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ABSTRACT

BACKGROUND: The delivery of nucleic acids to mesenchymal stem cells, which are used as model objects in in vitro experi-
ments or as therapeutic agents in regenerative medicine and oncology, is an actively developing area of research. Existing non-
viral delivery systems either have low effectiveness or highly toxic to mesenchymal stem cells. Therefore, the development
of new carriers has become an urgent priority.

AIM: To demonstrate the feasibility of delivering model messenger RNA and small interfering RNA to rat heart mesenchymal
stem cells (MSCs) in vitro using original cationic liposomes 2X3-DOPE (1:3 molar ratio) and to evaluate the influence of exo-
somes incorporated into hybrid nanoparticles with 2X3-DOPE on the efficiency of RNA delivery.

METHODS: Exosomes were isolated using a standard ultracentrifugation technique followed by characterization of the obtained
vesicles through Western blotting, transmission electron microscopy, atomic force microscopy, and hydrodynamic diameter
measurement using dynamic light scattering. Small interfering RNA was chemically synthesized; whereas messenger RNA
was obtained by in vitro transcription. Complexes of liposomes or hybrid nanoparticles with RNA were prepared by mixing;
the properties of the resulting particles were assessed using dynamic light scattering and atomic force microscopy. To evalu-
ate the efficiency of RNA delivery to rat heart mesenchymal stem cells derived from both healthy and ischemic myocardium,
we used fluorescence microscopy, laser scanning confocal microscopy, and flow cytometry.

RESULTS: Complexes of cationic liposomes 2X3-DOPE (1:3 molar ratio) with messenger RNA and 2X3-DOPE modified
with DSPE-PEG,;y, (0.62 mol%) complexed with small interfering RNA were successfully prepared and characterized. It was
demonstrated that 2X3-DOPE is ineffective for messenger RNA delivery to rat cardiac mesenchymal stem cells; whereas hy-
brid nanoparticles incorporating exosomes based on these liposomes exhibited up to 40% transfection efficiency. In addition,
2X3-DOPE modified with DSPE-PEG,,, (0.62 mol%) was effective for small interfering RNA delivery to rat cardiac mesenchy-
mal stem cells, achieving up to 90% transfection efficiency; whereas the use of hybrid nanoparticles based on this formula-
tion resulted in 100% transfected cells with more than a twofold increase in small interfering RNA in the cells as indicated
by the average fluorescence intensity.

CONCLUSION: Cationic liposomes 2X3-DOPE (1:3 molar ratio) modified with DSPE-PEG,y, (0.62 mol%) are promising ve-
hicles for small interfering RNA delivery to mesenchymal stem cells, both independently and in combination with exosomes.
Exosomes integrated in hybrid nanoparticles based on 2X3-DOPE improve the transfection efficiency of both messenger RNA
and small interfering RNA in rat cardiac mesenchymal stem cells in vitro.

Keywords: exosomes; hybrid nanoparticles; cationic liposomes; non-viral delivery systems; messenger RNA; small inter-
fering RNA; cardiac mesenchymal cells.
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AHHOTALIUA

06o0cHoBaHuMe. [locTaBKa HYKIEUHOBBIX KUCIOT B ME3EHXUMHbIE CTBOJIOBLIE KNETKW, UCMOJb3yeMble B KaYeCTBE MOAENbHbIX
06EKTOB B 3KCMEPUMEHTaX in Vitro v TepaneBTUYECKMX CPeACTB B PereHepaTUBHON MEAULMHE U OHKOMOTUM, — aKTUBHO
pa3pabatbiBaeMas 3apaya. CyLuecTByloLMe HEBUPYCHBIE CUCTEMBI JOCTABKM NMBO HeJOCTaTouHO BbICOKO3(hEKTMBHBI, Mb0
BbICOKOTOKCMYHBI LTSl KIETOK, YTO TpebyeT pa3paboTku HOBbIX HoCKTENei 1S TpaHCheKLMM Me3eHXUMHBIX CTBOJIOBbIX KITETOK.
Llenb — noKa3aTb BO3MOXHOCTb A0CTaBKW MOAENbHbIX MaTpiuHbix PHK 1 Manbix uHtepdepupytowmx PHK B MeseHXUMHbIe
CTBOJIOBbIE KJIETKM CepaLa KpbiChl in Vitro NPy NOMOLLM OPUIMHANBHBIX KaTUOHHBIX NMnocoM 2X3-DOPE (1:3 MonbH.), a Takke
OLLEHWTb BAIMAHWE 3K30COM B COCTaBe rmbpuaHbix HaHouacTuy ¢ 2X3-DOPE Ha addektnBHocTb focTaBku PHK.

Metoabl. [1ns BbloeneHns 3K30COM UCMONL30BafM CTAHAAPTHYK METOAMKY YbTpaLeHTpUdYrupoBaHua C nocseayioLlen
XapaKTePUCTUKOW MONTyYEHHbIX BE3WKYN METOAaMWU BECTepH-610TTUHIA, NPOCBEYMBAIOLLEN MIEKTPOHHOM W aTOMHO-CUI0BOIA
MWKPOCKOMMM, M3MepeHne rMAPeAMHaMUYECKOr0 AuaMeTpa MeToaoM AUHAMUYECKOro paccesiHua ceeTa. Manblie uHTepdepm-
pytowme PHK 6binm nonyyeHsbl B XoAe XMMUYECKOro CUHTE3a, Ans noyyeHus MatpuuHbix PHK ncnonbsosanu Metog, in vitro
TpaHcKpunuun. KoMnnekcbl iMnocoM unm rubpuaHbix HaHodactuy ¢ PHK dopMupoBanu nyTeM cMeLLMBaHUS KOMIMOHEHTOB,
napaMeTpbl NOMy4eHHBIX YacTWL, OLiEHWBANM MeToAaMKU AMHAMMYECKOT0 PacCesHUs CBETa M aTOMHO-CUITOBOM MUKPOCKOMUN.
[ns oueHkm apderTuBHocTH pocTaBku PHK B Me3eHXMMHbIe CTBONOBbIE KNETKM CEpALA KPbIChl U3 340POBOr0 U ULLIEMU3UPO-
BaHHOI0 MWUOKapAa UCMOoNb30Bany (yopecLEHTHYI0 MUKPOCKOMNMIO, Na3epHYI0 CKAHUPYHOLLYIO KOH(OKaNbHYI0 MUKPOCKOMMIO,
a TaKkKe NPOTOYHYHK LMUTOQITYyOPUMETPUIO.

