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Introduction. The targeted delivery of lipophilic chemotherapeutic and immunomodulatory agents through the lymphatic system is a promis-
ing approach in cancer treatment. Lipid-based carriers (e.g., liposomes) are able to not only to enhance the solubility and stability of drugs,
but also to ensure their protection from degradation in the gastrointestinal tract. Research into the potential of lymphatic delivery of bioactive
substances using liposomes can further improve the effectiveness of lipophilic drugs.

Objective. To study the prospects for using first-generation soy lecithin-based liposomes (cholesterol-free) as a lymphatic carrier for biologi-
cally active substances.

Materials and methods. Liposomes were prepared from soy lecithin containing green fluorescent protein GFP (with a maximum fluores-
cence at a wavelength of 506 nm) using the method of thin-film hydration/rehydration. Some liposomes were modified by 1%, 0.5%, and 0.1%
chitosan solutions. The GFP incorporation into the liposomes was visualized using confocal microscopy. In vivo studies were conducted in
three groups of female Balb/c mice aged 11-13 weeks (three animals in each): a control group; a group receiving native fluorescent protein,
and a group with the design formulation (liposomes containing fluorescent protein). After intake, the small intestine was retrieved followed
by its preparation and cryosection staining. The analysis of the cell suspension was performed using a CytoFLEX V5-B5-R3 flow cytometer.
Results. The confocal microscopy study found the particle size of the liposomes obtained by the thin-film hydration method to range within
1-5 um. The incorporation of the model protein into the liposomes, as evidenced by its content before and after the liposome formation, was
at least 60%. In vivo experiments on mice found that intragastric administration of fluorescent protein-containing liposomes enables success-
ful protein delivery to the intestinal wall.

Conclusions. Soy lecithin-based liposomes were obtained using the thin-film hydration method. Confocal microscopy was used to evaluate
the size of the obtained liposomes and to assess qualitatively the incorporation of green fluorescent protein. The incorporation of chitosan into
the liposome shell resulted in a significant aggregation of the final product, which may reduce the effectiveness of liposome delivery to cells.
Confocal microscopy of cryosections and cytofluorometry of cell suspensions obtained from small intestine fragments showed the capacity
of the engineered system to deliver fluorescent protein and, possibly, intact liposomes to the intestinal wall.

Keywords: liposomes; soy lecithin; delivery system; green fluorescent protein; lymphatic delivery; confocal microscopy

For citation: Fedotova E.V., Skvortsov N.V., Perevoznikov |.E., Rogovskaya N.Yu., Bardin A.A., Beltyukov P.P., Babakov V.N., Krivorotov D.V.,
Radilov A.S. Soy lecithin-based liposomes for lymphatic delivery of biologically active substances. Extreme Medicine. 2025;27(3):320-327.
https:/doi.org/10.47183/mes.2025-255

Funding: the study was carried out without sponsorship.

Compliance with the ethical principles: the study adhered to ethical guidelines for the use of animals in research, specifically those outlined
in the European Convention for the Protection of Vertebrate Animals Used for Experimental and Other Purposes. The study was approved by
the Bioethics Committee of the Research Institute of Hygiene, Occupational Pathology and Human Ecology (protocol No. 11 of 11 Feb. 2025).

Potential conflict of interest: Andrey S. Radilov is a member of the Editorial Board of Extreme Medicine. The other authors declare no
conflict of interest.

<] Elena V. Fedotova arabka2008@mail.ru
Received: 12 Feb. 2025 Revised: 20 May 2025 Accepted: 15 July 2025 Online first: 20 Aug. 2025

YK 615.453.43

JIMNOCOMbI U3 COEBOIO NEUUTUHA ANA MMMOATUYECKOW OCTABKU BUONMOrMYECKU
AKTUBHbIX BELLIECTB

E.B. ®epotora"*, H.B. Ckeopuos', U.E. MNepeBosHukos!, H.KO. Porosckas', A.A. BapauH', .M. Benbtiokos'!, B.H. Babakos',
[.B. KpueopoTos!, A.C. Pagnnos'

