus. Vero cell culture
is one of the best-known cell cultures used to propagate
poliovirus and produce polio vaccines [16].

The poliovirus capsid consists of four proteins:
VP1, VP2, VP3, and VP4, each of which has 60 copies
in a viral particle [17] (Fig. 1).

Viral structural proteins form several symmetrical
structures on the surface of the particle: “propeller”,
“star” (“mesa”), and “canyon”. The most exposed
portions serve as antigenic sites for antibody
formation. Because the “canyon” is essential
for particle binding to the viral receptor, the areas
around it are critical to produce effective neutralizing
antibodies [18]. There are four antigenic sites
involved in the production of poliovirus neutralizing
antibodies. One of the most important sites is formed
by the BC loop of the VP1 protein chain, which is a part
of the “mesa” structure [19].

The D antigen refers to the capsid structure
of an infectious poliovirus particle; it represents
a set of conformational antigenic sites required
for the development of neutralizing antibodies that inhibit
interaction with the cellular CD155 receptor (PVR).
The so-called H or C poliovirus antigen is a structural
antigen that does not cause the formation
of neutralizing antibodies and is formed after
the infectious particle is restructured during thermal
or other treatment or as a result of virus binding
to the receptor followed by subsequent introduction
of genomic RNA into the cytoplasm. Thus, the primary
issues to be addressed in the inactivation process
are the preservation of the spatial structure
of the D antigen and the development of algorithms
to control its integrity [20, 21].

Currently, attenuated Sabin vaccine strains
of poliovirus types 1 and 2 are used: type 1 — LSc 2 ab,
type 2 — P712 Ch 2 ab, and type 3 — Leon 12alb.
Sabin strains 1 and 3 are the basis of the live polio
vaccine in the Russian Federation. Sabin strain type 2
was part of the trivalent live polio vaccine used
in the USSR and former Soviet Union territories
for more than 40 years. These strains are attenuated, i.e.,
they cannot be the cause of disease in a healthy person.

The introduction of the WHO polio eradication
program in the late 20th century restricted the use
of live polio vaccine in world regions without natural
circulation of wild-type poliovirus. Vaccine strains
can quickly regain neurovirulence in the human body
during reproduction. At the same time, the WHO
has identified a trend toward the development
of inactivated vaccines based on attenuated Sabin strains
to replace the currently used wild-type poliovirus
vaccines. The development of effective vaccines based
on Sabin strains is one of the major goals for global
polio eradication [22, 23]. The antigenic determinants
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The structure of the poliovirus virion. (A) Protein composition of the virion surface.

(B) Structure of the canyon-forming capsomere. (C) Structure of the virion surface and the BC loop of the VP1 protein,
based on the Protein Data Bank data source 1PVC. The color version of this figure is available in the electronic version

of the article.

of the virus responsible for the generation of protective
immunity have been found, and their infectious
properties have been studied during many years
of research around the world. At the Chumakov
Federal Scientific Center for Research and Development
of Immunobiological Drugs of the Russian Academy
of Sciences (Polio Institute) in the Russian Federation,
the full cycle of poliovirus research was carried out,
beginning with the basic principles of the course
of viral infection and ending with the industrial
development of the pathogen with the subsequent
production of vaccine preparations.

The Polio Institute has developed technologies
for large-scale production of poliovirus in bioreactors
and validated tests to analyze the amount of viral antigen
in samples. Oral live and inactivated polio vaccines
have been developed based on Sabin strains [23-25].

There are several methods of virus inactivation
that are currently used to produce inactivated
vaccines. They are divided into two types based
on the type of treatment: physical (heat treatment,
ultraviolet light, and gamma irradiation) and chemical

treatments. Physical methods include ultraviolet light
and gamma irradiation, while chemical methods
include formaldehyde and B-propiolactone [26, 27].
None of these methods has a clear advantage
in terms of preservation of antigenic determinants
(i.e., the use of formaldehyde) or process safety
requirements (i.e., gamma irradiation).

Inactivated vaccines are often preferred over other
forms of vaccines for safety reasons; however, certain
problems may arise due to inadequate virus inactivation.
This can lead to cases of post-vaccination disease
or destruction of virus-neutralizing epitopes, resulting
in poor production of virus-neutralizing antibodies [28].

The two most common types of chemical reagents
used as inactivators are reticulating (disintegrating)
agents and alkylating agents. Aldehydes such as
formaldehyde, glutaraldehyde, and glycidaldehyde
are reticulating agents. Formaldehyde is the most
commonly used. B-Propiolactone, ethyleneimine, and
other aziridines are alkylating agents. The mechanism
of action of the inactivating chemical reagents includes
their interaction with nucleic acids and proteins [29].
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Virus inactivation is based on two mechanisms:
changes in proteins interacting with cellular
receptors (including the development of cross-links
between individual components) and loss
of nucleic acid replication ability. The required
concentration of inactivating agents is mostly
determined by the relative concentration
of proteins and nucleic acids in the inactivation
medium, which poses technological challenges
for the industrialization of this process.
The temperature and homogeneity of the inactivated
substrate also play an important role in the kinetics
of wvirus inactivation [30, 31]. Although
inactivation by chemical reagents has been
optimized for poliovirus, nevertheless it has a negative
impact on D antigen retention.

1.1. Formaldehyde for Virus Inactivation

A concentrated 37% solution of formaldehyde
in water (formalin) is commonly used for vaccine
production  [32]. Low  molecular  weight
formaldehyde readily penetrates cell membranes
and viral capsid proteins and affects both enveloped
and non-enveloped viruses [33].

Formaldehyde interacts more rapidly with amino
groups in amino acids and proteins (with formation
of methylol derivatives) than with nitrogenous
bases of nucleic acids. Formaldehyde has been shown
to react with a variety of amino acid residues under
awide range of conditions, yielding hydroxymethylated,
cyclized, N-methylated, and N-formylated compounds
with varying degrees of stability (Fig. 2). [34].
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Figure 2. Stable products of the interaction of formaldehyde with (A) sulfur- and OH-containing amino acids
(X =S or O; R — Me or H), (B) asparagine and glutamine (R — H or CH,0H), (C) arginine, (D) aromatic amino acids,

histidine and tryptophan (R — H or CH,OH).
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The addition of formaldehyde to amino groups
of purines and pyrimidines reduces the activity
of the nucleic acid template by creating cross-links —
methylene bridges (Fig. 3A). Formaldehyde-induced
amino acid modifications result not only in the fixation
of single residues but also in the cross-linking of amino
acids positioned close together in the spatial structure
of the macromolecule (Fig. 3B).

The products of the formaldehyde-amino acid
interaction can react more rapidly with nucleic acids
than formaldehyde itself. The major reaction products
then slowly engage additional protein groups,
culminating in the formation of covalently bound
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polypeptide dimers. At the same time, the protein shell
becomes denser, and its permeability decreases,
slowing the inactivation of the viral genetic
material. It should be emphasized that the reaction
of formaldehyde with amino groups is reversible,
which means that the activity of the nucleic acid
can be restored by removing the excess reagent or
diluting the solution [33].

