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ARTICLE INFO ABSTRACT

Keywords: Background and aims: Nanotechnology provides the opportunity for construction of modern
Nanoparticles transport devices such as nanoparticles for a variety of applications in the field of medicine. A
Toxicity

novel experimental protocol for the formation of saponin-cholesterol-phospholipid nanoparticles
of vesicular structure has been developed and applied to prepare stable nanoparticles using escin
or glycyrrhizin as saponins.

Methods: The methods for nanoparticle construction include a sonication at 90 °C of the initial
mixture of components, followed by an additional sonication on the next day for incorporation of
an additional amount of cholesterol, thus forming stable unilamellar vesicles. Tests and assays for
cell viability, erythrocyte hemolysis, flow cytometry, and fluorescent microscopy analyses have
been performed.

Results: By selecting appropriate component ratios, stable and safe particles were formulated with
respect to the tested bio-cells. The prepared nanoparticles have mean diameter between 70 and
130 nm, depending on their composition. The versatility of these nanoparticles allows for the
encapsulation of various molecules, either within the vesicle interior for water-soluble compo-
nents or within the vesicle walls for hydrophobic components. The saponin particles formed after
cholesterol post-addition (E3-M2) are stable and 100 % of the cells remain viable even after 10-
times dilution of the initial particle suspension. These particles are successful included into iso-
lated mouse macrophages.

Conclusions: Among the variety of generated nanoparticles, the E3-M2 particles demonstrated
properties of safe and efficient devices for future vaccine design and antigen targeting to immune
system.

Liposomes
Immune targeting device

1. Introduction

Adjuvants are substances used to enhance the immune response, and to reduce the amount of antigen in the vaccine formulation
and number of immunizations needed to develop protection against a certain pathogen. The immunostimulating complex (ISCOM) was
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described in the literature 40 years ago by Morein et al. [1]. ISCOM’s are nanoparticles composed of cholesterol, saponin (usually the
natural extract from the bark of the Quillaja Saponaria, Quil A), phospholipids and respective antigen [2-4]. ISCOM matrix (i.e. ISCOM
without added antigen) [4,5] contains cholesterol (denoted as “chol”), Quil A and phospholipids (PCs) which self-assemble into a
cage-like structure. The matrix allows encapsulation of different antigens such as para-influenza-3 (PI-3) [1]; herpes simplex virus type
2 (HSV-2) [6]; human immunodeficiency virus (HIV) [7], Newcastle disease [8], etc. Recently, Novavax has developed an adjuvanted
vaccine targeting the SARS-CoV-2 spike protein, NVX-CoV2373 (Nuvaxovid™), which has efficacy for the prevention of COVID-19
[9-11]. This vaccine used Matrix-M adjuvant [12], consisting of two different forms of ISCOM nanoparticles prepared by two
different fractions of Quillaja Saponaria, namely Quil A and Quil C [13-15].

Several methods for ISCOM matrix preparation are described in the literature. The traditional methods include the usage of sur-
factants for solubilization of cholesterol and phospholipids [1]. In the centrifugation method, the replacement of surfactant (usually
Triton X 100) occurs during centrifugation through a sucrose gradient [16]. The method is relatively simple, but the amount of formed
ISCOMs matrices is unsatisfactory [17]. In the dialysis method, the surfactant (usually Mega 10) is used to solubilize cholesterol,
phospholipids and Quil A, and it is removed afterwards by dialysis for at least 3 days [18-23]. Pham et al. developed a surfactant-free
method for preparation of ISCOMs [17]. In this method, instead of surfactant, an ether was used for dissolution of cholesterol and
phospholipids. The ether solution was mixed with Quil A containing aqueous solution with the optimal ratio for ISCOMs preparation
PC:Quil A:Chol 5:3:2 [17]. This method has been used for preparation of saponinosomes from Ziziphus spina-christi as a cancer drug
carrier [24]. Instead of ether, Lendemans et al. [25] proposed the usage of ethanol for dissolution of cholesterol and phospholipids
before they were mixed with aqueous solution of Quil A. The method is relatively fast (2 h), and saponin from Carica papaya leaves has
been used for preparation of the ISCOM matrix [26]. In the lipid film hydration method, a thin layer of dried cholesterol and phos-
pholipids is placed in contact with a Quil A solution [27]. Then the solution is stirred, which leads to swelling of the layer and
spontaneous formation of liposomes. This method is simple (PC:Quil A:Chol ratio is 6:4:1), but the obtained particles are more het-
erogeneous as compared to those, prepared by the dialysis method [28,29]. In the reverse phase evaporation method [30], the lipids
are dissolved in a mixture of solvents, which leads to the formation of inverted micelles. The aqueous phase is added, resulting in the
formation of a water-in-oil emulsion, which is emulsified by stirring or sonication. The removal of the solvent is achieved by rotary
evaporation, which leads to the formation of a gel phase that finally collapses to form liposomes [30]. In all methods described in the
literature [30], surfactants or solvents are used during the preparation procedure and must be removed afterwards. In the experimental
protocol proposed in the current study, neither surfactant nor solvent is used.

Escin is a triterpenoid saponin that exhibits anti-inflammatory and antiedema effects [31]. Formation of novel structures in a
mixture of p-escin, dipalmitoylphosphatidylcholine (DPPPC) and cholesterol with a size of 100-200 nm was reported previously [32].
However, their adjuvant and hemolytic effects have not been studied so far.