PesynbTatbl. bbian nonydYeHbl U 0XapaKTepu3oBaHbl KOMMNEKChl KaTMOHHBIX iunocoM 2X3-DOPE (1:3 MonbH.) ¢ MaTpuyHoi
PHK 1 2X3-DOPE, conepxatummmn DSPE-PEG,q,, (0,62 Monb%), ¢ ManbiMu nHTepdepupytowwmmn PHK, a Takxe KoMnieKcsl co-
OTBETCTBYIOLLMX MOpUAHBIX HaHouacTuL ¢ MaTpuyHoit PHK unn manbiMu nHtepdepupytowmmmn PHK. Beino nokasaHo, uyto Ka-
TMOHHbIe IMnocoMbl 2X3-DOPE ManoaddeKTUBHLI ans foctaBku MatpuyHoi PHK B Me3eHXMMHbIe CTBOMIOBbIE KNETKM cepaua
KpbICbl, B TO BPEMS KaK rMbpuUAHbIE HAHOYACTULbI C 3K30COMaMM Ha UX OCHOBE LEMOHCTpUpYIOT Ao 40% TpaHCcPUUMPOBaHHBIX
KneToK. KatnoHuble nunocombl 2X3-DOPE, conepxatume DSPE-PEG,,,,, 3ddeKT1BHbI ANS NOCTABKM MasibiX UHTEPdEpUpYto-
wmx PHK B Me3eHxMMHbIe CTBOMOBLIE KNETKM cepaua Kpbickl (10 90% TpaHchULMPOBaHHbIX KNETOK), B TO BPEMS KaK UCMOosb-
30BaHWe MBPUAHBIX HaHouacTuy, nossonseT Aoctuub 100% TpaHchuMUMpoBaHHLIX KNETOK, a Takke Oonee YeM B [Ba pasa
YBE/IMUMBAET COAEPIKaHUe Manbix MHTepdepupytowmx PHK B KneTkax npu oueHKe cpefHeit MHTEHCMBHOCTY (yopecLeHLMM.
3akntoyenue. KatnoHHble inocomsl 2X3-DOPE (1:3 MonbH.), MoanduumposarHbie DSPE-PEG,, (0,62 Monb%), MoxHO paccMa-
TPMBaTb KaK NepCcneKTUBHOE CPEACTBO A0CTaBKM Marlbix MHTepdepupytowmnx PHK B Me3eHXMMHBIe CTBOMIOBbIE KETKU KaK CaMu
no cebe, TaK M BKOMI/IEKCE C 3K30cOoMaMu. [lpucyTcTBME 3K30COM B COCTaBe rOpUAHBIX HAHOYACTUL YBENMUMBAET 3P QEKTUBHOCTL
TpaHcheKLMM Me3EHXMMHbIX CTBOJIOBIX KITETOK CepALa Kpbichl MaTpuuHbiMM PHK 1 ManbiMu ntepdepupytowwmmmn PHK in vitro.

KnioyeBble cfioBa: 3K30COMbI; TMBPMAHbIE HAHOYACTWLbI; KaTUOHHBIE JIMMOCOMBI; HEBUPYCHBIE CUCTEMBI JOCTaBKM; MaTpuy-
Hble PHK; Manble nHtepdepupytowme PHK; Me3eHxuMHbIe KNeTKM cepaua.
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BACKGROUND

Exosomes are membrane extracellular vesicles ranging
from 30 to 150 nm in size. They are secreted by all types
of cells. The primary function of exosomes is to facilitate
intercellular communication under both normal and patho-
logical conditions by transferring mRNA, microRNA, DNA,
and proteins between cells [1-3]. The composition of exo-
somes is actively studied to identify potential diagnostic
markers of various pathological conditions, including the di-
agnosis and prognosis of cardiovascular diseases [4—6], ear-
ly diagnosis and progression analysis of neurodegenerative
diseases [7], the diagnosis and prevention of human immu-
nodeficiency virus penetration [8—10], and the investigation
of influenza virus pathogenesis mechanisms [11].

Today, a promising area is the use of exosomes to deliver
therapeutic molecules as these vesicles have a native
composition, largely undetected by the immune system, are
nanosized, and can carry various exogenous cargo, including
the ability to cross the blood-brain barrier [12]. There are
several methods for loading extracellular vesicles with
therapeutic molecules, including:

1. Co-incubation of therapeutic molecules with exosomes
or exosome donor cells to facilitate the packaging of hy-
drophobic molecules [13-15] and nucleic acids [16] with
modifications to improve loading efficiency, such as cho-
lesterol incorporation [17, 18];

2. Transfection of exosome donor cells with plasmid DNA
to overexpress a specific gene, allowing for the loading
of mRNA, siRNA, or therapeutic molecules [19, 20] or in-
serting specific sequences to enable targeted packaging
by the cell machinery during exosome biogenesis [21-23];

3. Physical methods, such as electroporation [24, 25], soni-
cation [26], and dialysis [27];

4. The use of exosome-liposome hybrids combining the clear
and effective packaging of therapeutic molecules, mRNA,
siRNA, and proteins from liposomes with the native com-
position and receptor specificity of exosomes [28-30].
In this study, we explored the approach involving

the use of exosome-liposome hybrid vehicles for the delivery

of model RNAs (mRNA encoding green fluorescent protein
and fluorescently labeled JOE siRNA) to rat cardiac
mesenchymal stem cells (MSCs) in vitro. Today, MSCs are
widely used in both in vitro research and direct applications
in regenerative medicine and cancer therapy [31]. However,
MSCs are difficult to transfect using non-viral delivery
systems, necessitating the development of systems that
would effectively deliver nucleic acids without being toxic
to MSCs or altering their properties [32, 33]. One of such
approaches involves the use of exosome-liposome hybrid
nanoparticles, which can successfully transfect MSCs

resistant to transfection by liposomes alone [34].

We have previously showed that cationic liposomes,
specifically 2X3-DOPE (1:3 molar ratio), allow to efficiently
transfect cells with mRNA [35, 36]; when modified with
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DSPE-PEG,q,, (0.62 mol%), they can effectively deliver
siRNA [37] to continuous cell lines in vitro with the delivered
molecules exerting a biological effect.

Thus, the aim of this study was to show the feasibility
of delivering model mRNA and siRNA to rat cardiac MSCs
in vitro using cationic liposomes 2X3-DOPE (1:3 molar
ratio) and to improve transfection efficiency through the use
of hybrids of cationic liposomes 2X3-DOPE and exosomes
isolated from blood serum.