Due to the above-mentioned  aspects
of the mechanism of interaction of formaldehyde
with the virus, certain inactivated vaccines contain
incompletely inactivated virus particles, which
may lead to outbreaks of viral infections during
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Figure 3. Reactions of formaldehyde with nucleic acids and amino acids. (A) Interaction with adenines results
in formation of a methylene bridge or Schiff bases. (B) Interaction with the amino groups of lysine residues of viral
capsid proteins in the monohydroxymethylation reaction and formation of a methylene bridge.
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vaccination. This has been reported for several viruses,
including foot-and-mouth disease virus (FMDV) and
Venezuelan equine encephalitis virus (VEEV).
Molecular analysis has shown that FMD epidemics
in Western Europe in the 1980s and VEEV in Central
America in the 1970s were caused by inactivated virus
vaccinations [28].

The unfavorable effect of formaldehyde
on the antigenic structure of a number of viruses
is a major drawback to its use as an inactivating
agent [35]. Treatment with formaldehyde has been
shown to alter the antigenic structure of poliovirus.
Formaldehyde promotes damage to the immunodominant
epitope (site 1) in the BC-loop of Sabin type 1
poliovirus [36]. This has also been demonstrated
for other viruses, including herpes virus 1,
Newecastle disease virus, influenza virus, and Rift Valley
fever virus [9].

The presence of free formaldehyde in the inactivated
whole virion HINT1 influenza virus vaccine inhibited
monoclonal antibody (mAb) formation against
conserved influenza virus epitopes [37].

Chemical changes induced by formaldehyde
are influenced by such parameters as incubation
time, pH, temperature, formaldehyde concentration
and ionic strength of the solution. The duration
of the inactivation process has a detrimental
effect on the safety and activity of the target
viral antigen, as well as the immunogenicity
of the inactivated vaccine. Therefore, appropriate

selection of inactivation conditions is critical
in the production of an inactivated vaccine [33].
The toxicity of formaldehyde is another

limitation of this inactivation approach. Depending
on the type of vaccination, this chemical must be
eliminated, diluted, and/or converted to a nontoxic form
after processing [38].

1.2. B-Propiolactone for Virus Inactivation

B-Propiolactone is another inactivating agent widely
used by vaccine manufacturers. It has a four-carbon ring
and is a member of the lactone family. Virus inactivation
is generally caused by irreversible alkylation of nucleic
acid bases (Fig. 4); this limits viral genome

O
Y
</N | NH
N N)\NHZ

replication or, may cause viral genome destruction.
B-Propiolactone inactivation has a stronger effect
on enclosed viruses than on non-enveloped viruses [39].

It should be noted that the initial alkylated
products can act as reagents in subsequent
cross-linking reactions. These include cross-linking
of amino acid residues of the protein capsid, interstrand
DNA cross-linking, and the formation of loops within
the viral RNA (intrastrand RNA cross-linking) [39, 40].

Certain evidence exists in the literature that, unlike
formaldehyde, B-propiolactone inactivates viruses
primarily by altering their nucleic acids and therefore
the antigenic structure of viruses is likely to be retained
after B-propiolactone inactivation [41].

On the other hand, P-propiolactone was found
to form bis-alkylated complexes due to the formation
of inter- and intramolecular cross-links in proteins
(especially at high doses). For example, in the case
of influenza viruses, the hemagglutinin activity and
the enzymatic activity of neuraminidase can be greatly
reduced but not destroyed [28].

The immunogenicity study of formaldehyde- and
B-propiolactone-inactivated vaccines, has shown
that immunization of mice with a whole-virion
H5N1 influenza virus vaccine inactivated
by B-propiolactone resulted in successful protection
against HIN1 virus compared to its formaldehyde-killed
equivalent. These results demonstrate that
the structure of viral proteins is conserved during
B-propiolactone inactivation due to appropriate
inactivation conditions [42].

Another study, performed using polyacrylamide gel
electrophoresis (PAGE), has shown that inactivation
of the coronavirus SARS-CoV-2 was accompanied
by appearance of dispersive bands and cross-links
in the S protein [43]. Compared to B-propiolactone
treatment, the antigen concentration demonstrated
a 2-fold decrease within 20-24 h. The virus particles
were very homogeneous after [-propiolactone
treatment. It should be noted that long-term treatment
with B-propiolactone (48 h) can cause viral aggregation
and an increase in viral particle size up to 150 nm
with simultaneous decrease in the surface antigen
concentration [43].
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Figure 4. The interaction of -propiolactone with nucleic acids causes alkylation of bases, e.g., guanine.
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Potential disadvantage of B-propiolactone consists
in its carcinogenic properties, although products
of its hydrolysis are not carcinogenic. B-Propiolactone
has the potential advantage of reacting with nucleic
acids, so any contaminating genetic material obtained
from a cell culture should be inactivated as well.
The use of B-propiolactone as the inactivating agent has
several advantages over formaldehyde: (i) inactivation
takes an average of 24 h, compared to more than a week
needed for formaldehyde; (ii) it can be hydrolyzed after
completion of the inactivation process; (iii) inactivation
of contaminating nucleic acids from producer cells,
facilitates the process of subsequent purification.
B-Propiolactone can be quickly hydrolyzed to harmless
byproducts. During the inactivation process,
B-propiolactone is hydrolyzed to 3-hydroxypropionic
acid, which is an intermediate of human lipid
metabolism [8, 44]. B-Propiolactone has been
increasingly used in recent years due to its precise
targeting of viral genomes [45].

1.3. Ultraviolet Light (UV) for Virus Inactivation

The use of UV radiation is one of the physical
means of inactivating viruses. Based on the wavelength
range UV radiation is classified into three types:
UV-A (320 nm to 400 nm), UV-B (280 nm to 320 nm),
and UV-C (200 nm to 280 nm). Most of the inactivating
effects occur in the UV-C spectrum, with a small amount
occurring in the UV-B region. The virus-inactivating
effect of UV radiation is primarily related
to the activation of photodimer formation between
adjacent pyrimidine bases (Fig. 5); this leads
to the disruption of viral replication and transcription
in host cells. UV radiation with a wavelength of 254 nm
(in the UV-C spectral band) is commonly used
to inactivate viruses [28].

Although nucleic acids are the primary targets,
UV irradiation can create cross-links between the viral
genome and capsid proteins via the photochemical
interaction of amino acid residues (particularly
cysteine) with uracil and/or thymine. UV light can also
induce structural changes in viral capsid proteins,
resulting in the formation of a photoproduct.
UV light has a slower effect on viral proteins than
on nucleic acids. Long-term exposure not only
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increases this damage but also promotes oxidative
damage, such as the formation of carbonyl groups
in capsid-protein amino acids and this reduces
the immunogenicity of the virus particles [46].

1.4. Gamma and Accelerated Electron Irradiation
for Virus Inactivation

Gamma irradiation is a type of high-energy,
low-dose-rate  ionizing radiation often used
to sterilize and inactivate bacteria [47, 48]. This type
of radiation has enough energy to displace
(or even eliminate) the outer electrons of molecules,
resulting in the breakdown of covalent bonds and
ionization [48]. Unlike UV radiation, gamma rays
penetrate deeper and can be used to inactivate viruses
in large quantities [47]. According to the radiation
target theory, viral genomes are more susceptible
to structural damage from gamma rays than viral
proteins due to their higher molecular weight [48].
Oxidative damage, particularly changes in surface
epitopes such as carbonylation of viral proteins and,
to a lesser extent, viral genome destruction,
reduce the antigenicity of viral particles and thus
the effectiveness of vaccination [33].