The glycyrrhizin is the main active compound in licorice. Its antiviral [33] and immune stimulant activities against duck hepatitis
virus [34], as well as an adjuvant effect on the efficacy of lactococcosis vaccine in rainbow trout (Oncorhynchus mykiss) has been shown
in Ref. [35]. The glycyrrhizin also prevents hemorrhagic transformation and improves neurological outcome in ischemic stroke with
delayed thrombolysis [36]. The incorporation of glycyrrhetinic acid in liposomes further enhances the immune response against
Newecastle disease vaccine compared with the adjuvant alone [37]. Luo et al. discussed the therapeutic potential of glycyrrhizin for the
treatment of COVID-19 [38]. Bailly & Vergoten also proposed the usage of glycyrrhizin for therapy of the same disease, because it is
considered as a safe natural product, with a long-tested use in humans as a hepatoprotective agent [39]. Glycyrrhizin has been also
used for the treatment of chronic hepatitis (and other liver diseases) and has been proven to act against some coronaviruses such as the
porcine virus (PEDV). Furthermore, it has been shown that glycyrrhizin exhibits promising outcomes against SARS-CoV-2. Dia-
mmonium glycyrrhizinate in combination with vitamin C has been tested in clinical trials for COVID-19 treatment [40].

The functional property of many nanoparticles (NP) is the delivery of anti-cancer drugs and different cell-death applications [41].
In contrast, ISCOMs are primarily used for vaccine elements delivery and immunotherapy. However, ISCOMS’s cytotoxicity is the main
limitation factor for their exploration and exploitation [42-45]. Therefore, during the generation of these nanoparticles, their toxicity,
together with the immunostimulating effect, will be evaluated.

The aim of the current study is to develop a fast solvent-free and surfactant-free method for preparation of ISCOM matrix particles
which can be easily utilized for preparation of nanoparticles from different saponins. To the best of our knowledge, this study is the first
to propose the formation of nanoparticles using the saponins escin and glycyrrhetinic acid, rather than Quil A. These two saponins
could have very different adjuvant effects compared to the traditionally used Quil A. Utilizing escin and glycyrrhetinic acid for
nanoparticles creation is beneficial, as these saponins are extracted from trees native to Europe, whereas Quil A is derived from Quillaja
saponaria Molina which is commonly found only in South America. The safety of these particles is tested together with their ability to be
internalized by phagocytic cells in vitro, based on defined protocols for the initial stages of the pre-clinical trials for vaccine devel-
opment [46,47]. After safety and functional validation, these ISCOMs will be used for the generation of a COVID-19 vaccine and tested
in vivo.

2. Materials and methods
2.1. Materials
For preparation of the ISCOM matrix we used triterpenoid monodesmosidic saponins: p-escin purchased from Sigma-Aldrich

(Taufkirchen, Germany; purity >95 %; cat. No E1378-10G) and licorice - glycyrrhizic acid (ammonium salt) extracted from glycyr-
rhiza root, product of Sigma-Aldrich (purity >95 %; cat. No 50531-50G). Cholesterol was purchased from Sigma-Aldrich (purity >95
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%; cat. no. 26740); 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was obtained from Coatsome (NOF American corporation,
White Plains, NY) (MC-6060). For buffers and solutions preparation, we used NaCl and KCl purchased from Sigma-Aldrich; Na;HPO4
from Carlo Erba (Emmendingen, Germany, 480 144) and KHyPO4 from Fluka (Buchs, Switzerland, 60 220-1 KG). For gas chroma-
tography (GC) and high performance liquid chromatography (HPLC) analyses we used N,O-Bis(trimethylsilyDtrifluoroacetamide
(BSTFA, Sigma, T6381-10G), pyridine with purity of 99.8 % (Sigma, 270 970-100 ML), chloroform with purity of 99.98 % (Honey-
well, Morris Plains, New Jersey, 319 988), and hexadecanol with purity of 99 % (Sigma, C-7882). All aqueous solutions were prepared
with deionized water from water-purification system Elix 3 RiOs (Millipore, Burlington, MA).

2.2. ISCOM'’s preparation protocol

All samples were prepared in a phosphate-buffered saline (PBS) buffer (containing 137 mM NacCl, 2.7 mM KCl, 8.1 mM NayHPOy,
and 1.76 mM KHPOy). The required amount of saponin was dissolved in 10 ml PBS, followed by the addition of DPPC and cholesterol.
The samples were heated up to 90 °C and homogenized with a pulse sonicator (SKL-650W, Syclon, Ningbo Haishu Sklon Electronic
Instruments Co, Zhejiang, China) in a series of 1 s long pulses at 500W with 1 s power off. The total time for each sonication cycle was
10 min (including power on and power off periods). The temperature during sonication was maintained at 90 °C by water bath. After
each sonication cycle, the sample was stored at 90 °C for 10 min before the next sonication cycle started. Each sample underwent a total
of 3 sonication cycles during preparation. Afterwards, the samples were stored overnight at room temperature. The composition of
prepared samples is shown in Table 1 below.

The following day, 4.5 mg of cholesterol were added to certain samples, and 7 additional sonication cycles were applied to obtain
stable nanoparticles with low hemolytic activity. These samples are denoted as modified samples in the text below.

In some cases, Nile Red or Bodipy (1 mM) fluorescent dyes were included as described in section 2.8 below.

2.3. Turbidity measurements

The turbidity measurements were performed using Jasco Spectrophotometer V-730 (Easton, MD) at a wavelength of 500 nm at
20 °C temperature.