"Hay4Ho-1ccnenoBaTenbCKuin UHCTUTYT FUreHbl, MpodnaTonorim 1 skonorum Yyenoseka ®efepanbHoro Meamko-6r1onornieckoro
areHTCTBa, JleHnHrpaackas obnactb, Poccus
2HaumoHanbHbI nccnepoBaTenbckmin yHneepceuteT MTMO, CaHkT-lNeTepbypr, Poccus

BeepeHne. JlumaTndeckuin nyTb 4OCTaBKM MOXET ObITb NEPCMNEKTUBEH A5 MMMNOMUIBHBIX XMMMOTEPANEBTUHECKIX 11 UMMYHOMOZYVPY-
fOLLMX CPEeACTB, MPUMEHSIEMBIX MPU NEHEHMN OHKONOrMYecKnx 3abonesaHni. Hocutenm Ha ocHoBe NMNMAOB (HanpumMep, MNOCOMbI) MOy T
He TOSIbKO MOBBICUTb PACTBOPUMOCTb M CTabUNBHOCTE IEKAPCTBEHHBIX CPEACTB, HO M 3aLLUTUTL UX OT Pa3NOXKEHNS B XKENYA0HYHO-KMLLIEY-
HOM TpakTe. ViccnenposaHne BO3MOXHOCTY MMMDATUHECKON [OCTaBKM IMNOCOMaMU BMOIOMMHECKN aKTVBHbBIX BELLECTB MO3BONT B Aallb-
HenLweM NoBbICUTb 3PMEKTUBHOCTb MHOMMX IMNOMUABHBIX NpenapaTos.

Llenb. 13y4eHne nepcnekTve NpYMEHEHNS TMNOCOM NepPBOro MOKONeHNs (6e3 XonecTepuHa) 3 COeBOro NeUnTHa B Ka4eCTBE BO3MOXXHOIO
MMEaTUHECKOrO HOCUTENS ANA BMONOMNHECKN aKTUBHbIX BELLIECTB.
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MaTepuanbi u MeTogbl. [1onyyYeHbl MIMMOCOMbI U3 COEBOMO NELIMTUHA, coaepKallme 3eneHbli dnyopecLeHTHbI 6enok GFP (¢ MakcumymMom
hnyopecueHUMM Npy AHE BOHLI 506 HM), METOAOM ruapaTaumn/pernapataynm TOHKOM NneHkn. ns Mogndrkaumm HEKOTOPbIX IMMOCOM
1CN0b30BaNV pacTBOp XMTo3aHa B KOHLEeHTpaumsx 1, 0,5 n 0,1%. Budyanusaums skntodeHns GFP B niunocombl npoBeaeHa METOAOM KOH-
hokabHOM MUKpPOCKoNuW. ViccnenoBaHus in vivo npoBoannuv B 3 rpynnax caMok Mblten nuHum Balb/c BospacTom 11-13 Hegenb (Mo 3 »xu-
BOTHbIX B FPYMNMe): KOHTPOMbHAgA rpynna; rpynna, nony4atoLlas HaTUBHbIM (TyOpPEeCUEHTHBI 6eMOK, 1 rpynna ¢ UCCNeayeMOon KOHCTRYKLMEN
(nvnocoma, cofeprkallan nyopecLeHTHbIn 6enok). Mocne BBeaeHUs NpoBefeH 3a60p TOHKOM KUMKW, ee NMOArOTOBKa 1 OKpallVBaHue
Kprocpe30B. AHaNN3 KNETOYHOM CycrneHaumn nposeaeH Ha NpoTodHoM umtodnyopumeTtpe CytoFLEX B koHdurypaummn V5-B5-R3.
Pesynbtathl. [Mpy oLeHKe Nony4YeHHbIX METOAOM rMapaTaLMm TOHKOW MAEHKN IUMOCOM C UCMOb30BaHMEM KOHGOKaNbHOW MUKPOCKOMUA
YCTaHOBJIEHO, YTO BOMBLUMHCTBO YacTuL, UMEeNo pa3mepsl B ananasoHe 1-5 MkM. BktodeHne MogenbHOro 6enka B MNOCOMbI, Kak Moka-
3anu pesynsTaThl UISMEPEHNS ero coaepkaHns o v nocne hopMm1poBaHns IMNOCOM, CoCcTaBuo He MeHee 60%. B akcneprMeHTe Ha Mbl-
ax fn vivo BbISIBNIEHO, YTO BHYTPWXKENYA04YHOE BBEAEHWE IMMNOCOM C (DyOpPEeCLIeHTHbIM BENKOM NMO3BONSET 0becneynTb OOCTaBKy benka
B CTEHKY KULLEYHMKA.