METHODS

Isolation of exosomes. Exosomes were isolated from
an 8 ml human serum sample as described in [38]. Briefly,
the serum was diluted 4-fold and centrifuged for 30 minutes
at 3000 g and 8 °C. The supernatant was collected
and centrifuged again for 30 minutes at 10,000 g and 8 °C.
The supernatant was collected once more and subjected
to ultracentrifugation in a Beckman ultracentrifuge
for 2 hours at 110,000 g and 4 °C. The pellet was resuspended
in 300 ul phosphate-buffered saline (PBS) (Sigma Aldrich,
USA). To confirm the presence of exosomes in the sample,
Western blotting with an exosomal marker protein (see
Methods, sec. 2) and transmission electron microscopy (see
Methods, sec. 3) were performed. The protein concentration
in the exosomes was determined using the Pierce™ BCA
Protein Assay Kit (Thermo Scientific, USA) according
to the manufacturer’s instructions.

Western blotting. Proteins were separated by polyacryl-
amide gel electrophoresis (PAGE) using the Laemmli meth-
od [39] under reducing conditions over beta-mercaptoethanol.
The sample was mixed with 4-fold Laemmli buffer (250 mM
Tris-HCL, pH 6.8, 1.43 M beta-mercaptoethanol, 8% (w/v)
SDS, 0.04% (w/v) bromophenol blue, and 44% (w/v) glyc-
erol); the proteins were denatured at 95 °C in a solid-state
thermostat GNOM (DNA-Technologies, Russia) for 5 minutes.
Approximately 10 pg protein was then loaded into a well
of a 10-well gradient gel (8—17%). Precision Plus Protein
WesternC Standards (BioRad, USA) were used as molecular
weight markers. Electrophoretic separation was performed
in a Mini-PROTEAN Tetra Vertical Electrophoresis Cell (BioRad).

For semi-dry transfer, transfer paper (Servicebio, China),
a 0.22 pm nitrocellulose membrane (BioRad), and the gel
post-PAGE were incubated in transfer buffer (47.9 mM Tris
base, 38.6 mM glycine, 0.0375% SDS, and 20% (v/v) ethanol)
for 15 minutes. The transfer was conducted using a Trans-blot
Turbo Transfer System (BioRad) following the manufacturer’s
standard protocol.

After the transfer, the membrane was washed twice
in phosphate-buffered saline with Tween® detergent (PBST)
(0.1% Tween® 20 (BioRad) in PBS) for 10 minutes. Then, it was
incubated in a blocking solution (5% Blotting-Grade Blocker
(BioRad) in PBST) overnight at +4 °C followed by washing with
PBST as described above. Primary mouse monoclonal HLA
class | antibodies (Abcam, UK) were diluted in the blocking
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solution according to the manufacturer’s instructions
and incubated with the membrane for 2 hours. After washing,
the primary antibodies were detected using GAM-HRP (BioRad)
in a blocking solution for 1 hour along with StrepTactin-HRP
(BioRad) for subsequent visualization of the molecular weight
marker. After additional washing, the proteins and the marker
were detected using the commercial Clarity Max Western ECL
Substrate kit (BioRad). Chemiluminescence was recorded
using a ChemiDoc MP gel imaging system (BioRad).

Transmission electron microscopy (TEM). To verify
the morphology of exosomes, such as size and shape, we
performed transmission electron microscopy using negative
staining. A 200-mesh copper microscopy grid (Electron
Microscopy Science (EMS), USA) coated with collodion
(Sigma-Aldrich) was placed on a 10 pl drop of the exosome
sample for 1 minute. After washing twice with distilled water,
the sample was stained with a 2% aqueous solution of sodium
phosphotungstate hydrate (Sigma Aldrich) for 2 minutes.
After the staining, excess moisture was removed using
a paper filter and the grid was dried at room temperature
for 10 minutes. For all observations, we used a JEOL JEM
1100 electron microscope (JEOL, Japan) with an accelerating
voltage of 80 kV.

Nucleic acids. Two model RNAs were used, messenger
RNA encoding enhanced green fluorescent protein (mRNA-
eGFP) and small interfering RNA carrying the fluorescent
label JOE at the 3’-end of the antisense strand (siRNA-JOE).

To produce mRNA, a plasmid encoding the eGFP gene
in the pJetl.2 vector containing the T7 promoter was
obtained. The enhanced green fluorescent protein variant
eGFP C5MKY7 (UniProt) was used as the initial reference
sequence. For this, the eGFP gene was provided as
an expression vector by the museum of the Smorodintsev
Research Institute of Influenza. The eGFP gene was cloned
into the pJet1.2 vector at the Xbal and Xhol sites. The pJet1.2-
eGFP genetic construct was analyzed using the Vector NTI 10
Advance software package (Invitrogen, USA). Restriction
products were purified from agarose gel using a cleanup kit
(Evrogen, Russia) and subsequently ligated using T4 DNA
ligase (Thermo Scientific). Transformation was performed
by electroporation into Escherichia coli DH5a strain cells.

For the in vitro transcription (IVT), reagents and kits
by Jena Bioscience (Germany) were used along with modified
nucleotides 5-methylcytidine  (5-Methyl-CTP, m5C)
and pseudouridine (Pseudo-UTP, ¥) by Biolabmix LLC
(Russia). To remove the template plasmid DNA, the sample
containing the reaction mixture post-IVT was treated with
DNase (Thermo Scientific). The Poly(A) Tailing Enzyme Test
Kit (Jena Bioscience) was used for the polyadenylation
of the obtained mRNA. The resulting mRNA was purified
using the RNA Clean & Concentrator kit (Zymo Research,
USA). The concentration of the purified RNA was measured
using a Qubit-4 fluorimeter (Thermo Scientific). The obtained
mRNA was verified by electrophoretic separation under
denaturing conditions.

Tom 25, N° 2, 2075
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The model 21 bp siRNA-JOE (scrambled siRNA not
complementary to any gene in the target organism) with
sense strand 5’-CCGGUGUGCUUCGACAACUATAT and antisense
strand 5-AGUUGUCGAAGCACACCGGATAT [37] sequences
was obtained by annealing synthetic oligonucleotides (DNA
Synthesis, Russia) using a T100 Thermal Cycler (BioRad) as
follows: 90 °C for 1 minute, then 2 minutes each at 80 °C,
70 °C, 60 °C, 50 °C, and 40 °C followed by 1 hour at 37 °C
and hold at 4 °C indefinitely. The annealing efficiency was
assessed via 12% PAGE in 0.5 M TBE buffer at 170 V.