2.4. Centrifugation

The samples were centrifuged for 1 h at 20 000 g (5000 rpm) on SIGMA 3-16 PK centrifuge (Sigma Laborzentrifugen GmbH,
Osterode am Harz, Germany) to obtain a clear aqueous phase (serum) and sediment. Finally, the serum was filtered through a 200 nm
syringe filter (Sartorius, Goettingen, Germany) to obtain the suspension of ISCOM particles for further investigations.

Table 1
Composition of prepared samples, their absorbance measured before centrifugation and filtration, mean sizes (by volume, intensity and number), and
PDI determined for centrifuged and filtered samples.

ESC CH DPPC Absorbance Zave, NM PDI dy, nm d;, nm dy, nm
El 10 10 80 2.70 92 0.23 55 124 30

30 10 60 2.34 141 0.29 92 229 24
E2

50 10 40 0.65 93 0.18 83 115 57
E3

20 20 60 3.08 126 0.12 124 144 86
E4

30 25 45 2.95 115 0.04 110 122 92
E6

10 35 55 2.88 101 0.16 87 121 57
E8

20 40 40 2.75 91 0.13 78 102 60
E9

30 40 30 2.85 129 0.34 530 399 63
El1

40 20 40 2.39 128 0.14 126 151 81
E15

60 10 30 0.59 80 0.15 68 95 50
El6

40 10 50 0.88 100 0.24 96 133 59
E17

47.5 5 47.5 0.32 69 0.26 18 91 12
E20

ESC = escin; CH = cholesterol; DPPC = 1,2-dipalmitoyl-sn-glycero-3-phosphocholine; zayg = intensity based harmonic mean (2,3); PDI = poly-
dispersity index; dy = mean volume diameter; d; = mean diameter by intensity; dy = mean diameter by number.
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2.5. Dynamical light scattering (DLS)

DLS was performed using the Zetasizer Nano ZS instrument (Malvern Instruments, Malvern, UK). All measurements were con-
ducted at 25 °C. Solid-state laser with wavelength of 633 nm was used as a light source and the experiments were performed at 173°
scattering angle. From the measured autocorrelation function of the scattered light, the instrument calculates particle size charac-
teristics: Z-ave which is intensity based harmonic mean (2,3), polydispersity index (PDI), and the mean sizes by volume (dy), by in-
tensity (dp), and by number (dy).

2.6. Gas chromatography

The prepared samples were heated to 60 °C and the aqueous phase was allowed to evaporate at this temperature. Then, the solid
residue was dissolved in 400 pL chloroform which contained an internal standard (hexadecanol), followed by addition of 200 pL
pyridine and BSTFA. Following the derivatisation process, which lasted 60 min at 60 °C, the samples were diluted with iso-octane and
analyzed by GC. The cholesterol content was analyzed on Agilent 8890 (Agilent technologies, Santa Clara, CA) connected to auto-
sampler 7693A. Agilent DB-5HT capillary column with the following specifications was used: (5%-Phenyl)-methylpolysiloxane, 30 m
length, I.D. 0.32 mm, 0.1 pm film thickness. An injection volume of 1 pL and cold on-column injection was used. The oven was
programmed in the following way: start at 60 °C, hold 1 min, the 1st ramp is up to 180 °C at 10 °C/min, hold 0 min, 2nd ramp is to
375 °C at 30 °C/min, hold 10 min. Sample analysis time was 29.5 min. The flame ionization detector was operated at T = 380 °C.
Helium at a constant flow rate of 2 mL/min was used as a carrier gas. Hydrogen, air, and nitrogen (make-up gas) were used as detector
gasses. The concentrations of cholesterol were calculated from the internal standard hexadecanol.

2.7. Cryogenic transmission electron microscopy (cryo-TEM)

The ISCOM nanoparticles were observed using cryo-TEM. Vitrobot system (FEI, USA) was used for specimen preparation at 25 °C
and 100 % relative humidity. Briefly, a drop of the tested dispersion sample was placed on a holey carbon copper TEM grid, the excess
liquid was blotted off with filter paper, and then the sample was plunged into a liquid propane-ethane mixture to form a vitrified
specimen. Afterwards, the specimen was transferred into a liquid nitrogen and stored until further inspection. The cryo-TEM imaging
was performed using the Gatan cryo-specimen holder at JEM-2100 (JEOL, Tokyo, Japan) high-resolution transmission electron mi-
croscope. An acceleration voltage of 200 KeV was used, and the micrographs were recorded with a Gatan Orius SC1000 camera.

2.8. Incorporation of the fluorescent dyes Nile Red and Bodipy into the particles

Fluorescent dyes were incorporated in the particles in concentration 1 mM. The incorporation was done by adding the dye to the
saponin solution together with the cholesterol and the DPPC. The samples were heated up to 90 °C and homogenized with a pulse
sonicator in a series of 1 s long pulses at 500W with 1 s power off and following the protocol described in section 2.2.

2.9. Cell cultures

A20 cell line derived from mouse reticulum cell sarcoma (TIB-208) (RRID: CVCL_1940) and CT26.WT cell line derived from mouse
colon adenocarcinoma (CRL-2638) (RRID: CVCL_7256) were purchased from American Tissue Culture Collection, ATCC (Manassas,
VA, USA). Both cell lines were cultured in Roswell Park Memorial Institute (RPMI) - 1640 medium (R7755, Sigma-Aldrich), supple-
mented with 10 % heat-inactivated Fetal Bovine Serum (FBS) (F7524, Sigma-Aldrich) and antibiotic/antimycotic solution (A5955,
Sigma-Aldrich). The cell cultures were maintained at 37 °C/5 % CO and humidified atmosphere. At the beginning of each experiment,
the cell’s viability was assessed by Trypan blue exclusion. Cells with viability above 80 % were used in the following experiments.
Authentication included STR profiling to confirm genetic identity, morphological evaluation to verify cell characteristics, and growth
pattern assessment to match documented profiles. All cell lines utilized in the experiments reported in this study were confirmed to be
free of mycoplasma contamination through negative testing.

