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Due to the health risks associated with the use of Gd-chelates and the promising effects of using
nanoparticles as T; contrast agents (CAs) for MRI, Mn-based nanoparticles are considered a highly
competitive alternative. The use of hybrid constructs with paramagnetic functionality of Mn-based
nanoparticles is an effective approach, in particular, the use of biocompatible lipid liquid crystalline
nanoparticles (LLCNPs) as a carrier of MnO nanoparticles. LLCNPs possess a unique internal structure
ensuring a payload of different polarity MnO nanoparticles. In view of MRI application, the surface
properties including the polarity of MnO are crucial factors determining their relaxation rate and thus the
MRI efficiency. Two novel hybrid constructs consisting of LLCNPs loaded with hydrophobic MnO-oleate
and hydrophilic MNnO-DMSA NPs were prepared. These nanosystems were studied in terms of their
physico-chemical properties, positive T; contrast enhancement properties (in vitro and in vivo) and
biological safety. LLCNPs@MnO-oleate and LLCNPs@MnO-DMSA hybrids exhibited a heterogeneous
phase composition, however with differences in the inner periodic arrangement and structural
parameters, as well as in the preferable localization of MNO NPs within the LLCNPs. Also, these hybrids
differed in terms of particle size-related parameters and colloidal stability, which was found to be
strongly dependent on the addition of differently functionalized MnO NPs. Embedding both types of
MnO NPs into LLCNPs resulted in high relaxivity parameters, in comparison to bare MNnO-DMSA NPs and
also commercially developed CAs (e.g. Dotarem and Teslascan). Further biosafety studies revealed that
cell internalization pathways were dependent on the prepared hybrid type, while viability, effects on the
mitochondria membrane potential and cytoskeletal networks were rather related to the susceptibility of
the particular cell line. The high relaxation rates achieved with the developed hybrid LLCNPs@MnO
enable them to be possibly used as novel and biologically safe MRI T;-enhancing CAs in in vivo imaging.

1. Introduction

Magnetic resonance imaging (MRI) is a non-invasive technique
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supporting disease diagnosis and pathological characterization
with ease and in a comparatively safe manner. Nowadays, it is
routinely used in clinics due to its associated intrinsic spatial
resolution, deep tissue penetration and three-dimensional
anatomical information it gathers." The MRI signal is depen-
dent on the density of protons and their relaxations, which are
largely dependent on the chemical environment. The rates of
relaxation are characterized by a longitudinal relaxation time
(T1), describing the energy exchange between spins and lattices,
and by a transverse relaxation time (73), describing the energy
exchange between spins. Both the proton density and the T

This journal is © The Royal Society of Chemistry 2023
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and T, relaxation times are used to contrast MRI images.
However, MRI suffers from inherently low sensitivity; hence,
exogenous contrast agents (CAs) are often introduced in order
to affect the relaxation times of water protons, and therefore
brighten (positive CAs) or darken (negative CAs) their immediate
surrounding areas in the image, respectively.” To date, numerous
design approaches have been used to develop CAs with improved
molar relativities, either longitudinal (r;) or transverse (r,),
beginning with the coordination of metallic complexes includ-
ing lanthanide complexes and finally nanoparticles.>”> Most of
these are based on highly paramagnetic ions such as Gd**,
Fe** and Mn**. Gold-standard CAs used in clinical MRI are
Gd-based positive contrast agents. These are mainly macro-
cyclic- (Dotarem, Gadovist, and Prohance) and linear- (Magne-
vist, Multihance, Omniscan, Optimark, and Primovist) type
Gd-chelate formulations. These Gd-based chelate CAs,
although the most frequently used agents in MRI body scans
worldwide, suffer from possible toxicity and long-term accu-
mulation in brain tissues, and may also induce nephrogenic
systemic fibrosis (NSF) and resultant renal impairment.®® For
these reasons, in 2017, the European Medicines Agency (EMA)
concluded its review of gadolinium-based CAs, with recommen-
dations to restrict the use of some linear gadolinium agents
used in MRI body scans and to suspend the authorization of
others. In the same recommendation, the EMA permitted the
use of macrocyclic Gd-based chelate formulations.® A fairly
good commercial Mn-based alternative to Gd-based CAs is
Teslascan (the active substance is mangafodipir trisodium).
It was initially approved by the Food and Drug Administration
(FDA) and the EMA for the detection of lesions in the liver that
might be caused by liver cancer or cancer that has spread to the
liver from other parts of the body.'® However, in 2012, based on
the decision of the marketing authorization holder, the EMA
made a decision to withdraw the marketing authorization for
Teslascan for commercial reasons."” Due to the reduced
number of available T; CAs and possible health risks of some
Gd-chelates, alternative CAs are being searched and developed.
A promising approach is the use of nanoparticles in two ways:
(1) formation of NPs with paramagnetic ions incorporated into
a nanostructured framework (e.g. metal oxides, sodium gadoli-
nium fluoride, and metal ferrites); (2) formation of hybrid
constructs consisting of inorganic and organic components,
with paramagnetic functionality either in an inorganic part or
an organic part (e.g. SiO,, Au NPs or polymeric NPs, functiona-
lized with either DOTA, DTPA-lanthanide complexes or Gd,O3,
MnO NPs or Mn*', Gd*" ions incorporated in the organic
matrix, e.g. functional polymeric NPs).">™*

Taking into account the health risks associated with the use
of Gd-chelates and promising effects of using nanoparticles as
CAs, manganese-based NPs are seen in the light of recent
research as a highly competitive alternative for T; CAs.'®"”
Mn has been used as a T; CA since the very beginning of MRI
development, however, applied in the form of MnCl, or Mn**
complexes.'®>' A Mn>" ion has five unpaired electrons in a
3d orbital and can therefore produce a large magnetic
moment and cause an efficient nearby water proton relaxation.
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Moreover, due to the biophysical similarity of Mn** to Ca®"
ions, it has been exploited to map the brain activity in vivo in
animals in so called manganese enhanced magnetic resonance
imaging (MEMRI), recognized as an important tool in all sorts
of neurological studies.”” It is also an essential element for
living organisms, crucial for normal body growth and function-
ing, and involved in several cellular processes; therefore, it can
be considered in vivo tolerable. However, manganese deregula-
tion can result in a disease state; for example, excess of Mn is
known to induce cytotoxicity manifested as the abnormal redox
potential and changes in the central nervous system.>***
Manipulation of NPs’ properties such as particle morpho-
logy and surface functionalization, realized by the rational
design and synthesis of NPs, creates an opportunity for the
development of new and efficient CAs. MnO NPs have been
proposed as efficient T; CAs, particularly ultrasmall NPs and
coated/functionalized with biocompatible molecules.'®'”>%2¢
The signal contrast enhancement in MRI is expected via an
improved contact between the Mn>" ions of the MnO core and
the surrounding water molecules. Na et al. reported on the
MnO NPs (7, 15, 20, and 25 nm) coated with a mPEG-2000 PE
(1, 2-distearoyl-sn-glycero-3-phosphoethanolamine-N [methoxy-
(polyethylene glycol)-2000]) shell.>” This study showed that the
smaller the NP size the brighter the signal in T;-weighted MRI
and proved that the paramagnetic Mn** ions on the surface of
NPs are responsible for the shortening of the T, relaxation
times, and also T, shortening effects were observed. Létourneau
et al. used ultrasmall (8.4 nm) and nanoaggregates of MnO NPs
coated with thiolated molecules (DMSA, meso-2,3-dimercapto-
succinic acid) and aminated- and thiolated-polyethylene glycol
(NH,-PEG(5000)-SH) for enhanced cell labelling and colloidal
stability, respectively.”® A higher signal was obtained for cells
labelled with aggregated MnO NPs due to the higher relaxo-
metric properties of the agglomerates, suggesting that the
expected agglomeration of NPs in endosomes does not
adversely affect further cell tracking procedures with MRI.
Gianolo et al. reported on the relaxivity and physico-chemical
data for a high relaxivity of a previously developed Mn(u)-
containing polymeric nanomaterial (SN132D Spago Nanomedi-
cal AB) with a NP size of 5.6 nm."” The per Mn relaxivity of
this system is among the highest reported for Mn-containing
systems and also significantly higher in comparison to that of
Gd-based CAs, currently used in clinics. This was ascribed to
several complementary characteristics such as slow rotational
dynamics, due to the nanosize of used particles, the fast
exchange rate of the coordinated water molecules and the
presence of a large contribution from second coordination
sphere water molecules. Moreover, a further relaxivity increase
was observed in human serum due to the increased medium
viscosity and competitive chelation of Mn?*, Another rational
design approach for MnO-based CAs was provided by Mauri
et al., who proposed the embedding of MnO NPs in functional
polymers, via either individual NPs coated with PMA (poly-
(isobutylene-alt-maleic anhydride) or multiple NPs embedded
in large PLGA envelopes (poly(lactic-co-glycolic acid) in order to
enhance the MRI contrast."* The PLGA envelope was likely to
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reduce the MnO NP interaction with water molecules by
decreasing both r; and r, more pronouncedly than in the case
of PMA-coated MnO NPs. However, the PLGA-based system
exhibited significant dose- and time-dependent r; increases in
plasma, due to the release of active MnO NPs from the polymer
matrix in plasma.