To limit the generation of free radicals
by minimizing radiolysis of water, gamma-ray
inactivation of viruses should be performed in a frozen
state [47]. Frozen virus samples are kept on dry ice
during irradiation. The effect of gamma radiation
on this inactivation approach depends largely
on the type and degree of viral genome abnormalities,
such as single- and double-strand breaks, cross-linking,
and nucleotide degradation. This feature distinguishes
gamma radiation from the previously mentioned
approaches [33]. The demanding requirements
for the conditions of the infrastructure organization
of the radiation protection system, staff competence and
logistic chains are significant drawbacks of gamma
irradiation. As a result, the focus has been shifted
to accelerated electron irradiation. Accelerated electron
irradiation has the same advantages as gamma
irradiation but does not require such stringent
infrastructure conditions. In this regard, accelerated
electron irradiation has been proposed as the most
adequate method for producing pseudoviral particles.
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Figure 5. Formation of a pyrimidine (uracil) dimer under the influence of ultraviolet radiation.
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2. FUNCTIONAL CHARACTERISTICS
OF PSEUDOVIRAL PARTICLES

When developing whole-virion vaccines using
polio virions as the starting material, research
on the characteristics of the resultaing particles plays
an important role. The basic goals of studying
pseudoviral particles, as well as any inactivated
particles obtained from infectious particles by depriving
them of replication potential, are to determine
the completeness of inactivation, antigen content,
and immunogenic activity. The determination
of inactivation completeness (residual infectivity)
is the most important technique as it helps to select
optimal settings for viral particle inactivation and thus
represents a basis for the safety of the developed
vaccine. The determination of antigen concentration
and immunogenic activity allows to determine
the optimal technique for virus inactivation while
preserving the structure of the viral protein envelope
and sets the stage for drug success.

2.1. Determination of Residual Infectious Activity

The infectivity test for viral particles developed
at the Polio Institute indirectly analyzes disruptions
in the genetic material or structure of the entire pool
of particles that have been subjected to an inactivation

103 104 107

technique that has resulted in the loss of viability
of the wviral agent. The analytical procedures
are designed to demonstrate that the processed viral
material does not contain particles capable of causing
viral infection. The poliovirus is a lytic virus that
causes cell death [49]. The analysis of a residual
infectious activity is based on the visual detection
of its lytic activity. For this purpose cell cultures
sensitive to poliovirus infection and promoting
effective virus replication are used [50].

Cell sensitivity to the polio virus is determined
by the presence of a virus-specific receptor,
PVR or CD155, which is expressed in a fairly limited
number of human and great ape cell cultures [51].
Primary cultures of primate cells, such as green monkey
kidney cells, have traditionally been used by researchers.
However, as cellular technologies have advanced,
continuous cell cultures of human and non-human
primates have become popular: HEP-2, L20B, Vero,
and others. Based on studies of the sensitivity of these
cultures to poliovirus, it was found that they could be
used to perform assays to look for residual infectious
particles and assess their concentration [52, 53].

The viral dose was measured by titration
on a sensitive Hep-2 cell culture at 50% infectious
dose (TCIDsy) to determine the concentration
of infectious poliovirus particles (Fig. 6).

Dilutions

/\/\/\/\/\/\/\
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) T ~
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Intact monolayer

J' Incubation 5-7 days

Cell death

Figure 6. The scheme illustrating the procedure for titration of samples using a sensitive cell culture. The procedure
consists of preparing serial dilutions of the sample in a cell culture medium, adding the sample dilutions
to a 96-well plate containing a Hep-2 cell culture, incubating for 5-7 days, and reading the results.
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The developed algorithm is based on determining
the content of infectious particles by mixing
a suspension of sensitive Hep-2 cells with different
dilutions of the test material in several replicates:
from wundiluted substance to 10™2 dilution,
where 10 TCIDsy/ml is the titer of the original
noninactivated poliovirus.

After inactivation, incubation of the test substance
with a sensitive cell culture (in the case of poliovirus —
Hep-2, L20B, or Vero) is used as the last step
of proving the absence of infectious virus particles
by two consecutive passages for 7 days each,
in accordance with WHO and European Pharmacopoeia
recommendations (Fig. 7). The developed algorithm
detects residual “traces” of virus that have not been
inactivated. As poliovirus multiplies, selected cell
cultures die, and the presence or absence of live
virus particles in the sample is assessed by the status
of the cell monolayer. The state of the monolayer
in comparison with the control culture is used
to evaluate the cell culture during passages.
After successive passages, during which even
a single particle capable of multiplying increases
in number and causes cell death, it is possible
to finally determine the conditions for complete

inactivation of the poliovirus upon irradiation
(Fig. 7) [52, 54, 55].
2.2. Determination of Immunogenicity

Immunoassay  methods using antibodies

to the D antigen are used to provide a preliminary
assessment of antigenic characteristics that
indirectly indicate the safety of determinants
on the surface of inactivated poliovirus particles.
In assessing the potential efficacy of inactivated
polio vaccines, radial immunodiffusion was first used
to estimate the D antigen concentration. The test
antigen is diffused in an agar medium containing
specific antibodies. The size of the diffused “ring”
in the sample correlates with the concentration
of the antigen [56]. Immunodiffusion has been replaced
by the enzyme-linked immunosorbent assay (ELISA),
which compares the level of immunogenic poliovirus

D antigen in a sample with a known immunogenic
standard sample [57]. ELISA is an important method
for the characterization of vaccines and other drugs that
detects the presence of antigens (Fig. 8).

Better  evaluation of the effectiveness
of the interaction of inactivated particles with antibodies
to the D antigen of poliovirus (i.e. with neutralizing
antibodies) can be achieved using surface plasmon
resonance-based biosensors (see Section 3.4).

The described methods indirectly assess
the similarity of inactivated particles with native
live poliovirus particles by interaction with
neutralizing antibodies. The stronger contact
implies that the structure of the antigenic site
remains intact and therefore the inactivated
particle is thus more effective in generating
protective antibodies in response to these structural
features during immunization.

ELISA is currently a widely used technology
for identification of the D antigen in the production
of inactivated polio vaccines; it is required to control
such parameter as specific activity. Specific activity
is one of the most important measures of vaccine
quality [58], which is expressed in D antigen units
(DU/ml or DU/dose).

There are many variations of the ELISA technique
for determining D antigen levels, utilizing different
antigen-antibody interaction patterns and monoclonal
and polyclonal antibody types. Each laboratory uses
unique antibodies and ELISA procedures to measure
D antigen levels. The antibodies must be specific
to the poliovirus serotype and the D antigen [59].
The problem of standardization of D antigen assay
is determined by the complex antigenic nature
of poliovirus and the wide range of ELISA systems
available worldwide [60]. Laboratories must use
an international standard, or an internal standard
calibrated against an international standard that
has been assigned a specific number of D antigen
units (DU) to ensure comparability of results.
It is possible to express the efficacy of preparations
from different manufacturers using the same units [59].
The high specificity of antibodies is the key factor
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Sample after _ _ of live virus
inactivation Incubation 7 Incubation 7
[ days, 1 passage days, 2 passage
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5 R

Figure 7. The scheme illustrating the proposed algorithm for passage of inactivated material to test the residual infectivity.
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for effective ELISA procedure. Denatured poliovirus
antigen (H antigen), which lacks protective
immunity, is easily generated from native poliovirus
antigen (D antigen). Therefore, only the composition
of the D antigen should be used to assess
vaccine efficacy [57].