2.10. Viability assay

To evaluate the effect of the different nanoparticles on the test cells, MTT viability assay was performed [48]. A20 and CTC26.WT
cells were centrifuged for 10 min at 130xg, diluted 100x, and viability assessed by Trypan blue exclusion. The cells were cultured
overnight in 96-well cell culture plates (1 x 10* cells/well) in complete RMPI-1640 medium and maintained at 37 °C/5 % CO, and
humidified atmosphere. Later, the cells were co-cultured in the presence of serial dilutions of the nanoparticles’ solution (10x, 100x,
1000x and 10000x) for 24 h, 48 h and 72 h. Control wells with untreated cells were prepared for each time period. At the end of the
experiment, 20 pl of MTT ((3-[4,5-dimethylthiazol-2-y1]-2,5-diphenyltetrazolium bromide; thiazolyl blue, M2128, Sigma-Aldrich) was
added (5 mg/ml) into the experimental wells for additional 4 h. The formed formazan crystals were dissolved in 200 pl of dimethyl
sulfoxide (DMSO, 276 855, Sigma-Aldrich) and absorbance was measured at 595 nm. The percent of cell viability was calculated using
following formula:
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cells viability (%) — < absorbance of the exposed cells >x1 00

absorbance of the untreated cells
2.11. Animals

Transgenic 6-week-old B6.Cg-Tg(K18-ACE2)2Prlmn/J mice were purchased from The Jackson Laboratory (Bar Harbor, ME, USA).
The animals were housed under specific pathogen free (SPF) conditions in the barrier-type animal house at the Institute of Microbi-
ology with a light/dark cycle of 12/12 h at 20 °C until reaching 10 weeks of age. All manipulations were approved by the Animal Care
Commission at the Institute of Microbiology (N286/April 16, 2021) in accordance with the national regulations and the Guidelines for
the Care and Use of Laboratory Animals of the European Union (EU Directive 2010/63/EU).

2.12. Experimental design

Untreated 10 weeks old B6.Cg-Tg(K18-ACE2)2Prlmn/J mice (1 group, totally 30 animals) were used as blood donors for eryth-
rocyte hemolysis test as well as for obtaining of mouse peritoneal macrophages. No in vivo tests were performed on the animals.

2.13. Blood samples

Blood was obtained from the retro orbital venous sinus, and the blood samples from 12 mice were collected in test tubes, containing
124 mM sodium citrate (Sigma). Centrifugation at 2000 x g for 5 min was used to separate the erythrocytes from the blood plasma. The
enriched fraction was washed 3 times with PBS and finally resuspended in 5 ml PBS.

2.14. Erythrocyte hemolysis

The erythrocyte hemolytic effect of the nanoparticles was assessed using blood samples as 250 pl of the diluted nanoparticles (10x,
100x, 1000x and 10000x) were mixed with 10 pl of the erythrocyte suspension (see above). Control tubes (erythrocytes + PBS and
erythrocytes + dH»0) were used to determine the minimal and maximal levels of hemolysis. The tubes were incubated at 37 °C for 1 h
on a 3D shaker-incubator at 200 rpm. After the incubation, the samples were centrifuged at 2000xg for 5 min and the supernatants
(200 pl) were transferred to an ELISA plate. The absorbance was measured at 415 nm using a microplate reader. The percent of
erythrocyte hemolysis was calculated using the following formula:

absorbance of the experimental tubes
absorbance of the PBS tubes

erythrocyte hemolysis (%) = ( >xl 00

2.15. Flow cytometry analysis

To determine whether the produced nanoparticles were interacting with the F4/80 positive macrophages, we used fluorescence-
activated cell sorting (FACS). Mouse peritoneal cells were isolated by lavage with PBS, counted and 2 x 10° cells were transferred to
FACS tubes. Next, the cells were incubated for 30 min with nanoparticles incorporated with Nile Red, washed, and incubated with anti-
F4/80-FITC labeled antibody (123 107, Biolegend) for an additional 30 min. The dye incorporated in nanoparticles was detected by the
PE-Texas Red filter, and the percentage of Nile Red-positive F4/80 cells was determined with BD LSR II flow cytometer using the Diva
6.1.1. software (BD Biosciences, Mountain View, CA).

2.16. Fluorescent microscopy analysis

Following the FACS assay, fluorescence microscopy analysis of the cell-included nanoparticles was performed. Peritoneal mac-
rophages isolated as described before were plated on microscope slides (2 x 10° cells per slide) and incubated in Dulbecco’s Modified
Eagle Medium (DMEM, D5648, Sigma-Aldrich, Merck) supplemented with 10 % heat-inactivated Fetal Bovine Serum (FBS) and
antibiotic-antimycotic solution for 24 h at 37 °C/5 % CO2 in humidified atmosphere.