Another approach for the development of a new class of
nanoparticle-based CAs exploits the use of a hybrid construct
consisting of lipid liquid crystalline nanoparticles (LLCNPs) as
a carrier of nanoparticles with specific magnetic properties.
LLCNPs are highly curved lipid-based NPs formed by more
exotic highly ordered membrane-like phases, such as cubo-
somes and hexosomes or less ordered spongosomes, in com-
parison to simple vesicle-like liposomes.>**° LLCNPs are
colloidal NPs, formed mainly by the steric or electrostatic
stabilization process modulated by the self-assembly of
surfactant-like lipids forming non-lamellar phases in excess
water and in the presence of a stabilizer. Cubosomes are NPs
with their internal structure consisting of a single membrane
bilayer forming a lattice structure type network with two con-
tinuous intertwining, but non-intersecting aqueous channels -
a 3D well-ordered bicontinuous cubic phase (V,). However, in
the case of hexosomes, the internal structure comprises the 2D
columnar hexagonal (H,) phases. Spongosomes are another
type of LLCNPs, and consist of a randomly ordered bicontin-
uous cubic phase.>’* The unique internal structure and mor-
phology of LLCNPs result in a higher membrane surface area
in LLCNPs, in comparison to simple vesicle-like NPs. This
translates to a significantly higher number of lipid molecules
per particle, which also enables a higher payload of drug
molecules and/or diagnostic agents. Moreover, LLCNPs can
entrap hydrophilic, hydrophobic and amphiphilic molecules
in the aqueous channels, hydrophobic region or at their inter-
phases, respectively.> Likewise, considering the high biocom-
patibility, biodegradability, loading/release efficiencies, and
facile fabrication strategies, LLCNPs have potential to be
applied further in clinics next to liposomes, niosomes, transfer-
somes, and solid lipid nanoparticles.>*"*

So far, LLCNPs have been used as carriers of nanoparticu-
lated inorganic CAs such as SPIONs,*® mixed ferrite,*® and also
formed nanoassemblies with Gd-containing amphiphiles such
as Gd-DTPA-BSA and PE-DTPA-Gd,?” and with higher molecular
weight Gd-DTPA-monophytanyl or Gd-DTPA-monooleyl amphi-
philes forming supramolecular assemblies.*®**° These two
approaches exhibit a certain collection of advantages and
disadvantages; however, both can be considered to have high
potential to be used as combined diagnostic and therapeutic
nanomedicine. However, before any nanoparticles can be
applied to clinical practice, their biosafety needs to be ade-
quately evaluated, using in vitro cell culture models first. Such
tests usually include an assessment of nanoparticle uptake
(efficiency and route) and their impact on cell viability and
cytotoxicity. Prolonged incubation of nanosystems with cells
may lead to apoptosis (programmed cell death) via different
pathways; therefore, the possible DNA, membrane and cyto-
skeletal damage should be considered.
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In this work, we studied a new class of safe hybrid MRI
positive contrast agents based on combined constructs consist-
ing of LLCNPs loaded with two types of inorganic MnO nano-
particles. MnO-oleate capped NPs possessed a hydrophobic
character, while MnO-DMSA NPs showed a hydrophilic char-
acter due to functionalization with carboxylic acid ligands.
These surface properties of MnO NPs are relevant first for their
interaction with lipid molecules and finally lipid NPs, and also
in view of MRI, for their interaction with water molecules
affecting the relaxation rate from the NPs to the surrounding
medium.

The positive T; contrast enhancement phenomena of the
prepared hybrid lipid@MnO systems were first studied by
in vitro quantification of their relaxometric performance and
hydration state (g) of the Mn(u) ions. Finally, it was followed by
in vivo MRI using a mouse model. The research was completed
with complex characterization of the physico-chemical proper-
ties of the obtained hybrid systems as MRI contrast agents,
which nevertheless qualify these systems for advanced devel-
opment research. In order to prove their biosafety, we tested the
effects of different formulations on viability and genotoxicity as
well as on changes in the mitochondrial membrane potential
and cytoskeletal network in three cell lines. Here, we used HeLa
cells as a standard model system of cancer cells, and LN229 and
U251MG cells as glioblastoma cell lines.

2. Experimental

2.1. Materials

Synthesis of MnO-oleate NPs. Synthesis of MnO-oleate NPs
was carried out in two stages, following the previously reported
procedure with some modifications.*® The first stage was the
Mn(u)-oleate complex preparation by reacting 7.92 g of manga-
nese chloride tetrahydrate (40 mmol, MnCl, x 4H,0, 98%, Carl
Roth GmbH + Co. KG) with 24.36 g of sodium oleate (80 mmol,
CHj;3(CH,),CH = CH(CH,),COONa, >97%, TCI) in a solvent
mixture composed of 30 mL of deionized water (dH,O,
18.2 MQ x cm Milli-Q), 40 mL of ethanol (EtOH, 99.8%, Avantor
Performance Materials Poland S.A.), and 70 mL of hexane
(CeH14, 99%, Avantor Performance Materials Poland S.A.). The
solution was heated slowly up to 60 °C and kept at this
temperature for 4 h under reflux and magnetic stirring conditions.
After cooling down to room temperature, the resulting two
phase solution was transferred to a separatory funnel in order
to collect the upper hexane-based phase containing the Mn(u)-
oleate complex, which was then washed three times with dH,O.
Furthermore, the hexane-based solution was vacuum dried at
60 °C, until the pink solid Mn(u)-oleate complex was obtained.
Prior further use, the solid Mn(u)-oleate complex was grounded
into the powder and stored in a desiccator. The second stage
was the synthesis of MnO nanoparticles using the Schlenk
apparatus. First, the obtained Mn(u)-oleate complex (3 mmol,
1.86 g) and stearic acid (2 mmol, 0.56 g, C;;H35COOH, 95%,
Sigma Aldrich Co.) as a surfactant were dissolved in hexadecene
(15 g, Cy6Hzp, > 90%, Carl Roth GmbH + Co. KG) and then
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degassed at 70 °C for 1.5 h under vacuum and magnetic stirring
to remove residues of water and oxygen prior to the main
synthesis. Afterwards, the degassed solution was exposed to
an argon atmosphere and heated up to 288 °C at a rate of 2-3 °C
min~" and kept at this temperature for 2 h. Then, the solution
was cooled down to room temperature and hexane (20 mL) and
acetone (50 mL, Stanlab Sp z 0.0.) were added in order to
precipitate the oleate-capped MnO nanoparticles, which were
further washed with acetone three times and collected by
centrifugation (24 k rpm, 30 min) in order to remove the excess
of capping ligands and carboxylic acid surfactants. Further-
more, the obtained MnO-oleate NPs were stored either as a
dispersion in chloroform (CHCl;, 98.5%, Avantor Performance
Materials Poland S.A.) or as dried powder in a desiccator.

Preparations of MnO-DMSA NPs. The prepared oleate-
capped MnO NPs were further subjected to functionalization
with the ligand exchange approach in order to achieve hydro-
philicity and biocompatibility.>®**"*> For this purpose, meso-
2,3-dimercaptosuccinic acid (DMSA, 98%, Sigma Aldrich Co.)
was used to exchange the oleate ligand on the surface of NPs.
The functionalization was also carried out in two stages. In the
first stage, 50 mg of MnO-oleate NPs were dissolved in 7.5 mL
of chloroform and mixed with a solution of 25 mg of DMSA
in 7.5 mL of dimethyl sulfoxide (DMSO, >99.9%, Avantor
Performance Materials Poland S.A.). This reaction mixture
was further added with 25 pL of trimethylamine (TEA, >99%,
Sigma Aldrich Co.) as a catalyst (deprotonation), heated up to
60 °C under magnetic stirring and kept under this condition for
6 h. Next, nanoparticles were centrifuged and washed three
times with EtOH and re-suspended in 10 mL of EtOH. In the
second stage, this suspension of nanoparticles was mixed again
with 25 mg of DMSA dissolved in 7.5 mL of DMSO, and added
with 25 pL of TEA, heated up to 60 °C under magnetic stirring
and kept under this condition for 6 h. Finally, nanoparticles
were centrifuged and washed three times with dH,O for further
analyses and suspended in dH,O (5 mL).

Preparation of unloaded and MnO-loaded LLCNPs. For the
LLCNP preparation, the well-established top-down approach
was used™™* with some modifications.***” The unloaded
LLCNP formulation was composed of glyceryl monooleate
(GMO, 90%, I0I Olea GmbH) as a structure-forming lipid and
Pluronic F-127 (Sigma Aldrich Co.) as the non-ionic copolymer
surfactant stabilizing LLCNPs in water-based dispersion, which
is commonly used for this purpose. For unloaded LLCNPs,
GMO was mixed with Pluronic F-127 in a weight ratio 1:0.15 at
60 °C until the viscous transparent melt was obtained. Then,
the pre-warmed up to ~60 °C dH,O was added to gain a
concentration of 20 mg mL ™" (2% w/w) of GMO considering
the temperature-composition phase diagram®® and left over-
night at room temperature for hydration to form a bulk (gel)
lipid phase. LLCNPs were formed from the bulk lipid phase
by homogenization (Branson Sonifier 250, Emerson Electric
Company) at an output power of 60 W until a milky homo-
genous dispersion was formed.

