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The elasticity of silicone-stabilized liposomes &=
has no impact on their in vivo behavior
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Abstract

Background The elastomechanical properties of nanocarriers have recently been discussed as important for the
efficient delivery of various therapeutics. Some data indicate that optimal nanocarriers’elasticity can modulate in
vivo nanocarrier stability, interaction with phagocytes, and uptake by target cells. Here, we presented a study to
extensively analyze the in vivo behavior of LIP-SS liposomes that were modified by forming the silicone network
within the lipid bilayers to improve their elastomechanical properties. We verified liposome pharmacokinetic profiles
and biodistribution, including retention in tumors on a mouse model of breast cancer, while biocompatibility was
analyzed on healthy mice.

Results We showed that fluorescently labeled LIP-SS and control LIP-CAT liposomes had similar pharmacokinetic
profiles, biodistribution, and retention in tumors, indicating that modified elasticity did not improve nanocarrier in
vivo performance. Interestingly, biocompatibility studies revealed no changes in blood morphology, liver, spleen, and
kidney function but indicated prolonged activation of immune response manifesting in increased concentration of
proinflammatory cytokines in sera of animals exposed to all tested liposomes.

Conclusion Incorporating the silicone layer into the liposome structure did not change nanocarriers’' characteristics
in vivo. Further modification of the LIP-SS surface, including decoration with hydrophilic stealth polymers, should

be performed to improve their pharmacokinetics and retention in tumors significantly. Activation of the immune
response by LIP-SS and LIP-CAT, resulting in elevated inflammatory cytokine production, requires detailed studies to
elucidate its mechanism.

*Correspondence:
Monika Bzowska
monika.bzowska@uj.edu.pl

Full list of author information is available at the end of the article

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available
in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12951-024-02698-9&domain=pdf&date_stamp=2024-8-2

Hinz et al. Journal of Nanobiotechnology (2024) 22:467

Page 2 of 16

Graphical Abstract
Pristine Silicone- . .
liposomes stabilized No alterations in the serum
DODAB liposomes pharmacokinetic profile

Keywords Liposomes, Silicone network, Nanocarrier elasticity, Nanoparticles biodistribution, Nanotoxicity,
Proinflammatory cytokines, Nanoparticles tumor accumulation

OPBS [ILIP-CAT ALIP-SS

30 60 120 240 1440 2880
Time [minutes] (24h) (48h)

3

Background

Lipid nanoparticles, primarily liposomes, are the most
critical nanomedicines due to their biocompatibility,
uncomplicated and low-cost synthesis, and ability to
encapsulate chemically diverse molecules. Since the U.S.
Food and Drug Administration (FDA) approved Doxil,
the first liposomal drug, in 1995, the pool of liposome-
or lipid-based nanoparticles has grown to more than 30,
and the molecules delivered include anticancer drugs,
immunosuppressive drugs, and mRNA encoding viral
proteins [1, 2]. Despite many years of clinical use, lipo-
somes are still not considered optimal nanocarriers, and
their main drawbacks are insufficient physical, chemical,
and biological stability, including a tendency to aggregate
and uncontrolled drug release [3]. Modifying the lipo-
some chemical composition is the most common action
aimed primarily at improving liposome behavior in vivo.
Covalent cross-linking of the lipid bilayer, cholesterol, or
chitosan incorporation into a lipid bilayer, but predomi-
nantly, surface modification with polyethylene glycol
(PEG), can markedly improve liposome stability in blood
circulation, and thus delivery to sick tissue [4—7]. How-
ever, recent data from animal studies and clinical obser-
vations revealed that PEGylated nanomedicines might
induce an immune response that involves the production
of anti-PEG antibodies, activation of the complement
system, and hypersensitivity reactions [8]. It is, therefore,
justified to develop alternative methods to improve the in
vivo performance of liposomes.

Recently published observations indicate optimal
elastomechanical properties of nanoparticles might be
important for their stability in vivo and uptake by phago-
cytic or target cells (i.e., tumor cells). Yi et al. and Shen
et al. presented the results of computer simulations
showing that soft nanoparticles, when interacting with
the cell membrane, can stick and flatten on its surface.

Consequently, the convex cell membrane surrounds
them faster in the first uptake phase. Subsequently,
the absorption process of soft nanoparticles is slowed
down, and eventually, a faster uptake of rigid nanoma-
terials is observed [9, 10]. The phenomenon of far more
rapid cellular uptake of rigid than softer nanoparticles’
was presented by Hui et al. Using the library of silica
nanocapsules differing in Young’s modules, the authors
observed that the differences in cellular uptake depend-
ing on elastic modules are more evident for phagocytic
cells (e.g., RAW264.7, mouse monocyte/macrophage
cell line) than for cancer cells (SKOV3, human ovarian
cancer cell line) and suggested that this phenomenon
might be related to the different mechanisms of endocy-
tosis of materials found in these cells [11]. Ma et al. also
indicated that RAW 264.7 and HeLa (human adenocar-
cinoma cell line derived from cervical epithelial cells)
were more likely to take up the stiff SiO, capsule than the
softer ones. They confirmed that the uptake mechanism
for stiff SiO, capsules is clathrin-mediated, but for softer
SiO, capsules, it is via a caveola-dependent pathway [12].
Interestingly, another team presented results indicat-
ing that RAW 264.7 cells take up rigid hydrogel-based
nanoparticles via the clathrin-dependent pathway, while
nanoparticles with lower stiffness due to macropinocyto-
sis. However, they did not confirm that the uptake inten-
sity depended on the elasticity features [13]. On the other
hand, Teng et al. showed that MCEF-7 cells (human breast
adenocarcinoma cell line) took up softer silica nanopar-
ticles more easily than stiff ones [14]. Nanoparticle elas-
ticity also seems essential for improving nanocarriers’ in
vivo fate. Anselmo et al. showed that a more significant
amount of softer PEG-based hydrogel nanoparticles than
stiff nanoparticles circulated in the blood after intrave-
nous injection. However, this phenomenon was observed
only up to 2 h after administration of nanoparticles.
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Subsequently, the differences in pharmacokinetic profiles
between soft and stiff nanoparticles were considered neg-
ligible [15]. Yet other studies performed for small unila-
mellar vesicles differing in elastomechanical properties
demonstrated that in vivo tumor penetration might vary
depending on vesicle rigidity [16]. In light of these obser-
vations, it seems necessary to conduct further studies
that will more closely verify the dependence between the
elasticity of nanocarriers and the efficiency of their tumor
accumulation and uptake by different cells.

In our previous studies, we obtained and character-
ized novel liposomes stabilized with a silicone layer.
Developed by us, the stabilization method allowed us to
obtain stable nanocarriers with the zeta potential val-
ues of the pristine liposomes. The protocol involved the
base-catalyzed polycondensation of commercially avail-
able silicone precursor — 1,3,5,7-tetramethylcyclotetrasi-
loxane (D,") occurring within the liposomal bilayer.
Transmission electron microscopy (TEM) and dynamic
light scattering (DLS) measurements demonstrated that
the modified silicone liposomes exhibit the typical lipid
vesicle’s size and morphology. However, their stability
in vitro is significantly improved. We demonstrated that
silicone-stabilized liposomes have lower calcein permea-
bility than pristine liposomes after Triton X-100 titration.
Moreover, fetal bovine serum had no noticeable effect on
the permeability of the tested liposome membrane to cal-
cein [17].

We also investigated elastomechanical features since
they are essential when considering carrier-cell interac-
tions. Using atomic force microscopy (AFM) measure-
ments and applying the Derjaguin—Muller—Toporov
(DMT) model, the elastic modulus of the silicone-stabi-
lized and the pristine liposomes was assessed. Our find-
ings revealed that the silicone network formed inside
the liposomes bilayer resulted in higher values of DMT
modulus (35 GPa and 5 MPa for stabilized and pure
vesicles, respectively) and, therefore, increased the rigid-
ity of these nanocarriers compared to pristine ones.
Importantly, high biocompatibility of stabilized lipo-
somes in vitro was also demonstrated [18]. In this work,
we focused for the first time on the in vivo behavior of
intravenously administered silicone-stabilized liposomes.
We used liposomes with identical surfaces despite using
a silicone layer for stabilization. Hence, they were a per-
fect model to study the effect of liposomes’ exclusively
elastomechanical properties on their behavior in vivo.
First, we were interested in verifying whether improv-
ing the elastomechanical properties of liposomes would
be sufficient to obtain long-circulating liposomes with-
out needing, i.e., PEG functionalization. The pharmaco-
kinetics, biodistribution, and elimination routes of the
tested nanocarriers were performed in a mouse model of
breast cancer to investigate simultaneously their tumor
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localization. Additionally, we evaluated the acute and
long-term toxicity of silicone-stabilized liposomes in
healthy mice. Our results are significant in light of under-
standing the influence of the elastomechanical properties
of liposomes on their biological behavior.