Cationic liposomes. Cationic liposomes based on the cat-
ionic amphiphile 2X3 [40] and the helper lipid DOPE (Avanti
Polar Lipids, USA) were prepared at MIREA — Russian
Technological University using previously described meth-
ods [35, 37]. Two types of cationic liposomes were produced,
2X3-DOPE in a 1:3 molar ratio (“2X3-DOPE") and 2X3-DOPE
with DSPE-PEG,q, (0.62 mol%) (“2X3-DOPE-PEG").

Preparation of 2X3-DOPE/mRNA complexes.
The 2X3-DOPE/mRNA complexes were prepared in serum-
free DMEM/F-12 medium (1:1, Gibco, USA) by adding 5 ul
mRNA solution (100 ng) to 0.73 nmol cationic liposomes
solution in the final volume of 5 pl at a nitrogen-to-
phosphorous (N/P) ratio of 10/1 (cationic lipid/RNA charge
ratio). The mixture was then vigorously mixed for 10 seconds
and incubated at room temperature for 15 minutes [35].

Preparation of exosome-liposome hybrid complexes
with mRNA. The exosome-cationic liposome hybrids (EXO-
2X3-DOPE) were prepared in serum-free DMEM/F-12 medium
(1:1, Gibco) immediately prior to complex formation by mixing
15 ug exosomes with 0.73 nmol cationic liposomes in the final
volume of 5 pl followed by vigorous mixing for 10 seconds
and incubation at room temperature for 15 minutes.

The EX0-2X3-DOPE/mRNA complexes were prepared
in serum-free DMEM/F-12 medium (1:1, Gibco) by adding
5 pl mRNA solution (100 ng) to 5 pl exosome-cationic
liposome hybrid solution at an N/P ratio of 10/1 (specifying
the charge ratio of nitrogen atoms in the cationic liposomes
to negatively charged phosphate groups from the RNA,
excluding exosomes). The mixture was then vigorously
mixed for 10 seconds and incubated at room temperature
for 15 minutes.

Preparation of 2X3-DOPE-PEG/siRNA complexes.
The 2X3-DOPE-PEG/siRNA complexes were prepared
in serum-free DMEM/F-12 medium (1:1, Gibco) by adding 5 pl
siRNA solution (5 pmol) to 0.42 nmol of cationic liposome
solution in the final volume of 5 pl at an N/P ratio of 8/1.
The mixture was then vigorously mixed for 10 seconds
and incubated at room temperature for 15 minutes [37].

For the experiment assessing the qualitative internalization
of the complexes using confocal microscopy, the complexes
were prepared in serum-free DMEM/ F-12 medium (1:1,
Gibco) by adding 25 pl siRNA solution (25 pmol) to 25 pl
cationic liposome solution at an N/P ratio of 8/1. The mixture
was vigorously mixed for 10 seconds and incubated at room
temperature for 15 minutes.
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Preparation of exosome-liposome hybrid complexes
with siRNA. The exosome-liposome hybrids (EX0-2X3-
DOPE-PEG) were prepared immediately prior to complex
formation by mixing 15 pg exosomes with 0.42 nmol
cationic liposome solution in the final volume 5 pl followed
by vigorous mixing for 10 seconds and incubation at room
temperature for 15 minutes.

The EX0-2X3-DOPE-PEG/siRNA complexes were prepared
in serum-free DMEM/F-12 medium (1:1, Gibco) by adding 5 pl
siRNA solution (5 pmol) to 5 pl exosome-cationic liposome
hybrid solution at an N/P ratio of 8/1 (for cationic liposomes
and siRNA, excluding exosomes). The mixture was then
vigorously mixed for 10 seconds and incubated at room
temperature for 15 minutes. For the qualitative assessment
of complex internalization using confocal microscopy,
the complexes were similarly prepared to achieve a final
volume of 50 pl.

Dynamic Light Scattering (DLS). The hydrodynamic
diameters of the studied complexes were determined using
a Zetasizer Nano-ZS system (Malvern Instruments, UK). Fresh
complexes were diluted with indicator-free medium filtered
through a 0.2 pym syringe filter (Jet Biofil, China) to a final
volume of 50 ul (ZENO118 cuvette, Malvern Instruments).
Measurements were conducted by backscattering at an angle
of 173°.

Atomic force microscopy (AFM). Thirty microliters
of distilled water were added to 5 ul sample prepared
in the medium, which was then applied to freshly
cleaved mica (SPI Supplies) and incubated for 1 minute.
The sample was subsequently removed and the substrate
was washed three times with 50 pl distilled water followed
by drying in a SpeedVac vacuum concentrator (Eppendorf)
for 15 minutes. The sample surface topography was
measured using a SolverNEXT scanning probe microscope
(NT-MDT, Russia) in semi-contact mode and an NSG-03 probe
(NT-MDT). For each sample, images of several scanning fields
measuring 20 x 20 ym and 5 x 5 pm were made. The images
were processed using the Gwyddion software [41].

Primary cell cultures. In this study, two types of cardiac
mesenchymal cells were used, post-infarction cardiac
mesenchymal cells (iCMC) isolated from the infarction zone
of the ischemic myocardium in Wistar rats 24 hours after
surgically induced myocardial infarction and healthy cardiac
mesenchymal cells (hCMC) drawn from the myocardium
of rats following sham surgery. The methods for cell isolation
and phenotypic characterization are described in detail
in our previous publication [42, 43]. Cells from the ischemic
myocardium were isolated by mechanical tissue dissociation
followed by enzymatic digestion with a collagenase solution.
The resulting cell suspension was centrifuged and cultured
at 37 °C in an atmosphere of 5% CO, and 99% humidity.
We used the DMEM/F-12 (Invitrogen, USA) culture medium
with added 20% ECM endothelial medium (Invitrogen),
10% fetal bovine serum (HyClone, USA), 100 mM essential
amino acids (MEM NEAA, Gibco), 2 mM L-glutamine

Val 25 (2) 2025

Medical Academic Journal

(Gibco), and antibiotics (100 U/mL penicillin and 100 pg/mL
streptomycin, Gibco). From the second day of cultivation,
the medium was replaced daily. Large tissue fragments
were removed on the third day. By the third passage, both
cell populations consisted of homogeneous cultures that did
not contain living cardiomyocytes. Mesenchymal cells were
identified based on their phenotypic characteristics, including
adhesion to plastic, expression of CD90 and CD166 markers,
and the absence of endothelial and hematopoietic markers
(CD45, CD31, CD34).

