
794 795JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2024; 101(6) 
DOI: https://doi.org/10.36233/0372-9311-575

ORIGINAL RESEARCHES

Original Study Article
https://doi.org/10.36233/0372-9311-575

Selective suppression of influenza A/H5N1 virus replication in vitro 
using nanocomplexes consisting of siRNA and aminopropylsilanol 
nanoparticles 
Marina N. Repkova1, Asya S. Levina1, Oleg Yu. Mazurkov2, Elena V. Makarevich2,  
Ekaterina I. Filippova2,  Natalya A. Mazurkova 2, Valentina F. Zarytova1

1Institute of Chemical Biology and Fundamental Medicine, Novosibirsk, Russia; 
2State Research Center of Virology and Biotechnology “Vector”, Koltsovo, Russia 

Abstract
Relevance. Studies on model systems have confirmed the effectiveness of antisense oligonucleotides, including 
those that contain photoactive groups, for the modification of nucleic acids. However, this strategy has not yet 
found wide application due to the lack of successful methods for the intracellular delivery. The development of 
effective preparations capable of acting on target nucleic acids in cells is an urgent task.
The aim of the study is to create nanocomplexes consisting of aminopropylsilanol nanoparticles and short 
interfering RNA (siRNA) to study their effect on target nucleic acids by the example of inhibition of influenza A 
virus replication in vitro.
Materials and methods. MDCK cells, influenza virus A/chicken/Kurgan/05/2005 (A/H5N1), aminopropylsilanol 
nanoparticles, and native and modified siRNA molecules.
Results and discussion. We have prepared unique Si~NH2/siRNA nanocomplexes, which consist of 
aminopropylsilanol nanoparticles and siRNA molecules, which enable cell penetration and selective interaction 
with target nucleic acids, respectively. The antiviral activity of the proposed nanocomplexes has been studied 
on MDCK cells infected with the influenza A/H5N1 virus. It has been shown that the double-stranded siRNA 
molecules in the nanocomplexes, which act by the RNA interference mechanism, are more efficient in inhibiting 
the replication of the influenza virus than the corresponding single-stranded RNA fragments. The most effective 
nanocomplex that contained siRNA targeted at the chosen region of mRNA segment 5 of the viral genome 
reduced virus replication in the culture by a factor of 630. We have shown that non-agglomerated and water-
soluble aminopropylsilanol nanoparticles are low-toxic, capable of delivering siRNA into cells and protecting 
siRNA in the Si~NH2/siRNA nanocomplexes from hydrolysis by cellular nucleases.
Conclusion. The biological activity of the created nanocomplexes has been demonstrated by the example of highly 
effective selective suppression of influenza A/chicken/Kurgan/05/2005 virus replication in the cellular system. 

Keywords: aminopropylsilanol nanoparticles, nanocomplexes, siRNA, antiviral activity, influenza A/H5N1 virus

Acknowledgement. The authors thank M. Meshchaninova (Laboratory of RNA Chemistry, Institute of Chemical 
Biology and Fundamental Medicine, Siberian Branch of the Russian Academy of Sciences) for the synthesis of 
oligoribonucleotides and their modified analogs.
Funding source. The research was supported by the Russian Science Foundation (grant No. 23-25-00230).
Conflict of interest. The authors declare no apparent or potential conflicts of interest related to the publication of this 
article.
For citation: Repkova M.N., Levina A.S., Mazurkov O.Yu., Makarevich E.V., Filippova E.I., Mazurkova N.A., Zarytova V.F. 
Selective suppression of influenza A/H5N1 virus replication in vitro using nanocomplexes consisting of siRNA and 
aminopropylsilanol nanoparticles. Journal of microbiology, epidemiology and immunobiology. 2024;101(6):794–802. 
DOI: https://doi.org/10.36233/0372-9311-575 
EDN: https://www.elibrary.ru/rnwece

© Repkova M.N., Levina A.S., Mazurkov O.Yu., Makarevich E.V., Filippova E.I., Mazurkova N.A., Zarytova V.F., 2024

https://crossmark.crossref.org/dialog/?doi=10.36233/0372-9311-575&domain=PDF&date_stamp=2024-12-14


794 795ЖУРНАЛ МИКРОБИОЛОГИИ, ЭПИДЕМИОЛОГИИ И ИММУНОБИОЛОГИИ. 2024; 101(6) 
DOI: https://doi.org/10.36233/0372-9311-575

ОРИГИНАЛЬНЫЕ ИССЛЕДОВАНИЯ

© Репкова М.Н., Левина А.С., Мазурков О.Ю., Макаревич Е.В., Филиппова E.И., Мазуркова Н.А., Зарытова В.Ф., 2024

Оригинальное исследование
https://doi.org/10.36233/0372-9311-575

Селективное подавление репликации вируса гриппа A/H5N1  
in vitro с помощью нанокомплексов, состоящих из siRNA  
и наночастиц аминопропилсиланола 
Репкова М.Н.1, Левина А.С.1, Мазурков О.Ю.2, Макаревич Е.В.2, Филиппова E.И.2, 
 Мазуркова Н.А. 2, Зарытова В.Ф.1

1Институт химической биологии и фундаментальной медицины, Новосибирск, Россия;
2Государственный научный центр вирусологии и биотехнологии «Вектор», Кольцово, Россия