BbiBogbl. [prMeHeHVe MeToAa rapaTaLmn TOHKOW MEHKM NO3BONIO MOAYHUTb NIMMNOCOMbI U3 COEBOro NeumTuHa. MeTogoM KoHoKans-
HOW MUKPOCKOMM NpOBeAeHa OLeHKa pasmMepa Noy4eHHbIX JIMMOCOM U Ka4ECTBEHHO OLEHEHO BKJTIOHEHNE B HX 3€M1EHOM0 (hSTyOpEeCLEeHT-
HOro 6enka. BktoyeHne xnutosaHa B 060104KY IMNOCOM MPUBOAMIO K 3HAYUTENbHON arperaum KOHEYHOr0 NPOAYKTA, YTO MOXET MPUBO-
OUTb K CHUXEHWIO 3(h(EKTUBHOCTM JOCTaBKM UMOCOM B KNeTKW. KoHokanbHas MUKPOCKOMUSt KDUOCPE30B 1 LIUTO(yOpPUMETPUHECKNI
aHann3 KNeTO4YHbIX CYCMEH3UM, NOMyYeHHbIX 13 (PparMeHTOB TOHKOWM KULLKM, MoKa3anu, YTo NpUMEeHeHHas cucTemMa No3BOAsSIET AOCTaBUTb
(hyOpeCLEHTHbI BENOK 1, BEPOATHO, HEPA3PYLLEHHbIE IMMOCOMbI B CTEHKY KULLEYHMKA.

KniouyeBble cnoBa: NMNOCOMbI; COEBbIM NEUMUTUH; CUCTEMA OOCTaBKW; 3eNeHbli hiyopecLeHTHbI Benok; nuMmdarndeckas 4OCTaBKa,;
KOHhoKanbHast MUMKPOCKOMUS
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INTRODUCTION bicavailability. This strategy is particularly interesting

for delivering antigens to lymph nodes and enhancing

When ingested, many medicinal substances (MS) can
be broken down by enzymes of the gastrointestinal
tract (GIT), poorly absorbed in the small intestine, and
are metabolized during the first passage through the
liver. For such drugs, various lipid-based micro- and na-
nocarriers can be used to protect them from degrada-
tion under the influence of digestive juice components,
to control release, to adjust distribution, and increase
bicavailability, as well as for targeted drug delivery to
the site of action [1]. Drug modification by conjugation
with lipids (fatty acids, glycerides, and phospholipids)
increases their lipophilicity and, consequently, their bio-
availability [2]. In this case, however, it is necessary to
examine whether the lipid-conjugated drug equals the
original drug in terms of effectiveness. In some cases,
it is possible to increase the drug bioavailability by sur-
factants. For example, sodium caprate can increase the
bicavailability of certain drugs by increasing their perme-
ability through the intestinal epithelium via paracellular
transport [3].

Over the last few years, the possibility of develop-
ing lymphatic delivery systems for various drugs has
been actively studied, bypassing the hepatic first-pass
effect [4-6]. This route of administration can increase
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the adaptive immune response induced by vaccines.
Conventional systemic chemotherapy requires high
doses of drugs and often proves ineffective in delivering
them to the lymphatic system. The development of carri-
ers for drugs targeting lymphocytes is a unique opportu-
nity to increase the effectiveness of HIV/AIDS therapy [7].