IgG specificity for the D antigen was at least
ten times better than for the H antigen, according
to an ELISA test technique based on rabbit polyclonal
sera. The assay is based on biotin-conjugated antibodies
isolated from rabbit immune serum [57, 58] (Fig. 8).
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Analysis of the D antigen content allows early
assessment of the immunogenic properties of the viral
particle. Immunogenicity, or the ability of an inactivated
material to induce the production of neutralizing
antibodies, is assessed directly by immunizing animals
(guinea pigs and rats) and then determining levels
of neutralizing antibodies in the blood (Fig. 9) [61].

The higher the concentration of neutralizing
antibodies in the blood of immunized animals, the more
effective the inactivated sample will be under the same
experimental conditions.
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3. STRUCTURAL AND BIOCHEMICAL
CHARACTERISTICS
OF PSEUDOVIRAL PARTICLES

The residual infectious activity and immunogenicity
of the resulting pseudovirus are directly dependent
on inactivation (inability to replicate) and preservation
of antigenic sites. Impaired replication activity
is associated with disruption of the viral genetic
material. Therefore, assessment of the genome integrity
of pseudoviral particles is an important step in selecting
inactivation conditions. The preservation of antigenic
determinants is followed by a change in viral
particle structure. Therefore, the study of structural and
biochemical properties, which allow the assessment
of the degree of inactivation and the structure
of the pseudovirus, is essential.

3.1. Pseudovirus Genome Integrity Analysis

The degree of genome degradation determines
the efficiency of virus inactivation during vaccine
development. The genome of the Sabin 1 poliovirus
strain is represented by 7441 nucleotides
of single-stranded RNA with template activity
(positive or +RNA), i.e., RNA that can be directly
translated by an infected cell.

Quantitative  polymerase  chain  reaction
(real-time PCR) is a method of virus and
pseudovirus genome integrity assessment proposed
by the research group at the Institute of Biomedical
Chemistry (IBMC) [62-64]. The principle is based
on the repeated selective copying of a specific fragment
of DNA using the enzyme DNA polymerase [65, 66].
In quantitative PCR, changes in the amount of a specific
PCR product (amplification of a region of the viral
genome) labeled with a fluorescent probe are monitored

during each reaction cycle [67-69]. PCR requires
a reverse transcription process (RT-PCR) because
the poliovirus genome consists of RNA.

We hypothesize that inactivation of the virus
by chemical or physical means will damage
the nucleic acid molecule, negatively affecting
the efficiency of RT-PCR and the number of intact
amplifications. Such damage will increase the cycle
at which amplification is observed when performing
real-time RT-PCR. In other words, a higher
number of the PCR cycle at which amplification
is detected corresponds to an increase in viral genome
degradation (Fig. 10). Real-time RT-PCR cycle
thresholds (Ct) are defined as the number
of amplification cycles needed for the cumulative
fluorescence (resulting from target DNA amplification)
to exceed a threshold value. As a result, Ct values
are inversely proportional to viral genome stability;
low Ct values indicate genome integrity, whereas
high Ct values indicate significant nucleic acid
degradation [70]. The RNA of the intact virus
was used as a reference.

3.2. Analysis of the General Morphology
of Pseudoviral Particles

3.2.1. Scanning electron microscopy (SEM).

SEM is a type of electron microscopy that detects
secondary electrons (SE), backscattered electrons (BSE),
and transmitted electrons (scanning transmission
electron microscopy, STEM).

A tightly focused electron beam scans the surface
of the specimen or “draws a raster” over a region
while simultaneously recording various signals
produced by the interaction of the primary electron
beam with the specimen (Fig. 11). To generate
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Figure 10. Detection cycles of real-time RT-PCR amplifications of poliovirus samples inactivated by electron
irradiation. An increase in the radiation dose and damage to the RNA structure are accompanied by an increase in Ct.
Samples n. 1-3 are cycles for non-inactivated control samples (green lines); samples 4-6 are cycles for virus samples
irradiated at a dose of 10 kGy (blue lines), and 7-9 are cycles for virus samples irradiated at a dose of 30 kGy (red lines).
The color version of this figure is available in the electronic version of the article.
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Figure 11. The Hitachi S-5500 scanning electron
microscope detector system. The production of secondary
and reflected electrons is caused by the primary beam,
which is produced by a set of focusing lenses.
The SE detector (labeled on the right) collects low-energy
secondary electrons and is located off-axis from the SEM.
Above the specimen is the high-energy reflected
electron detector BSE. The number of reflected electrons
is much smaller than the number of secondary electrons,
so this model uses an SE/BSE signal mixing technique
to maximize sensitivity to reflected electrons. A separate
SE detector captures secondary electrons produced
in the BSE detector. A STEM detector detects electrons
passing through the sample. This detector is divided
into two sections: a bright field detector (BF STEM) and
a dark field detector (BF/DF Duo STEM detector).

the primary beam, a scanning microscope typically uses
an accelerating voltage in the range of 500 V + 30 kV.
A detector of a specific design is used to register
each type of the signal. SE, BSE, and STEM detectors
are the most commonly wused in scanning
microscopes [71].

Secondary electrons (SE) are electrons produced
as a result of the inelastic contact of the primary
electrons with the sample. Secondary electrons
typically have energy of less than 50 eV. They
can be used to identify the shape of individual
particles and surface topography. It is possible
to obtain the best resolution by varying the acceleration
voltage and beam current to achieve an appropriate
relationship between the signal strength and depth
of SE generation.
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Backscattered electrons (BSE) are electrons
produced by the elastic interaction of primary electrons
with the nuclei of target atoms; the BSE energy
is slightly different from the primary beam energy.
Backscattered electrons are sensitive to the atomic
number of the target; they allow one to detect
the contrast between elements in a sample with
different atomic numbers.

Transmitted electrons are electrons from
the primary beam that have been detected
by a transmission electron detector (STEM) after
passing through the material. The contrast that
appears is identical to that seen in a transmission
microscope [71].

Traditional SEMs often require solid and conductive
materials. In addition, the sample chamber must be
vacuumed. However, environmental scanning electron
microscopy (ESEM) overcomes these limitations
by allowing operation in a shallow vacuum, thereby
increasing the number of accessible materials, such as
those in solution or nonconductive materials [72].

SEM has a typical resolution of 3—5 nm. This means
that it cannot measure feature sizes on the same scale
as transmission electron microscopy (TEM). Although
SEM has a lower resolution than TEM or AFM,
it can still be useful in determining the size and
shape of pseudoviral particles [73—75]. Dry powder
vaccines are commonly used in traditional SEM
because they fit the sample requirements of SEM:
they are solid and stable under vacuum [76].

However, only ESEM can be used to image other
synthetic vaccines that must be preserved in an aqueous
environment [77]. To obtain a clean, high-contrast
image, samples should be at least 100 microns in size.
Despite the limitations of many synthetic vaccines,
SEM can provide three-dimensional information
about a sample due to depth-of-field phenomena [78].
Figure 12 shows SEM images of inactivated
poliovirus particles.

3.2.2. Transmission electron microscopy.

The operating principle of a transmission electron
microscope is based on the utilization of the wave
characteristics of an electron. TEM is comparable
to an optical microscope but with wavelengths
100,000 times shorter than visible light wavelengths.
This feature of TEM makes it possible to obtain
an image of an object, such as the structure
of a nanotube or fullerene, with a resolution
on the order of the size of an atom. Modern
microscopes can distinguish points projections
of which are separated by 0.7 A.