Аннотация
Актуальность. Вирусы гриппа, относящиеся к семейству Orthomyxoviridae, широко распространены в 
природе и часто являются причиной возникновения пандемий. Появление новых штаммов вируса, устой-
чивых к лекарственным препаратам, вызывает потребность в разработке новых эффективных лекар-
ственных форм, селективно действующих на вирусы гриппа А.
Цель работы — создание нанокомплексов, состоящих из наночастиц аминопропилсиланола (АПС) и ма-
лых интерферирующих РНК (siRNA), и исследование их воздействия на нуклеиновые кислоты-мишени на 
примере ингибирования репликации вируса гриппа А в клеточной системе.
Материалы и методы. В работе использовали клетки MDCK, вирус гриппа A/chicken/Kurgan/05/2005  
(A/H5N1), наночастицы АПС, нативные и модифицированные молекулы siRNA.
Результаты и обсуждение. Созданы уникальные нанокомплексы Si~NH2/siRNA, состоящие из наноча-
стиц АПС и иммобилизованных на них молекул siRNA, обеспечивающих соответственно проникновение 
в клетки и селективное взаимодействие с нуклеиновыми кислотами-мишенями. Противовирусную ак-
тивность предложенных нанокомплексов исследовали на клетках MDCK, заражённых вирусом гриппа  
A/H5N1. Показано, что двухцепочечные молекулы siRNA в составе нанокомплексов, действующие по ме-
ханизму РНК-интерференции, более эффективно подавляют репликацию вируса гриппа по сравнению с 
соответствующими одноцепочечными фрагментами РНК. Наиболее эффективный нанокомплекс, содер-
жащий siRNA, нацеленную на выбранный участок 5-го сегмента мРНК вирусного генома, снижал репли-
кацию вируса гриппа А в культуре клеток в 630 раз. Показано, что неагломерированные, растворимые в 
водных растворах наночастицы АПС являются малотоксичными, способными доставлять siRNA в клетки и 
защищать siRNA в составе нанокомплексов Si~NH2/siRNA от гидролиза клеточными нуклеазами.
Заключение. Продемонстрирована высокая биологическая активность созданных нанокомплексов 
на примере селективного и высокоэффективного подавления репликации вируса гриппа A/chicken/
Kurgan/05/2005 в клеточной системе.

Ключевые слова: наночастицы аминопропилсиланола, нанокомплексы, siRNA, противовирусная ак-
тивность, вирус гриппа A/H5N1
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Introduction
Nucleic acid (NA) therapy offers unique oppor-

tunities to influence the genetic material of the cell. 
However, its effectiveness is limited by the instability 
of NAs in relation to cellular nucleases and their low 
ability to penetrate the cytoplasmic membrane, which 
makes it necessary to use different delivery systems [1]. 

Small interfering RNA (siRNA) is a promising 
type of RNA-based therapeutic agents because their 
mechanism of action is catalytic and each siRNA 
molecule can inactivate several target RNA mole-
cules. siRNA molecules are intensively investigated 
as antiviral agents. L. Singh et al. presented a wide 
range of applications of nanoscale materials for the 
treatment of common viral infections [2]. For the 
clinical success of the proposed methods for the de-
livery of NA fragments into cells, safety and efficien-
cy remain vital requirements. Various approaches 
have been proposed to address the problem of siR-
NA delivery, e.g., using viruses, cationic lipids, poly-
mers and transport peptides. The successful use of 
bioconjugates of siRNA and N-acetylgalactosamines 
is also worth mentioning [3]. However, all methods 
have limitations for therapeutic use. A huge number 
of potential siRNA-based drugs have not undergone 
clinical trials because many factors (low efficiency of 
siRNA delivery to target cells, toxicity, degradation 
of siRNA by nucleases, filtration by kidneys, uptake 
by immune cells, off-target effects, low efficiency of 
penetration through hydrophobic cell membrane and 
release of siRNA from endosomes, etc.) limit the use 
of siRNA in biomedicine. 

One of the most promising approaches to solving 
the problem of siRNA delivery into cells is the use of 
non-viral vectors based on nanoparticles (NPs) [2, 4, 5]. 
Different types of NPs have been used for delivery of 
siRNA. NPs consisting of cationic polymers (poly-L-ly-
sine, polyamidoamine, polyethylenimine, and chitosan) 
or lipids are the most studied delivery methods [6, 7]. 
Given the wide variety of available materials, each with 
many potential modifications, the composition of the 
NPs can be optimized to deliver a specific type of RNA 
[8-10]. Delivery systems should fulfill a number of im-
portant requirements: they should increase the ability of 
RNA penetration into cells, provide effective protection 
of RNA from degradation by cellular nucleases, and 
have low toxicity.

Despite certain successes in the development of 
methods for the delivery of RNA fragments into cells, 
the problem of their delivery method still remains un-
solved. Therefore, it is advisable to search for other 
methods to deliver siRNA into cells.

We have previously developed delivery systems 
for oligodeoxyribonucleotides and deoxyribozymes 
based on the use of titanium dioxide and aminopro-
pylsilanol (APS) NPs for their effect on NA targets. It 
has been shown that DNA fragments within the created 

nanocomposites are site-specific and effectively affect 
target genes in vitro and in vivo [11–14].

The aim of this study is to determine the possibil-
ity of using non-agglomerated, water-soluble APS NPs 
for siRNA delivery into cells in the form of the Si~NH2/
siRNA nanocomplexes to effectively suppress replica-
tion of the influenza A/H5N1 virus.