Transfection of cells with the studied complexes.
The day before transfection, iCMC and hCMC cells were
seeded at a density of 10* cells per well in a 96-well plate
and incubated at 37 °C with 5% CO,. On the day of transfection,
once the cells reached 90% confluency, 10 pl of the solutions
containing the studied complexes were added to each well
(100 ng of mRNA or 5 pmol of siRNA per well) and incubated
for 24 hours at 37 °C with 5% CO,.

For experiments assessing the qualitative internalization
of the complexes using confocal microscopy, the day before
transfection, cells were seeded onto a coverslip placed
in a well of a 24-well plate at a density of 6 x 10* cells
per well and incubated at 37°C with 5% CO,. On the day
of transfection, once the cells reached 90% confluency, 50 pl
of the solutions containing the studied complexes with siRNA
(25 pmol per well) were added to the cells and incubated
for 24 hours at 37 °C with 5% CO,.

Flow cytometry. Quantitative evaluation of the transfection
efficiency of iCMC and hCMC cells with the studied complexes
containing mRNA-eGFP and siRNA-JOE was performed using
a CytoFLEX (Beckman Coulter, USA) 24 hours after cell trans-
fection. Prior to analysis, the cells were stained with NucBlue
Live ReadyProbe Reagent (Hoechst 33342) (Thermo Scientific)
according to the manufacturer's instructions. The cells were
then washed with PBS, removed using trypsin, centrifuged
at 400 g for 5 minutes, and re-dissolved in 100 pl PBS.

Transfection efficiency was assessed by the percentage
of transfected cells and by the mean fluorescence
intensity (MFI) of the cells. mRNA-eGFP complexes were
detected using the eGFP fluorescent signal; whereas siRNA
complexes were detected using the JOE fluorescent signal.
At least 10,000 events were measured for each sample.
The results were analyzed using Kaluza Analysis software
with statistical analysis performed in GraphPad Prism 10
software.

Fluorescence microscopy. Qualitative assessment
of the efficiency of iCMC and hCMC cell transfection with
the studied complexes containing siRNA-JOE was performed
using the Cytell Cell Imaging System (GE Healthcare, USA)
24 hours after transfection. NucBlue Live ReadyProbe
Reagent (Hoechst 33342) was used for intravital imaging
of cell nuclei.

Laser scanning confocal microscopy. Qualitative
assessment of the internalization of the studied complexes
with siRNA-JOE was conducted using a Leica TCS SP8
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Fig. 1. Characterization of extracellular vesicles isolated from human se-
rum. a, Western blot analysis using antibodies against the specific exo-
some marker protein HLA class I. M, the molecular weight marker with
electrophoretic mobility in kDa shown on the right. EXO, the sample under
investigation; the arrow indicates the position of the detected protein band.
b, Electron micrograph of a sample of extracellular vesicles. The scale bar
is 100 nm long.

Puc. 1. XapaktepucTiKa BHEKNETOUHbIX BE3WKYJ, BbIAENEHHBIX U3 CbIBO-
POTKU KPOBW YenoBeKa: @ — BECTEpPH-OMOTTUHI ¢ aHTUTENaMM K cneuu-
¢uryeckoMy MapkepHoMy benky 3k3ocoM HLA-I; M — Mapkep Moneky-
NSPHBIX Macc, CrpaBa MOAMMCaHa 3NeKTpodopeTUiecKas MOABUKHOCTD
B k[a; EX0 — wccnenyeMbiit 06paseL, CTpenKoi OTMEYEHO MOMoXEeHWe
BbISIBNIEHHON 30HbI 6enka; b — 3aneKTpoHHas MukpodoTorpadms obpasua
BHEKJIETOUHbIX Be3UKyN. [lnnHa MacwiTabHoro otpeska 100 HM.

confocal microscope (Leica Microsystems, Germany)
equipped with an oil immersion objective with a magpnification
of 60X and a numerical aperture of 1.25.

24 hours post-transfection, the cells were fixed
in 4% paraformaldehyde (PFA) and permeabilized with 0.1%
Triton X-100. Nuclei were stained with 4’,6-diamidino-2-
phenylindole (DAPI) and the actin cytoskeleton was stained
with Alexa Fluor 680 Phalloidin (Thermo Scientific).

RESULTS AND DISCUSSION

Isolation and characterization of exosomes. Exosomes
were isolated from human serum using a standard method
involving sequential centrifugation and ultracentrifugation

Table 1. Determination of the hydrodynamic diameter (D, nm) and poly-
dispersity index (PDI) of cationic liposomes, exosomes, hybrid nanopar-
ticles, and their complexes with RNA by the DLS method. The results are
shown as the mean + standard deviation for three measurements
Tabnuua 1. Onpenenenve ruaposmHamuyeckoro fvametpa (Dy, HM)

U uHgexca nonuavcnepcHocTy (PDI) KaTMOHHBIX IMNOCOM, 3K30COM,
TMBPMAHBIX HaHOYacTHL, M ux KoMnnekcos ¢ PHK MeToaoM auHaMmuyecKoro
paccesiHua cBeTa. PesynbTaThl NpeficTaBeHbl Kak cpefHee

3Ha4eHue + CTaH[APTHOE OTKIIOHEHME N0 TPEM U3MEPEHUSIM

Sample Dy, nm PDI
EXO0 178 +4 0.46 +0.01
2X3-DOPE 998 + 62* 0.12 £ 0.05
EX0-2X3-DOPE 376 +8 0.45+0.07
2X3-DOPE/mRNA 790 + 51 0.52 + 0.04
EX0-2X3-DOPE/mRNA 64+ 6 0.52 +0.07
2X3-DOPE-PEG 161 + 1+ 0.09+0.01
EX0-2X3-DOPE-PEG 184+ 4 0.38 +0.05
2X3-DOPE-PEG/siRNA 3907 0.17+0.03
EX0-2X3-DOPE-PEG/siRNA 2M+3 0.27 £ 0.01

Note: *D,, of 2X3-DOPE nanoparticles in water was 64.7 + 0.5 nm, corres-
ponding to [35]; **D,, of 2X3-DOPE-PEG nanoparticles in water was
494 + 1.3 nm, corresponding to [37].
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of the sample. To confirm the presence of exosomes
in the isolated extracellular vesicles from blood serum,
they were characterized for marker proteins using Western
blotting; their size and morphology were assessed using
transmission electron microscopy (TEM) (see Fig. 1).

It was shown that the sample is positive for the exosomal
marker protein HLA class | (see Fig. 1, a) and the vesicles
in the sample are spherical with a size of approximately
100 nm (see Fig. 1, b), which is consistent with exosomes.
Additionally, the hydrodynamic diameter of the vesicles
determined by DLS was 178.5 + 3.9 nm (see Table 1). Thus, we
can conclude that exosomes are present in the extracellular
vesicle samples isolated from blood serum.