At present, a large number of different carriers are
known that may be promising for lymphatic drug delivery
(Fig. 1). In this case, the carrier must circulate in the blood
for a long time and retain the drug until its accumulation
in the target organ is reached [8—10]. In addition, the MS
included in the carrier should not lose its activity dur-
ing circulation. When selecting a drug carrier, it should
be borne in mind that the effectiveness of internaliza-
tion in a cell depends on its size, shape, and charge.
For example, nanosized carriers make tighter contact
with biological membranes than micron-sized carriers
[9]. Polymer-based drug delivery systems are not always
suitable for lymphatic delivery. Some charged polymers
(such as chitosan) can bind to intestinal mucosal cells
through non-covalent electrostatic interactions, hydro-
gen bonds, and Van der Waals forces [11].

Among all lipid-based nanocarriers, liposomes
show the greatest promise due to their ability not only
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to encapsulate and protect drugs from degradation,
but also to enhance their absorption in the intestine [4,
12]. Liposomes are spherical vesicular delivery systems
containing lipids, with a phospholipid bilayer located be-
tween two hydrophilic layers [13].

The delivery mechanisms of macromolecules
“packed” in liposomes may vary depending on the lipo-
some size. Microparticles, including giant liposomes with
linear dimensions similar to those of chylomicrons, are un-
able to penetrate blood capillaries, which have a pore size
of approximately 60 nm. At the same time, the possibility
of microparticles to pass through the mucous layer of the
intestine has been experimentally confirmed in laboratory
rodents for both biodegradable latex or polystyrene par-
ticles [14, 15] and large liposomes up to 10 pm or greater
[16]. One possible way for micro-sized particles to pen-
etrate the intestinal barrier is their absorption through mi-
crofold M cells. Although the population of M cells among
the total cell number is small (~1%), they capable of tran-
scytosis of microparticles, bacteria, viruses, lipopolysac-
charides, etc. This is due to the specific features of their
structure and microenvironment (reduced density of the
glycocalyx, less pronounced brush border and microvilli),
which determines their ability to absorb microparticles
larger than 200 nm, the maximum size of lipid complexes
(micelles) that can be absorbed by enterocytes. It is be-
lieved that the main function of M cells is to deliver an-
tigens for subsequent processing and presentation to a
heterogeneous population of lymphocytes, macrophag-
es, and dendritic cells that compose the gastrointestinal
immune system. However, it is known that delivering cy-
closporine A in large liposomes (~10 pm) via intragastric
administration in rats results in a more than nine-fold
increase in this drug bioavailability [16, 17]. It should be
noted that, e.g., for protein antigens, this delivery route is
the most promising, allowing the antigen to be delivered
directly to the lymphoid tissue of the gastrointestinal (Gl)
tract. When large liposomes undergo transcytosis into the

submucosal layer, some of them may enter other parts
of the vascular system, including the systemic circulation,
through the lymphatic vessels.

In this study, we explore the potential of using
first-generation (cholesterol-free) soy lecithin-based li-
posomes as a carrier for potential lymphatic delivery of
biologically active substances.

MATERIALS AND METHODS

In this work, soy lecithin (Ultralek P, ADM, USA), recom-
binant green fluorescent protein zFP506 (ZsGreent),
obtained in pAAV-ZsGreen1 Vector (Takara Bio) plas-
mid-transfected HEK293 cells (Thermo Fisher), hexane
(analytic grade, Vecton, Russia), 0.05 M solution of so-
dium bicarbonate (bda, Vecton, Russia), 0.05 M solu-
tion of monosubstituted sodium phosphoric acid, 0.1 M
hydrochloric acid (Vecton, Russia), 0.01 M phosphate-
buffer saline (PBS) — pH 7.3 containing 0.137 M NaCl
and 0.0027 M KCI (Biolot, Russia), Dulbecco’s solution
without Ca and Mg (Biolot, Russia), bovine serum al-
bumin (BSA) (Sigma-Aldrich), and 10% neutral formalin
(Sintacon, Russia) were used.