Materials and methods
Reagents used in this study were from commer-

cial suppliers: (3-aminopropyl)triethoxysilane, trypsin, 
penicillin, streptomycin (Sigma-Aldrich); DMEM me-
dium (Dulbecco's modified Eagle's medium; Biolot); 
fetal bovine serum (Gibco), MTT ((3-[4,5-dimethylth-
iazol-2-yl]-2,5-diphenyltetrazolium bromide), NeoF-
roxx), and dimethyl sulfoxide (Component-Reactiv). 
Trypsin was used at a concentration of 2 μg/mL, peni-
cillin and streptomycin at a concentration of 100 U/mL. 
Chicken erythrocytes, MDCK cells, and the influenza 
virus A/chicken/Kurgan/05/2005 (H5N1) strain were 
obtained from the collections of Vector.

Oligoribonucleotides and their derivatives were 
synthesized by the solid-phase method on an automat-
ed ASM-800 DNA/RNA synthesizer (Bioset) using an 
optimized protocol for a synthesis scale of 0.4 mmol. 
2'-deoxy-, 2'-O-TBDMS-, and 2'-O-methyl-phosphor-
amidite (Glen Research) were used as monomers. 
Sulfurizing reagent II (Glen Research) was used to 
introduce the thiophosphate group. The concentration 
of oligonucleotides was determined spectrophotomet-
rically by measuring their optical density in solution 
using a Shimadzu U-1800 spectrophotometer (Shi-
madzu).

Preparation of Si~NH2 aminopropylsilanol 
nanoparticles and Si~NH2/siRNA nanocomplexes

APS nanoparticles (Si~NH2) were synthesized by 
hydrolysis of (3-aminopropyl)triethoxysilane, which 
was added dropwise to hot water, and the mixture was 
stirred at this temperature for 15 h followed by cooling 
to room temperature [15]. The pH value of the resulting 
solution (10.6) was adjusted to 7.5 using 1 M HCl. The 
concentration of the final Si~NH2 solution (0.26 M) 
was evaluated by titration of amino groups using 1 
M HCl. The reaction yield was 95–97%. Si~NH2 NPs 
were studied by physicochemical methods, i.e., dyna-
mic light scattering, ultraviolet, infrared spectroscopy, 
transmission and atomic force microscopy [15].

RNA molecules were immobilized on APS NPs 
[16] due to the electrostatic interaction between neg-
atively charged internucleotide phosphate groups in 
oligoribonucleotides (p) and positively charged amino 
groups (NH2) in NPs. The nanocomplexes with single- 
and double-stranded RNA (Si~NH2/RNA and Si~NH2/
siRNA, respectively) were prepared by mixing RNA 
or siRNA with 0.26 M Si~NH2 in water, provided that 
the NH2/p ratio was 50 (we considered the number of 
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phosphate groups in only one strand). The size and zeta 
potential of the obtained APS nanoparticles and nano-
complexes with RNA molecules were measured by 
dynamic light scattering on a Zetasizer Nano ZS Plus 
device (Malvern).

Toxicity analysis of nanoparticles and  
nanocomplexes in MDCK cell culture

Samples in DMEM medium (Biolot; 0.1 mL at 
concentrations of 5–50 μM for siRNA or 5–50 mM 
for Si~NH2) were added to wells of 96-well plates 
with MDCK cells. Cells in 0.1 mL of DMEM main-
tenance medium were used as a control. After incuba-
tion of cells for 2 days at 37ºC and 5% CO2, the culture 
medium was removed and MTT dye (3-[4,5-dimeth-
ylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) in 
PBS-D buffer (Dulbecco's phosphate-buffered saline; 
0.075 mL, 1 mg/mL) was added to each well. Cells 
were incubated for 90 min at 37ºC, after which the dye 
solution was removed and dimethyl sulfoxide (0.1 mL) 
was added. After incubation for 10 min, the optical 
density in each well was measured on an Emax spec-
trophotometer (Molecular Devices) at a wavelength of 
540 nm, which is an indicator of the number of viable 
cells in the monolayer.

The dependence of optical density on the concen-
tration of the tested sample was presented in semi-log-
arithmic coordinates, and the 50% cytotoxic concen-
tration (CC50) of each sample was calculated using the 
SoftMaxPro-4.0 computer program.

Antiviral activity of nanocomplexes
A/chicken/Kurgan/05/2005 (H5N1) virus was 

grown in the allantois cavity of 10-day-old chicken 
embryos at 37ºC. Allantois fluid was collected 48 h af-
ter virus inoculation and stored at –80ºC. MDCK cells 
were seeded at a rate of 105 cells/mL in DMEM nutrient 
medium containing 10% fetal bovine serum (Gibco) in-
to 96-well plates (100 μL/well) and incubated at 37ºC, 
5% CO2, and 100% humidity. After reaching ~80% 
monolayer, the medium was removed and samples 
of Si~NH2, Si~NH2/RNA, and Si~NH2/siRNA were 
added to the wells at a concentration of 0.5 mM (for 
Si~NH2, corresponding to 0.5 μM for RNA or siRNA) 
in 100 μL of DMEM medium. The control sample was 
the same medium without the nanocomplexes. Osel-
tamivir at a concentration of 10 μg/mL was used as a 
reference drug.

The concentration of the Si~NH2/siRNA nano-
complexes was varied in the range of 0.01–1.00 μM 
(for siRNA) in experiments that involved the investiga-
tion of their dose-dependent antiviral activity. 