Preparation and characterization of complexes with
mRNA and siRNA. To study the efficiency of RNA molecule
delivery to the cells under investigation, we obtained hybrid
nanoparticles containing exosomes from blood serum
and 2X3-DOPE liposomes able to form complexes when mixed
with RNA. The formation of these hybrid nanoparticles can
be detected by a change in the hydrodynamic diameter (D,))
relative to the original exosomes and liposomes [34].

Cationic liposomes and their complexes prepared
in RNase-free water and the optimal N/P ratios
for complex formation were previously characterized in our
publications [35] (for 2X3-DOPE and mRNA complexes)
and [37] (for 2X3-DOPE-PEG and siRNA complexes). However,
the physiological internal composition of exosomes isolated
from blood serum does not allow for DLS measurements
in water. Therefore, at the first stage of the study, cationic
liposomes (2X3-DOPE and 2X3-DOPE-PEG), exosomes (EXOQ),
hybrid nanoparticles (EX0-2X3-DOPE and EXO0-2X3-DOPE-
PEG), and complexes with mRNA and siRNA (2X3-DOPE/
mRNA, EX0-2X3-DOPE/mRNA, 2X3-DOPE-PEG/siRNA,
and EXO0-2X3-DOPE-PEG/siRNA) were characterized using
the DLS method in cell culture medium without serum (see
Table 1). The hydrodynamic diameter (D, nm) is also shown
in Fig. 2.

The study showed that the hybrid EX0-2X3-DOPE
nanoparticles had a higher D, of 376 + 8 nm compared
to the studied EXO exosomes (178 + 4 nm) and a lower D,
than that of the cationic 2X3-DOPE liposomes (998 + 62 nm).
This may indicate the formation of a new structure during
the preparation of the hybrid nanoparticles. With added mRNA,
the particle size differed significantly from that of the original
liposomes and hybrid nanoparticles, reaching 700-800 nm,
which indicates the successful formation of the complexes.
It is worth noting that previous measurements of liposomes
and their complexes with mRNA in water showed D, values
of approximately 70 nm and 100-150 nm [35], respectively,
suggesting a trend to form associates in a buffer solution
driven by weak interactions.

In samples containing 2X3-DOPE-PEG, there was no
significant change in size neither upon the formation of hybrid
nanoparticles nor upon the formation of complexes with siRNA
and the hybrid nanoparticles; D, values in all cases were
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around 150-200 nm. In contrast, the formation of complexes
between siRNA and liposomes resulted in a 2.5-fold increase
in particle size (from 161 + 1 nm to 390 + 7 nm). It should be
noted that previously determined characteristics of complexes
2X3-DOPE-PEG with siRNA in RNase-free water showed
similar changes, albeit with slightly smaller sizes (59 + 1 nm
and 218 + 7 nm, respectively) [37], indicating greater stability
of the PEGylated form of liposomes in buffer solution.

The larger particle size upon the formation of a complex
with 2X3-DOPE-PEG and its relative stability in complexes with
hybrid nanoparticles may suggest more efficient compaction
of siRNA in conjunction with the latter. Importantly, all samples
with PEGylated cationic liposomes had a low polydispersity
index (PDI), indicating greater stability in the culture medium
compared to their non-PEGylated counterparts.

Further optimization of the liposome/exosome ratio in hy-
brid nanoparticles could enhance the stability of the resulting
complexes in both the culture medium and the in vivo envi-
ronment. In addition, the formation of liposome complexes
with nucleic acids and exosome-liposome hybrids with
nucleic acids was visualized using atomic force microscopy
(AFM) (see Fig. 3).

It was found that liposome complexes with nucleic acids
form particles that are similar to those previously described
in [35] and [37] for the 2X3-DOPE/mRNA and 2X3-DOPE-PEG/
siRNA complexes, respectively. However, when complexes
are formed in the presence of exosomes with sizes correlating
with the TEM data (see Fig. 1, b), qualitatively new, larger
structures are produced (see Fig. 3, right column).

Liposomes
30.0 nm
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Fig. 2. Hydrodynamic diameter of the studied samples determined
by the DLS method. EXO, exosomes; LP, cationic liposomes (2X3-DOPE
or 2X3-DOPE-PEG for mRNA or siRNA, respectively); EXO-LP, hybrid
nanoparticles containing 2X3-DOPE or 2X3-DOPE-PEG; LP/RNA, complexes
of liposomes with RNA; EXO-LP/RNA, complexes of hybrid nanoparticles
with RNA.

Puc. 2. [uopoanHaMmyeckuit amaMeTp uccnepyemblx obpasuos, nony-
UeHHbI MeTOOM AMHAMM4ecKoro paccesiHus cseta. EXO — 3k3ocoMmbl;
LP — KatuoHHble imnocomsl 2X3-DOPE unmn 2X3-DOPE-PEG ans Matpuy-
HbiX (MPHK) unm Manbix untepdepupytowmx (MMPHK) cooTBeTcTBEHHO;
EXO-LP — rubpuaHble HaHovacTuubl ¢ 2X3-DOPE unn 2X3-DOPE-PEG;
LP/RNA — komnnekchl nunocom 1 PHK; EXO-LP/RNA — KoMnneKcbl ru-
BpuaHbIX HaHovacTuy ¢ PHK.

Thus, based on the DLS and AFM data, it can be concluded
that in the presence of exosomes, complexes are formed that
differ from the original 2X3-DOPE/mRNA and 2X3-DOPE-PEG/
siRNA. This suggests the formation of exosome-liposome
hybrids that carry mRNA and siRNA. It is important to note
that future studies should focus on optimizing the conditions
for the preparation of exosome-liposome hybrids and a de-

Hybrids

20.0 nm

15.0

10.0

5.0

0.0
16.0 nm

14.0
12.0
10.0
8.0
6.0
4.0

0.0

Fig. 3. Surface topography of samples containing 2X3-DOPE/mRNA and 2X3-DOPE-PEG/siRNA complexes (left column), exosomes (middle column),
and their hybrids (right column) visualized by atomic force microscopy. A pseudo-color scale bar reflecting the particle height in nanometers (nm) is shown
to the right of all images. The scale bar in each image is 500 nm long.