Next, the slides were washed with PBS and were incubated with 10x diluted Nile Red-nanoparticles in complete DMEM medium for
another 18 h. Later, the samples were fixed with 4 % Paraformaldehyde (PFA) and permeabilized with 0.2 % Tween-PBS/Ca/Mg. The
fixed and permeabilized cells were incubated consecutively with Actin Green 488 ReadyProbes Reagent (AlexaFluor™ 488 phalloidin,
R37110, Thermo Fisher Scientific, Waltham, MA) and Hoechst 33 342 Staining Dye Solution (ab228551, Abcam, Cambridge, UK).
After 3 washing steps with PBS/Ca/Mg, the slides were mounted and left in the dark to dry. Leica DM6 B microscope (Wetzlar,
Germany), and Leica LAS-X software were used for the observation and analysis.

2.17. Statistical analysis
All statistical analyses were performed with Prism software from GraphPad (San Diego, CA). The two-way ANOVA test was used to

determine differences between each two groups and values in the figures correspond to mean + SD. All erythrocyte hemolysis, and
viability tests were triplicated. A value of p < 0.05 was considered as statistically significant.
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3. Results
3.1. Escin particles construction

3.1.1. Particle size and polydispersity of non-modified particles

In the first series of experiments, nanoparticles from escin, DPPC and cholesterol at different ratios were prepared. The turbidity of
the initial suspensions after their preparation (before the centrifugation), the sizes, and the PDI of the particles remaining in the so-
lution after centrifugation and filtration, are compared in Table 1. It is seen that most of the samples are very turbid (with absorbance
above 1 R.I.), and only samples containing relatively low amounts of cholesterol (<10 %) and high amounts of escin (>45 %) are
opalescent. After centrifugation and filtration, the samples became transparent and measured 2z, values were between 70 and 140 nm,
while the mean volume diameter (d,) varied between 18 nm (sample E20) to 530 nm (sample E11). These results show that a high ratio
of saponin to cholesterol is required to obtain clear formulations with particle size suitable for ISCOM development, i.e. between 40
and 80 nm. A fraction of the prepared particles fell within this range. We chose to test the model cell viability after co-incubation with

A A20

— 24h - 24h — 24n
- 48h — 48h — 48h
— 72h — 72h — 72h
— v T T T T
2 10 100 1000 10000 10 100 1000 100® 10 100 1000 10000
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Fig. 1. A20 and CT26.WT cells viability after 24 h (red curves), 48 h (blue curves), and 72 h (green curves) after treatments with particles as a
function of dilution. Untreated cells were used as controls with 100 % viability for each time period. 1A. Treatment of cell lines with samples E3,
E16 and E20 from Table 1; 1B. The same treatment of cell lines with modified particles (samples E3-M, E16-M and E20-M from Table 2). All samples
were triplicated and mean + SD values were presented for each group; p values were calculated using the two-way ANOVA test (*p < 0.05; **p <
0.01). A representative of three independent experiments is shown.
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samples E3, E16, and E20, which had the lowest initial turbidity. This is because, after centrifugation and filtration, a significant
fraction of the initially dispersed material was removed from the other samples with higher turbidity. Samples with numbers E5, E7,
E10, E12, E13, E14, E18, and E19 contain either very small particles or very large precipitates, which is why they have not been
analyzed further.

3.1.2. Cell tests of non-modified particles

The experimental results from the cell tests with the chosen particles, using A20 and CT26 cell lines, showed that the tested cells
remain viable after treatment with 1000-folds and 10 000-folds diluted samples, whereas there were practically no viable cells left after
treatment with 10-folds diluted samples (Fig. 1A). Significant differences were found comparing the results obtained after 24 h and 72
h incubation using the A20 cell line co-cultured with E20 particles (100x ), and when using CT26.WT cells co-cultured with E3 particles
(100x). It seems that part of escin molecules were not tightly bound to the particles and remained dissolved as monomers in the
aqueous phase.

It is known that B-escin is a surface-active compound which possesses hemolytic potential. The free escin molecules can penetrate
the cell membrane and to disrupt its integrity, leading to cell death. The main function of cholesterol in ISCOM particles is to prevent
the leakage of free saponin molecules. Better results were achieved with sample E3 at 100-folds dilution, as compared to the results
obtained with samples E16 and E20.

3.1.3. Particle size, cell tests and cryo-TEM of modified particles

To decrease the concentration of free escin molecules in the samples, we modified the particle preparation procedure by adding an
additional amount of cholesterol to the particles already formed from samples

E3, E16, and E20. An additional 22.5 mg of cholesterol was introduced to these samples through application of 4 extra sonication
cycles. The properties of the modified particles are compared with the properties of the initial particles in Table 2. The addition of
cholesterol led to significant increase of the samples turbidity and to increase in the mean size of the particles, observed after
centrifugation and filtration.

The experimental data from the viability tests on A20 and CT26.WT cells, incubated with modified particles, is shown in Fig. 1B.
The addition of cholesterol to all studied particles has a beneficial effect on cell viability. This effect was significantly pronounced for
E3-M particles which had the highest cholesterol/escin ratio. As a consequence, these particles had almost negligible effect on cell
viability. Significant differences were observed comparing the results after 48 h and 72 h incubation when using CT26.WT cells co-
cultured with E16-M particles (100x, 1000x), and with E20-M particles (100x, 1000x).

Next, we prepared new escin nanoparticles based on the E3-M composition, but with higher cholesterol content by adding 31.5 mg
cholesterol instead of 22.5 mg to E3 sample. The characteristics of these particles (E3-M2) are shown in Table 2. The additional amount
of cholesterol slightly increased the size of the particles without changing their polydispersity. The resulting E3-M2 particles were
observed to be hollow, as shown in cryo-TEM micrograph (Fig. 2A). The difference in the contrast between the surface of the particles
and their core, indicates well defined surface layer and hollow core, as schematic depicted in Fig. 2C. Therefore, we can expect that
different types of antigens can be incorporated inside the particle core or on the particle surface.