Cells were incubated in the presence of the sam-
ples at 37ºC, 5% CO2, and 100% humidity for 4 h fol-
lowed by washing the cells with the same medium. 
Cells were then infected with the A/H5N1 virus in 
trypsin-containing (2 μg/mL) DMEM medium (100 μL 

in each well) at an infection multiplicity of 0.01 50% 
tissue culture infectious dose (TCID50) per 1 mL. After 
virus adsorption for 1 h at room temperature, the medi-
um containing virus was removed, cells were washed 
with trypsin-free DMEM medium, and the same medi-
um containing trypsin was added to each well (100 μL). 
After incubation for 48 h, serial 10-fold dilutions (10–1 
to 10–8) of the culture fluid containing virus from each 
well were applied to MDCK cells with repeated incu-
bation for 48 h for further evaluation of the virus titer. 
The presence of cytopathic action was recorded under 
the microscope and in hemagglutination reaction with 
1% suspension of chicken erythrocytes. The virus titer 
was expressed in terms of lg TCID50/mL. To evaluate 
the dependence of virus inhibition on the concentration 
of nanocomplexes, the percentage of inhibition of virus 
production was calculated using the formula: (A – B)/A, 
where A is the virus titer in control (without sample) 
in TCID50/mL; B is the virus titer in experiment (with 
sample) in TCID50/mL. 

Statistical analysis
Statistical analysis was performed using the 

Statistica v. 12 program (StatSoft Inc.). Virus titer in 
control and experiment (without or with experimental 
samples, respectively) was calculated using the Spear-
man–Kerber method and expressed as lg TCID50/mL. 
Differences between the results with experimental and 
control samples were considered significant at p ≤ 0.05.

Results and discussion
Silica NPs are considered as promising carriers for 

delivery of NAs into cells [17]. Most often, amine-mod-
ified Si-NPs are used for immobilization of NAs and 
their fragments. We synthesized non-agglomerated 
APS NPs (hydrodynamic diameter — ~1 nm, zeta po-
tential — ~10 mV) [15].

The small size of Si~NH2 particles provide wa-
ter-soluble preparations. Characterization of APS NPs 
using physicochemical methods is described in our pre-
vious work [15]. It is shown that the obtained NPs are 
not prone to agglomeration and can be stored for sev-
eral months.

Si~NH2/RNA and Si~NH2/siRNA nanocomple-
xes were obtained by electrostatic interaction between 
negatively charged inter-nucleotide phosphate groups 
in RNA and siRNA and positively charged protonated 
amino groups in Si~NH2 NPs. The addition of nega-
tively charged siRNA molecules to the NPs leads to a 
change in zeta potential from ~(+10 mV) to ~(–30 mV) 
and particle size from ~1 nm to ~200 nm, thus indica-
ting the formation of nanocomplexes. 

As a target for RNA and siRNA, we chose seg-
ment 5 of the influenza A virus encoding a nucleopro-
tein that plays a key role in the incorporation of the viral 
genome into the cell nucleus of an infected organism, 
thus facilitating further replication and assembly of vi-
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ral particles [18]. A region near the 3' end of this seg-
ment starting at nucleotide 1496, which is conserved 
vulnerable to siRNA action [19–21], was selected for 
siRNA exposure.

We synthesized two native (RNA1 and RNA2) and 
eight modified (RNA3–RNA10) oligoribonucleotides 
containing TT at the 3' end (Table 1). RNA5 and RNA6 
contain, in addition to TT, 2'-OMe groups at the U*A 
site in the center of the strands. The presence of the 
2'-O-Me group in this site increases resistance to serum 
nucleases, thereby maintaining the interference ability 
of siRNA [22] and providing long-term suppression of 
target gene expression [23]. The RNA7 strand contains 
2'-O-Me groups at all positions and 2 internucleotide 
thiophosphate groups at both ends. The RNA8 strand 
differs from RNA7 by the presence of three consecu-
tive 2'-F groups at positions 9–11 from the 5' end. Oli-
goribonucleotides RNA2, RNA4, RNA6, and RNA8 are 
sense strands, and RNA1, RNA3, RNA5, and RNA7 are 
antisense strands directed to (–)RNA and (+)RNA of 
the viral genome, respectively.

The synthesized RNAs were used to obtain the 
Si~NH2/RNA nanocomplexes based on non-agglomer-
ated APS NPs. Their biological activity was investigat-
ed on the example of suppression of the A/H5N1 virus 
replication in infected MDCK cells at a multiplicity of 
infection of 0.01 TCID50/cell. The results show that all 
single-stranded oligoribonucleotides (both sense and 
antisense strands) in the Si~NH2/RNA nanocomplexes 
suppressed replication of the influenza A/H5N1 virus 
by 0.7–1.3 orders of magnitude (5–20 times) (Fig. 1, 
columns 1–8). 

From the four studied sense strands, we chose 
RNA4 containing deoxydinucleotide TT at the 3' end 
for protection from exonucleases, as the most active 
one and formed four siRNA molecules with all pos-
sible antisense strands (RNA1/4, RNA3/4, RNA5/4, and 
RNA7/4). All siRNAs are duplexes with the same nucle-
otide sequence and different modification of nucleoside 
units. The efficiency of the investigated siRNAs was 
significantly higher compared with single-stranded oli-

goribonucleotides (Fig. 1). The Si~NH2/siRNA nano-
complexes suppressed the A/H5N1 virus replication by 
2.3–2.8 orders of magnitude (200–630 times).