This type of microscopy uses terminology carried
over from optics. An electron gun is the source
of the electron beam. Magnetic lenses serve
as lenses in SEM, and their -characteristics,
such as spherical and chromatic aberrations
are also important for image clarity. Image registration
is performed using a CCD camera [79].
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Figure 12. The SEM image of poliovirus particles deactivated with formaldehyde. The image was obtained

at the Avogadro collaborative center at IBMC.

Cryo-electron microscopy (cryo-EM) has formed
and rapidly developed during the last decade.
Cryo-EM is a specific type of TEM commonly used
to visualize biological samples, which are much more
susceptible to radiation degradation than inorganic
samples. The samples are examined at extremely low
temperatures (down to -180°C). With cryo-EM,
it is possible to obtain images with higher resolution
and contrast than with the traditional type of SEM.
In cryo-EM, a thin (30 nm) film of amorphous
(glassy) water is used as a sample holder (substrate)
at a temperature of -150°C. The glassy state
is achieved by rapidly cooling the water film
containing the sample (protein molecule, virus, vesicle)
so that ice crystals do not have time to form and
grain boundaries do not scatter electrons. In addition,
low temperatures slow down the movement
of free radicals formed during the passage of electrons
in the sample, which delays the degradation
of biological objects [80].

The highest resolution that can be achieved
with cryo-EM is 2.2 A [81], while for SEM this value
is only approximately 10 A [82]. Cryo-EM has been
widely used to reconstruct three-dimensional images
and has contributed significantly to the development
of structural biology.

TEM has been widely used for virus imaging
since 1955, with one of the first publications
focusing specifically on imaging poliovirus [83].
In 1965, a detailed study of the dynamics
of poliomyelitis virus development in HelLa cells
was performed using conventional TEM [84].
Since late 1990s, with the development of cryo-EM,
it became possible to study the three-dimensional
structure of the virus in detail [85]. In addition,
it became possible to study the three-dimensional
structure of the virus-receptor-membrane complex
using cryo-TEM [86]. These data suggest the existence
of separate populations of subcellular vesicles,
each playing a specialized role in the processes
of poliovirus replication [87].

3.3. Atomic Force Microscopy (AFM)

Since its introduction in 1986, AFM has become
firmly established in the arsenal of researchers
in many areas [88]. High repeatability of results,
the ease of sample preparation, and the consistency
of results with other methods (such as dynamic
light scattering and electron microscopy) “created
reputation” of AFM as one of the most actively used
methods. Another advantage of AFM images is spatial
resolution of around fractions of nanometers.
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AFM is a high-resolution surface characterization
technique for measuring the shape, height, and
mechanical properties of materials placed
on a substrate or in a droplet with high resolution.
The operating principle of AFM is based
on the cantilever deflection induced by physical
forces between the cantilever tip and the sample.
The force acting on the probe from the surface
side leads to -cantilever bending (Fig. 13).
The appearance of “elevations” or “depressions”
under the tip leads to a change in the force acting
on the probe, and hence to a change in the amount
of cantilever bending [89].

The two most popular AFM modes are:
(1) the noncontact mode, in which the tip is detached
from the sample surface and the cantilever deflection
is caused by attraction or repulsion forces between
the tip and the surface, and (ii) the contact
mode, in which the AFM tip slides over the surface. The
direct mechanical contact of the probe with
the surface is the drawback of contact AFM techniques.
This often results in destruction of the sample
surface during scanning and probe damage.
In addition, contact techniques are almost unsuitable
for samples with low mechanical stiffness,
like biological objects and structures made of organic
components. When scanning becomes nearly
impossible on such things, the needle is often held
too strongly by adhesion forces (the needle sticks).
To reduce the destructive force and prevent
the probe from sticking, tapping mode modulation
was developed. In this mode, an external piezoelectric
device operates at a resonant frequency to stimulate
cantilever oscillations. The control parameter
of the feedback circuit is the amplitude of the cantilever
vibrations. Frictional forces and capillary sticking
are minimized if the cantilever breaks the established
connection with the sample at each period with

an appropriately large amplitude. The tapping
mode is most used for the analysis of pseudoviral
particles [77, 90].

Although AFM analysis of viral particle
morphology is not a routine procedure, it is widely
used in scientific research. Several works [91-94]
highlighted the potential applications of this
analytical approach to the evaluation of the virus
particles morphology. In addition to visualization,
AFM has been used to study the mechanical
properties of viruses [95, 96] and the lytic properties
of bacteriophages [97, 98], and to map specific
areas of primary viral attachment to cells [99].
In addition, AFM has been used to characterize
the inactivated viral particles of the SARS-CoV-2 strain,
as well as the maturation and release phase
of SARS-CoV virions from infected cells [100].

AFM can also be used to identify inactive virus
particles [101, 102]. In addition to particle size
selection, the nanomechanical properties of such
particles have been investigated. For example,
additional information about the viscoelastic properties
and the Young's modulus of the particles may allow
them to be identified and provide further information
about their behavior in the presence of the host
cell membrane [103].

Although AFM can be used to study viruses
and virus-like particles, research on vaccine strains
of poliovirus is underrepresented in the literature.
AFM has been used to study the Sabin type I poliovirus
vaccine strain Lse2ab [104]. It was demonstrated
that such pseudoviral particle could be successfully
adsorbed on a variety of surfaces, including titanium
oxide, gold and palladium alloys, freshly cut mica,
and graphite. Since the scanning was performed
in the contact mode in air under these conditions,
significant salt accumulation was observed.
The diameters of the same particles were found

Laser Four-section detector
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Figure 13. Principle of AFM. Physical forces between the probe and the virus particle cause cantilever deflection.
The laser beam is directed to the outer surface of the cantilever, reflected and then falls on the four-section
photodetector where it is converted into image information of the virus particle surface.
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in another study using identical samples [105].
Their height was 29 nm. The difficulty of working
with these objects and the small number
of publications are probably due to the relatively
small size of the objects studied and the high salt load
of the initial samples.

Applied to poliovirus pseudoviral particles,
AFM is applicable for quantitative and qualitative
comparison of poliovirus particles inactivated
by different methods, characterization of particle
morphology and nanomechanical properties including
the Young's modulus, and characterization of specific
interaction with antibodies.

The AFM resolution is mainly determined
by the radius of curvature of the probe. Two types
of ultrasharp probes with different radius of curvature
are used to analyze the fine structure: those with
a silicon tip of ~2 nm and those with blunter
silicon nitride probes with carbon needles of ~1 nm.
The use of such probes will allow researchers
to compare the fine structural spacing and
protein packaging of viral particles inactivated
in different ways.

It is reasonable to carry out the measurements
in two different modes: tapping mode, in which
the cantilever vibrations are generated at a resonant
frequency, and PeakForce mode, in which
the cantilever vibrations are excited at a nonresonant
frequency and a force curve is recorded at each point
in the image. It is useful to perform measurements
not only in air but also in liquid to improve the image
quality and bring it closer to native conditions.

For example, a surface layer of water can be used
to level the meniscus created between the cantilever
and the substrate.

Figure 14 shows an AFM image of the Sabin II
poliovirus vaccine strain.