For the formulation of LLCNPs loaded with the hydro-
phobic oleate-capped MnO (LLCNPs@MnO-oleate), these MnO
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nanoparticles were diluted in chloroform and added to the
mixture of GMO and Pluronic F127 at 10% w/w to the lipid.
The resulting solution was then vacuum evaporated at 60 °C in
order to remove the organic solvent and then added to the pre-
warmed up to ~60 °C dH,O to gain a concentration of 2% w/w
of GMO in a final mixture. The further steps in the preparation
of LLCNPs@MnO-oleate were performed as for unloaded
LLCNPs.

For the formulation of LLCNPs loaded with the hydrophilic
MnO-DMSA (LLCNPs@MnO-DMSA), functionalized MnO-DMSA
nanoparticles were added as a pre-warmed (~60 °C) aqueous
suspension to the melt of GMO and Pluronic F127 at 10% w/w to
the lipid, and the resulting mixture was added to the pre-warmed
(~60 °C) dH,O to gain a concentration of 2% w/w of GMO in a
final mixture. The further steps in the preparation of
LLCNPs@MnO-DMSA were performed as for unloaded LLCNPs.
To sum up the composition, the weight ratio of all components,
i.e. GMO:F-127:MnO, was kept as 1:0.15:0.1. Both the obtained
MnO-loaded LLCNP dispersions appeared as milky light-brown.
Before further analyses, as-prepared LLCNP dispersions were
subjected to stabilization at room temperature for 24 h.

For uptake studies, LLCNPs were stained with the fluorescent
dye Nile Red (NR, Merck). Briefly, for NR-stained LLCNPs@
MnO-oleate, the NR solution in chloroform was added to the
GMO and Pluronic F127 mixture in an amount of 0.1% w/w with
respect to the GMO, prior to the further addition of MnO-oleate
NPs. Further synthesis steps were similar as above for LLCNPs@
MnO-oleate. In the case of NR-stained LLCNPs@MnO-DMSA, NR
solution in ethanol was added to the GMO and Pluronic F127
mixture in an amount of 0.1% w/w with respect to the GMO.
Then, the solution was vacuum evaporated at 60 °C to remove
the organic solvent, prior the further addition of the MnO-DMSA
NPs. Further synthesis steps were similar to the above for
LLCNPs@MnO-DMSA. Finally, for both NR-stained LLCNPs@
MnO-oleate and NR-stained LLCNPS@MnO-DMSA, unattached
NR molecules were removed by ultrafiltration and centrifugation
using Amicon® Ultra-4 Centrifugal Filter Devices (10 000 MWCO,
Merck Millipore) according to manufacturer’s instructions.

2.2. Characterization of physicochemical properties

X-ray diffraction (XRD). The phase composition of prepared
MnO NPs was determined on powdered samples using an
Empyrean (PANalytical) diffractometer with Cu Ko radiation
(.. = 1.54 A), s reflection-transmission spinner (sample stage)
and a PIXcel 3D detector, operating in the Bragg-Brentano
geometry. The diffractograms were recorded at RT in angles
ranging from 10 to 80° (2Theta) with a step size of 0.006 and a
continuous scan mode.

Dynamic light scattering (DLS) and zeta potential measure-
ments. The nanoparticle size and the zeta potential ({)
of prepared NPs were measured using a Zetasizer Nano-ZS
(Malvern Instruments) equipped with a 4 mW He-Ne laser
(4 = 633 nm), based on the non-invasive dynamic light scatter-
ing method (DLS-NIBS) at a detection angle of 173° and
electrophoretic light scattering (ELS). Measurements were car-
ried out at 25 °C using folded capillary cells, with the exception
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of oleate-capped MnO NPs, which were measured as a hexane-
based solution using a universal dip cell (Malvern Instruments).
Prior the analysis, NPs were diluted in ultrapure water to the
appropriate concentration. The measurements were also con-
ducted after 1 month (Table 2, sample description with _1 m) of
storage of NPs at room temperature, and after 24 h stabiliza-
tion of NPs in the human serum albumin (HSA, 96%, CSL
Behring, Table 2, sample description with _HSA) and cell culture
Dulbecco’s modified Eagle’s medium (Table S2 (ESIt), sample
description with _DMEM). Results are the mean =+ standard
deviation (SD) of three individual analyses.

Transmission electron microscopy. The morphology of pre-
pared MnO-oleate and MnO-DMSA NPs was observed using a
high-resolution transmission electron microscope (HRTEM,
Jeol ARM 200F operating at 200 kV). Prior to the experiment,
a few drops of MnO NPs’ colloidal dispersion were added onto
ultrathin carbon grids. The unloaded and MnO-loaded LLCNPs
were in turn observed using a cryogenic technique (cryo-TEM,
Jeol JEM-1400 TEM operating at 120 kV) maintaining a low
temperature of about —175 °C during the observation. For this
analysis, samples were diluted in a 1:1 ratio with dH,0O and
deposited on previously treated plasma lacey/carbon grids
(Ted Pella Inc.) and freeze-dried at —173 °C using the Cryo-
plunge 3 System (Gatan Inc.).

Small angle X-ray scattering. Small angle X-rays scattering
(SAXS) spectra of prepared samples were collected using a
Bruker NanoStar instrument (Bruker AXS GmbH). The instru-
ment was equipped with a pinhole collimation system allowing
a beam size at a sample position of about 400 pm in diameter.
X-ray generation was sustained using a micro-focused X-ray Cu
source (wavelength Cu Ko = 1.54 A) and scattering patterns were
recorded using a 2D MikroGap technology-based detector
(VANTEC- 500 2D with 2048 x 2048 pixels and 68 x 68 pum
each pixel size) along with a custom-built semi-transparent
beam stop. In the SAXS configuration, with a sample to detector
distance set at 107 cm and further calibrated with the silver
behenate powder sample, the resolved scattering vector mod-
ulus g covers a range between 0.06 and 2.1 nm ™. The scattering
patterns were recorded at room temperature under moderate
vacuum conditions (10> mbar) to limit air scattering. Liquid
samples were filled in glass capillaries (200 pL) then sealed and
mounted on a vertical sample holder in the analytical chamber
of the Nanostar. The intensity of the semi-transparent beam
stop for direct beam scans was used for transmission correc-
tion. The background subtraction was done systematically for
all samples by subtracting the scattering intensity of a glass
capillary filled with water.

Induced coupled plasma mass spectrometry (ICP-MS). The
concentration of manganese ions in MnO-DMSA and LLCNPs
loaded with MnO was analyzed using ICP-MS (PerkinElmer
NexION 300D). Nanoparticle samples were appropriately
diluted prior to the injection and analyzed for Mn ion contents.

Relaxometric studies - 1H NMR relaxometry. In order to
investigate the effectiveness of the obtained LLCNPs as contrast
agents in MRI imaging, NMR longitudinal relaxation time T;
measurements were performed with the Inversion Recovery (IR)
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Table 1 Mn ion concentration [Mn ion] in MNO-DMSA and MnO-loaded

LLCNPs, expressed in mM (mmol L™3), used for the NMR relaxometry. The
latter are relative to the unloaded LLCNP dosages

MnO-DMSA  LLCNPs LLCNPs@MnO-oleate LLCNPs@MnO-DMSA

[Mn ion)/mM pg mL™' [Mn ion)/mM [Mn ion]/mM

0.08 50 0.01 0.01
0.19 100 0.02 0.02
0.38 150 0.03 0.03
0.56 200 0.04 0.05
0.75 300 0.06 0.07
1.00 400 0.08 0.09

experiment at a magnetic field of 0.39 T (16.5 MHz) using a
home-built spectrometer. The prepared nanoparticle dispersions
containing different concentrations of Mn(u) (Table 1) were
studied at room temperature. The Mn(u) concentration range of
MnO-loaded LLCNPs was chosen based on preliminary viability
results on MnO-DMSA nanopatrticles (Fig. S3, ESIT). The obtained
data showed mono-exponential behavior, and it fitted using the
function M(t) = My*(1-2exp(—t/Ty)).

To acquire information about the transverse relaxation time
T, (spin-spin interactions), the Carr-Purcell-Meiboom-Gill
(CPMG) sequence was used. Since all collected data exhibited
a single-exponential decay of echo’s train (behavior), they were
fitted using the mono-function M(t) = My*exp(—t/T).

Finally, the dependence of relaxation times T;, and T, vs.
Mn(u) concentration (relaxation rates 1/Ty, 1/T,) was then used
to calculate the relaxivity parameters r; and r,, respectively.

70 NMR - Mn(u) hydration state. For the estimation of the
number of the water ligands/hydration state (g) of the Mn(u) ion
in the prepared samples, the 'O NMR spectra were recorded
using an Avance DMX 400 Bruker spectrometer equipped with a
5 mm high resolution (HR) broadband probe (a resonance
frequency of 400 MHz for protons). The 1D 'H NMR one-
pulse sequence was used with the following parameters: p1
(90° pulse) at 25 ps; 1024 number of scans (ns); d1 (relaxation
delay) - 100 ms. Furthermore, the transverse relaxation times
(T3) of 7O were measured through the linewidth of the 70O NMR
signal at half-height in the temperature range (21-65 °C) and the
number of water molecules, g, was calculated using expression 5
from the paper by Caravan et al.*® After each temperature change,
there was a 10 minute equilibration time allowing for thermal
sample stabilization and then magnetic field’s shimming was
upgraded before the next measurement start. The r, relaxivity was
calculated by dividing the Mn paramagnetic ion imparted
increase in 1/T) relative to the concentration of the paramagnetic
ion. As a reference sample, to validate the correctness of the
method a solution of 0.02 mM MnCl, containing [(Mn(H,O0)e]>*
ions of the known g value was used.