The main reason for the difference in the effective-
ness of siRNA and oligoribonucleotides is the different 
mechanism of their action. It is known that oligodeoxy-
nucleotides and siRNAs suppress the functions of tar-
get RNAs through complementary interactions with the 
target RNA with its subsequent degradation by cellular 
RNases (RNase-H1 and AGO2, respectively) [24–26], 
which eventually leads to the loss of target RNA func-
tions. Single-stranded RNA fragments can form com-
plementary complexes with the target RNA but do not 
cause degradation of the target RNA. The siRNA mo-

Table 1. Oligoribonucleotides used in this study

RNA chain Nucleotide sequence, 5'-3'

RNA1  Antisense CUCCGAAGAAAUAAGAUCC

RNA2 Sense GGAUCUUAUUUCUUCGGAG

RNA3 Antisense CUCCGAAGAAAUAAGAUCCTT

RNA4 Sense GGAUCUUAUUUCUUCGGAGTT

RNA5 Antisense CUCCGAAGAAAU*AAGAUCCTT

RNA6 Sense GGAUCUU*AUUUCUUCGGAGTT

RNA7 Antisense C*PSU*PSC*C*G*A*A*G*A*A*A*U*A*A*G*A*U*C*C*PSTPST

RNA8 Sense G*PSG*PSA*U*U*U#A*U#U#U#C*U*U*C*G*G*A*G*PSTPST

Note. *2'-O-methyl group; #2'-fluoro group; PS — internucleotide thiophosphate group; symbol d for deoxyribotimidine has been omitted.

Fig. 1. Titers of A/chicken/Kurgan/05/2005 (H5N1) virus  
in MDCK cells after their incubation of with Si~NH2/RNA  

and Si~NH2/siRNA nanocomplexes. 
C, virus control without samples. Si~NH2/RNA nanocomplexes 

containing RNA1–RNA8 (1–8), concentration of RNA in 
nanocomplexes is 0.5 µM; Si~NH2/siRNA nanocomplexes 

containing siRNA1/4, siRNA3/4, siRNA5/4 and siRNA7/4 (9–12), 
concentration of siRNA in nanocomplexes is 0.5 µM per one strand; 
ozeltamivir (13), 10 µg/mL or 32 µM; Si~NH2 (14), 0.5 mM; Si~NH2/
siRNA9/10, nanocomplex containing unspecific siRNA9/10 (15). MOI, 

0.01 TCID50/cell. The presented average values, standard deviations 
and differences in the titer values of the virus are calculated using 
the Spearman–Kerber method. Asterisks designate the difference 

between the control and the titer values of the virus obtained under 
the action of the studied series of nanocomplexes, at p < 0.05.
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lecule first binds to the RISC complex, then the sense 
(passenger) strand is removed. AGO2 nuclease and the 
remaining antisense strand within the RISC complex 
find the target RNA, and AGO2 cleaves it. AGO2 re-
tains the antisense strand for some time as part of the 
RISC complex for further reactions [27–29].

It is known that siRNAs are rapidly hydrolyzed by 
cellular nucleases, and various modifications are used 
to protect against them. It should be noted that even 
minimally modified siRNA1/4 and siRNA3/4 delivered 
into the cells as part of nanocomplexes with NPs were 
very effective in suppressing virus replication (by 2.3 
orders of magnitude, ~200 times). This implies that 
APS NPs protect siRNA from cellular nucleases. The 
most active Si~NH2/siRNA5/4 nanocomplex suppressed 
virus replication by ~3 orders of magnitude.

The antiviral activity of the studied Si~NH2/siRNA 
nanocomplexes was comparable to that of oseltamivir 
(the most commonly used comparison drug in studies 
of effects on the influenza A virus) but at a much low-
er concentration of the active component (0.5 μM for 
 siRNA and 32 μM for oseltamivir). The Si~NH2 NPs 
did not inhibit virus replication, as would be expected.

The most active Si~NH2/siRNA5/4 nanocomplex 
is characterized in more detail. We evaluated the effect 
of siRNA, Si~NH2 NPs in the free state and as part of 
the Si~NH2/siRNA5/4 nanocomplex on the survival of 
uninfected MDCK cells (Fig. 2). Unbound siRNA5/4, 
as expected, was nontoxic in the concentration range 
investigated. The cytotoxicity of the Si~NH2/siRNA5/4 
nanocomplex coincides with the toxicity of Si~NH2 
NPs. Consequently, it can be concluded that the cyto-
toxicity of nanocomplexes is determined by the toxicity 
of their constituent NPs. The cytotoxic concentration of 
the drug, at which 50% of cells in the uninfected mono-
layer are destroyed, determined from the data in Fig. 2, 
was 38 mM per Si~NH2 and 38 μM per siRNA. 

Table 2 summarizes the results of suppression of 
the influenza virus production depending on the con-
centration of the Si~NH2/siRNA5/4 nanocomplex in the 
cell culture.

It was shown that in the concentration range of 
siRNA5/4 in the Si~NH2/siRNA5/4 nanocomplex from 
0.01 to 1.00 μM, the suppression of the influenza virus 
production was 90.00–99.99%. 

Conclusion
The results indicate that APS NPs can be used to 

deliver siRNA into cells as part of the Si~NH2/siRNA 
nanocomplexes. The cytotoxicity of the Si~NH2/siR-
NA5/4 nanocomplex is determined by the toxicity of 
Si~NH2 NPs. The cytotoxic concentration of the drug, 
at which 50% of cells in the uninfected monolayer are 
destroyed, was 38 mM per Si~NH2 and 38 μM per siR-
NA. The proposed siRNA-containing nanocomplexes 
targeting a selected region of the 5th segment of the vi-
ral genome mRNA were successfully used to suppress 
the A/H5N1 virus production in a cellular system. The 
most effective Si~NH2/siRNA5/4 nanocomplex reduced 
the replication of the influenza A virus in cell culture by 
~3 orders of magnitude. 