3.4. Analysis of the Interaction of the Viral Antigen
(D antigen) with the Eukaryotic Cell Receptor (CD155)
Using the Surface Plasmon Resonance-Based Method

Currently, surface plasmon resonance-based
biosensors are widely used to study various interactions,
including 1) protein-protein interaction [106, 107];
2) antigen-antibody interaction [108]; 3) protein-lipid
interaction [109, 110]; 4) low-molecular-weight
ligand-protein interaction [111, 112]; and 5) the influence
of low-molecular-weight compounds on protein-protein
interactions [113, 114].

Surface plasmon resonance is a type of optical
phenomenon that occurs when photon energy
is transferred to electrons in a metal. The intensity
of the reflected light decreases sharply at a certain
angle of incidence (resonance angle) as the light
energy is wasted in activating surface plasmons.
The result is a damped light wave field. The resonance
angle is determined by the refractive index
of the medium in the surface layer. When a solution
containing molecules that form complexes with
molecules immobilized on the touch surface
is injected, the refractive index of the surface layer
changes, resulting in a change in the resonance
angle. A complex formation curve [115] is used
to record the change in resonance angle over time.

26 nm

0 nm

Figure 14. The AFM image of the Sabin II polio vaccine strain. The height of the particles is 26 nm. The AFM image
was obtained in semicontact mode in air. The initial concentration of the suspension, ~107 particles/ml, was applied
to freshly cleaved mica, exposed for 5 min, washed with 1 ml of distilled water, and dried in a stream of nitrogen.
The image was obtained at the Avogadro collaborative center at IBMC.
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Figure 15. Principle of the SPR sensor work. Polarized light is reflected from a solution containing poliovirus particles.
When a solution containing antibodies is introduced, complexes with the particles immobilized on the contact
surface are formed, changing the refractive index in the surface layer and consequently the resonance angle.
The change in the resonance angle over time is recorded as a complex formation curve (figure on the right).

The rate constants of association and dissociation,
as well as the equilibrium dissociation constant,
can be calculated by processing such curves obtained
at different concentrations of the added analyte.

Surface plasmon resonance (SPR) biosensors
(Fig. 15) have several significant advantages: a wide
methodological range for oriented (His-tag, biotin)
and nonoriented (—SH, —-NH,, —-COH) protein
immobilization; the ability to study the interaction
over a wide range of pH, ionic strength, temperature,
flow rate and chemical composition of the working
buffer; and the ability to regenerate a contact surface
with immobilized protein under soft and hard
conditions. Various substances, ranging from low
molecular weight chemicals and peptides to whole
cells and virus particles, can be used as analytes
(molecules that interact with an immobilized molecule),
and biosensors can be used in vaccine development
and quality control [116].

A Biacore sensor based on surface plasmon
resonance and monoclonal antibodies were used
to assess the antigenicity of vaccines with or without
adjuvant [117]. The Biacore sensor was also used
to evaluate the stability of the hepatitis E vaccine [118].
In addition, determination of the binding affinity
of cross-reactive antibodies to ACE2 and to S1-RBD
using this sensor showed that the two monoclonal
antibodies bound much weaker to ACE2 than
to S1-RBD of the SARS-CoV-2 virus. This indicates
that cross-reactive antibodies to ACE2 and to SI-RBD
may be induced during SARS-CoV-2 infection
due to potential antigenic cross-reactivity between
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S1-RBD and its receptor (ACE2) [119]. In addition,
SPR-based technology was used to screen inhibitors
of virus entry and to study the interaction between
immobilized HVEM (herpes virus entry mediator) and
glycoprotein D in the presence of § different compounds.
The compounds that decreased the biosensor signal
level may serve as potential inhibitors of herpes virus
entry into the cell [120].

Using the SPR technique, high-affinity monoclonal
antibodies that efficiently neutralized both pseudotyped
and live MERS-CoV strains were found. The significant
neutralizing activity of these antibodies indicates
their capability to prevent and treat MERS-CoV,
as well as to be a tool for vaccine development [121].
Most research in the field of SPR technologies
focuses on the interaction of antibodies with viral
antigens [122—124]. The Biacore sensor has also been
used to study the interactions of two animal viruses
(vaccinia virus and poliovirus) and two plant viruses
(cowpea mosaic virus and tobacco mosaic virus)
with monoclonal antibodies in real time and
in a label-free mode. Using monoclonal antibodies
specific  for different conformational states
of the viral protein, it was found that viral particles
(cowpea mosaic virus and tobacco mosaic virus)
retained their structural integrity when immobilized
on the dextran of the sensor chip [125].

Westdijk et al. quantified the D antigen using
a SPR-based technique [126]. Since this technique
does not require use of labels, incubation times or
washing procedures, such assay reduces number of assay
variations. Quantitative determination of the D antigen
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in inactivated poliovirus samples can be performed
using either a standard protocol with calibration
curves for each serotype or the calibration-free
concentration analysis (CFCA) format.

In the latter case, the analysis is based
on the measurement of the binding rate during sample
injection under conditions of partial or complete
mass transfer limitation. The advantage of CFCA
is that the technology does not require a calibration
curve. By processing the sensorgrams, it is possible
to obtain data describing the interaction of poliovirus
with antibodies from the dependence of the biosensor
signal on concentration: association rate constant,
dissociation rate constant, and equilibrium
dissociation constant. Thus, SPR-based biosensors
are widely used in studies aimed at antigen-antibody
and antibody-virus interactions [127].

3.5. Electrochemical Analysis of Surface Antigenic
Proteins and Pseudoviral RNA

Electrochemical approaches in biochemical and
medical research are rapidly developed due to advances
in nanotechnology, nanomaterials, and algorithms
for acquiring and processing electroanalytical results.
Electrochemical analysis is based on the ability
to record the processes that occur when biological
molecules gain or release electrons. The advantages
of electrochemical methods include real-time
registration of all processes on the surface
of the electrode, a small volume of the analyzed
biological object (a few microliters), the ability
to use both stationary and portable electrochemical
devices with software and interchangeable electrodes,
and the ability to obtain strictly reproducible results.

The type and modification of the electrode
to immobilize the biomolecule and obtain an analytical
signal is critical for an efficient electrochemical process
associated with electron transfer. The advantage
of using interchangeable electrodes is that they
can be modified to optimize the electrochemical system,
allowing the sensor to be adapted to the biological
object or biomolecule being analyzed and providing
the necessary analytical characteristics of the method,
such as biocompatibility, detection limit, and range
of determined concentrations .

Electrochemical devices for the detection
of respiratory viruses have been developed based
on genosensor and immunosensor techniques [128].
Data obtained using several methods for virus
detection by RNA or viral proteins or antibodies
have been summarized in [129-131]. Genosensors
with immobilized DNA/RNA probes as recognition
elements are applicable for the analysis of specific
hybridization reactions by molecular recognition
of DNA-DNA or DNA-RNA complexes [132-135].
The main advantages of these devices are their
miniaturization potential, high sensitivity, low limits
of detection (LOD) and the availability of software

for data processing. Based on the type of probe
immobilization, i.e., the oligonucleotide to which
the diagnosed genomic DNA or RNA sequence
of the virus is attached, electrochemical genosensors
are classified into three main categories:

e physical adsorption [135, 136] on the surface of the
working electrode due to van der Waals interactions;

e chemical immobilization through the formation
of covalent bonds [137-139] and bifunctional
cross-linking with special reagents [140-142];

e rational design of sensor structures and recording
circuits using various modifications of electrodes
to enhance the signal [143, 144].