The cell viability after incubation with E3-M and E3-M2 particles were tested using A20 and CT26.WT cell lines (Fig. 3). After
treatment with modified E3-M2 particles, cells from both lines remained viable, whereas when using E3-M particles at a 10-fold
dilution, there were no viable cells after 24 h only.

3.2. Glycyrrhizin particles construction

Following the same experimental protocol as the one used for preparation of E3-M and E3-M2 particles, we prepared new nano-
particles using Glycyrrhizin instead of escin. The properties of particles containing Glycyrrhizin are shown in Table 2. The size and PDI
of G3-M particles are very close to those of E3-M particles, whereas much smaller in size particles with low polydispersity were formed

Table 2
Composition of the original and modified samples after cholesterol addition, their absorbance measured before centrifugation and filtration, mean
sizes and PDI determined for centrifuged and filtered samples.

CH post addition ESC CH DPPC Absorbance Zave, NIM PDI dy, nm d;, nm dy, nm
E3 No 50 10 40 0.65 93 0.18 83 115 57
E3-M Yes, once 40.8 26.5 32.7 2.46 122 0.15 118 144 77
E3-M2 Yes, twice 38.0 31.6 30.4 2.62 130 0.15 133 155 87
El6 No 60 10 30 0.59 80 0.15 68 95 50
E16-M Yes, once 49 26.5 24.5 1.69 105 0.11 95 118 70
E20 No 47.5 5 47.5 0.32 69 0.26 18 91 12
E20-M Yes, once 38.8 22.4 38.8 2.67 125 0.22 182 196 65
Glyc CH DPPC Absorbance Zave, NIM PDI dy, nm dy, nm dy, nm
G3-M Yes, once 40.8 26.5 32.7 2.49 130 0.15 133 152 89
G3-M2 Yes, twice 38.0 31.6 30.4 2.63 70 0.11 60 80 50

ESC = escin; CH = cholesterol; DPPC = 1,2-dipalmitoyl-sn-glycero-3-phosphocholine; Glyc = glycyrrhetinic acid; zayg = intensity based harmonic
mean (2,3); PDI = polydispersity index; dy = mean volume diameter; d; = mean diameter by intensity; dy = mean diameter by number.
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Fig. 2. Cryo-TEM images of the particles from E3-M2 sample, 200 keV, magnification 40000 x (A) Without fluorescence dye; (B) after incorporation
of Nile red, magnification 10 000x; (C) Schematic presentation of the ISCOM particles formed in the current study. The composition of the bilayer of
the formed particles is schematically shown: Saponin = escin; Chol = cholesterol; PC = 1,2-dipalmitoyl-sn-glycero-3-phosphocholine.
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Fig. 3. A20 and CT26.WT cell viability after 24 h (red curves); 48 h (blue curves) and 72 h (green curves) after treatments with modified particles
from samples E3-M; E3-M2; G3-M and G3-M2 (from Table 2) as a function of dilution. Untreated cells were used as controls with 100 % viability for
each time period. All samples were triplicated and mean + SD values were presented for each group; p values were calculated using the two-way

ANOVA test. A representative of three independent experiments is shown.

after addition of 31.5 mg cholesterol when Glycyrrhizin (instead of escin) was used for particle preparation (cf. G3-M2 and E3-M2).
The toxicity of G3-M and G3-M2 particles was tested on A20 and CT26.WT cells (Fig. 3). Interestingly, better viability was obtained
when G3-M particles were used as compared to G3-M2, which is probably related to some structural changes appearing upon further
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cholesterol addition. The cholesterol addition also caused a significant decrease in the particle size (see Table 2).

In some additional experiments, the fluorescent dyes Nile Red and Bodipy were included into the particles. The main characteristics
of the dye-containing particles are shown in Table 3. Dyes inclusion into the particles has no significant effect on their size and
polydispersity.

3.3. Erythrocyte hemolysis assay

Escin-containing particles were utilized in the subsequent experiments due to their stability and low cytotoxicity. This enabled us to
continue with the erythrocyte hemolysis experiments. The E3-M2 particles exhibited low levels of erythrocyte hemolysis across all
dilution factor, which made them preferable for the next series of experiments (Fig. 4).

3.4. Nanoparticles penetration into the macrophages

FACS analysis was conducted to determine the interaction between the nanoparticles and macrophages. The isolated peritoneal cell
population was co-cultured with the 10x diluted nanoparticles E3-M2, incorporated with Nile Red, and further incubated with the
macrophage-specific F4/80 antibody. The results from FACS analysis revealed that nearly all of the gated F4/80-positive macrophages
had taken the E3-M2- Nile Red nanoparticles (Fig. 5A). It was not possible to use the second included dye, Bodipy, in the same
experiment because its spectrum overlaps with the FITC spectrum.

3.5. Fluorescence microscopy analysis

The FACS analysis demonstrated that the nanoparticles were integrated to the F4/80 positive cells. However, further investigation
was needed to ascertain whether they were internalized into the cytoplasm or merely attached to the cell surface. For that reason, a
fluorescence microscopy analysis was performed. The isolated macrophages were co-cultured with the nanoparticles on microscope
slides to verify the particles internalization. The integrity of actin filaments of the cytoskeleton and the nuclear structure were checked
as well. The results showed that the Nile Red-containing E3-M2 particles are able to penetrate macrophages and that neither the
cytoskeleton, nor the nuclear structure were damaged, Fig. 5B.