Magnetic resonance imaging (MRI) - in vitro studies. MRI
experiments were performed using a 9.4 Tesla (T) MRI
horizontal scanner (Agilent) (resonance frequency for protons —
400 MHz) with the volume RF Millipede coil (30 mm diameter)
and a 205/120 gradient system. 7;- and T,-weighted MR
images of water-based LLCNPs dispersions containing differ-
ent concentrations of Mn(u) (Table 1) were acquired at room
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temperature. As a reference standard, a capillary with deionized
H,O was used. The value of acquisition parameters of
Ti-weighted images acquired with the Single Echo Multi Slice
(SEMS) sequence were set as follows: repetition time (T;) -
100 ms, echo time (T,) - 15 ms, average — 32, field of view
(FOV) - 25 x 25 mm, image matrix - 256 x 256, and slice
thickness - 2 mm. A spin echo, the Multi Slice Multi Echo -
MEMS imaging sequence with multiple echoes registration, was
used to obtain T,-weighted images. The sequence was run with
following parameters: T, — 12000 ms, T, — 10 ms, numbers of
echoes - 64, average — 1, FOV - 25 x 25 mm, matrix - 256 X 256,
and slice thickness - 2 mm.

2.3. Biological characterization

Uptake studies. To block the energy-dependent mechanism
of MnO-loaded LLCNP uptake, the grown HeLa cells were
incubated at 4 °C for 1 h. Media were then replaced with the
cold serum-free DMEM containing 10 ug mL™" of Nile Red
stained MnO-loaded LLCNPs and incubated for another 1 h at
4 °C. The serum-free DMEM was used to exclude the effect of
protein adsorption on NP surfaces that can potentially alter
the endocytic pathways. Afterwards, cells were rinsed with PBS,
maintained in the phenol red-free medium (Fluoro Bright
DMEM, Gibco), and imaged using a laser scanning confocal
microscope (CLSM, Olympus FV1000).

The influence of different endocytic inhibitors on the cellular
uptake of LLCNPs was also assessed. Briefly, the seeded cells were
incubated separately with methyl-B-cyclodextrin (2.5 mg mL ™),
as an inhibitor of caveolae/lipid raft-dependent endocytosis,
chlorpromazine hydrochloride (5 pg mL™"), as an inhibitor of
clathrin-mediated endocytosis, and cytochalasin D (5 pg mL %),
as an inhibitor of F-actin polymerization (for 1 h at 37 °C).
Subsequently, cells were incubated with 10 g mL ™" of Nile Red
stained LLCNPs for 1 h and imaged as described above.

To determine the intracellular localization of MnO-loaded
LLCNPs, the samples were analyzed using a transmission electron
microscope (TEM) according to our previous procedure.’ Briefly,
the HeLa cells after 30 min or 3 h incubation with nanoparticles
were fixed with 4% formaldehyde and 1% glutaraldehyde in PBS
for 2 h. After fixation, the samples were postfixed in 1% osmium
tetroxide for 1 h at room temperature, dehydrated through a graded
series of ethanol concentrations (50, 70, 80, 90, 96, and 100%) and
embedded in epoxy resin. Ultrathin sections were prepared using an
ultramicrotome (RMC PowerTome PT-XL), collected onto TEM
grids, stained with 2% uranyl acetate and analyzed using a trans-
mission electron microscope (Jeol JEM-1400 TEM).

In vitro cell culture. The human glioblastoma cell lines
LN229 (ATCC-CRL-2611) and U251MG (ECACC No. 89081403)
were kindly provided by professor Janka Held-Feindt from
the Department of Neurosurgery, University Medical Center
Schleswig-Holstein in Kiel, Germany. The human cervical cancer
cell line HeLa was obtained from the American Type Culture
Collection (ATCC). The human fibroblast cell line MSU1.1 was
obtained from Prof. C. Kieda (CBM, CNRS, Orléans, France).

All cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, ThermoFisher Scientific) supplemented with 10% fetal
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bovine serum (FBS, Gibco® Qualified, ThermoFisher Scientific)
and 100 units per mL penicillin-streptomycin (ThermoFisher
Scientific). Cells were maintained under standard cell culture
conditions at 37 °C in a humidified atmosphere containing 5%
CO,. Cell cultures were monitored every day until they reached
90% of confluence and were passaged using the trypsin/EDTA
protocol in a 1:9 ratio. In vitro cell culture was routinely
checked for Mycoplasma contamination by the polymerase chain
reaction (PCR).

In vitro viability studies. The cytotoxic effect of unloaded
and MnO-loaded LLCNPs was assessed by determining cell
viability and compared to the negative control (non-treated
cells) and positive control (cells treated with DMSO, 50% v/v).
24 h before the experiment, 6.0 x 10° cells per well were seeded
on a 96-well culture plate. Afterward, cells were treated with
increasing concentrations (10, 20, 50, 75, 100, 125, 150, and
200 pg mL™") of LLCNPs and MnO-loaded LLCNPs for 24 and
48 h. The viability was determined using the colorimetric WST-
1 assay (Takara Bio USA, Inc.) according to the manufacturer’s
instructions. Briefly, cells were washed with PBS and 10 pL
of WST-1 solution was added to each well of a 96-wells plate
containing 100 pL of the freshly supplemented DMEM
medium. Next, cells were incubated for 90 min under standard
cell culture conditions. Afterward, the absorbance was mea-
sured using a plate reader (Anthos Zenyth 340rt) at 2 = 450 nm
and compared to 4 = 620 nm as a reference. Before the
measurement, the plate was orbitally shaken for 30 s. The
relative cell viability [%] was expressed as a percentage relative
to the negative control. Data are shown as mean = SD of
experiments performed in triplicates. Statistical analysis was
performed using a one-way ANOVA test followed by Tukey’s
multiple comparison test (*p < 0.05, **p < 0.01, ***p < 0.
0001, ****p < 0.0001). The cytotoxic effects of unloaded and
MnO-loaded LLCNPs were estimated in terms of the growth
inhibition percentage and expressed as the half maximal
inhibitory concentration (ICs). The ICs, value was calculated
using a four-parameter logistic nonlinear regression model by
plotting the absorbance of tetrazolium salt against the concen-
trations of LLCNPs. Non-treated cells were used as a standard
reference.

Genotoxicity — comet assay. To determine deoxyribonucleic
acid (DNA) strand breaks in cultured cells, an alkaline comet
assay using a single cell gel electrophoresis assay (R&D Systems)
was performed according to the manufacturer’s instructions.
Briefly, 1.5 x 10" cells were seeded on a 6-well plate. After 24 h,
cells were treated with unloaded and MnO-loaded LLCNPs
(in concentrations of 10, 75 and 125 pg mL™ ") for the next
24 h under standard cell culture conditions. Non-treated cells
and cells treated with 3% H,0, (for 30 min) were used as
negative and positive controls, respectively. After incubation
with LLCNPs, cells were washed with PBS and trypsinized.
10° cells were added to the low melt agarose (37 °C), spread
on slides and incubated in the dark (4 °C, 10 min). After
incubation in lysis solution (4 °C, 1 h), slides were kept in
alkaline unwinding solution (room temperature, 20 min) and
alkaline electrophoresis (200 mM NaOH, 1 mM EDTA) was
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performed. Next, slides were washed twice in dH,O and 70%
ethanol. Dried slides were stained for 30 min at room
temperature with SYBR Safe DNA (Invitrogen, ThermoFisher
Scientific), rinsed in dH,O and air dried. At least 100 cells were
counted and comets were analyzed using the Open Comet
software. Statistical analysis was performed using the one-way
ANOVA test followed by Tukey’s multiple comparison test
(*p < 0.05, **p < 0.01, ***p < 0. 0001, ****p < 0.0001).

Mitochondrial membrane potential. A JC-1 dye (Invitrogen,
ThermoFisher Scientific) was used to analyze mitochondrial
membrane potential. 2 x 10" cells were seeded on a LabTek
dish and treated with increasing concentrations of unloaded
and MnO-loaded LLCNPs (10, 75 and 100 pug mL ') for 24 h.
To eliminate mitochondrial membrane potential (positive con-
trol), cells were treated with 500 nM FCCP (Carbonyl cyanide
4-(trifluoromethoxy) phenylhydrazone) for 30 min at 37 °C in a
humidified incubator containing 5% CO,. Afterwards, cells
were washed three times in PBS and stained with JC-1 diluted
in PBS for 30 min under standard cell culture conditions. Cells
were imaged using a confocal microscope (CLSM, Olympus
FV1000).

Immunofluorescence studies. For immunofluorescence stu-
dies of cytoskeleton integrity HeLa, LN229, and U251MG, cells
(1 x 10* cells per well) were seeded in an 8-well LabTek dish
and incubated overnight. The next day cells were incubated
with 10, 75 and 100 pg mL™" concentrations of unloaded and
MnO-loaded LLCNPs for 24 h. Next, cells were washed three
times in PBS and fixed with 3.7% formaldehyde (Polysciences).
Permeabilization was performed by incubation in 0.1% Triton
X-100 (Merck Millipore). Subsequently, 1% BSA was added to
each well and incubated for 20 min, which was followed by
incubation (20 min) with 0.025% Oregon Green 488 phalloidin
(ThermoFisher Scientific) in 1% BSA. Nuclei were visualized by
staining with Hoechst 33342 solution (ThermoFisher Scientific).
Cells were observed using a confocal laser scanning microscope
(CLSM, FV1000, Olympus).