Materials and methods

Materials

1,3,5,7-Tetramethylcyclotetrasiloxane (D,”, ABCR), L-a-
phosphatidylcholine from frozen egg yolk type XVI-E
(PC lipid, Sigma, 100 mg/ml solution in ethanol), dimeth-
yldioctadecylammonium bromide (DODAB, Fluka),
L-a-Phosphatidylethanolamine-N-(lissamine rhodamine
B sulfonyl) (Ammonium Salt) (PE-Rhod) (Avanti). Lipo-
polysaccharide (LPS) from Escherichia coli 0111:B4, fla-
gellin from Bacillus subtilis, FSL-1, and CU-T12-9 were
from InvivoGen, San Diego, CA, USA. Formaldehyde
solution 4%, buffered, pH 6.9, and eosin Y alcoholic solu-
tion, with phloxine, were from Merck (Darmstadt, Ger-
many). The hematoxylin stain solution modified Harris’
formulation, and xylene was from VWR International
(Radnor, U.S.).

Preparation of cationic (LIP-CAT) and silicone-stabilized
(LIP-SS) liposomes

The liposomes were obtained utilizing the procedure we
developed and described earlier [18]. For LIP-CAT, 50 pl
of DODAB solution (8.4 mg/ml in ethanol) was mixed
with 50 ul of PC solution (100 mg/ml in ethanol). Such
an amount of DODAB constituted 10% of PC molar con-
tent. The mixture was vortexed for about 5 min, and eth-
anol was evaporated under the gentle stream of nitrogen.
Thus, the obtained film was subsequently hydrated with
5 ml of PBS and vortexed. The resulting multilamellar
liposomal dispersion was extruded five times through the
membrane filters with 100-nm pores using a gas-pressur-
ized extruder. The silicone-stabilized liposomes (LIP-SS)
were fabricated by adding to the ethanolic solutions of
PC and DODAB an appropriate amount of D,H (1 mg),
which constituted 60% of the total molar content of used
lipids. Then, the protocol for LIP-CAT preparation was
applied. To initiate the polycondensation processes of the
precursor, the resulting film was hydrated with PBS at pH
adjusted to 8.5 (this PBS was used as a control in all bio-
logical experiments). After extrusion, the dispersion was
stirred for 24 h at room temperature.

Preparation of fluorescently labeled liposomes LIP-CAT; ,
and LIP-SSg;

Fluorescently labeled liposomes were obtained using the
procedure described above for the preparation of lipo-
somes, with the only difference being that to the ethano-
lic solution of PC, DODAB (LIP-CAT), and DAxH (LIP-SS),
the appropriate amount of the PE-Rhod stock solution
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(1 mg/ml in ethanol) was added. The PE-Rhod concen-
tration in the liposome dispersions was optimized to
achieve a high fluorescence signal while minimizing the
impact on the size of the resulting labeled nanocarriers.
The selected concentration was PE-Rhod=5x10"% M.
The fluorescence spectra of the samples (LIP-CATy;,, and
LIP-SSg;,) were recorded using the F-2700 Hitachi fluo-
rescence spectrophotometer at the excitation wavelength
of 560 nm (see Figure S1C).

Characterization of resulting liposomes

The obtained liposomes (LIP-CAT, LIP-SS, LIP-CATy,,
LIP-SSyy,,) were characterized for their hydrodynamic
diameter and zeta potential values using a Malvern Nano
ZS light-scattering apparatus (Malvern Instrument Ltd,,
Worcestershire, UK). The time-dependent autocorrela-
tion function of the photocurrent was acquired every 10 s,
with 15 acquisitions for each run. The sample of solutions
was illuminated by a 633 nm laser, and the intensity of light
scattered at an angle of 173° was measured by an avalanche
photodiode. The z-averaged hydrodynamic mean diam-
eters (dz) and dispersity index (DI) of the samples were cal-
culated using the software provided by Malvern. The zeta
potential of liposomes was measured using the technique of
Laser Doppler Velocimetry (LDV). Each value was obtained
as an average from three runs with at least 10 measure-
ments. Data are presented as Mean*SD (see Figure S1B
in Supplementary Materials). The liposomes concentration
(LIP-CAT and LIP-SS) determined using an LM10 Nano-
sight instrument (Malvern Instruments Ltd) equipped with
an sCMOS camera (Hamamatsu Photonics, Hamamatsu,
Japan) and a 450 nm blue laser was in the range of 10" par-
ticles/ml. Cryogenic Transmission Electron Microscopy
(cryo-TEM) images of developed samples were collected
with a Glacios Cryo-TEM microscope (Thermo Fisher Sci-
entific) at an accelerating voltage of 200 kV with a Falcon
4 Thermo Fisher Scientific detector. The samples (about 3
ul) were deposited on freshly glow-discharged TEM grids
(Quantifoil R2/1, Cu, mesh 200) and plunged-frozen in
liquid ethane utilizing a Vitrobot Mark IV (Thermo Fisher
Scientific). Frozen grids were next clipped in liquid nitrogen
and loaded into the microscope. The images were recorded
at microscope magnification ranging from 100 000 to 120
000x. The resulting images are depicted in Figure S1A in
Supplementary Materials. The diameter of liposomes cal-
culated based on cryo-TEM images are presented in Figure
S1B (Supplementary Materials).

Atomic Force Microscopy topography and Derjaguin—
Muller-Toporov (DMT) modulus images (see Figure S2)
were obtained with a Dimension Icon XR atomic force
microscope (Bruker, Santa Barbara, CA, USA) working in
the PeakForce Quantitative Nanomechanical Mapping (PF
QNM) mode in the air. DMT model was used to determine
nanomechanical parameters of the obtained LIP-CAT,

Page 4 of 16

LIP-SS, LIP-CATyy,,, and LIP-SSg;,, liposomes. LIP-CAT
or LIP-CATYq,,, samples were measured with calibrated sili-
con probes (Bruker) with a spring constant of 0.35 N/m, tip
radius of 5 nm, triangular geometry, and working with the
resonance frequency of 67 kHz. LIP-SS or LIP-SSg,,, sam-
ples were measured with another type of calibrated probe
(Bruker) with a spring constant of 202 N/m, tip radius of
12 nm, rectangular geometry, and working resonance fre-
quency of 472 kHz. The probe calibration process was
done after the PF-QNM Manual (Bruker). Deflection sen-
sitivity data were obtained by engaging and ramping the
probe onto a hard sapphire surface, and spring constant
values were calculated after a thermal tuning process. For
the measurements, all liposomes were deposited on the flat
silicon surfaces (ON Semiconductor, Czechia) of crystal-
lographic orientation of (100) previously purified in a
“piranha” solution (a mixture of H,SO, and H,O, at a 3:1
ratio) using a drop-casting technique. After one hour of
deposition, surfaces were dried in the pure air stream.

Cells used in experiments

Murine mammary carcinoma 4T1 cells stably express-
ing firefly luciferase were purchased from Dr. Gary
Sahaian’s lab (Tufts University, MA, Boston). Human
TLR4/NF-kB-SEAP reporter HEK293 cells, human
TLR5/NF-kB-SEAP reporter HEK293 cells, human
TLR2+TLR1/NF-kB-SEAP reporter HEK293 cells and
human TLR2+TLR6/NF-kB-SEAP reporter HEK293
cells were purchased from InvivoGen (San Diego, CA,
USA). Murine monocyte/macrophage RAW 264.7 cells
(ATCC TIB-71) were obtained from the American Type
Culture Collection (Manassas, VA, USA). All cells were
grown in Dulbecco’s modified Eagle’s medium (DMEM)
containing 4.5 g/l glucose (GIBCO, Paisley, UK) and 10%
(v/v) fetal bovine serum (FBS, GIBCO, Paisley, UK).

Detection of LPS contamination in liposome

Detection of LPS in liposome samples was analyzed using
Pierce Chromogenic Endotoxin Quant Kit (Thermo-
Fisher Scientific, Rochester, NY, USA) according to the
manufacturer’s procedure. The standard curve was per-
formed based on Low Standards (0.1-1 EU/ml of lyophi-
lized endotoxin). Tested liposome solutions were diluted
100 times. The absorbance of tested samples was mea-
sured at 405 nm using a microplate reader Synergy H1
Hybrid plate reader controlled by Gene5 version 2.00.18
software (BIOTEK Instruments, Winooski, VT, USA).