 

Fig. 2. Viability of MDCK cells when treated with siRNA  
and Si~NH2 samples in the free state and as part  

of the Si~NH2/siRNA nanocomplex. 
1, siRNA5/4; 2, Si~NH2; 3, Si~NH2/siRNA5/4. The x-axis shows the 

concentration of siRNA in the free state or as part of a nanocomplex 
(µM) and Si~NH2 nanoparticles in the free state or as part  
of a nanocomplex (mM). The y-axis shows optical density  

of the MTT solution.

Table 2. Dependence of antiviral activity of Si~NH2/siRNA5/4 nanocomplex on siRNA concentration with MOI 0.01 TCID50/cell

Concentration of siRNA5/4  
in nanocomplex, µM

Infection titer of influenza A virus  
lgTCID50/mL

Inhibition of influenza A  
virus replication, %

1,00 4,50 99,99

0,50 5,75 99,82

0,10 7,00 97

0,05 7,50 90

0,01 7,50 90

Virus control 8,50 –



800 801JOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2024; 101(6) 
DOI: https://doi.org/10.36233/0372-9311-575

ORIGINAL RESEARCHES

С П И С О К  И С Т О Ч Н И К О В  |  R E F E R E N C E S

1. Belgrad J., Fakih H.H., Khvorova A. Nucleic acid therapeutics: 
successes, milestones, and upcoming innovation. Nucl. Acid 
Ther. 2024;34(2):52–72. 
DOI: https://doi.org/10.1089/nat.2023.0068

2. Singh L., Kruger H.G., Maguire G.E.M., et al. The role of nano-
technology in the treatment of viral infections. Ther. Adv. Infect. 
Dis. 2017;4(4):105–31. 
DOI: https://doi.org/10.1177/2049936117713593

3. Springer A.D., Dowdy S.F. GalNAc-siRNA conjugates: lead-
ing the way for delivery of RNAi therapeutics. Nucl. Acid Ther. 
2018;28(3):109–19. 
DOI: https://doi.org/10.1089/nat.2018.0736

4. Adesina S.K., Akala E.O. Nanotechnology approaches for the 
delivery of exogenous siRNA for HIV therapy. Mol. Pharm. 
2015;12(12):4175–87. 
DOI: https://doi.org/10.1021/acs.molpharmaceut.5b00335

5. Anwar S., Mir F., Yokota T. Enhancing the effectiveness of oli-
gonucleotide therapeutics using cell-penetrating peptide conju-
gation, chemical modification, and carrier-based delivery strat-
egies. Pharmaceutics 2023;15(4):1130. 
DOI: https://doi.org/10.3390/pharmaceutics15041130

6. Kaczmarek J.C., Kowalski P.S., Anderson D.G. Advances in the 
delivery of RNA therapeutics: from concept to clinical reality. 
Genome Med. 2017;9(1):60. 
DOI: https://doi.org/10.1186/s13073-017-0450-0

7. Uchida S., Perche F., Pichon C., Cabral H. Nanomedicine-based 
approaches for mRNA delivery. Mol. Pharm. 2020;17(10):3654–
84. DOI: https://doi.org/10.1021/acs.molpharmaceut.0c00618

8. Hajj K.A., Whitehead K.A. Tools for translation: non-viral mate-
rials for therapeutic mRNA delivery. Nat. Rev. Mater 2017;2(10): 
1–17. DOI: https://doi.org/10.1038/natrevmats.2017.56

9. Sato Y., Okabe N., Note Y., et al. Hydrophobic scaffolds of 
pH-sensitive cationic lipids contribute to miscibility with phos-
pholipids and improve the efficiency of delivering short inter-
fering RNA by small-sized lipid nanoparticles. Acta Biomater. 
2020;102(15):341–50. 
DOI: https://doi.org/10.1016/j.actbio.2019.11.022

10. Cox A., Lim S.A., Chung E.J. Strategies to deliver RNA by 
nanoparticles for therapeutic potential. Mol. Aspect. Med. 
2022;83:100991. 
DOI: https://doi.org/10.1016/j.mam.2021.100991

11. Levina A.S., Repkova M.N., Netesova N.A., et al. Substantial 
antiviral potential of deoxyribozymes fixed on anatase nanopar-
ticles against influenza A viruses in vitro and in vivo. J. Pharm. 
Sci. 2024;113(5):1202–8. 
DOI: https://doi.org/10.1016/j.xphs.2023.10.028

12. Repkova M.N., Levina A.S., Ismagilov Z.R., et al. Effective in-
hibition of newly emerged A/H7N9 virus with oligonucleotides 
targeted to conserved regions of the virus genome. Nucleic Acid 
Ther. 2021;31(6):436–42. 
DOI: https://doi.org/10.1089/nat.2021.0061

13. Levina A., Repkova M., Shikina N., et al. Pronounced therapeu-
tic potential of oligonucleotides fixed on inorganic nanoparti-
cles against highly pathogenic H5N1 influenza A virus in vivo. 
Eur. J. Pharm. Biopharm. 2021;162:92–8. 
DOI: https://doi.org/10.1016/j.ejpb.2021.03.006

14. Levina A., Repkova M., Kupryushkin M., et al. In vivo hy-
potensive effect of aminosilanol-based nanocomposites bear-
ing antisense oligonucleotides. J. Drug Deliv. Sci. Technol. 
2022;75:103612. 
DOI: https://doi.org/10.1016/j.jddst.2022.103612