Gene expression analysis. HeLa, LN229, and U251MG
cells were seeded on 6 cm diameter Petri dishes at a density
of 0.5 x 10°% The next day, 10 and 75 pg mL~ " of LLCNPs,
LLCNPs@MnO-oleate and LLCNPs@MnO-DMSA were added to
the cells and incubated for the next 24 h under standard cell
culture conditions. Untreated cells were used as a control. After
incubation, cells were rinsed three times with PBS, tripsinized,
and pelleted. Total RNA was extracted using the Aurum Total
RNA Mini kit (Bio-Rad). Any potential genomic DNA contam-
ination was eliminated by using DNAse I treatment during RNA
extraction according to the manufacturer’s instructions. The
purity and concentration of obtained RNA were analyzed using
a Nanodrop 2000 spectrophotometer (ThermoFisher Scientific).
Complementary DNA (cDNA) synthesis was performed using
the iScript kit (Bio-Rad) out of 1 pg of the total RNA. The
obtained cDNA was appropriately diluted and real-time PCR
reactions were performed using following conditions: 95 °C for
1 min followed by 45 cycles of 95 °C for 20 s, 60 °C for 20 s, and
72 °C for 20 s. Primer sequences are listed in Table S3 (ESIT).
The relative fold gene expression in samples was calculated
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using the delta-delta Ct method (Bio-Rad software) with
GAPDH as a reference gene. Data are shown as mean + SD of
experiments performed in triplicates (n = 3). Statistical analysis
was performed using the one-way ANOVA test followed by
Tukey’s multiple comparison test (*p < 0.05, **p < 0.01,
**xp < 0. 0001, ****p < 0.0001).

Animals. The experimental procedures were approved by the
Local Committee for Animal Research in Poznan (no. LKE_1/
2022). All experiments were performed on SCID mice, bred in
the Institute of Human Genetics Polish Academy of Sciences.
The name of the model stands for severe combined immuno-
deficiency disease. Due to the genetic autosomal recessive
mutation designated Prkdcscid mice have affected lymphocytes
and homozygous mouse mutants do not develop mature T and
B cells. Due to tolerance for xenotransplantation, this type of
mice is designed for studying the tumor growth and metastasis,
imaging of cells and contrasts. Thus, we decided that this
model will be perfect for the purpose of this study. Mice were
kept in germ-free animal facilities with water and food ad
libitum, and transported in specialized cages to NanoBioMedical
Centre, Adam Mickiewicz University for MRI examination twice
according to the experimental design (described in paragraph
below). After the final MRI examination, mice were sacrificed. All
the methods used in the study were performed under the relevant
guidelines and regulations and according to 3R standards.

Magnetic resonance imaging (MRI) - in vivo studies. For
MnO-DMSA, LLCNPs@MnO-oleate and LLCNPs@MnO-DMSA
application as a potential contrast agent, three mice per group
were used (n = 3) for the collection of images. Also, for control
purposes, the collection of images over three mice were
completed (n = 3). Animals were initially anesthetized with
isoflurane, at 4% in a 50/50 air-oxygen induction chamber and
then into a mouse holder within the MRI scanner, where they
were subsequently maintained in 2% isoflurane mixed with
50/50 air-oxygen. The temperature of the animal was kept at
37 °C and respiration of the animal during the experiment was
monitored. Imaging experiments were performed utilizing a
9.4 T MRI horizontal scanner (Agilent) (resonance frequency for
protons - 400 MHz) with the volume RF Millipede coil (40 mm
diameter) and 205/120 gradient system. The experiment con-
sisted following steps: at first, reference MRI images were
collected to establish the natural contrast in the imaged area
prior to contrast administration. Then, prepared nanoparticles
were suspended in Matrigel® (Corning) at 0.36 mM of Mn(n)
concentration, and administered to the animals, being still
under anesthesia, by intramuscular injection into the muscles
of the hind limbs (right and left), and then animals underwent
second MR imaging. The final MR imaging was repeated 3 days
after the administration of LLCNPs. In the course of the
experiments, T;- and 7,-weighted MR images were acquired
using a fast spin echo technique (FSEMS) with sequence
parameter values: T, - 6000 ms, effective echo time T, - 60 ms,
echo train length (ETL) - 8, FOV - 35 x 35 mm, image matrix -
256 x 256, and slice - 10 mm. To obtain T;-weighted images,
the SEM sequence was employed with the following para-
meters: relaxation delay 7, - 237, echo time 7. - 13.5 ms,
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FOV - 35 x 35 mm, image matrix — 256 x 256, average - 2, and
dummy scan - 8.

3. Results and discussion

3.1. Synthesis and physico-chemical characterization

The schematic representation of the preparation route of
hybrid constructs consisting of lipid-based LLCNPs loaded with
inorganic MnO nanoparticles is given Fig. S1 (ESIT). The GMO-
based LLCNPs matrix was used to embed and carry MnO NPs in
a hydrophobic form synthesized in an organic solvent and
further functionalized to a hydrophilic form. In brief, thermal
decomposition of the Mn(u) oleate complex in the presence of
strongly coordinating stearic acid as a surfactant resulted in
quasi-spherical hydrophobic MnO-oleate capped NPs exhibit-
ing a medium range of polydispersity, as revealed with TEM
and DLS analyses. Excess of stearic acid inhibits shape-
controlled growth and hence results in spherical or octahedral
nanocrystals (Fig. 1A). The particle size calculated from the
TEM analysis was around 8.3 nm (Fig. 1B) and the related
hydrodynamic particle size (dnumber) Was 15.9 nm, with a PDI
(polydispersity index) of 0.308, measured in hexane. The XRD
pattern (Fig. 1D) with broad and low intensity reflexes indicates
that small nanocrystallines of MnO were prepared, crystallizing
in the cubic structure, with a relatively insignificant contribu-
tion of the tetragonal structure, which occurred as a result of
the possible surface oxidation towards Mn;0,.*® Additionally,

T
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Fig.1 (A) HRTEM image of MnO NP population considered for the size
distribution evaluation (B). (C) HRTEM image of MnO NPs with corres-
ponding FFT diffractograms. Insets in columns are FFTs corresponding to
numbered nanoparticles. The coloured rings on FFT diffractograms indi-
cate the position of expected and existing reflections from (111 — red,
200 - blue and 220 - yellow) atomic planes of the cubic MNO mono-
crystal. The most noticeable discrepancy between the MnO diffraction
pattern and the obtained results refers to particle 7. Since the diffraction
patterns of cubic MnO and tetragonal MnzO,4 are overlapping in a reci-
procal space, some reflections look like blurred. (D) XRD pattern of MnO
NPs with denoted reflection peaks of the cubic phase (@), tetragonal one
(*) and stearic acid (#).
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sharp XRD reflexes assigned to stearic acid are also observed.>"
To confirm the possible existence of the tetragonal phase
characteristic for Mn;0,4 nanoparticles detailed, the fast Fourier
transformation (FFT) analysis of HRTEM images was per-
formed (Fig. 1C). It was found that besides evident spots
corresponding to the cubic MnO (Fm3m) structure some addi-
tional spots are also present on FFT diffractograms, which can
be found as originating from tetragonal Mn;0,.>> The analo-
gous results were also obtained for MnO-DMSA based on FFT
difractogram analysis showing additional reflection rings
not derived from the cubic phase (Fig. S2, ESIt). Additionally,
TEM, morphological studies led to the conclusion that DMSA-
functionalization had an important impact on the agglomera-
tion of MnO-DMSA NPs, which is visible in TEM results, and is
supported by particle size measurements (DLS), where the
obtained dyumber Was 120.4 nm, with a PDI of 0.148.

The strategy for an LLCNP hybrid construct preparation
assumed a loading of MnO NPs into a lipid-based carrier as
efficient T; CAs. This is expected to deliver a sufficient amount
of Mn ions to the area of interest to cause an increase in the
T, relaxivity, and also simultaneously decrease the metal-
associated toxicity and enhanced bioavailability, particularly
improved via the DMSA-functionalization of MnO NPs. In the
first preparation approach of hybrid constructs, the hydrophobic
MnO-oleate capped NPs were directly loaded into a GMO-based
matrix, resulting in the LLCNPs@MnO-oleate. In the second
approach, DMSA-functionalized MnO NPs (MnO-DMSA) were
loaded into a GMO-based matrix. DMSA-functionalization
imparted the hydrophilicity to MnO NPs, owing to which a
water-based solution was obtained for further preparation of
MnO-loaded LLCNPs (LLCNPs@MnO-DMSA). DMSA ligands
bind to the surface of metal oxide providing disulfide bridges
between particle cores, and the resulting MnO-DMSA NPs were
anionic with a zeta potential of —14.2 mV. DMSA ligands
additionally provided biocompatibility to the NPs, as required
for biomedical applications, and also, as it will be further
presented, imposed the different cell uptake mechanism with
all associated consequences (such as biological effects and final
MRI efficiency).