Puc. 3. Tonorpagus noepxHocTh 06pa3Lios, copepxalumx Komnnekcel 2X3-DOPE/MPHK n 2X3-DOPE-PEG/MUPHK (neBeiii cTonbe), 3k30coMbl (cpen-
HWI cTonbewy) u ux rmbpumabl (MpaBbii cTonbeL), NofyyeHHble METOAOM aTOMHO-CMNIOBOM MUKpocKonuu. CnpaBa oT BCeX PUCYHKOB M306paeHa IMHenKa
MnceBaOLBETA, OTPaaloLLas BbICOTY YacTuL B HM. [ivHa MaclitabHoro oTpeska coctaenset 500 HM.
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Fig. 4. Transfection efficiency of iCMC and hCMC with complexes of cationic liposome 2X3-DOPE with mRNA-eGFP and complexes of hybrid nanoparticles
EX0-2X3-DOPE with mRNA-eGFP, 24 hours post-transfection, assessed by flow cytometry. The statistical significance of differences was determined using
one-way ANOVA adjusted for multiple comparisons (Tukey test) (***p < 0.0002, **p < 0.0021).

Puc. 4. IddekTnBHOCTL TpaHcheKummn Knetok iCMC n hCMC koMnnekcamu KaTuoHHbIX inocoM 2X3-DOPE ¢ MPHK-eGFP 1 KoMnnekcamMn rubpuaHbIX
HaHouactuu EX0-2X3-DOPE ¢ MPHK-eGFP yepe3 24 4 c MoMeHTa TpaHC(heKLMM, BbINOIHEHHOE METOAOM MPOTO4HOM LmTohyopuMeTpum. CraTucTUyecKas
3HaYMMOCTb pasnnuuii Obina onpeaeneHa ¢ NOMOLLbI 0AHO(AKTOPHOrO AMCMEPCHOHHOO aHanu3a ¢ MOMPaBKOW Ha MHOXKECTBEHHOE CPaBHEHMe (TecT

Totoku) (***p <0,0002, **p <0,0021).

tailed characterization of their physicochemical properties.
Such efforts will help determine the mechanisms of their
formation and potentially improve the efficiency of encapsu-
lation and delivery of nucleic acids.

Evaluation of the efficiency of cell transfection with
complexes containing model mRNA and siRNA. To evalu-
ate the efficacy of EX0-2X3-DOPE and EX0-2X3-DOPE-PEG
hybrids as RNA delivery vehicles in iCMC and hCMC cells, we
used model RNAs, including mRNA encoding the green fluo-
rescent protein eGFP (MRNA-eGFP) and siRNA without a tar-
get gene labeled with the fluorescent tag JOE (siRNA-JOE).

The efficiency of mRNA-eGFP delivery to iCMC and hCMC
cells using cationic liposomes 2X3-DOPE and EX0-2X3-DOPE-
PEG hybrid nanoparticles was assessed by flow cytometry.
It is only possible to detect the fluorescent signal from eGFP
with the successful intracellular delivery of mRNA-eGFP
and subsequent protein translation.

It was shown that the use of EX0-2X3-DOPE hybrid
nanoparticles increased the proportion of transfected iCMC
from 7.3 + 0.9% to 44.8 + 6.3% and hCMC from 2.7 + 0.5%
to 32.6 + 6.5% compared to the delivery of mRNA-eGFP
with cationic liposomes 2X3-DOPE (see Fig. 4, green bars).
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Fig. 5. Transfection efficiency of iCMC and hCMC with cationic liposome complexes 2X3-DOPE-PEG containing siRNA-JOE and hybrid nanoparticle
complexes EX0-2X3-DOPE-PEG with siRNA-JOE, 24 hours post-transfection, assessed by flow cytometry. Statistical significance of the differences was
determined using a one-way ANOVA adjusted for multiple comparisons (Tukey test) (**p < 0.0021, *p < 0.0332).

Puc. 5. 3ddextmBHocTb TpaHchekumm knetok iICMC n hCMC komnnekcamu katuoHHbIx iunocoM 2X3-DOPE-PEG ¢ MuPHK-JOE 1 koMnnekcamy rubpuaHbix
HaHouactul, EX0-2X3-DOPE-PEG ¢ MuPHK-JOE yepe3 24 4 ¢ MoMeHTa TpaHChEKLMM, BbINOSHEHHOE METOLOM MPOTOYHOM LuTodayopuMeTpuu. Cratuctu-
yecKas 3HauMMOCTb Pa3finymii Bbina onpeaeneHa ¢ NOMOLLb0 0AHOMAKTOPHOrO AMCMEPCUOHHOMO aHanu3a € MOMpaBKOM Ha MHOXECTBEHHOE CpaBHeHWe
(tect Tolokm) (**p <0,0021, *p <0,0332).
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2X3-DOPE-PEG EX0-2X3-DOPE-PEG

iCMC

hCMC

Fig. 6. Transfection efficiency of iCMC (top) and hCMC (bottom) with cationic liposome complexes 2X3-DOPE-PEG containing siRNA-JOE (left) and hybrid
nanoparticle complexes EX0-2X3-DOPE-PEG with siRNA-JOE (right), 24 hours post-transfection, assessed by fluorescence microscopy. Cell nuclei are
stained with Hoechst 33342 (blue); siRNA is labeled with JOE (yellow). The scale bar is 150 um long.

Puc. 6. OueHka addertBHocTY TpaHcdeKLmm KneTok iICMC (ceepxy) M hCMC (cHu3y) KoMnneKcamm kaToHHbIX ivnocom 2X3-DOPE-PEG ¢ MuPHK-JOE (cnesa)
1 KOMMeKcaMuy rubpuaHbIx HaHouactu EX0-2X3-DOPE-PEG ¢ MuPHK-JOE (cnpaBa) Yepes 24 4 ¢ MoMeHTa TpaHcdeKLmM, BbINOSIHEHHOE MeToaoM diyopec-
LLeHTHOM MUKpOCKONUK. iipa KneToK oKpalueHbl Hoechst 33342 (cunuit), MuPHK Meuena JOE (xenTolif). [InnHa MaciutabHoro otpeska coctasnseT 150 MKM.

“}J . e !

iCMC

hCMC

. siRNA-JOE Cytoskeleton

Fig. 7. Evaluation of internalization of the studied complexes in iCMC (top) and hCMC (bottom), 24 hours post-transfection, by laser scanning confocal
microscopy. Nuclei are stained with DAPI (blue), siRNA is labeled with JOE (green), and the actin cytoskeleton is stained with Alexa Fluor 680 Phalloi-
din (red). The scale bar is 50 pm long.