Analysis of nitrate oxide (NO) production by RAW 264.7
cells

The liposome effect on NO production by murine
monocyte-macrophage cells RAW 264.7 was analyzed
using the Griess assay. The cells were grown overnight in
DMEM enriched with 10% FBS on a 96-well plate (at the
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density of 1x10* cells per well). Next, the medium was
replaced with 100 ul of fresh medium (DMEM, 2% FBS)
supplemented with: (1) LPS (100 ng/ml), (2) IFN-y (10
ng/ml), (3) LPS (100 ng/ml)+IFN-y (10 ng/ml), 3) LIP-
CAT 10 pl, (4) LIP-SS 10 pl, (5) LIP-CAT 10 ul+LPS (100
ng/ml), (6) LIP-SS 10 pl+LPS (100 ng/ml), (7) LIP-CAT
10 ul+IFN-y (10 ng/ml), 4) LIP-SS 10 ul+IFN-y (10 ng/
ml). Control cells (negative control) were treated with a
medium containing 10 ul of PBS. The cells were grown
for 24 h, and then the cultured media were collected and
transferred to the fresh 96-well plate. NO level in the
collected media was analyzed using the Griess reaction
using the procedure described by us previously [19].

Liposome interaction with TLR receptors

The interaction of liposomes with selected TLR receptors
was analyzed by measurement of SEAP (secreted embry-
onic alkaline phosphatase) activity secreted to the culture
media of reporter HEK293 cells. Human TLR4/NF-xB-
SEAP, TLR5/NF-kB-SEAP, TLR2+TLR1/NF-kB-SEAP
and TLR2+TLR6/NF-kB-SEAP reporter HEK293 cells
were seeded on 96-well plate at the density of 25x10° in
100 pl of DMEM containing 10% v/v of FBS and antibi-
otics (100 U/ml penicillin and 100 pg/ml streptomycin).
Next, 10 pl of PBS, LIP-CAT, or LIP-SS were added to the
medium. Additionally, positive controls were prepared by
adding ligands specific for specific TLRs (10 ng/ml LPS
for TLR4, 2 pM CU-T12-9 for TLR2/TLR1 heterodimer,
1 ng/ml FSL-1 for TLR2/TLR6 heterodimer and 1 ng/ml
flagellin for TLR5). In this experiment, we additionally
used PBS; .., i.e., PBS used for synthesizing liposomes
before pH adjustment (LPS contamination measured for
this solution was below the detection limit of the LAL
test, <0.01 EU/ml). After 24 h incubation, 10 pl of culture
medium was collected from each well, transferred into
a 96-well plate, and mixed with 90 ul of QUANTI Blue™
(InvivoGen, San Diego, CA, USA) to measure the activ-
ity of SEAP. The reaction was performed for 1 h at 37'C,
and then the absorbance was measured at 620 nm using a
Synergy H1 Hybrid microplate reader.

Animals used in the studies

Six-week-old BALB/c female and male mice were pur-
chased from Janvier Labs (France) and delivered by
Vivari Ewa Glowacka, Regina Nowak (Poland). Mice were
housed under controlled conditions and provided food
and water ad libitum.

Pharmacokinetic, biodistribution studies and calculations
of elimination half-life of liposomes

The pharmacokinetics and biodistribution of fluores-
cently labeled liposomes were analyzed on mice with
4T1 breast carcinoma. Based on our previous stud-
ies, we chose an orthotopic breast tumor model based
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on 4T1 cells. This model allows the formation of blood
vessels and a high content of collagen fibers, miming
the environment of breast tumors that spontaneously
develop [20]. 4T1 cells were trypsinized, collected from
the dishes, centrifuged, and resuspended in sterile PBS
(Lonza, Basel, Switzerland). 5x10° cells (in 0.1 ml) were
injected orthotopically into the fourth mammary fat pad
of BALB/c mice. Six days later, mice were weighed and
randomly divided into three experimental groups (PBS,
LIP-CATgy,, or LIP-SSg;,,) and injected intravenously
(100 pl per 10 g of body weight) with PBS (control of
autofluorescence), LIP-CATy;,, or LIP-SSg,. Before
experiments, the fluorescence intensity of two different
types of liposomes was confirmed to be comparable. The
animals were then placed in metabolic cages for single
mice (Tecniplast, Italy) to enable the collection of urine
and feces. Next, at different time points after administra-
tion, animals were euthanized. Blood was collected by
cardiac puncture and left for clotting; then, serum was
isolated by centrifugation. Bile was isolated by puncture
of the gall bladder. Organs (liver, kidneys, and spleen) and
tumors were isolated, weighed, and homogenized in PBS
(1 ml per 0.1 g of tissue) using gentleMACS™ M tubs and
gentleMACS™ Dissociator (Miltenyi Biotec, Germany).
Fluorescence measurements (560 nm excitation, emis-
sion 590 nm) were performed using Synergy H1 hybrid
reader and Gene Software (Biotek Instruments, Win-
ooski, VT, USA). The following samples (100 ul) were
analyzed: serum, homogenized tissues, tumors, urine,
bile (diluted 1:100 in PBS), and feces (resuspended in
PBS, 1 ml per 0.1 g of feces). For biodistribution stud-
ies, % of initial dose was defined. This parameter corre-
sponded to the total fluorescence calculated as the sum
of all the fluorescence values measured for total serum,
bile, organs, and tumor immediately 3 min after lipo-
some injection. Background fluorescence measured
for samples collected from control mice injected with
PBS was subtracted from each sample. Raw data gener-
ated for these experiments are available in the RODBUK
repository (information in section Availability of data
and materials). Liposome elimination half-life calcula-
tions were based on the assumption of a first-order reac-
tion and in accordance with Applied Biopharmaceutics &
Pharmacokinetics, Chap. 2. Mathematical Fundamentals
in Pharmacokinetics.

Toxicity studies - liposomes administration and animal
material isolation

Six-week-old BALB/c mice (female or male) were
weighted and randomly divided into 3 experimental
groups. Animals were injected intravenously with PBS,
LIP-CAT, or LIP-SS (day O of the experiment, 100 pl of
liposomes or PBS per 10 g of body weight). During the
toxicity studies, animals received eight doses of PBS or
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liposomes administered twice weekly. The health of mice
during this procedure was closely monitored. Animals
were euthanized one day after the last dose of liposomes/
PBS (on the 30th day of the experiment) or 30 days after
the last dose of liposomes/PBS (on the 60th day of the
experiment). Blood for blood morphology analysis was
taken from the facial vein, and blood for cytokine profil-
ing and biochemical parameters was obtained by cardiac
puncture. Bone marrow cells were isolated by flushing
the femurs with PBS.

Hematological and biochemical analysis

The hematology analyzer ABC (Horiba, UK) allowed the
analysis of the blood morphology. Biochemical mark-
ers of hepatotoxicity or nephrotoxicity were determined
using Spotchem EZ Chemistry Analyzer (Woodley) and
strips Spotchem Multi PANEL-V2, according to the pro-
cedure proposed by the manufacturer.

Cytokine profiling

Isolated sera were used to analyze the concentration of
selected cytokines (IL-1a, IL-1fB, IL-6, IL-10, IL-12p70,
IL-17 A, IL-23, IL-27, MCP-1, IEN-f, IFN-y, TNFa, and
GM-CSF). We used the LEGENDplex Mouse Inflam-
mation Panel kit (Biolegend, San Diego, CA, USA) and
the BD LSRFortessa Cell Analyzer flow cytometer (BD
Bioscience, Franklins Lake, NJ, USA). The results were
analyzed using LEGENDplex software (Biologend, San
Diego, CA, USA).

Analysis of the morphology of isolated tissues and SEM
observation

Selected organs (liver, kidneys, and spleen) were fixed in
4% paraformaldehyde, embedded in paraffin, sectioned
into slices (3 pm-thin slices), stained with hematoxylin/
eosin and observed under a Leica DM6B microscope.
The unstained fixed organs’ microstructure was evalu-
ated using the cold field emission scanning electron
microscope (SEM) HITACHI S-4700 with a NORAN
Vantage energy dispersion spectrometer (EDS). For SEM
observation, tissues were sectioned into 10 pm-thin slices
and placed on the microscope slides. To remove paraf-
fin, the samples were immersed in hexamethyldisilizane
(HMDS, Sigma-Aldrich) for 10 min and finally air-dried
at room temperature. Obtained materials were next stuck
on the carbon tape and sputtered with a thin film of gold.

Comet assay to analyze DNA damage in cells isolated from
bone marrow

DNA damage analysis based on comet assay was per-
formed according to the procedure described by us
previously [19]. Each sample containing 1x10° was
resuspended in 100 pl of PBS. The DNA percentage in
the comet tail (% DNA damage) was analyzed using an
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epifluorescence microscope (Olympus IX-50, Olympus
Corporation, Tokyo, Japan) for two slides per sample.
The analysis included 50-70 randomly selected cells from
each slide.