Both types of hybrid MnO-loaded LLCNPs appear as milky-
brown homogenous dispersions in comparison to milky-white
unloaded LLCNPs. Cryo-TEM images (Fig. 2A, B and C) revealed
that the obtained LLCNPs were of the shape and structure of
cubosomes, spongosomes and liposomes. For comparison, the
cryo-TEM images of pure unmodified GMO-based LLCNPs are
given elsewhere.”” The inner periodic arrangement depended
strongly on the addition of differently functionalized MnO NPs.
Although cryo-TEM images do not provide certain information
that obtained colloidal dispersions containing very well, long-
distance arranged liquid crystals, the SAXS data confirm clearly
that at least for the LLCNPs@MnO-DMSA system, such order-
ing reflecting the Pn-3m phase is present (Fig. 2D). Considering
the peak positions (110 and 111) from SAXS scattering curves,
the calculated lattice constant is of values of 8.6 nm and 8.8 nm
for LLCNPs and LLCNPs@MnO-DMSA, respectively. This result
suggests that the system with MnO-DMSA NPs can swell more
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Fig. 2 Morphological (cryo-TEM) and structural (SAXS) analyses of
LLCNPs@MnO-oleate and LLCNPs@MnO-DMSA systems. (A) Cryo-TEM
image of LLCNPs@MnO-oleate shows the inner localization of MnO
nanoparticles and the less ordered sponge-like structure of lipid nano-
particles. (B) Cryo-TEM image of LLCNPs surrounded efficiently by MnO-
DMSA NPs. (C) LLCNPs@MnO-DMSA systems of observed alternative
structures with MNO-DMSA in the core of LLCNPs. (D) SAXS scattering
curves of pure LLCNPs based on GMO and with embedded MnO NPs
(oleate- and DMSA-functionalized). In the SAXS spectra, the reflexes 110
and 111 characteristic for the Pn-3m cubic structure are present within the
regions marked by dotted lines.

efficiently. Moreover, the lack of clear diffraction peaks besides
the broad background component in SAXS data and cryo-TEM
images of lamellar, but not ordered structures proved that for
LLCNPs@MnO-oleate, the existence of the cubic phase within
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LLCNPs is not dominating.”>* It is anticipated that this system
exhibits mainly a sponge-like phase, less hydrated with only a
short-range arrangement. Based on cryo-TEM images, signifi-
cant differences are also found in the preferential localization
of MnO NPs depending on their surface functionalization.
In contrast to the MnO-oleate NPs, which are preferably incor-
porated into the interior of LLCNP forming clusters (Fig. 2A),
the MnO-DMSA NPs were located on the LLCNPs’ surface as
well as in their core (Fig. 2B and C).

The particle size and zeta potential ({) results of prepared
LLCNP dispersions are reported in Table 2, which summarizes
the mean particle size from the distribution of the particle size
(hydrodynamic diameter) measurements weighted by the inten-
Sity (dintensiy) and the number (dyumber), the polydispersity
index (PdI), and the { potential. The results also include the
stability of prepared NPs and hybrid constructs assessed after
one-month storage at room temperature (_1 m), and in the
presence of the human serum albumin (_HSA) reflecting the
plasma environment and to estimate better their potential in
biomedical applications.

The as-prepared unloaded LLCNPs have a size (din¢ensity) Of
175.9 nm and loading with MnO significantly affected the size
only in the case of LLCNPs@MnO-oleate, having a size of
246 nm, while LLCNPs@MnO-DMSA preserved a similar size
of 170.6 nm. PdI in all cases was similar below 0.2, indicating
monomodal to a medium range of the polydispersity of pre-
pared dispersions. Regarding colloidal stability, all samples
exhibited medium-range stability expressed with a zeta
potential negative value of around —20 mV. Therefore, it can
be concluded that the MnO-loading did not affect the colloidal
stability in dH,0. The summary of the full DLS results of the
prepared nanoparticle size (Z-ave - cumulant mean, dincensity —
intensity distribution, dxuymper — Number distribution, PdI -
polydispersity index) and zeta potential including standard
deviation (SD, n = 3) is given in Table S1 (ESI{). Furthermore,

Table 2 Summary of the DLS results of the nanoparticle size (dintensity — intensity distribution, dyumper — Number distribution, Pdl - polydispersity index),

and zeta potential, including standard deviation (SD, n = 3)

Sample Aintensity/NM SD dNumber/NM SD PDI SD Zeta/mV SD
MnO-oleate cappedb 83.6 1.10 15.9 3.00 0.308 0.035 -31.1 14.20
MnO-DMSA 209.8 10.80 120.4 18.15 0.148 0.010 —14.2 0.51
MnO-DMSA_1 m 239.7 15.42 132.6 16.03 0.255 0.076 —11.2 0.93
MnO-DMSA_HSA 4.6 (53.4)° 0.13 3.6 — — — — —
313.0 (38.3)'Z 106.40 — 0.16 0.553 0.006 —3.6 0.17
LLCNPs 175.9 9.94 82.9 13.10 0.172 0.016 —19.8 0.60
LLCNPs _1m 193.8 7.80 64.6 38.00 0.162 0.032 —17.8 0.56
LLCNPs _HSA 4.6 (62.9)° 0.10 3.4 — — — — —
234.5 (35.9)° 11.75 — 0.10 0.440 0.009 -1.6 0.86
LLCNPs@MnO-oleate 246.0 6.33 167.8 6.63 0.138 0.023 —20.2 1.21
LLCNPs@MnO-oleate _1m 500.3 27.69 242.4 6.65 0.297 0.032 —28.5 0.61
LLCNPs@MnO-oleate _HSA 4.5 (48.1)° 0.05 3.5 — — — — —
447.5 (51.9)‘z 47.10 — 0.09 0.656 0.012 —0.8 0.02
LLCNPs@MnO-DMSA 170.6 5.75 78.1 12.63 0.162 0.014 —16.2 1.17
LLCNPs@MnO-DMSA _1m 202.7 4.90 143.1 3.30 0.102 0.012 —21.2 2.08
LLCNPs@MnO-DMSA _HSA 4.6 (59.5)’1 0.06 3.4 — — — — —
240.2 (36.7)‘Z 7.44 — 0.01 0.484 0.006 —-3.0 0.85
HSA 4.8 (51.9)'Z 0.04 3.5 0.10 0.501 0.004 —-9.0 0.52
88.3 (46.7)" 1.76 — — — — — —

“ Bimodal PSD, values in brackets are the area under PSD peaks. © Measurements in hexane.

8740 | J Mater. Chem. B, 2023, 11, 8732-8753

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3tb01110k

Open Access Article. Published on 01 September 2023. Downloaded on 5/12/2026 4:56:06 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

the particle size parameters and zeta potential of prepared
nanoparticles in the culture DMEM medium (Dulbecco’s
modified Eagle’s medium) after 24 h incubation are given in
Table S2 (ESIt).

Results further indicate that the size (dincensity) Of particles in
prepared dispersions in general increased after 1 month of
storage. For LLCNPs and LLCNPs@MnO-DMSA, the size
increase was rather small, about 20-30 nm, with an almost
no change in the PdI. While in the case of LLCNPs@MnO-
oleate the size substantially increased by about 250 nm, which
was accompanied by an almost double increase of PdI to 0.297,
indicating increased polydispersity. However, still this value
stands for the medium range of polydispersity. The { potential
after 1 month of storage slightly increased in the case of both
MnO-loaded LLCNPs, while for MnO-DMSA and unloaded
LLCNPs the change was negligible.

In the presence of HSA, the size of particles increased in the
case of all samples. The highest increase by 200 nm was again
observed for LLCNPs@MnO-oleate. This fraction is due to the
contribution of the HSA protein (see the measurement for HSA
in Table 2). The size increase was also accompanied by the PdI
increase (double, and even triple). Again, the highest value of
0.656 was obtained for LLCNPs@MnO-oleate. The high PdI is
also due to the HSA protein contribution to the PSD (particle
size distribution). As expected, a large decrease of { was
observed for all samples incubated with HSA, due to a strong
interaction of prepared particles with protein molecules.
LLCNPs@MnO-oleate can be therefore considered less stable
than LLCNPs@MnO-DMSA in terms of the size and size-related
parameters and therefore more prone to interaction with
the surrounding protein-containing environment. Similarly,
the PDI increased for nanoparticles incubated for 24 h in the
DMEM, while the { changes were negligible, except for
LLCNPs@MnO-oleate (Table S2, ESIT).