4. Discussion

Over the past decade, there has been a significant rise in the utilization of nanoparticles for delivering vaccine components. A
variety of nanoparticle types with diverse physicochemical properties, including shape, size, and charge, have been developed for
application against viral and bacterial infections. This variety includes gold or iron oxide nanoparticles, polymeric, liposomes, as well
as virus-like nanoparticles used as adjuvants or vehicles for pathogen structures delivery. The small size of particles limited to nano-
range offers the advantage of scaling to match the size of many viruses or multi-unit proteins, thereby improving cell recognition and
internalization [49].

The proposed method for fast formation of safe saponin-cholesterol-phospholipid nanoparticles has been successfully applied to
two different saponins, escin and glycerrhizin, yielding similar results and demonstrating its versatility. The particles prepared by this
method exhibit a non-perforated structure, resembling liposomes or unilamellar vesicles, as depicted in Fig. 2.

Table 3

Composition of Glycyrrhizin-containing particles after Nile Red or Bodipy inclusion, their absorbance measured before centrifugation and filtration,
mean sizes and PDI determined for centrifuged and filtered samples. First fourth rows show the data for particles formed after addition of Nile Red,
whereas last fourth rows show the data for particles formed in presence of Bodipy.

Dye Absorbance Zave, NM PDI dy, nm d;, nm dy, nm
E3-M-N Nile Red 5.4 130 0.12 133 152 90

Nile Red 5.7 130 0.12 130 150 85
E3-M2-N

Nile Red 4.4 130 0.17 130 155 80
G3-M-N

Nile Red 4.3 70 0.10 60 75 45
G3-M2-N

Bodipy 5.4 120 0.14 120 140 80
E3-M-B

Bodipy 5.3 130 0.11 130 147 20
E3-M2-B

Bodipy 4.5 110 0.12 92 120 100
G3-M-B

Bodipy 3.3 70 0.10 60 75 46
G3-M2-B

Zavg = intensity based harmonic mean (2,3); PDI = polydispersity index; dy = mean volume diameter; d; = mean diameter by intensity; dy = mean
diameter by number.
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Fig. 4. Erythrocyte hemolysis induced by E3-M and E3-M2 particles as a function of dilution. All samples were triplicated and mean + SD values
were presented for each group; p values were calculated using the two-way ANOVA test (*p < 0.05; ***p < 0.001; ****p < 0.0001) compared to 100
% hemolysis control. A representative of three independent experiments is shown.

The structure of the Escin- and Glycerrhizin-containing particles is different from the structure of the Quillaja-containing ISCOM
particles, obtained by the previously established methods; the latter have a cage shape with perforated walls. This difference is
attributed to the absence of surfactant in the current method. In the conventional approach, saponins, phospholipid (PC), and
cholesterol are first solubilized in a surfactant solution, which is subsequently removed by dialysis. In the newly proposed method, the
surfactant is removed, thus leading to solubilization of PC and cholesterol directly into the saponin micelles. The initial mixture reveals
various aggregates - micelles, unilamellar vesicles, and cholesterol crystals. The addition of cholesterol enables its incorporation into
saponin micelles, facilitating their transformation into unilamellar vesicles with rigid layers during the last cycles of sonication.
Subsequent centrifugation and filtration remove the residual DPPC/cholesterol crystals, thus leaving solely the stable vesicles in the
aqueous phase. The incorporation of different dyes does not alter the appearance of the particles, as the dyes are initially solubilized in
the saponin micelles before being integrated into the final vesicle walls.

These vesicles exhibit the ability to encapsulate water-soluble substances within the vesicles and hydrophobic substances within
the hydrophobic vesicle wall. This characteristic will be demonstrated and explored further in a subsequent study, where various
peptides are successfully incorporated into the formed particles.

For both saponins used, the safe particles have mean number diameter, dy ~ 90 nm, even after undergoing various stages of
cholesterol addition. This consistent diameter suggests that this curvature is characteristic for the vesicle wall. When particle sizes are
smaller, cell viability decreases significantly, showing that these particles have flexible bilayers capable of releasing free saponin
molecules into the solution. This hypothesis is supported by the presence of elongated particles in these samples (images not shown).
Furthermore, the increase of cholesterol content for Glycyrrhizin-particles leads to formation of cholesterol nanoparticles and flexible
unilamellar vesicles. As a consequence, free saponin molecules are once again present in the solution, and the corresponding particles
(G3-M2) exhibit higher toxicity compared to G3-M1 particles.

The main differences between existing methods and the one proposed in this study are: (1) In the current method instead of using
syndet surfactant [1,19,20] for cholesterol and DPPC solubilization, as in the classical method for ISCOM’s preparation, saponin
micelles are used for cholesterol and DPPC solubilization. (2) To achieve the immobilization of saponin molecules inside the liposomes
wall, additional cholesterol is added after particle formation. Otherwise the saponin molecules remain freely exchangeable with the
water and the observed hemolytic activity is very high. Previous studies have shown that the inclusion of cholesterol in liposomes
increases their rigidity, particle size and incorporation efficiency with respect to retinol [50-53]. However, in the current study, we
have shown for the first time that the post-addition of cholesterol to pre-formed liposomes can decrease their hemolytic activity
significantly.

The main advantages of the proposed method are: (1) It can be applied to different types of saponins; (2) It can be used for
incorporation of water-soluble molecules inside the particle interior and oil-soluble molecules within the particle wall.