Statistical analysis

The obtained data were subjected to statistical analysis
by determining the average of the obtained experimental
points (n) along with the standard deviation (SD) using
the GraphPad Prism 10 program. The number of “n” in
biodistribution and pharmacokinetic analysis were dif-
ferent (1-4 repeats) due to the technical limitation (not
enough tissue to homogenize; the mice urinated and
defecated spontaneously, and the time of urination and
defecation differed between animals; empty gallbladders
prevented bile collection; insufficient amount of serum
for analysis). We assumed that our data concerning bio-
distribution and pharmacokinetic analysis did not qualify
for the correct application of the statistical significance
test. Therefore, we assess biological significance based
on the mean+SD. Raw datasets available in the ROD-
BUK repository: https://doi.org/10.57903/UJ/WTM-
VKS provide information about the “n” for subsequent
experiments.

In toxicity studies, statistical significance was deter-
mined using the two-way repeated measures (RM)
ANOVA with Geisser-Greenhouse correction followed
by Tukey’s multiple comparisons test. In case of missing
values within groups (resulting from cytokine level below
the detection limit), a mixed-effects model (REML) was
used instead of RM ANOVA. If there were missing values
for at least one group (when cytokine levels for all sera
were below the detection limit), statistical significance
analysis could not be performed.

Results

LIP-SSg;,, liposomes have identical pharmacokinetics,
biodistribution, and elimination routes as LIP-CAT,,,

We characterized obtained liposomes and proved the
differences in their Derjaguin—Muller-Toporov modu-
lus (29 GPa and 5 MPa for stabilized and pure vesicles,
respectively). The results of liposome size and calcu-
lated modulus parameters are presented in Figures S1
and S2. The cryo-TEM images confirmed the forma-
tion of spherical structures with distinct bilayered phos-
pholipid membrane surrounding an aqueous core in all
studied samples. It seems that in all cases, the morphol-
ogy of the objects observed is quite similar. The unila-
mellar vesicles constitute the main population. However,
some multilayered liposomes have also been observed
(see Figure S1A). In the case of silicone-stabilized sys-
tems, the small population of solid particles originating
from the formation of monomer droplets (o/w emulsion)
can be noticed. Importantly, the micrographs confirm
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that stabilization with the silicone layer at applied con-
ditions did not cause the disintegration of liposomes
since there were no bilayer fragments/stacks revealed
for LIP-SS and LIP-SSg,,, samples. The mean diameters
of the objects calculated based on cryo-TEM images
are in the range of 76—89 nm and these values are lower
than that determined by DLS measurements (see Figure
S1B in Supplementary materials). Such discrepancies
among the particle sizes obtained by DLS and cryo-TEM
resulted from the differences in these experimental tech-
niques. Usually, the mean size (diameter) of the particles
observed on TEM micrographs is lower than that esti-
mated from DLS measurements. The reason is that the
DLS method measures the mean hydrodynamic diam-
eter, which is heavily weighted toward the most signifi-
cant structures in the solution. Due to the intensity of the
scattered light, which increases with the increasing size
of objects, the z-averaged hydrodynamic mean diameter
obtained by cumulant analysis is overestimated [17].

The biodistribution studies were performed on mice
bearing 4T1 orthotopic breast tumors. A comparison of
the pharmacokinetics of intravenously injected, fluores-
cently labeled LIP-SSg;,, and LIP-CATy,,, demonstrated
that the silicone-stabilized liposomes have identical phar-
macokinetic profiles as unmodified liposomes. As shown
in Fig. 1A, the highest fluorescence intensity was mea-
sured for the sera isolated from the blood taken 3 min after
administration of liposomes (~18,000 RFU) and mark-
edly decreased for samples obtained 30 (~ 3000 RFU) and
60 (~2000 RFU) minutes later. After 240 min, the serum

Serum pharmacokinetics
A OPBS [OLIP-CAT,,, ALIP-SS.,,

RFU (x10°)

¥

Y - .

3 30 60 120 240 1440 2880
Time [minutes] (24h)(48h)

B
Liposomes | LIP-CATg, | LIP-SSg,,
elimination half-life
Serum 57.9 min | 53.8 min

Fig. 1 LIP-SSq,, have identical serum pharmacokinetics as LIP-CATg,..
Fluorescently labeled LIP-CATgpo, LIP-SSghe, OF PBS (negative control) were
injected intravenously into the BALB/c mice with orthotopic breast can-
cer. Animals were euthanized at different time points after injection, and
blood was taken for analysis by cardiac puncture. Fluorescence measure-
ments were performed for separated sera using a microplate reader (ex-
citation 560 nm; emission 590 nm). (A) Pharmacokinetic profiles. (B) The
serum elimination half-lives. Points represent the data obtained in differ-
ent experiments (n=1-4)
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fluorescence level stabilized and remained at the same low
level until 48 h after injection of LIP-SSyy,, or LIP-CATyy,,.
High fluorescence intensity between 3 and 30 min was
measured for the liver (~7000—-8000 RFU) and the spleen
(~3000 RFU, respectively), indicating the short accumu-
lation of liposomes in these organs. Then, we observed
a faster fluorescence decrease in the liver and spleen
between 30 and 240 min after liposome injection (Fig. 2).
At the same time, 3 min after injection, the lowest fluores-
cence intensity was measured for the kidney (~700-800
RFU) and the tumor (~200-300 RFU) (Fig. 2). Addition-
ally, we determined liposome elimination half-lives based
on pharmacokinetic profiles obtained for serum and
selected organs (Fig. 1B, Table S1). The time required for
the LIP-CATq,,, and LIP-SSg;,, to decrease to half of the
starting dose was short and similar for the serum and
liver. Interestingly, liposomes LIP-SSy;, , were cleared faster
than LIP-CATyy, from the kidney (75.1 min compared
to 120.5 min, respectively). However, this observation is
subject to certain limitations resulting from complex cal-
culations made during data analysis (lower coefficient
of determination calculated for this data compared with
other data sets). This underscores the crucial need for fur-
ther studies to validate and expand upon these findings
(see data analysis provided at https://doi.org/10.57903/U]/
WTMVKS). The slowest elimination of both types of lipo-
somes was determined for the spleen (86.1 min for LIP-
CATy,,, and 88.6 min for LIP-SSg;, ).

The biodistribution of liposomes was analyzed using
metabolic cages, allowing the collection of urine and
feces and, thus, analysis of liposome elimination routes.
We have observed that 30 min after injection, liposomes
were still detectable in the serum (~10% of the initial
dose) and accumulated predominantly in the liver (~25%
of the initial dose) and in the spleen (~10% of the initial
dose) (Fig. 3). Simultaneously, increased bile fluores-
cence intensity was measured with a maximum amount
of ~4000 RFU 60 min after injection. This observation
suggests that hepatocytes participated extensively in
liposome uptake and elimination via hepatobiliary clear-
ance (Fig. 4A). This hypothesis was supported by results
obtained from feces collection; the highest fluorescence
intensity was detected in the feces collected 4 h after
administration (Fig. 4B).

After 24 h, small amounts of LIP-SSg;,, and LIP-CATrpy,,
were still detectable in selected tissues. The highest %
of the initial dose was found in the spleen (~0.6% of the
initial dose) and in the liver (~0.2% of the initial dose).
The accumulation of liposomes in the tumor was con-
sistent and low (~0.1% of the initial dose) at 30 min and
24 h after injection (Fig. 3). As presented in Fig. 5, fluo-
rescence measurement performed for collected urine
revealed that LIP-SSy;,, and LIP-CATyy,, were also elimi-
nated via renal clearance.


https://doi.org/10.57903/UJ/WTMVKS
https://doi.org/10.57903/UJ/WTMVKS
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Fig.2 LIP-SSg,, have identical tissue pharmacokinetics as LIP-CATg,,, Fluorescently labeled LIP-CATgy,o, LIP-SSgpe, OF PBS (negative control) were injected
intravenously into the mice. Animals were euthanized at different time points after injection, and isolated organs and tumors were homogenized. Fluo-
rescence measurements were performed for tissue homogenates using a microplate reader (excitation 560 nm; emission 590 nm). Points represent the
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Fig.3 LIP-SSg, liposomes have identical biodistribution as LIP-CAT,,, Fluorescently labeled LIP-CAT,, LIP-SSg, ., or PBS (negative control) were injected
intravenously into the mice. Animals were placed in metabolic cages and euthanized (A) 0.5 h or (B) 24 h after injection. Isolated organs and tumors were

homogenized. Fluorescence measurements were performed for tissue homogenates using a microplate reader (excitation 560 nm; emission 590 nm).