Puc. 7. OueHKa MHTepHanmu3aummn uccnepyeMblx Komnnekcos B iCMC (cBepxy) n hCMC (cHusy) Yepes 24 4 ¢ MoMeHTa TpaHChEeKLMM, BbINOSIHEHHOE METOAOM
Na3epHON CKaHMpYIoLLell KOHOKanbHOM MUKpockonku. iapa okpatueHbl DAPI (cuHuit), MuPHK MeueHa JOE (3eneHbiit), akTHoBbIl umTockeneT Alexa Fluor
680 dannomanH (kpacHbii). [ymHa MacltabHoro otpeska coctaBnsieT 50 MKM.
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Moreover, in iCMC, the use of EX0-2X3-DOPE also increased
the average fluorescence intensity from 16,754 + 832 arbitrary
units to 20,402 + 954 arbitrary units, indicating more efficient
translation of mMRNA-eGFP (see Fig. 4, blue columns).

Thus, it was demonstrated that cationic liposomes 2X3-
DOPE have low efficiency of delivering model mRNA-eGFP
to rat cardiac MSCs in vitro. However, the modification
of liposomes with exosomes increases the efficiency
of mRNA delivery by 30-35%.

There are limited studies focused on the development
of non-viral mRNA delivery systems for mesenchymal
stem cells. For instance, the transfection efficiency of hu-
man bone marrow-derived stromal cells (hBMSCs) was re-
ported to be 18.2% when delivering mRNA using a cationic
hyperbranched poly(amidoamine)-based nanoparticle sys-
tem (PAMAM) [44]. In other stem cells, the highest ef-
ficiency of mRNA delivery by these nanoparticles was
26.6%. The vast majority of studies on non-viral delivery
of mRNA to MSCs use commercial lipid-based transfec-
tion reagents, such as Lipofectamine RNAIMAX [45], Li-
pofectamine MessengerMAX [46], Lipofectamine2000,
and Stemfect [47]. However, the use of such carriers in vivo
is unfeasible due to their high toxicity. Thus, the develop-
ment of effective and safe vehicles to deliver mRNA to MSCs
for potential in vivo applications remains a pertinent issue.

The original 2X3-DOPE liposomes used in our study have
already been successfully used to deliver model mRNAs
in vivo [48], making the creation of hybrid nanoparticles
based on them a promising area for further development
of mRNA carriers. Despite the fact that the transfection
efficiency determined in our study is higher than that
reported in the literature for original carriers, it remains
below 50%. Therefore, further improvement of the technology
for preparing hybrid nanoparticles is required to improve
the efficiency of cell transfection.

To evaluate the efficiency of siRNA delivery using
EX0-2X3-DOPE-PEG hybrid nanoparticles, a quantitative
analysis of the percentage of transfected cells was also
conducted using flow cytometry. The results showed that
the use of EX0-2X3-DOPE-PEG hybrid nanoparticles in-
creased the percentage of transfected iCMC and hCMC from
75-90% to nearly 100% (see Fig. 5, yellow bars). In addition,
the application of EX0-2X3-DOPE-PEG hybrid nanoparticles
augmented the mean fluorescence intensity by 2.3 times
for iCMC and by 2 times for hCMC compared to cationic
liposomes (see Fig. 5, purple bars). These findings cor-
relate well with the qualitative assessment of transfection
efficiency in iCMC and hCMC performed via fluorescence
microscopy (see Fig. 6).

To confirm the internalization of the fluorescently labeled
siRNA molecules into iCMC and hCMC, laser scanning
confocal microscopy was performed 24 hours after cell
transfection with the studied complexes. Representative data
are shown in the images of iCMC and hCMC with complexes
of cationic liposome 2X3-DOPE-PEG containing siRNA-JOE

Tom 25, N° 2, 2075
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(see Fig. 7). The results show that the complexes are localized
in the focal plane of the nucleus and do not extend beyond
the actin cytoskeleton, indicating their successful intracellular
localization.

Thus, it has been demonstrated that cationic liposomes
2X3-DOPE-PEG are highly efficient for the delivery of model
siRNA-JOE to rat heart MSCs in vitro, achieving over 75%
transfection rate. Furthermore, the modification of liposomes
with exosomes increases siRNA delivery efficiency to nearly
100% as indicated by both the proportion of transfected cells
and a more than twofold increase in mean fluorescence
intensity.

In contrast, siRNA delivery systems in MSCs are actively
developed. For instance, lipid-polymer nanoparticles
based on poly(lactic-co-glycolic) acid (PLGA) combined
with DOTAP and DOPE lipids have achieved siRNA delivery
efficiency to MSCs of 72.7% [49]. In addition, the use
of poly-¢-caprolactone scaffolds functionalized with lipid-
polymer nanoparticles (using the commercial transfection
reagent Trans|T-TKO) resulted in a transfection efficiency
of approximately 75% after 48 hours [50]. A different approach
involving a polymer carrier pDMAEMA-b-p(DMAEMA-co-PAA-
co-BMA) successfully delivered siRNA to 96% MSCs [51]. Our
study showed that cationic liposomes 2X3-DOPE-PEG used
either independently or as part of hybrid nanoparticles with
exosomes are highly efficient in delivering siRNA to MSCs,
making them suitable for further studies as siRNA delivery
vehicles.

It is important to note that the incorporation of exosomes
to improve the efficiency of cell transfection in hybrid
nanoparticles both addresses the issue of increasing
the percentage of transfected cells and improves the targeting
of mRNA and siRNA delivery due to various receptors
on the surface of exosomes.

CONCLUSION

The main objectives of this study were, first, to demonstrate
that it is possible to deliver model mRNA and siRNA
to mesenchymal stem cells in vitro by cationic liposomes
2X3-DOPE using rat heart MSCs as an example, and, second,
to improve the delivery efficiency by modifying the latter with
exosomes and obtaining hybrid nanoparticles. It was shown
that cationic liposomes are extremely ineffective in delivering
mRNA (at the level of a few percent of transfected cells),
but added exosomes increase the percentage of transfected
cells to 30—-40%. When delivering model siRNA, it was shown
that cationic liposomes themselves ensure effective delivery
at about 80-90% of transfected cells; whereas exosomes
increase this proportion to 100% and the content of siRNA
in cells increases by more than 2 times. Thus, the use
of exosomes to produce hybrid nanoparticles with cationic
liposomes 2X3-DOPE approach for developing non-viral
delivery methods of mRNA and siRNA to mesenchymal stem
cells with the potential for targeted delivery. The conditions
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for producing these hybrid nanoparticles and detailed
characterization of their physicochemical properties will be
further improved.
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