15. Levina A.S., Repkova M.N., Shikina N.V., et al. Non-agglom-
erated silicon–organic nanoparticles and their nanocomplexes 
with oligonucleotides: synthesis and properties. Beilstein J. 
Nanotechnol. 2018;9:2516–25. 
DOI: https://doi.org/10.3762/bjnano.9.234

16. Репкова М.Н., Мазурков О.Ю., Филиппова E.И. и др. Олиго-
рибонуклеотид-содержащие нанокомплексы на основе 
наночастиц аминопропилсиланола как эффек тив ные 
ингибиторы репликации вируса гриппа А. Вестник Москов-
ского университета. Серия 16: Биология. 2023;78(4): 267–72.  
Repkova M.N., Mazurkov O.YU., Filippova E.I., et al. Oli-
goribonucleotide-containing nanocomplexes based on amino-
propylsilanol nanoparticles as effective inhibitors of influenza 
A virus replication. Herald of Moscow University. Series 16: 
Biology. 2023;78(4):267–72. 
DOI: https://doi.org/10.55959/MSU0137-0952-16-78-4-8 
EDN: https://elibrary.ru/bqvsft

17. Liu Y., Lou C., Yang H., et al. Silica nanoparticles as promising 
drug/gene delivery carriers and fluorescent nano-probes: re-
cent advances. Curr. Cancer Drug Targets. 2011;11(2):156–63. 
DOI: https://doi.org/10.2174/156800911794328411

18. Portela A., Digard P. The influenza virus nucleoprotein: a mul-
tifunctional RNA-binding protein pivotal to virus replication.  
J. Gen. Virol. 2002;83(Pt. 4):723–34. 
DOI: https://doi.org/10.1099/0022-1317-83-4-723

19. Ge Q., McManus M.T., Nguyen T., et al. RNA interference of 
influenza virus production by directly targeting mRNA for de-
gradation and indirectly inhibiting all viral RNA transcription. 
Proc. Natl Acad. Sci. USA. 2003;100(5):2718–23. 
DOI: https://doi.org/10.1073/pnas.0437841100

20. Khantasup K., Kopermsub P., Chaichoun K., Dharakul T. Tar-
geted small interfering RNA-immunoliposomes as a promising 
therapeutic agent against highly pathogenic Avian Influenza 
A (H5N1) virus infection. Antimicrob. Agents Chemother. 
2014;58(5):2816–24. 
DOI: https://doi.org/10.1128/AAC.02768-13

21. Stoppani E., Bassi I., Dotti S., et al. Expression of a single 
 siRNA against a conserved region of NP gene strongly inhibits 
in vitro replication of different influenza A virus strains of avian 
and swine origin. Antiviral. Res. 2015;120:16–22. 
DOI: https://doi.org/10.1016/j.antiviral.2015.04.017

22. Volkov A.A., Kruglova N.S., Meschaninova M.I., et al. Selec-
tive protection of nuclease-sensitive sites in siRNA prolongs 
silencing effect. Oligonucleotides. 2009;19(2):191–202. 
DOI: https://doi.org/10.1089/oli.2008.0162

23. Petrova Kruglova N.S., Meschaninova M.I., Venyamino-
va A.G., et al. 2′-O-methyl-modified anti-MDR1 fork-siRNA 
duplexes exhibiting high nuclease resistance and prolonged si-
lencing activity. Oligonucleotides. 2010;20(6):297–308. 
DOI: https://doi.org/10.1089/oli.2010.0246

24. Anwar S., Mir F., Yokota T. Enhancing the effectiveness of oli-
gonucleotide therapeutics using cell-penetrating peptide conju-
gation, chemical modification, and carrier-based delivery stra-
tegies. Pharmaceutics. 2023;15(4):1130. 
DOI: https://doi.org/10.3390/pharmaceutics15041130

25. Crooke S.T., Baker B.F., Crooke R.M., Liang X.H. Antisense 
technology: an overview and prospectus. Nat. Rev. Drug Dis-
cov. 2021;20(6):427–53. 
DOI: https://doi.org/10.1038/s41573-021-00162-z

26. Fàbrega C., Aviñó A., Navarro N., et al. Lipid and peptide-oli-
gonucleotide conjugates for therapeutic purposes: from simple 
hybrids to complex multifunctional assemblies. Pharmaceutics. 
2023;15(2):320. 
DOI: https://doi.org/10.3390/pharmaceutics15020320



800 801ЖУРНАЛ МИКРОБИОЛОГИИ, ЭПИДЕМИОЛОГИИ И ИММУНОБИОЛОГИИ. 2024; 101(6) 
DOI: https://doi.org/10.36233/0372-9311-575

ОРИГИНАЛЬНЫЕ ИССЛЕДОВАНИЯ

27. Setten R.L., Rossi J.J., Han S.P. The current state and future 
directions of RNAi-based therapeutics. Nat. Rev. Drug Discov. 
2019;18(6):421–46. 
DOI: https://doi.org/10.1038/s41573-019-0023-6. 

28. Chernikov I.V., Vlassov V.V., Chernolovskaya E.L. Current de-
velopment of siRNA bioconjugates: from research to the clinic. 