Bars represent the mean +SD (n=3-4)

The silicone network fabricated within the LIP-SS bilayer

does not increase liposome toxicity compared to LIP-CAT

Before in vivo toxicity analysis, we tested endotoxin (LPS,
lipopolysaccharide) contamination in liposome solutions.
We evaluated the LPS level at 2.1, 6.8, or 9.2 EU/ml for
PBS used for liposome synthesis, LIP-CAT, and LIP-SS,
respectively (Figure S3). At the same time, we observed

that these liposome solutions did not stimulate either
mouse monocyte-macrophages (RAW 264.7) to pro-
duce NO — hallmark of inflammation or human TLR-4,
TLR-2, or TLR-5 overexpressed in NF-kB-SEAP HEK293
reporter cells (Figure S4 and S5). The toxicity of LIP-SS
and LIP-CAT were analyzed on healthy mice (female
and male). The studies were designed to detect acute but
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Biliary clearance
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Fig. 4 LIP-CATg,, and LIP-SSg;, liposomes are eliminated from the body via hepatobiliary clearance. Fluorescently labeled LIP-CATg,, LIP-SSg;,, or PBS
(negative control) were injected intravenously into the mice. Animals were placed in metabolic cages and euthanized at different time points after injec-
tion. (A) Bile was isolated (points represent the data obtained in different experiments; n=1-4), and (B) feces were collected, weighted, and resuspended
in PBS. Points represent the data obtained in different experiments (n=2-3). Fluorescence measurements were performed for bile and feces suspensions

using a microplate reader (excitation 560 nm; emission 590 nm)
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Fig. 5 LIP-CATg,, and LIP-SSg;,, liposomes are also eliminated from the
body via renal clearance Fluorescently labeled LIP-CATg, ., LIP-SSg;,, or PBS
(negative control) were injected intravenously into the mice. Animals were
placed in metabolic cages. Urine was collected for 24 h, and fluorescence
measurements were performed using a microplate reader (excitation
560 nm; emission 590 nm). Points represent the data obtained in different
experiments (n=3)

primarily chronic toxicity of liposomes. Animals received
eight doses of liposome intravenously and were eutha-
nized the next day after the last injection (30th day) or 30
days after injecting the last dose of eight liposome doses
(60th day). Blood morphology analysis performed for ani-
mals exposed to LIP-SS or LIP-CAT just before euthana-
sia revealed no changes compared to the control animals
(Fig. 6 and S6). Similarly, we did not observe increased
concentration or activity of hepatotoxicity (total protein,
alkaline phosphatase, alkaline transaminase) or neph-
rotoxicity (blood urea nitrogen, creatinine) markers
(Fig. 7 and S7). Moreover, histopathological evaluation
of liver, kidney, and spleen supported results indicating
biocompatibility of LIP-SS and LIP-CAT. No pathologi-
cal changes were observed in the collected tissues either
after hematoxylin and eosin staining or after SEM obser-
vation (Figs. 8 and 9, and 10, S8). Finally, a comet assay
was performed for cells isolated from the bone marrow

and confirmed that LIP-CAT and LIP-SS liposomes did
not lead to DNA damage (Fig. 11).

LIP-SS and LIP-CAT liposomes interact with the immune
system, manifesting in upregulated production of
cytokines, including proinflammatory ones

In the next step, we verified the interaction of liposomes
with the immune system by cytokine analysis in the mice
sera. We observed that animals exposed to LIP-SS but
also to LIP-CAT liposomes had upregulated levels of
numerous cytokines, including interleukins (IL-23, IL-1a,
IL-12p70, IL-1B, IL-10, IL-6, IL-27, IL-17 A), interferons
(IEN-B, IFN-y), TNF-«, chemokine MCP-1 and GM-CSF
on the 30th day of the experiment. Moreover, for almost
all cytokines, no concentration decrease was observed
in sera collected on the 60th day of the experiment,
thus, as many as 30 days after the last liposome injection
(Figs. 12 and 13, and S9). The most significant increase
was revealed for IL-12p70, IL-6, IL-27, IL17A, IFN-p, and
GM-CSF (Fig. 12) and the smallest for IL-10 (Fig. 13).
In addition, we did not notice elevated levels of IFN-y,
TNF-«, and IL-6 in the serum of BALB/c mice with 4T1
tumors after 1, 2, 4, or 24 h of liposome injection (Figure
S10). Therefore, these results indicate prolonged activa-
tion of the immune system.

Discussion

Liposome stabilization via the silicone layer does not affect
their biodistribution profile

The analysis of biodistribution and pharmacokinetics of
nanoparticles, including liposomes, has some limitations.
In most cases, additional nanomaterial labeling is required
to visualize nanoparticles in vivo. Examples of nanopar-
ticle labeling agents include isotopes, fluorophores, and
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Fig.6 Blood morphology was analyzed for mice exposed to LIP-CAT, LIP-SS, or PBS (negative control). BALB/c mice (A. female and B. male) were exposed
to 8 intravenously injected liposomes, LIP-CAT, LIP-SS, or PBS. The following day after the last dose (30th day of the experiment) or 30 days after the last
dose (60th day of the experiment), animals were euthanized. Before euthanasia, blood for morphology analysis was taken from the facial vein. Analysis
was performed using an ABC vet analyzer. Points represent the data obtained in different experiments (n=2-5)

Biochemical markers of the tissue damage
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Fig. 7 Tested liposomes are not hepato- or nephrotoxic for the animals — analysis of selected biochemical markers. BALB/c mice (A. female and B. male)
were exposed to 8 intravenously injected liposomes, LIP-CAT, LIP-SS, or PBS. The following day after the last dose (30th day of the experiment) or 30 days
after the last dose (60th day of the experiment), animals were euthanized. Blood for biochemical analysis was taken from the facial vein. Analysis was

performed using isolated sera and the Spotchem EZ analyzer. Points represent the data obtained in different experiments (n=4-5)

ferromagnetics. Moreover, the results of nanoparticle bio-
distribution could be determined by the use of specific
markers, the labeling method, and the nanoparticle com-
partment chosen for labeling [20-22). At the same time, the

labeling agent can be both hydrophilic and hydrophobic,
allowing the staining of an aqua or lipid space of liposomes.
All this makes comparing the biodistribution results of dif-
ferent groups difficult and complex.
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Fig. 8 Tested liposomes do not exert toxicity against the liver — histopathological analysis. BALB/c mice (female and male) were exposed to 8 doses of
intravenously injected liposomes LIP-CAT, LIP-SS, or PBS. Animals were euthanized on the 30th day after the last dose (60th day of the experiment). Livers
were isolated, fixed, paraffine-embedded, stained, and subjected to histological analysis
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Fig. 9 Tested liposomes do not exert toxicity against the kidney — histopathological analysis. BALB/c mice (female and male) were exposed to 8 doses
of intravenously injected liposomes LIP-CAT, LIP-SS, or PBS. Animals were euthanized on the 30th day after the last dose (60th day of the experiment).
Kidneys were isolated, fixed, paraffine-embedded, stained, and subjected to histological analysis

Our previous work demonstrated better elastomechan-
ical properties (higher Derjaguin—Muller—-Toporov mod-
ulus) of silicone-stabilized liposomes than unmodified
liposomes. We also observed a trend for a faster uptake
of rigid LIP-SS by peripheral blood mononuclear cells
after the first hour of adding the liposomes to the cell
culture medium [18]. Another group also demonstrated
higher cellular internalization of stiff liposomes by non-
mucus-producing Caco-2 cells 23].