Preparation of liposomes by thin-film hydration/
rehydration

In a round-bottom flask, 100 mg of soy lecithin was dis-
solved in 20 mL of hexane (solvent). The resulting mix-
ture was evaporated using a rotary evaporator (Heidolph,
Germany) until a thin film was formed (water bath tem-
perature of 45°C, pressure of 65 mbar). Green fluores-
cent protein (GFP) from the initial solution was diluted to
a concentration of 5 mg/mL in 50 mL of 0.01 M sodium
phosphate buffer (pH 7.4). The protein was incorporat-
ed into the liposomes passively during their formation
from the resulting GFP solution in a flask, upon con-
stant stirring on a magnetic stirrer (Heidolph, Germany)

Figure prepared by the authors in the Mermaid graphical editor using data from [4-11]

Fig. 1. Promising carriers for lymphatic delivery of medicinal substances
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at 400 rpm (4 h at room temperature) until the film was
fully rehydrated from the walls. The obtained liposomes
were centrifuged in a centrifuge (Heidolph, Germany) at
a rotor speed of 20,000 rpm for 15 min to precipitate the
obtained liposomes, and the supernatant was collected
and washed once with deionized water.

To assess the efficiency of protein incorporation
into liposomes, the protein content was determined
using the Lowry protein assay in accordance with
OFS1.7.2.0023.15 in the solution before and after the
liposome formation. The protein concentration in the
solution decreased by approximately 60% after the pro-
cess was completed, compared to the initial concentra-
tion, which should correspond to the efficiency of GFP
incorporation.

Preparation of chitosan solution

A chitosan solution at concentrations of 1%, 0.5%, and
0.1% was prepared by dissolving dry samples in a 1%
acetic acid solution. The pH of the resulting solutions
was monitored using a pH meter; and the pH was found
to be 5.4.

Preparation of liposomes by thin-film hydration/
rehydration with chitosan addition

In a round-bottomed flask, 100 mg of soy lecithin
was dissolved in 20 mL of hexane. The resulting leci-
thin solution was evaporated using a rotary evaporator
(Heidolph, Germany) until a thin fim was formed (wa-
ter bath temperature of 45°C, pressure of 65 mbar). A
5 mg/mL concentration of green fluorescent protein
was dissolved in 50 mL of 0.01 M sodium phosphate
buffer (pH 7.4) and injected together with chitosan so-
lutions of selected concentrations. The formation of li-
posomes was carried out under constant stirring on a
magnetic stirrer (Heidolph, Germany) at 400 rpm for 4 h
at room temperature until the film was completely rehy-
drated from the walls. The resulting liposomes were cen-
trifuged (Heidolph, Germany) at 20,000 rpm for 15 min;
the supernatant was removed; and the liposomes were
washed once with water.

Confocal microscopy

Confocal microscopy was performed (Zeiss LSM 710
microscope, CarlZeiss, Germany; magnification x63)
with an argon laser A = 488 nm. In the studied samples,
GFP with the maximum fluorescence at a wavelength
of 506 nm was used as a model protein for imaging li-
pOSoOmes.

Purification of GFP and determination of its
concentration

GFP was isolated from the cell extract of HEK293 cells
transfected with the pAAV ZsGreen1 Vector plasmid

EXTREME MEDICINE | 2025, VOLUME 27, No 3

(Takara Bio) using the method of alcohol extraction and
ammonium sulfate precipitation described in [18].

In vivo studies

The work was carried out using female Balb/c mice,
which were divided into three groups of three mice in
each:

e group 1 — control group;

e group 2 — animals received native fluorescent pro-
tein;

e group 3 — animals received a suspension with the
studied construct (liposomes without chitosan con-
taining GFP).

The choice of this number of experimental animals
in the groups is sufficient to assess the nature and fre-
quency of the effects recorded. The animals were 11—
13 weeks old at the beginning of the experiment, and
their body weight did not deviate from the average value
for all experimental groups by more than 20%.

The experimental mice were injected with GFP-
containing liposomes without chitosan or an agueous
solution of GFP, as described above. The control group
consisted of intact mice. In cell suspensions obtained
from animals, the presence of GFP fluorescence was
assessed using flow cytometry.

The intragastric injection procedure was performed
by qualified specialists using a probe. The injection vol-
ume was the same for all animals, equaling 300 pL. The
GFP concentration in the aqueous solution used for in-
jection into mice was determined by the Lowry protein
assay, comprising 0.86 mg/mL. The same GFP solu-
tion was used in the preparation of the liposomes. In
the samples studied, the efficiency of GFP incorporation
into liposomes was at least 60%.