The current method relies on the removal of large aggregates through filtration, which can significantly reduce particle yield if
larger particles are preferentially formed.

Despite the physical characteristics of nanoparticles, the primary factors determining their application are the purpose for their
construction and intended use. Interactions between nanoparticles and targeted cells, followed by cell internalization and interaction
with inner membranes and intracellular organelles, can be affected by various factors [54-56]. Weak nanoparticle-cell interaction can
result in ineffective cell internalization and delivery, but surface engineering can significantly impact cytotoxic effects. For cytotoxic
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Fig. 5. (A) FACS assay for the integration of the E3-M2-Nile Red nanoparticles into the F4/80-positive cells. Isolated mouse macrophages were co-
cultured with the nanoparticles E3-M2-Nile Red, and the staining with F4/80-FITC and E3-M2-Nile Red incorporation were measured by flow
cytometry. The percentage of stained cells is shown in the quadrants. A representative of four independent experiments is shown. (B) Fluorescence
microscopy analysis of the E3-M2-Nile Red included nanoparticles combined with staining of nuclei and actin (bars = 20 pm, magnification 20x).
Control cells without E3-M2-Nile Red particles (Line A) validated the protocol and the initial shape of the cells. Experimental slides with E3-M2-Nile
Red particles, (Lines B, C, D, E, F) showed the integration of the particles within the cells. Actin Green (Column 1) stained the actin in the cells, while
Hoechst stain (Column 2) was used to colour the cells nuclei. The Nile Red E3-M2 included particles (column 3) were observed in the red spectrum.
Il/[erged images of all columns are represented in Column 4.

drug delivery in malignant cells therapy and the destruction of pathogenic microorganisms, nanoparticle self-cytotoxicity of can be
advantage [43,44]. Conversely, nanoparticles intended for vaccine element delivery must be safe and non-toxic during recognition by
mammalian cells and cellular components. Fundamental requirements for these nano-devices carrying viral or bacterial peptides or
proteins include high cell viability level during the interactions, absence of nanoparticle-induced hemolysis, and specific penetration
into the target cells.

Indeed, following the initial screening of different types of nanoparticles, composed of escin and glycerrhizin based on their effects
on cell viability after incubation of all nanoparticles with two cell lines, the selected particles successfully passed the erythrocytes
hemolysis test [59-61]. This evaluation was performed within the window between potential cytotoxic concentrations and therapeutic
doses. Consequently, the E3-M2 particles were ready for further exploration as potential carriers for specific applications.

The purpose of our experiments is to generate particles such as E3-M2, and to use them for viral peptide carriers in clinical settings.
As a logical target for these peptide-loaded nanoparticles we assume the macrophages — important antigen-presenting cells (APCs)
during the immune response development after infection or vaccination. These cells express various specific surface receptors involved
in the cell activation and adhesion of nanoparticles on cell membranes and subsequent internalization by phagocytosis or by gener-
ating temporary pores in the plasma membranes [57,58]. To prove this assumption, we performed FACS analysis to test the Nile Red
labeled E3-M2 nanoparticles interaction with isolated mouse macrophages. Indeed, almost 100 % of the F4/80-FITC-gated macro-
phages were positive for the Nile Red dye, confirming successful interaction between the cells and the E3-M2 nanoparticles. Unfor-
tunately, this experiment cannot answer the question: is the particle just paste to the cell surface after adhesion or it is internalized into
the cell. Such complete internalization of nanoparticles can be exhibited by fluorescence microscopy analysis. In our experiments, we
observed the internalization of E3-M2 particles, which covers the requirements for their use as a peptide carrier for the next step in
developing a new vaccine generation.

Here, we present new nanoparticles which have the potential to be used for the future assembly of a multi-epitope vaccine pro-
totype against SARS-CoV-2, with the aim of being immunogenic in humanized ACE2 transgenic B6.Cg-Tg(K18-ACE2)2Prlmn/J mice.
The designed viral epitopes originate from the pool of human SARS-CoV-2 T-cell epitopes, and number of in vivo experiments in
humanized-ACE2 transgenic mice will exhibit the properties of the generated nanoparticles. This substantial advancement in un-
derstanding the interactions between nanoparticles and targeted APCs underscores the need for future research to access the effec-
tiveness of peptide delivery in preclinical trials and animal experiments. Further investigations are required to determine the
scalability of the method and to access the in vivo efficiency of the prepared nanoparticles containing antigens.

5. Conclusions

In the current study, we developed a new experimental protocol for formation of nanoparticles from PC, cholesterol and two
different saponins — escin and glycyrrhetinic acid. The experimental protocol, proposed in the current study, involves the initial
formation of nanoparticles through sonication, followed by the addition of cholesterol to the aqueous phase to reduce the concen-
tration of free saponin molecules. Subsequent centrifugation is employed to eliminate aggregates of cholesterol and phospholipids that
are not included within the liposomes. This solvent-free method is fast and does not require the use of surfactants.

The formed particles have a mean diameter ranging between 70 and 130 nm, depending on their composition. When cholesterol is
post-added to the formed particles, cell viability increases, with 100 % of cells remaining viable even after a 10-fold dilution of the
initial particle suspension. The addition of fluorescence dyes (Nile Red and Bodipy) does not significantly affect the shape and size of
the prepared particles. Both the MTT viability assay and the erythrocyte hemolysis test identified E3-M2 nanoparticles as safe and
suitable for further investigations. E3-M2 particles have demonstrated the ability to deliver molecules such as Nile Red to F4/80-
positive cells and can be internalized by macrophages.
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