We have previously shown that the release of calcein
from the aqueous space of liposomes is much slower
for LIP-SS than for LIP-CAT, confirming the better in
vitro stability of LIP-SS [17]. Therefore, in this pharma-
cokinetic and biodistribution study, we decided to use
a lipid space marker to avoid results affected by prema-
ture leakage of the hydrophilic fluorophore from tested

liposomes. We demonstrated a similar DMT modulus for
fluorescently labeled liposomes compared to unlabeled
ones (Figure S2). Results presented in this work revealed
no differences in pharmacokinetic and biodistribution
profiles between liposomes differing in elastomechanical
properties. Other researchers also observed no signifi-
cant differences in the elasticity-dependent accumulation
of intravenously injected nanoparticles in mice healthy
tissues [12,15]. Additionally, we noticed a short serum
half-life (~60 min) of liposomes, which may be insuffi-
cient to demonstrate enhanced permeability and reten-
tion effect 24]. The tested liposomes’ low accumulation
(~0.1% of the initial dose) in tumor tissue, regardless of
their elastic properties, confirms this hypothesis. Con-
trary to our findings, another group’s results showed that
the accumulation of liposomes with different Young’s
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Spleen morphology
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Fig. 10 Tested liposomes do not exert toxicity against the spleen — histopathological analysis. BALB/c mice (female and male) were exposed to 8 doses
of intravenously injected liposomes LIP-CAT, LIP-SS, or PBS. Animals were euthanized on the 30th day after the last dose (60th day of the experiment).
Spleens were isolated, fixed, paraffine-embedded, stained, and subjected to histological analysis
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Fig. 11 Tested liposomes are not genotoxic — analysis of DNA damage in
the cells isolated from bone marrow. BALB/c mice (A. female and B. male)
were exposed to 8 doses of intravenously injected liposomes LIP-CAT, LIP-
SS, or PBS. The following day after the last dose (30th day of the experi-
ment) or 30 days after the last dose (60th day of the experiment), animals
were euthanized. Bone marrow cells were isolated from the femurs. Next,
DNA damage was analyzed using a comet assay. Points represent the data
obtained in different experiments (n=5)

modulus in the 4T1 tumor depends on nanoparticle elas-
ticity [25]. However, there may be several reasons for this
discrepancy between the results of our study and Guo
et al. We employed L-a-phosphatidylethanolamine-N-
(lissamine B sulfonyl rhodamine) — Liss Rho PE to label
liposomes, and fluorescence was measured after tissue

homogenization. In contrast, Guo et al. used the lipo-
philic carbocyanine DiOC,; and measured fluorescence
in whole mice or tissues using the IVIS Lumina II system.
Reports indicate that Liss Rho PE, more than other lipo-
some labeling probes, undergo transport via scavenger
receptor B-1. Since this receptor is expressed on hepatic
cells, it can drive the elimination of Liss Rho PE to the
bile [26,27]. Therefore, we suggest that the Liss Rho PE
we chose may increase the liver accumulation of lipo-
somes, affecting distribution to other tissues, including
tumors.

Our study demonstrates that silicone stabilization
alone does not improve the pharmacokinetic profiles
of liposomes or ensure their superior tumor accumula-
tion compared to unmodified liposomes. We reached
this conclusion by evaluating the half-lives of liposomes
in plasma, which indirectly reflects their in vivo stabil-
ity. Interestingly, we found no significant difference in
the plasma half-life of LIP-SS and LIP-CAT, suggest-
ing that liposomes’ in vivo stability is similar despite
their in vitro stability differences [17]. This implies that
the behavior of liposomes, including their interaction
with serum proteins, blood cells, hepatocytes, Kupfer
cells, etc., remains consistent regardless of their elas-
tomechanical properties. Therefore, our study suggests
that improving liposomes’ elastomechanical proper-
ties without simultaneous surface functionalization
with hydrophilic stealth polymers is insufficient to
achieve long-circulating liposomes. We imply that the
mechanism of rapid clearance of all tested liposomes
is related to their removal by the hepatobiliary clear-
ance supported by the reticuloendothelial system [21].
Consequently, we postulate liposomes LIP-SS require
further surface modification to achieve long-circulation
properties.
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Fig. 12 Intravenous administrations of LIP-CAT and LIP-SS lead to increased levels of proinflammatory cytokines in the sera. BALB/c mice (A. female
and B. male) were exposed to 8 doses of intravenously injected liposomes LIP-CAT, LIP-SS, or PBS. The following day after the last dose (30th day of the
experiment) or 30 days after the last dose (60th day of the experiment), animals were euthanized. Blood for sera isolation was taken by cardiac puncture.
Analysis was performed using isolated sera, flow cytometry, and the Cytokine Biolegend Kit. The mean + SD was calculated for points representing data
obtained from different experiment replications within the detection range (n=1-5). Red dots indicate that the experiment replicates were below the

detection range.* p<0.05; ** p<0.01; *** p<0.001

Stimulation of immune response does not result from
potential LPS contamination of liposome samples

Our studies revealed that both liposome types led to the
upregulation of various cytokines, including standard
cytokines produced by immune cells in response to LPS,
namely IL-6, TNEF, IL-1p, and MCP-1. However, LPS con-
tamination measured for liposome samples (~7-9 EU/
ml) using the Limulus Amebocyte Lysate assay did not
exceed the concentration suggested as acceptable by the
FDA (Figure S3). According to the FDA recommendation,
the approximate threshold pyrogen dose for humans and
rabbits for intravenous exposure is 5 EU/kg of body mass.
In addition, this threshold is divided by the maximum

human dose per kilogram that would be administered in
one hour, so endotoxin limits are different for each drug
29]. Since we injected 0.2 ml of liposomes solution per
mouse, the LPS amount in one dose was ~70-90 EU/
kg (~10 ng/kg). Therefore, to safely use the tested lipo-
somes in humans, we must either prepare a solution with
a lower level of endotoxin or use a lower dose. Since mice
are much less sensitive to endotoxin than humans, we do
not assume that the cytokine overproduction observed in
mice sera is solely related to LPS contamination [30]. This
hypothesis is confirmed by our results on RAW 264.7
cells, which neither under normal conditions nor in the
presence of the immune response enhancer - IFN-y were
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Fig. 13 Intravenous administrations of LIP-CAT and LIP-SS lead to moder-
ately increased levels of anti-inflammatory IL-10 in the sera. BALB/c mice
(A. female and B. male) were exposed to 8 doses of intravenously injected
liposomes LIP-CAT, LIP-SS, or PBS. The following day after the last dose
(30th day of the experiment) or 30 days after the last dose (60th day of the
experiment), animals were euthanized. Blood for sera isolation was taken
by cardiac puncture. Analysis was performed using isolated sera, flow cy-
tometry, and the Cytokine Biolegend Kit. The mean + SD was calculated for
points representing data obtained from different experiment replications
within the detection range (n=3-5). Red dots indicate that the experi-
ment replicates below the detection range. * p <0.05; ** p<0.01

stimulated by liposome solutions. We also observed that
liposomes did not modulate the response of RAW 246.7
cells to LPS (Figure S4). Additionally, we used a model
susceptible to pathogen-associated molecular patterns
(PAMPs) - NF-kB-SEAP HEK293 reporter cells over-
expressing human TLR4, TLR2/1, TLR2/6, or TLR5.
These receptors recognize LPS, CU-T12-9 (synthetic
small-molecule agonist), FSL-1 (synthetic lipoprotein),
and flagellin, respectively. We have shown that the lipo-
some solution is not recognized by any tested recep-
tors (Figure S5). Therefore, we assume that the impurity
concentrations in liposome solutions are insufficient for
activating NF-kB by TLRs. Finally, we showed no over-
production of IFN-y, TNF-q«, and IL-6 in the serum of
mice shortly after administration of liposomes (Figure
$10). Serum levels of these pro-inflammatory cytokines
peak 2-7 h after exposure to LPS and decrease after that
[31]. The fact that we did not observe IFN-y, TNF-a, and
IL-6 after 1, 2, and 4 h of liposome exposure suggests that
the effect of long-term cytokine overproduction is due to
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repeated administration of liposomes rather than endo-
toxin contamination.

Our in vivo studies showed that tested liposomes, modi-
fied with a silicone layer and control liposomes, have
immunostimulant properties manifesting in the upregula-
tion of cytokines, including proinflammatory ones. Pro-
longed activation of the immune system and elevated levels
of cytokines increase the risk of inflammation-mediated
toxicity. TNF-a is a major proinflammatory cytokine
upregulated in chronic inflammatory and autoimmune
diseases. However, other cytokines, IFN-y, IL-23, IL-6,
IL-17a, and GM-CSE, can also play a role in these patholo-
gies [32]. IL-23 is the cytokine essential for inducing dif-
ferentiation of CD4+T cells into T helper cells that secrete
IL-17 (Th17), a key proinflammatory cytokine involved in
the pathogenesis of T-cell mediated autoimmune diseases.
Recently published data revealed that lung exposure to
inhaled particulate matter (PM2.5) could lead to IL-17 A
signaling pathway upregulation and increased TGE-p pro-
duction, the major inductor of chronic lung injuries [33].
Moreover, interleukin-23 may induce the proliferation of
cancer cells, promoting tumor growth and development.
At the same time, increased IL-23 and IL-17 were associ-
ated with a poor prognosis of non-small cell lung cancer
[34]. Interestingly, our results demonstrated an upregulated
concentration of anti-inflammatory IL-10 cytokine; how-
ever, IL-10 concentration was the slightest increase among
other tested serum cytokines (Fig. 13). The question arises
as to whether appropriate anti-inflammatory mechanisms
might overcome the effect induced by the overproduction
of liposome-derived proinflammatory cytokines.