The conditions, under which the probe
is immobilized, are important for the genosensor
efficiency. The immobilization density of the
oligonucleotide probe is proportional to the accessibility
of the analyte binding sites. Excessive probe
density can lead to sensor surface saturation
and steric interference, which significantly
decreases the hybridization efficiency [145-147].
Manzano et al. developed a genosensor based
on thiol-Au interactions for the sensitive detection
of hepatitis A virus cDNA. Changes in the oxidative
potential of the indicator tripropylamine were observed
after hybridization with the target due to inhibition
of the effects of charge transfer and diffusion.
The device achieved a limit of detection (LOD)
of 6.94 fg/ul for viral ¢cDNA, which was equal
to the value obtained by PCR (6.4 fg/ul) [148].

Carinelli et al. used avidin-biotin interactions
for efficient quantification of Ebola virus cDNA [149].
Ebola virus c¢cDNA has been amplified using
rolling-circle amplification (RCA) on magnetic beads
(a step in which circularized biotinylated cDNA
is bound to streptavidin-modified magnetic beads).
Reamplification was performed by circular
amplification (C2CA), and the products were detected
by a double-labeling method using a biotinylated
capture probe for immobilization on magnetic
particles and a readout probe for electrochemical
detection. Electrochemical detection was performed
on printed graphite electrodes using H,O, reduction
square wave voltammetry.

The electrochemical genosensor was able to detect
200 yoctamol (200x10** mol) of cDNA, corresponding
to 120 molecules of Ebola virus L-gene cDNA
with a detection limit of 33 cDNA molecules.
The LOD achieved with the strategy developed
by the authors potentially allows early detection
of the disease (10° to 10" RNA copies/ml).

Streptavidin-biotin  complexes were used
to detect Ebola virus DNA on a gold-coated printed
graphite  electrode using differential  pulse
voltammetry (DIVA) [150]. Immobilized thiolated DNA
was hybridized to the biotinylated target DNA strand on
the electrode surface. A streptavidin-alkaline
phosphatase conjugate was used to label the biotinylated
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hybrid. The complementary oligonucleotides had
a detection limit of 4.7 nM. An electrochemical readout
of Ebola virus particles has been described in [151].
Ebola virus cDNA was amplified on magnetic beads
and labeled with the glucose oxidase. The indirect
electrochemical detection of target DNA is enabled
by the enzymatic catalysis of glucose coupled
to glucose oxidase.

Chronoamperometric determination of target DNA
was performed using a Prussian blue-modified
hydrogen peroxide monitoring electrode after
glucose peroxidase administration. The methodology
proposed in this paper allowed the determination
of Ebola virus cDNA with an accuracy of 1.0 pmol/L
(approximately 6x10° target DNA/ml).

Streptavidin-biotin complexes have been used
in works devoted to the electrochemical analysis of DNA
of Zika virus [152] and (HPV)-16/18 [153] using
horseradish peroxidase as a label. The detection limits
of DNA by chronoamperometry were 0.7 pM and 0.1 ng
for Zika virus and (HPV)-16/18, respectively.

Farzin et al. [147] developed an electrochemical
device modified with amine functionalized ionic liquid
and reduced graphene oxide for the detection
of human papillomavirus (HPV)-16 cDNA. The material
was applied to multiwalled carbon nanotube-modified
electrodes and used to covalently bind aminated
DNA probes using glutaraldehyde. In the presence
of the sodium salt of anthraquinone-2-sulfonic acid
monohydrate as an oxidatively active DNA intercalator,
hybridization of ssDNA probes with target
DNA strands of (HPV)-16 resulted in a significant
increase in the response of the genosensor. The signal
was measured by differential pulse voltammetry.
The LOD for (HPV)-16 c¢cDNA was 1.3 nM.
Other proposed multilayer genosensors are based
on a toluidine blue label for the detection
of Haemophilus influenzae [139] and on the mediator
ferrocene for hepatitis B detection [154].

The authors of [155] presented a 3D microfluidic
analyzer based on graphene-modified paper electrodes
as an alternative platform for hepatitis B analysis.
Pyrrolidinyl peptide nucleic acid was covalently
immobilized on a modified cellulose working
electrode to capture target DNA due to its high
affinity and selectivity for hepatitis B virus DNA.
Depending on the concentration of hepatitis B
virus DNA, the DIVA electrochemical signal
of hexacyanoferrate (IIT)/(II) decreased in the presence
of viral DNA. The limit of detection was 1.45 pM.

Electrochemical immunosensors work
by converting immunochemical reaction information
into a quantifiable signal that is proportional
to the concentration of the analyte. This allows
the sensors to identify different types of viruses.
Sensor devices use an antibody or antigen, often
immobilized on the sensor surface, as the biorecognition
element [156].
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The rapid response, high sensitivity, specificity,
affordability, ease in use, and miniaturization
are the features of electrochemical immunosensors
that made them suitable for the diagnosis
of wviral infections. Numerous electrochemical
immunosensors, including voltammetric, amperometric,
impedimetric, and potentiometric, have been
developed for virus detection. Electrochemical labels,
electroactive mediators (ferrocene and ferricyanide),
and enzymatic labels are wused to record
the electrochemical signal. Such immunosensors have
been widely used to detect various types of viruses,
including hepatitis B [157-163] and C [164-167],
influenza viruses [168—172], Dengue [173-175],
Zika [176], Japanese encephalitis [177, 178],
measles [179], Newcastle disease virus [180], and
enterovirus [181]. These types of sensors are considered
to be a complementary approach to traditional
quantitative RT-PCR.

Viral antigens are glycoproteins found on the surface
of wviruses that are responsible for binding
to host cell receptors. For example, coronavirus entry
into the host cell is mediated by the coronavirus
envelope S protein [182], which was recently used
as an antigen in an immunosensor for the diagnosis
of COVID-19 [183]. An electroanalysis based
on the detection of viral RNA or viral antigens
(S protein) with high sensitivity has been developed
for the diagnosis of COVID-19 [184, 185].

However, there is no description in the literature
of a mediator-free (direct) electroanalysis of viral
particle components based on the acquisition
of electrochemical “signatures” (electrochemical
profiling) of biomolecules during various biological
processes. Previously, researchers at IBMC used
electrochemical methods based on direct profiling
of Dbiological objects (transfected cells, DNA)
to study cell transfection processes and to analyze
DNA fragmentation under the influence of restriction
enzymes and during apoptosis [186]. In studies
on pseudoviral particle synthesis, electrochemical
analysis methods were applied for comparative
assessment of structural and biochemical properties
(Fig. 16) after inactivation by ionizing radiation.

The efficiency of virus inactivation and production
of pseudoviral particles depends on the degree
of degradation of its genome [64]. Using analytical
characteristics of voltammograms (potentials, maximum
current amplitudes, areas under oxidation peaks)
it is possible to obtain comparative profiles
of poliovirus RNA oxidation based on the analysis
of purine heterocyclic bases (guanine, adenine) and
draw conclusions about the effect of the inactivation
process on the integrity and fragmentation of viral RNA
(left side of Figure 16).