Three hours after the administration of GFP solution
or GFP-containing liposomes, the mice were euthanized
by cervical dislocation. After opening the abdominal
cavity, a 2-cm-long fragment of the small intestine was
removed 1 cm from the stomach and transferred to a
separate 5-mL tube containing PBS.

A 1-cm-long portion of each intestinal fragment was
separated and cut lengthwise to create a rectangular
preparation.

Preparation and staining of small intestine
cryosections

Uncut 1 cm long small intestine fragments were washed
in PBS, cutinto 0.5 cm long fragments, and embedded in
Tissue-Tek® O.C.T. Compound (Sakura Finetek, Japan),
filling the gel from the inside to preserve the structure
of the cryosections. The samples were frozen in liquid
nitrogen and sliced using a cryotome (SLEE medical,
Germany). 10-um-thick cryosections were placed on a
glass slide, washed twice with PBS, and fixed in neu-
tral formalin (3.7%) for 30 min. The fixed samples were
washed twice with PBS and permeabilized with 0.1%
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Triton X-100 solution in PBS with 1% BSA for 30 min,
and then washed twice with PBS and 1% BSA.

To visualize cells by confocal microscopy, F-actin
of the cellular cytoskeleton was stained with the Alexa
Fluor 594 phalloidin fluorescent dye (Invitrogen, USA),
diluted in PBS with 1% BSA in a ratio of 1:40, then
30 min and incubated in the dark. After that, the sam-
ples were washed twice with PBS and 1% BSA and
enclosed in ProLong Gold antifade reagent (Invitrogen,
USA). The drugs were stored in the dark at a tempera-
ture of 2—-6 °C.

Flow cytometry

After washing the preparation from mucus and blood in
a cuvette with PBS solution, it was transferred to a cell
sieve with a 40 ym mesh size followed by addition of
1 mL of Dulbecco’s solution (Biolog). The cell suspen-
sion was then obtained by rubbing. The suspension was
then washed twice with Dulbecco’s solution and cen-
trifuged (8 min, 800 rpm). The washed cell pellet was
resuspended in 400 pL of Dulbecco’s solution.

The cell suspension was analyzed using a CytoFLEX
flow cytometer in the V5-B5-R3 configuration (Beckman
Coulter, USA). For each sample, 50,000 events were
collected (at least 20,000 for control samples) at a sam-
ple flow rate of 10 pL/s.

The number of GFP-containing cells was counted
using standard forward and side scatter detectors (to
determine the morphological characteristics of the cells,
such as linear size and complexity of the intracellular
structure, respectively), as well as a light filter suitable for
GFP visualization (FITC channel).

RESULTS AND DISCUSSION

During the study, the liposome formation technique was
selected based on the following criteria:

1. Only gentle methods should be used to obtain the
carrier (i.e., solvents that can alter the properties of the
drug should not be used during the preparation of the
delivery system; external factors such as temperature,
ultrasound, high mixing rates, etc. should be minimized);

2. The particle size of the delivery system should be
less than 10 pm;

3. The delivery system should contain biocompatible
and non-toxic components;

4. The resulting system, after oral administration,
should ensure the delivery of the packaged drug to the
submucosal layer of the intestine, possibly by transport
through the lymphatic vessels.

Currently, the range of various modified liposomes
has been significantly extended. It is believed that poly-
mer coatings increase the ability of liposomes to cross
the epithelial barrier. Chitosans and their derivatives
are widely used for this purpose. When interacting with
membrane proteins, chitosan can stimulate conforma-
tional changes in protein molecules, which can lead
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to increased paracellular transport of biologically ac-
tive molecules. However, the application of hydrophilic
polymers to liposomes may not always lead to a posi-
tive effect (e.g., protection against degradation of such
liposomes by digestive enzymes is not always achieved).
Liposomes containing chitosan are sensitive to changes
in pH and can aggregate in the gastrointestinal tract, thus
deteriorating drug absorption. This effect was demon-
strated in the case of oral administration of cyclosporine
A incorporated into chitosan-modified liposomes [19].