3.2. NMR relaxometric determination of the contrast
efficiency of prepared NPs

The ability of prepared NPs to reduce the longitudinal relaxa-
tion rate (R,) of water protons in a field value of 0.4 T at room
temperature was evaluated through the longitudinal relaxivity
assigning (r;). Relaxation rates calculated as 1/T; for MnO-
DMSA, LLCNPS@MnO-oleate, and LLCNPs@MnO-DMSA, were
plotted as a function of Mn ion concentration (C [Mn ion])
(Fig. 3A and B), and these values depend linearly on the
nanoparticles, and hence on Mn ion concentration (Table 1).
The longitudinal relaxivity (r;) was determined as a slope of the
plotted dependence R; vs. [Mn ion] using the equation: R, =
ri*[Mn ion] + 1/T_water- 71 Was calculated for all prepared NPs,
and it was shown to be 2.8 mM ™' s' for MnO-DMSA,
124 mM~' s7' and 9.1 mM ' s7! for LLCNPs@MnO-oleate
and LLCNPs@MnO-DMSA, respectively. These results confirm
that the obtained lipid-based NPs can serve as T; CAs in MR
imaging. Embedding both MnO-oleate capped and MnO-DMSA
into LLCNPs leads to the increase of r;, and the highest
was obtained for LLCNPs@MnO-oleate when compared with
MnO-DMSA. The lower r; value for MnO-DMSA is probably due

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Comparison of the relaxation rate (R;) of (A) MNO-DMSA NPs and
(B) LLCNPs@MnO-oleate and LLCNPs@MnO-DMSA at different concen-
trations of Mn ions, in water and room temperature at 0.4 T.

C [Mnion] / mM

to the presence of DMSA-ligands, which gain the hydrophilicity
to the NPs, but at the same time also may reduce their
interaction and energy transfer with water molecules. In
the case of LLCNPs@MnO-DMSA, the r; value is definitely
increased in comparison to MnO-DMSA, which may result from
the MnO-DMSA better distribution over the LLCNPs surface (as
observed in Fig. 2B), and hence improved spin-lattice relaxa-
tion achieved from the NPs to the surrounding water mole-
cules. Yet, the r; value of LLCNPs@MnO-DMSA was lower than
in case of LLCNPs@MnO-oleate, which can be due to a smaller
size of the overall hybrid LLCNPs@MnO-DMSA (~170 nm),
when compared to LLCNPs@MnO-oleate (~ 246 nm). In addition,
much higher r; values for LLCNPs@MnO-DMSA in comparison to
MnO-DMSA can be related to the higher rotational effect assigned
to loaded LLCNPs, since the MnO NPs are, as mentioned above,
better distributed mainly over the surface of LLCNPs, while for
MnO-DMSA NPs most of them remain in the middle of the
aggregates covered with the DMSA ligands. Moreover, the ordered
liquid crystalline structure (cubic phases next to the lamellar ones)
of the prepared hybrid LLCNPs@MnO-DMSA, possessing extensive
continuous water channels, allows an efficient water exchange
through the swollen matrix, resulting in higher relaxivity. The
similar effect can also explain the higher r; value for
LLCNPs@MnO-oleate than that for MnO-DMSA, and the
remaining in the less ordered sponge-like phase have better
contact with the water molecules in the structure of hybrid
nanoparticles resulting in more efficient molecular energy
transfer and improved relaxivity.

In this work, the prepared lipid@MnO hybrid NPs are
characterized by much higher values of r; than those of
commercially developed CAs (2.2 mM ™" s~ for Teslascan -
Mn-based CAs, or 3.6 mM ™" s~ for DOTAREM - Gd-based CAs)
measured at the similar magnetic field (Table 3 in Rohrer
et al.*). This can be attributed to their larger sizes, resulting
in longer rotational correlation times.

However, in order to fully understand the effect of different
NPs on the relaxivity, it is imperative to determine the hydra-
tion state (g) of the Mn(u) ion and the transverse relaxivities r,°.
This can be accomplished through 'O T, measurements. As it
was demonstrated for different Mn(n) complexes,*® the hydra-
tion state of Mn(u) can be accurately estimated directly from
H,'0 line widths for micromolar Mn ion concentration and
can be extended to other types of Mn-containing systems. Such
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Table 3 Summary of the relaxivity (r; and r,) obtained for the prepared NPs, measured at 0.4 T in water at room temperature (23 °C); water exchange
parameters: measured maximum O transverse relaxivities r.° and directly proportional number of inner-sphere water ligands (q)

s r/(mM s ro/(mM s Field/solvent 70 [mM s q
MnO-DMSA 2.8 8.4 0.4 T, H,O 965 1.89
LLCNPs@MnO-oleate 12.4 — 0.4 T, H,O 2089 4.09
LLCNPs@MnO-DMSA 9.1 — 0.4 T, H,O 1734 3.4
Teslascan® 2.2 2.0 0.47 T, H,O — —
Dotarem” 3.6 4.3 0.47 T, H,O — —
[(Mn(H,0)¢** — — 2873 5.6
“ Results presented by Rohrer et al.*

an experimental NMR approach was therefore used in this (A) MnO-DMSA [Mnion]

study, and the results indicate that the method works well also
in the case of NPs, including lipid-based ones. The highest
number of inner-sphere water ligands (q) was obtained for
LLCNPs@MnO-oleate, slightly lower for LLCNPs@MnO-
DMSA, and the lowest for MnO-DMSA (Table 3), with respective
values of transverse relaxivities (r,°). These results are in
accordance with the longitudinal relaxivity measurements (),
and confirm that NP-based CAs investigated in this work
exhibit a solid NP-water proton interaction-related base.

3.3. Studies on enhancing magnetic resonance imaging (MRI)
by prepared NPs (in vitro MRI)

To directly observe the contrast enhancement, in vitro MRI
imaging was performed on prepared NP dispersions. For this,
the longitudinal relaxation times were measured with an MRI
scanner at 9.4 T and room temperature, and both T;- and
T,-weighted images were obtained, as a reference.

As it is visible in Fig. 4, T;-weighted MRI images confirmed
the effectiveness of the prepared NPs as positive CAs. As the
molar concentration of Mn ions increases (Fig. 4A to C), the
obtained images are brighter, which indicates a clear signal
intensity dependence on the concentration of Mn ions. These
results are in agreement with the one obtained for the depen-
dence of the longitudinal relaxation rate R; vs. [Mn ions].
However, in the case of MnO-DMSA, the signal does not change
continuously, as in the case of LLCNPs@MnO-oleate and
LLCNPs@MnO-DMSA, which show similar efficiency. In the
case of MnO-DMSA, the higher Mn ion concentration (sub-mM
up to 1 mM range) has to be used in order to obtain a
similar signal to DMSA dispersions, for which the Mn ion
concentration was lower (in uM range). Although, CAs based
on paramagnetic Mn ions are mainly used as positive CAs,
bringing the brightening the T;-depending image through
shortening the longitudinal relaxation time T;, the effective-
ness of the prepared NPs as T, negative contrast agents was
also investigated. The calculated r, values obtained from T,
maps are 84 mM ' s for MnO-DMSA, 208 mM " s~ ' for
LLCNPs@MnO-oleate and 172 mM ' s ! for LLCNPs@MnO-
DMSA. Obtained T,-weighted MR images also show the dose-
dependence of the signal intensity, however, also indicate
that prepared lipid-based NPs are not as efficient as for T
contrasting.

The positive contrast enhancement using prepared lipid@
MnO hybrid NPs can be further considered as competitive,

8742 | J Mater. Chem. B, 2023, 11, 8732-8753
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Fig. 4 T;-weighted and T,-weighted MR images of (A) MnO-DMSA, (B)
LLCNPs@MnO-oleate and (C) LLCNPs@MnO-DMSA at different concen-
trations of Mn ions, in water and room temperature and under the same
MRI experimental conditions carried out at 9.4 T.

since the obtained values of r;, as mentioned before, exceed
those of commercially developed like Teslascan. These systems
can also conquer other under-development hybrid systems
based on manganese oxide nanoparticles. For example, Mauri
et al. reported on MnO NPs embedded in functional polymers,
PLGA and PMA, exhibiting 7, values of 0.24 and 7.7 mM " s "
(measured at 0.5 T in PBS), respectively.'* In turn, Na et al. used
mPEG-2000 PE to coat MnO NPs with different sizes (7-25 nm),
and resultant r, values were below 0.37 mM " s~' (for 7 nm
NPs, measured at 3 7).>> Much the same, MnO-DMSA NPs were
investigated by Létourneau et al.>® They investigated non-
aggregated and aggregated MnO NPs coated with DMSA and
aminated- and thiolated-polyethylene glycol (MnO-DMSA-PEG)
exhibiting r, values of 3.4 mM " s™" and surprisingly 17 mM ' s~

This journal is © The Royal Society of Chemistry 2023
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(measured at 1.41 T, 20 °C), respectively. Furthermore, they
showed in in vitro studies that the expected high positive signal
enhancement was not significantly affected upon further
agglomeration in endosomes.

3.4. Biocompatibility studies in vitro

Investigation of the in vitro cellular uptake mechanism. The
mechanism of internalization of the unloaded LLCNPs was
evaluated elsewhere.”” Here, the focus was on the uptake of
both MnO-loaded LLCNPs, and results for bare LLCNPs are
presented to compare with those obtained for hybrid nano-
particles. For these studies, Nile Red stained LLCNPs@MnO-
oleate and LLCNPs@MnO-DMSA samples at a concentration
of 10 pg mL™" were used. As shown in Fig. 5, both types of
NR-labeled MnO-loaded LLCNPs internalized efficiently into
HeLa cells after 2 h of incubation, which is observed as a red
signal located in the cytoplasm, close to the nuclear membrane.
However, in the case of cells treated with LLCNPs@MnO-oleate,
the fluorescence signal intensity is reduced and more blurred
compared to treatment with LLCNPs@MnO-DMSA. This may
be due to less dye loading into the structure of LLCNPs@MnO-
oleate, as the competition between two hydrophobic compo-
nents (NR and MnO-oleate) takes place when forming LLCNPs.