A number of amino acids, such as tyrosine,
tryptophan, histidine, methionine, and cysteine, have
the unique property of undergoing electrochemical
oxidation [187-189]. Since the preservation
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Figure 16. Electrochemical approaches to analyze the properties of components of pseudoviral particles. These include
comparative profiling of surface antigenic proteins and nucleic acids of pseudoviruses to assess the influence
of different inactivation parameters on the virus by changing the electrooxidation signal.

of the spatial structure of the D antigen is a problem
that must be solved during the inactivation
process [21], electrochemical profiling of D antigen
viral proteins (right side of Figure 16) from
different samples of poliovirus pseudoviral particles
subjected to the inactivation process in different ways
results in comparative profiles of viral proteins
based on recording the electrochemical oxidation
of amino acids in proteins of antigenic determinants
to confirm the preservation of the spatial structure
of the D antigen (Fig. 17).

The advantages of the electrochemical approach
to protein detection are based on analysis
of the processes of electrooxidation of amino acid
residues: (1) direct detection at relatively low
concentrations; (2) sensitivity to changes in protein
conformation; and (3) signal change when amino acids
are modified by electroactive groups.

Analysis of the components of pseudoviral
particles (RNA, proteins) obtained by chemical
inactivation and electron irradiation will help to study
the comparative influence of chemical reagents and
electron irradiation parameters on the electrochemical
profile of polioviruses, reflecting the degree of damage
to RNA and capsid proteins (VP1, VP2, VP3).

40+

30+

204

I, pA

0.2 0.4 0.6 0.8 1.0
E, V (vs. Ag/AgCl)

Figure 17. Square wave voltammograms in the absence
of poliovirus (PGE/CNT, dotted curve) and
in the presence of -propiolactone-inactivated poliovirus,
Sabin strain type 1 (PGE/CNT/poliovirus, black curve).

A comparative analysis of completely inactivated
virus particles, which do not induce antibody
formation and have a damaged or destroyed D antigen,
and virus particles subjected to chemical inactivation
and different doses of electron irradiation is among
our future plans.
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CONCLUSIONS

The field of pseudoviral vaccines is becoming
increasingly promising, but it is accompanied
by tighter restrictions and the development
of inactivation technologies as the process of developing
a vaccine product accelerates. The most promising
strategy appears to be the generation of pseudoviral
vaccines using electron irradiation. The choice
of dose and irradiation conditions makes
it possible to induce changes in the virus genome
that limit its replication capacity but preserve
its immunogenic properties. Engineers and
researchers can now design antiviral vaccines with
ideal physicochemical properties, due to recent
achievements in the theoretical and instrumental
characteristics in the field of viruses and inactivated
viral particles. The algorithms proposed and considered
in this review, are adapted to characterization
of poliovirus particles; they are a part of a platform
for the development of pseudoviral vaccine
preparations. The application of the platform
algorithms will enable the development of promising
new types of vaccines based on pseudoviral particles.
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HEPCIIEKTUBbBI CO3JAHUSA BAKIIUHHBIX ITPEITAPATOB HOBOI'O TUIIA HA OCHOBE
IICEBJOBUPYCHbBIX YACTULI (HA IIPUMEPE BAKIIMHBI TIPOTHUB ITOJIMOMUEJINTA)

/1. Koanoe'*, F0.10. Heun'’, A.H. Hluwmnapénox’', C.B. Kpaesckuii', C.JI. Kanawenxo', JI.LE. Azagponosda’,
B.B. Illymanuesa'”, O.B. I'neoenko’, A.H. Ilunaesa, A.A. Koénax', A.A. Hwmyxamemoé’, A.H. Apuaxoe”’
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TpaauIIMOHHBIE TPOTHBOBUPYCHBIE BAKIIIHEI CO3AIOTCS C NCIONF30BAaHIEM XUMHUECKONH HHAKTUBALINN BUPYCa,
yaiie Bcero moja JedcTBueM GopMmanbaeruja W -nponuosiakToHa. J[aHHbIE MOAXOABI HE ONTHMAJbHBI,
MTOCKOJIbKY HETaTHBHO BIIMSIOT HAa COXPAaHHOCTh AHTUI'CHHBIX JIETEPMUHAHT MHAKTUBHUPOBAHHBIX YACTHUI] U TPeOYIOT
JIOTIOJTHUTENbHBIX CTaAMi OuMCTKH. Hambonee mnepcrieKTUBHBIMM JJIsl CO3[JaHMSl BAaKIWH CYMTAIOT IUIAT(HOPMBI
Ha OCHOBE IICEBAOBUPYCHBIX YaCTHIl, TO €CTb HMHAKTUBHUPOBAHHBIX BHUPYCOB, KOTOpPblE MOIHOCTBIO COXPaHHIIHN
Hapy>XHYI0 O0OJIOUKY, TIPH ITOM TIOTEPSB CIIOCOOHOCTh K Pa3sMHOKECHHUIO W3-3a pa3pylleHus reHoma. OOmydeHue
BHPYCOB YCKOPEHHBIMH DJJIEKTPOHAMHU SBISICTCS ONTHUMAJIBHBIM NTYTEM CO3MaHUS ICEBIOBHUPYCHBIX YACTHII.
B nanno#t 0030pHOI paboTe Ha MpUMepe BUpPYyca MOJTHOMHUETUTA IPEICTABICHB OCHOBHBIC aITOPUTMBI, IPUMEHIMEIE
Juisl pyHKIMOHAIBHOM M CTPYKTYPHOW XapaKTEPUCTHUKH TCEBJOBUPYCHBIX YaCTHIl B MPOIECCE CO3JaHUsI BAaKIIMHHOTO
mpemnapara, a MMEHHO aHalM3a CTENEHM pa3pylleHHs 'eéHoMa U MMMYHOTeHHOCTH. PaccMoTpeHa cTpykTypa Bupyca
MOJIMOMHEINTA U METOABI ero MHakTUBauuH. /s (GyHKIMOHAIBHONW XapaKTEePUCTHUKH IICEBIOBHPYCOB IPEIIOKEHBI
ANTOPUTMBI OLEHKH OCTATOYHOH MH(EKIIMOHHOCTH U IMMYHOTEHHOCTH. [10IX0OIBI IO aHAIH3Y LENIOCTHOCTH TeHOMA,
aTOMHO-CHJIOBasl W SJEKTPOHHAsT MHUKPOCKOITHS, MOBEPXHOCTHO-IUIA3MOHHBIH PE30HAHC M OHMORICKTPOXMMHUYECCKUE
METOIBI SIBISIOTCS KIIIOYEBBIMH ISl CTPYKTYpPHOH XapaKTePUCTHUKH IICEBIOBHUPYCHBIX dYacTull. llpuMmenenme
ONMCAaHHBIX B HACTOALIEH paboTe alIropuTMOB, pa3pabOTaHHBIX JUIS BHPYCa IOJHMOMHENUTA, IO3BOJHUT CO3/ATh
MEePCHEKTUBHBIE BAKIIMHBI HOBOTO THIIA HA OCHOBE IICEBJOBHUPYCHBIX YacTHUI[ U ONEPaTUBHO OTBEUaTb HA BBI3OBBI
IIPY TIOSIBJICHUH HOBBIX BUPYCHBIX MH(EKIHH.

Tonuwiii mexcm cmamuvu Ha PyccKoM A3viKe docmynel Ha cavime xcypuana (hitp://pbmce.ibmc.msk.ru).
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CTPYKTypHAasi XapaKTEePUCTHKA
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