During the study, two variants of liposomes were
formed: those with chitosan embedded in the liposomes
(to increase the mucoadhesive properties) and those
without modification. Several concentrations of the
polymer (1%, 0.5%, and 0.1% chitosan solution in ace-
tic acid) were tested in the study. It was found that the
introduction of chitosan into the liposomes at all select-
ed concentrations can lead to their strong aggregation
(Fig. 2A), which significantly reduces their potential as
a delivery system. The most logical solution to the ag-
gregation problem is to apply ultrasonic treatment to
the particles during their formation. However, accord-
ing to the selected criteria for liposome formation, this
treatment was not acceptable. Therefore, we selected
a delivery system without any modifications for in vivo
studies. The liposomes obtained without chitosan had
a stable linear size of 1-5 um (Fig. 2B) and showed no
aggregation.

When analyzing the cytofluorometry results, the au-
tofluorescence level in the FITC channel, which is always
present in biological objects, was taken as the value cor-
responding to the control group. The latter was about
1% of the parent cell population in all the samples stud-
ied (Fig. 3A). In the samples of cell suspensions from
mice in the group that received GFP without liposomes,
the number of events corresponding to GFP fluores-
cence did not exceed the level of autofluorescence in
the control (Fig. 3B).

In intestinal cell samples obtained from animals in
the group that received GFP in liposomes, a significant
increase in events corresponding to GFP fluorescence
was observed, up to 8-10% of the parent cell population
(Fig. 3C).

Confocal microscopy showed that GFP molecules
packed in liposomes do not break down in the stom-
ach and can be delivered to intestinal cells (Fig. 4B).
The prospects for further use of the applied delivery
system depend on the effectiveness of the MS packed
in liposomes and its physical and chemical character-
istics. In addition, it is planned to modify the liposomes
by applying Pluronic 127 to their surface. This ligand is
known to improve the liposome uptake by enterocytes
and increase the liposome stability. Such modification
can increase the delivery system absorption by cells and
ensure efficient transport through the lymphatic system.
When cyclosporine A was delivered orally by liposomes
with Pluronic 127, the delivery system in the gastroin-
testinal tract demonstrated good stability. The selected

MEOVLIHA SKCTPEMATbHBLIX CUTYALIMI | 2025, TOM 27, Ne 3



ORIGINAL ARTICLE | CLINICAL PHARMACOLOGY

Photos taken by the authors

Fig. 2. Confocal micrographs of GFP-liposomes: A —
modifications; mark — liposomes with GFP

with chitosan coating; B — selected methodology without
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Figure prepared by the authors using their own data

Fig. 3. Flow cytometry results for GFP-liposomes

carrier reached the epithelial surface, resulting in high
drug absorption [19].
The efficiency of macromolecule delivery in li-
posomes by oral administration is still not considered
satisfactory. Improving the delivery of liposomes to

EXTREME MEDICINE | 2025, VOLUME 27, No 3

cells remains an important issue in current research
[20]. In that study, the authors used nanosized li-
posomes containing cholesterol to deliver mRNA en-
coding GFP to Caco-2 cells, which are often used as
a model for evaluating the delivery of liposomes by
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Photograph taken by the authors

Fig. 4. Results of confocal microscopy of the intestinal wall: A — after GFP injection without liposome packaging (no
GFP complexes); B — intestinal wall after administration of GFP liposomes; mark — liposomes with GFP

transcytosis. There is a lack of publications on the de-
livery of macromolecules in liposomes using in vivo
biologics. The results obtained in our study appear
important in terms of practical assessment of the lipo-
some use for delivering macromolecules through the
gastrointestinal tract.

CONCLUSIONS

1. Soy lecithin-based liposomes were obtained by the
thin-film hydration method.

2. The size of the obtained liposomes was estimated
by confocal microscopy, which confirmed the incorpo-
ration of green fluorescent protein. The liposomes ob-
tained by the selected method showed an average size
of 3-5 um.

3. It was shown that at the selected concentrations,
chitosan application to liposomes can lead to significant
aggregation of the final product, which in turn can nega-
tively affect its further uptake by cells.
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