Unfortunately, we do not know the mechanism of
the observed phenomenon indicating long-term toxic-
ity manifesting in increased cytokines production. Par-
ticularly worrying is that the concentration of the tested
cytokines is high after the last administration, which has
been a long time. Similar results, indicating upregulated
cytokine production, were previously obtained by our
team for intravenously injected biodegradable polyelec-
trolyte nanocapsules functionalized with PEG. Interest-
ingly, as for LIP-CAT and LIP-SS, after administration of
the nanocapsules functionalized with PEG, we observed
no evidence of toxicity of the nanocarriers other than ele-
vated levels of serum cytokines [35]. There is still a lim-
ited amount of data on cytokines production in response
to nanomaterials, particularly biodegradable, and its clin-
ical relevance. Therefore, further studies should be per-
formed to elucidate the mechanism of this phenomenon.

Conclusions and study limitations

In this paper, we characterized the in vivo behavior of sil-
icone-stabilized liposomes for the first time. Our results
showed no differences between tested liposomes in the
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context of their pharmacokinetics, biodistribution, and
tumor accumulation. We, therefore, assume that the bet-
ter elastomechanical properties of silicone-stabilized
liposomes are insufficient to modulate liposome in vivo
behavior significantly, and further surface modifications
are necessary to extend their circulation time. Moreover,
we presented the immunomodulatory properties of the
tested liposomes after repeated intravenous administra-
tion. The elevated level of cytokines in serum was long-
lasting, indicating undesired activation of immune cells
exposed to tested liposomes. Therefore, it is essential to
investigate the mechanisms of this phenomenon. Our
results are of crucial importance in the field of nanoparti-
cle design and their applications as drug delivery systems.
At the same time, we acknowledge the limitations of our
research. We investigated two types of liposomes that dif-
fer significantly in terms of elastomechanical properties.
However, it would be necessary to prepare a comprehen-
sive library of liposomes to unambiguously analyze the
influence of elastomechanical properties on the behavior
of these nanomaterials in vivo. This library could include
liposomes that differ only in elastomechanical parame-
ters. We also suggest that before library construction, it is
necessary to functionalize the liposome surface to ensure
their long circulation in the plasma.

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512951-024-02698-9.

[ Supplementary Material 1 ]

Acknowledgements

We acknowledge Dr. Paulina Indyka from the Jagiellonian University, SOLARIS
National Radiation Synchrotron Centre, Krakow, for performing cryo-TEM
measurements. The open-access publication has been supported by the
Faculty of Biochemistry, Biophysics, and Biotechnology under the Strategic
Programme Excellence Initiative at Jagiellonian University in Krakow, Poland.

Author contributions

JL-t prepared and characterized all tested liposomes, wrote chemical
methods, and participated in drafting the Background and Discussion; A.H
planned and carried out biological studies, analyzed results, prepared all
figures, and wrote the manuscript; MB gained funding for research, designed
and performed biological studies, analyzed results, and wrote the manuscript;
A.C. evaluated DNA damage in cells isolated from the bone marrow; EW.
supported all animal procedures and consulted results of in vivo toxicity; KS
performed animal procedures; G.D. performed histopathological evaluation
of tissue preparations; MS performed measurements of elastomechanical
properties of liposomes. All authors reviewed the manuscript.

Funding

The research has been supported by a grant to M.B. from the Priority Research
Area (Bios PRA) under the Strategic Programme Excellence Initiative at
Jagiellonian University. JLt acknowledges the financial support of the National
Science Centre, Poland, grant OPUS 21, No UMO-2021/41/B/NZ7/03816.

Data availability
The datasets generated and/or analyzed during the current study are available
in the RODBUK repository: https://doi.org/10.57903/UJ/WTMVKS.

Page 15 of 16

Declarations

Ethical approval

All animal procedures were performed under Polish law, specifically under the
Act of the Protection of Animals Used for Scientific or Educational Purposes
(D20150266L), which implements the Directive of the European Parliament
and the Council (2010/63/EU). All experimental protocols agreed with the
Institutional Animal Care and Use Committee (IACUC) guidelines and were
approved by the 2nd Local IACUC in Krakow.

Competing interests
The authors declare no competing interests.

Author details

'Department of Cell Biochemistry, Faculty of Biochemistry, Biophysics and
Biotechnology, Jagiellonian University, Gronostajowa 7, Krakéw

30-387, Poland

Department of Physical Chemistry, Faculty of Chemistry, Jagiellonian
University, Gronostajowa 2, Krakéw 30- 387, Poland

3Animal Facility, Faculty of Biochemistry, Biophysics and Biotechnology,
Jagiellonian University, Gronostajowa 7, Krakéw 30-387, Poland
“Department of Biochemistry, Faculty of Medicine and Health Sciences,
Andrzej Frycz Modrzewski Krakow University, Gustawa Herlinga-
Grudzinskiego 1, Krakéw 30-705, Poland

°Department of Pathomorphology, Jagiellonian University Medical
College, Grzegorzecka 16, Krakow 33-332, Poland

6Academic Centre for Materials and Nanotechnology, AGH University of
Krakow, Al. Mickiewicza 30, Krakow 30-059, Poland

Received: 31 January 2024 / Accepted: 3 July 2024
Published online: 05 August 2024

References

1. Tenchov R, Bird R, Curtze AE, Zhou Q. Lipid nanoparticles from liposomes to
MRNA vaccine delivery, a Landscape of Research Diversity and Advancement.
ACS Nano. 2021;15(11):16982-7015.

2. ThiTTH, Suys EJA, Lee JS, Nguyen DH, Park KD, Truong NP. Lipid-based
nanoparticles in the clinic and clinical trials: from Cancer Nanomedicine to
COVID-19 vaccines. Vaccines (Basel). 2021;9(4).

3. Zhong Q, Zheng C,YiK, MintzRL, Lv S, Tao Y, et al. Structural and componen-
tial design: new strategies regulating the behavior of lipid-based nanopar-
ticles in vivo. Biomater Sci. 2023;11(14):4774-88.

4. JooK, Il Xiao L, Liu S, Liu Y, Lee CL, Conti PS, et al. Crosslinked multilamel-
lar liposomes for controlled delivery of anticancer drugs. Biomaterials.
2013;34(12):3098-109.

5. Yang ST, Kreutzberger AJB, Lee J, Kiessling V, Tamm LK. The role of cholesterol
in membrane fusion. Chem Phys Lipids. 2016;199:136-43.

6. Kumar S, Dutta J, Dutta PK, Koh J. A systematic study on chitosan-
liposome based systems for biomedical applications. Int J Biol Macromol.
2020;160:470-81.

7. Nosova AS, Koloskova OO, Nikonova AA, Simonova VA, Smirnov W, Kudlay
D, et al. Diversity of PEGylation methods of liposomes and their influence on
RNA delivery. Medchemcomm. 2019;10(3):369-77.

8. Verhoef JJF, Carpenter JF, Anchordoquy TJ, Schellekens H. Potential induction
of anti-PEG antibodies and complement activation toward PEGylated thera-
peutics. Drug Discov Today. 2014;19(12):1945-52.

9. YiX, Shi X, Gao H. Cellular uptake of elastic nanoparticles. Phys Rev Lett.
2011;107(9):098101.

10.  Shen Z,Ye H, Li Y. Understanding receptor-mediated endocytosis of elastic
nanoparticles through coarse grained molecular dynamic simulation. Phys
Chem Chem Phys. 2018;20(24):16372-85.

11, HuiY,Yi X, Wibowo D, Yang G, Middelberg APJ, Gao H, et al. Nanoparticle elas-
ticity regulates phagocytosis and cancer cell uptake. Sci Adv. 2020;,6(16):4316.

12. MaX, Yang X, Li M, Cui J, Zhang P, Yu Q, et al. Effect of elasticity of silica cap-
sules on Cellular Uptake. Langmuir. 2021;37(40):11688-94.

13. Banquy X, Suarez F, Argaw A, Rabanel JM, Grutter P, Bouchard JF, et al. Effect
of mechanical properties of hydrogel nanoparticles on macrophage cell
uptake. Soft Matter. 2009;5(20):3984-91.


https://doi.org/10.1186/s12951-024-02698-9
https://doi.org/10.1186/s12951-024-02698-9

Hinz et al. Journal of Nanobiotechnology

20.

21

22.

23.

24.

25,

(2024) 22:467

Teng Z,Wang C, Tang Y, Li W, Bao L, Zhang X, et al. Deformable Hollow
Periodic Mesoporous Organosilica Nanocapsules for significantly improved
Cellular Uptake. J Am Chem Soc. 2018;140(4):1385-93.

Anselmo AC, Zhang M, Kumar S, Vogus DR, Menegatti S, Helgeson ME, et al.
Elasticity of nanoparticles influences their blood circulation, phagocytosis,
endocytosis, and targeting. ACS Nano. 2015;9(3):3169-77.