Front. Pharmacol. 2019;11:444. 
DOI: https://doi.org/10.3389/fphar.2019.00444

29. Anguela X.M., High K.A. Entering the modern era of gene ther-
apy. Annu. Rev. Med. 2019;70:273–88. 
DOI: https://doi.org/10.1146/annurev-med-012017-043332



802 МСJOURNAL OF MICROBIOLOGY, EPIDEMIOLOGY AND IMMUNOBIOLOGY. 2024; 101(6) 
DOI: https://doi.org/10.36233/0372-9311-575

ORIGINAL RESEARCHES

Информация об авторах
Репкова Марина Николаевна — к. х. н., н. с. лаб. нуклеиновых 
кислот ИХБФМ СО РАН, Новосибирск, Россия, 
https://orcid.org/0000-0002-7108-9036
Левина Ася Сауловна — к. х. н., с. н. с. лаб. нуклеиновых кислот 
ИХБФМ СО РАН, Новосибирск, Россия, 
https://orcid.org/0000-0003-2423-3805
Мазурков Олег Юрьевич — к. б. н., н. с. отдела профилактики и 
лечения особо опасных инфекций ГНЦ ВБ «Вектор», р. п. Коль-
цово, Россия, https://orcid.org/0000-0001-8164-4091
Макаревич Елена Викторовна — н. с. отдела профилактики и 
лечения особо опасных инфекций ГНЦ ВБ «Вектор», р. п. Коль-
цово, Россия, https://orcid.org/0000-0002-5146-8979
Филиппова Екатерина Игоревна — к. б. н., н. с. отдела профи-
лактики и лечения особо опасных инфекций ГНЦ ВБ «Вектор»,  
р. п. Кольцово, Россия, https://orcid.org/0000-0001-9554-4462
Мазуркова Наталья Алексеевна — д. б. н., в. н. с. отдела профи-
лактики и лечения особо опасных инфекций ГНЦ ВБ «Вектор», 
р. п. Кольцово, Россия, https://orcid.org/0000-0002-1896-2684
Зарытова Валентина Филипповна  — д. х. н., г. н. с. лаб. нукле-
иновых кислот ИХБФМ СО РАН, Новосибирск, Россия, 
zarytova@niboch.ncs.ru, https://orcid.org/0000-0002-9579-9972
Участие авторов: Репкова М.Н. — синтез наночастиц и нано-
комплексов; Левина А.С. — написание статьи; Мазурков О.Ю., 
Макаревич Е.В., Филиппова E.И. — проведение экспериментов 
по оценке противовирусной активности и токсичности наноком-
плексов; Мазуркова Н.А. — анализ данных; Зарытова В.Ф. — 
концепция исследования, научное редактирование статьи. Все 
авторы подтверждают соответствие своего авторства критериям 
Международного комитета редакторов медицинских журналов, 
внесли существенный вклад в проведение поисково-аналитиче-
ской работы и подготовку статьи, прочли и одобрили финальную 
версию до публикации.

Статья поступила в редакцию 15.08.2024;  
принята к публикации 25.10.2024; 

опубликована 30.12.2024

Information about the authors
Marina N. Repkova — Cand. Sci. (Chem.), researcher, Laboratory of 
nucleic acids, Institute of Chemical Biology and Fundamental Medi-
cine, Novosibirsk, Russia, https://orcid.org/0000-0002-7108-9036
Asya S. Levina — Cand. Sci. (Chem.), senior researcher, Laboratory 
of nucleic acids, Institute of Chemical Biology and Fundamental Med-
icine, Novosibirsk, Russia, 
https://orcid.org/0000-0003-2423-3805
Oleg Yu. Mazurkov — Cand. Sci. (Biol.), researcher, Department of 
prevention and treatment of especially dangerous infections, State 
Research Center of Virology and Biotechnology “Vector”, Koltsovo, 
Russia, https://orcid.org/0000-0001-8164-4091
Elena V. Makarevich — researcher, Department of prevention and 
treatment of especially dangerous infections, State Research Center 
of Virology and Biotechnology “Vector”, Koltsovo, Russia, 
https://orcid.org/0000-0002-5146-8979
Ekaterina I. Filippova — Cand. Sci. (Biol.), researcher, Department 
of prevention and treatment of especially dangerous infections, State 
Research Center of Virology and Biotechnology “Vector”, Koltsovo, 
Russia, https://orcid.org/0000-0001-9554-4462
Natalya A. Mazurkova — D. Sci. (Biol.), leading researcher, Depart-
ment of prevention and treatment of especially dangerous infections, 
State Research Center of Virology and Biotechnology “Vector”, 
Koltsovo, Russia, https://orcid.org/0000-0002-1896-2684
Valentina F. Zarytova  — D. Sci. (Chem.), leading researcher, Labo-
ratory of nucleic acids, Institute of Chemical Biology and Fundamen-
tal Medicine, Novosibirsk, Russia, 
zarytova@niboch.ncs.ru, https://orcid.org/0000-0002-9579-9972
Author contribution: Repkova M.N. — synthesis of nanoparticles 
and nanocomplexes; Levina A.S. — writing an article; Mazurkov O.Yu.,  
Makarevich E.V., Filippova E.I. — experiments to assess the antiviral 
activity and toxicity of nanocomplexes; Mazurkova N.A. — data 
analysis; Zarytova V.F. — research concept, editing the article.  
Аll authors confirm that they meet the International Committee of 
Medical Journal Editors criteria for authorship, made a substantial 
contribution to the conception of the article, acquisition, analysis, 
interpretation of data for the article, drafting and revising the article, 
final approval of the version to be published.

The article was submitted 15.08.2024;  
accepted for publication 25.10.2024; 

published 30.12.2024