Dai Z, Yu M, Yi X, Wu Z,Tian F, Miao Y et al. Chain-length- and saturation-
tuned mechanics of Fluid Nanovesicles Direct Tumor Delivery. ACS Nano.
2019.

Lewandowska-taficucka J, Mystek K, Gilarska A, Kamirski K, Romek M,
Sulikowski B et al. Silicone-stabilized liposomes as a possible novel nano-
structural drug carrier. Colloids Surf B Biointerfaces [Internet]. 2016 Jul 1 [cited
2020 Feb 26];143:359-70. http://www.ncbi.nlm.nih.gov/pubmed/27022877.
Karabasz A, Szuwarzyrski M, Nowakowska M, Bzowska M, Lewandowska-
tancucka J. Stabilization of liposomes with silicone layer improves their
elastomechanical properties while not compromising biological features.
Colloids Surf B Biointerfaces. 2020;195:111272.

Karabasz A, Szczepanowicz K, Cierniak A, Bereta J, Bzowska M. In vitro toxicity
studies of biodegradable, polyelectrolyte nanocapsules. Int J Nanomed.
2018;13:5159-72.

Hinz A, Szczech M, Szczepanowicz K, Bzowska M. Fluorophore Localization
Determines the Results of Biodistribution of Core-Shell Nanocarriers. Int J
Nanomedicine [Internet]. 2022 Feb 8 [cited 2023 Dec 29];17:577-88. https://
www.dovepress.com/fluorophore-localization-determines-the-results-of-
biodistribution-of--peer-reviewed-fulltext-article-lN.

TangY,Wang X, Li J, Nie Y, Liao G, Yu Y, et al. Overcoming the Reticuloendo-
thelial System Barrier to Drug Delivery with a don't-Eat-Us strategy. ACS Nano.
2019;11:13015-26.

Hirsjérvi S, Sancey L, Dufort S, Belloche C, Vanpouille-Box C, Garcion E et al.
Effect of particle size on the biodistribution of lipid nanocapsules: Compari-
son between nuclear and fluorescence imaging and counting. Int J Pharm
[Internet]. 2013 Sep 10 [cited 2018 Dec 13];453(2):594-600. https://www.
sciencedirect.com/science/article/pii/S0378517313004845?via%3Dihub.

LiuY, Tseng YC, Huang L. Biodistribution studies of nanoparticles using
fluorescence imaging: A qualitative or quantitative method? Pharm Res
[Internet]. 2012 Dec 18 [cited 2021 Feb 26],29(12):3273-7. https://link.
springer.com/article/10.1007/511095-012-0818-1.

Yu M, Song W, Tian F, Dai Z, Zhu Q, Ahmad E, et al. Temperature- and rigidity-
mediated rapid transport of lipid nanovesicles in hydrogels. Proc Natl Acad
SciUS A.2019;116(12):5362-9.

Maeda H, Bharate GY, Daruwalla J. Polymeric drugs for efficient tumor-
targeted drug delivery based on EPR-effect. Eur J Pharm Biopharm.
2009;71(3):409-19.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

Page 16 of 16

Guo P, Liu D, Subramanyam K, Wang B, Yang J, Huang J, et al. Nanoparticle
elasticity directs tumor uptake. Nat Commun. 2018;9(1):1-9.

Verkade HJ, Zaal KJM, Derksen JTP, Vonk RJ, Hoekstra D, Kuipers F, et al.
Processing of the phospholipid analogue phosphatidyl(N-sulphorhodamine
B sulphonyl)ethanolamine by rat hepatocytes in vitro and in vivo. Biochem J.
1992,284(Pt 1):259-65.

Yan X, Poelstra K, Scherphof GL, Kamps JAAM. A role for scavenger receptor
B-lin selective transfer of rhodamine-PE from liposomes to cells. Biochem
Biophys Res Commun. 2004;325(3):908-14.

Bacterial Endotoxins/Pyrogens. | FDA [Internet]. [cited 2023 Sep

12]. https://www.fda.gov/inspections-compliance-enforce-
ment-and-criminal-investigations/inspection-technical-guides/
bacterial-endotoxinspyrogens.

Copeland S, Shaw Warren H, Lowry SF, Galvano SE, Remick D. Acute inflam-
matory response to endotoxin in mice and humans. Clin Diagn Lab Immunol.
2005;12(1):60-7.

Everhardt Queen A, Moerdyk-Schauwecker M, McKee LM, Leamy LJ, Huet YM.
Differential expression of inflammatory cytokines and stress genes in male
and female mice in response to a Lipopolysaccharide Challenge. PLoS ONE.
2016;11(4).

Iwakura Y, Ishigame H.The IL-23/IL-17 axis in inflammation. J Clin Invest.
2006;116(5):1218-22.

Zhang R, Chen S, Chen L, Ye L, Jiang Y, Peng H, et al. Single-cell transcrip-
tomics reveals immune dysregulation mediated by IL-17A in initiation of
chronic lung injuries upon real-ambient particulate matter exposure. Part
Fibre Toxicol. 2022;19(1):1-20.

Liu D, Xing S, Wang W, Huang X, Lin H, Chen Y, et al. Prognostic value of
serum soluble interleukin-23 receptor and related T-helper 17 cell cytokines
in non-small cell lung carcinoma. Cancer Sci. 2020;111(4):1093-102.
Karabasz A, Szczepanowicz K, Cierniak A, Mezyk-Kopec R, Dyduch G, Szczech
M, et al. In vivo studies on pharmacokinetics, toxicity and immunogenicity
of polyelectrolyte nanocapsules functionalized with two different polymers:
poly-L-glutamic acid or PEG. Int J Nanomed. 2019;14:9587-602.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


http://www.ncbi.nlm.nih.gov/pubmed/27022877
https://www.dovepress.com/fluorophore-localization-determines-the-results-of-biodistribution-of--peer-reviewed-fulltext-article-IJN
https://www.dovepress.com/fluorophore-localization-determines-the-results-of-biodistribution-of--peer-reviewed-fulltext-article-IJN
https://www.dovepress.com/fluorophore-localization-determines-the-results-of-biodistribution-of--peer-reviewed-fulltext-article-IJN
https://www.sciencedirect.com/science/article/pii/S0378517313004845?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0378517313004845?via%3Dihub
https://link.springer.com/article/10.1007/s11095-012-0818-1
https://link.springer.com/article/10.1007/s11095-012-0818-1
https://www.fda.gov/inspections-compliance-enforcement-and-criminal-investigations/inspection-technical-guides/bacterial-endotoxinspyrogens
https://www.fda.gov/inspections-compliance-enforcement-and-criminal-investigations/inspection-technical-guides/bacterial-endotoxinspyrogens
https://www.fda.gov/inspections-compliance-enforcement-and-criminal-investigations/inspection-technical-guides/bacterial-endotoxinspyrogens

	﻿The elasticity of silicone-stabilized liposomes has no impact on their in vivo behavior
	﻿Abstract
	﻿Background
	﻿Materials and methods
	﻿Materials
	﻿Preparation of cationic (LIP-CAT) and silicone-stabilized (LIP-SS) liposomes
	﻿Preparation of fluorescently labeled liposomes LIP-CAT﻿Rho﻿ and LIP-SS﻿Rho﻿
	﻿Characterization of resulting liposomes
	﻿Cells used in experiments
	﻿Detection of LPS contamination in liposome
	﻿Analysis of nitrate oxide (NO) production by RAW 264.7 cells
	﻿Liposome interaction with TLR receptors
	﻿Animals used in the studies
	﻿Pharmacokinetic, biodistribution studies and calculations of elimination half-life of liposomes
	﻿Toxicity studies - liposomes administration and animal material isolation
	﻿Hematological and biochemical analysis
	﻿Cytokine profiling
	﻿Analysis of the morphology of isolated tissues and SEM observation
	﻿Comet assay to analyze DNA damage in cells isolated from bone marrow
	﻿Statistical analysis

	﻿Results
	﻿LIP-SS﻿Rho﻿ liposomes have identical pharmacokinetics, biodistribution, and elimination routes as LIP-CAT﻿Rho﻿
	﻿The silicone network fabricated within the LIP-SS bilayer does not increase liposome toxicity compared to LIP-CAT
	﻿LIP-SS and LIP-CAT liposomes interact with the immune system, manifesting in upregulated production of cytokines, including proinflammatory ones

	﻿Discussion
	﻿Liposome stabilization ﻿via﻿ the silicone layer does not affect their biodistribution profile
	﻿Stimulation of immune response does not result from potential LPS contamination of liposome samples

	﻿Conclusions and study limitations
	﻿References