To determine whether MnO-loaded LLCNPs uptake was an
energy-dependent or -independent mechanism, cell cultures
were incubated at 4 °C to inhibit active processes by inactiva-
tion of the temperature-fragile enzymes. Interestingly, the
differences between samples could be observed. In the case
of cells treated with LLCNPs@MnO-DMSA, similarly, as for
unloaded LLCNPs, the lowered temperature did not result in
an inhibition of endocytosis (energy-independent), whereas in

Control

LLCNPs

LLCNPs@MnO-DMSA

LLCNPS@MnO-OIeate.....

View Article Online
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the case of treatment with LLCNPs@MnO-oleate the internali-
zation was inhibited completely, suggesting a different energy-
dependent uptake mechanism.

Furthermore, to investigate in detail different types of
endocytosis, suitable pharmacological inhibitors were used.
The differences are clearly visible when different transport
inhibitors are used, and are shown in Fig. 5. Treatment with
chlorpromazine resulted in a strong inhibition (almost 100%)
of LLCNPs@MnO-oleate uptake in the HeLa cell line, while in
the case of LLCNPs@MnO-DMSA only a slight decrease in
signal was visible. Taking into account that chlorpromazine is
an inhibitor of clathrin-mediated endocytosis, these results
together with energy-dependence results indicated that this is
the main route of LLCNPs@MnO-oleate uptake. The uptake
inhibition by methyl-B-cyclodextrin (MBCD), an inhibitor of
lipid raft formation, indicates the role of cholesterol in LLCNP
internalization. As can be seen in the corresponding image
panel in Fig. 5, the depletion of cellular cholesterol resulted in
the inhibition of LLCNPs@MnO-DMSA uptake in HeLa cells,
but not of LLCNPs@MnO-oleate. On the other hand, the
cellular internalization of LLCNPs@MnO-oleate by cells treated
with a cytochalasin D inhibitor showed a fluorescence signal
decreasing in comparison to the control. In the case of
LLCNPs@MnO-DMSA treated cells, such a decrease was only
slight. Therefore, cytochalasin D is responsible for F-actin
depolymerization, and as such, it indicates the role of F-actin
in cellular uptake, particularly for LLCNPs@MnO-oleate and
less in the case of LLCNPs@MnO-DMSA.

Based on the results obtained from internalization studies,
it can be concluded that the main mechanism of LLCNPs@
MnO-oleate uptake is energy-dependent, clathrin-mediated

Chlorpromazine Cytochalasin D MBCD

Fig. 5 CLSM images of Hela cells incubated with 10 ng mL~* of Nile Red stained LLCNPs, LLCNPs@MnO-oleate and LLCNPs@MnO-DMSA together
with selected transport inhibitors. Red signals are related to the Nile Red dye, and blue signals are related to Hoechst nuclei staining. Scale bar: 10 pm.

This journal is © The Royal Society of Chemistry 2023
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endocytosis, whereas in the case of LLCNPs@MnO-DMSA it is
energy-independent and cholesterol-dependent internalization.

In our former research, the internalization studies per-
formed on the GMO-based LLCNPs on normal and cancer cell
lines indicated efficient uptake and localized the nanoparticles
in the cytoplasm, close to the perinuclear membrane.*” Such
intracellular localization was also observed in other research
concerning LLCNPs.”>*® Results presented in this study for
MnO-labeled LLCNPs also indicate similar localization.
However, the additional analysis of the uptake mechanism
indicated significant differences between the two investigated
hybrid constructs. The one consisting of hydrophilic LLCNPs@
MnO-DMSA exhibited behavior similar to bare LLCNPs, as it
was internalized by cells mainly in an energy-independent and
cholesterol-dependent manner. This kind of LLCNP-cell
membrane interaction could be related to membrane fusion
as proposed by Dyett et al.>” However, different uptake mechan-
isms could also be considered, like the endocytosis-indepen-
dent mechanism of internalization, previously proposed for
phytantriol-based hexosomes,*® where the crucial role of inter-
action between the membrane-lipids and nanoparticles, then
membrane destabilization and direct nanoparticle translocation
was indicated.

On the other hand, the intracellular transport of LLCNPs@
MnO-oleate was inhibited by chlorpromazine, an inhibitor that
causes clathrin to accumulate in late endosomes and thereby
inhibits coated pit-mediated endocytosis,”® showing as the
main uptake route energy-dependent and clathrin-mediated
endocytosis. This kind of internalization is typical for inorganic
nanoparticles; however, it was also observed for bare LLCNPs
by Zeng et al.®® The obtained results are in agreement with the
work of Abdel-Bar and el Basset Sanad, where distinct endocytic
routes were observed, and these were also dependent on the
LLCNP size.*!

To investigate the MnO-loaded LLCNP intracellular localiza-
tion at the ultrastructural level, the TEM imaging of HeLa cells
treated with prepared NPs was performed. In Fig. 6A, the TEM
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micrograph of non-treated control HeLa cells is shown.
As presented in Fig. 6B, after incubation with LLCNPs@MnO-
oleate, numerous endosomes’ vesicles are visible inside cells’
cytoplasm, which confirms the clathrin-dependent endocytosis
as a main route of hydrophobic MnO-loaded LLCNP uptake.
Meanwhile, also freely occurring lipid aggregates can be
observed (Fig. 6C). On the other hand, in the case of hydro-
philic MnO-DMSA loaded into LLCNPs, they are mainly inter-
nalized without the endocytosis pathway and are observed as
lipidic aggregates inside the cell cytoplasm, with the visible
MnO nanoparticles at the edge of the lipidic structure (Fig. 6D).
These results are in agreement with our confocal imaging
observations of the internalization pathways. The differences
in the uptake are evidently related to the type of prepared
hybrid constructs, loaded either with hydrophobic MnO-oleate
or hydrophilic MnO-DMSA, which is also related to the differ-
ence in their physico-chemical properties, e.g., size, structure,
and colloidal stability in different media.

Summarizing, it is not possible to unequivocally indicate
one single mechanism of cell uptake for each prepared type of
MnO-loaded LLCNPs. Such behavior could be related to sample
heterogeneity, which is composed of lipid-based nano-
structures of various sizes and internal phase assembly.

Viability. The time-dependent viability of HeLa, LN229, and
U251MG cells was assessed using the WST-1 assay. The results,
including ICs,, are given in Fig. 7. Viability profiles differ
between prepared LLCNP formulations and cell lines. In HeLa
cells, the reduction in viability was observed at 150 pug mL ™"
of LLCNPs dose exposure after 24 h and 48 h of incubation
(****p < 0.0001), while incubation with LLCNPs@MnO-oleate
reduced viability already at 100 pg mL ™' (***p = 0.0002) after
first 24 h (ICso = 98.9 pg mL ™). At the 48 h time point, the cells’
decrease in viability was observed at 150 g mL ™" (**p = 0.0086)
with a respective ICs, = 124.1 ug mL ™", which indicates the
recovery of the cells. In the case of incubation with
LLCNPs@MnO-DMSA, the lower viability was noted in HeLa
cells at 150 pg mL™" (****p < 0.0001) and the respective

Fig. 6 TEM micrographs of Hela cells treated with MnO-loaded LLCNPs showing the uptake and intracellular localization: (A) Hela cells without any
treatment, (B) and (C) cells incubated for 30 min with LLCNPs@MnO-oleate, and (D) cells incubated for 30 min with LLCNPs@MnO-DMSA. The second-
row images are magnified images marked with square regions; e denotes endosomes.

8744 | J Mater. Chem. B, 2023, 11, 8732-8753

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3tb01110k

Open Access Article. Published on 01 September 2023. Downloaded on 5/12/2026 4:56:06 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
(A) s =
g
§150-
o
X
~ 100+
2
§ 50
S
S
(o} S N N » N2) AN S N
000@0\@ NI R G OB .
LLCNPs (ng/ml)
(B) s
€
8
*
z
E
el
>
N
o‘“@\‘@o SR I RO, K
¢ LLCNPs (ng/ml)
(C) 5150
€
[<]
O 100
*
z
= 50
=
8
>
e\g 0
LSS ORI I N
S 9
LLCNPs (npg/ml)
Hela
(D) Typeret His Time point IC;,
LLCNPs 24h 128.0
48 h 134.9
LLCNPs@MnO-oleate 24 h 98.9
48 h 1241
LLCNPs@MnO-DMSA 24 h 134.8
48 h 132.2

LLCNPs@MnO-oleate (pg/ml)

View Article Online

Journal of Materials Chemistry B

mm 24h
mm 48h

I I G R O A
LLCNPs@MnO-DMSA (ug/ml)

24h
=== 48h

S e PSS

LLCNPs@MnO-oleate (ug/ml)

.-19 oS ,\‘) \QQ \¢f> \gp f1§

LLCNPs@MnO-DMSA (u.g/ml)

= 24h
m— 48h

R RO IR A SR S R R R S

LLCNPs@MnO-oleate (ng/ml) LLCNPs@MnO-DMSA (ng/ml)

LN229 U251MG

IC, SD To IC5, SD ICso IC5, SD
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Fig. 7 Cell viability of (A) HeLa, (B) LN229, and (C) U251MG, after 24 h and 48 h of incubation with different concentrations (10, 20, 50, 75, 100, 125, 150,
and 200 pg mL™Y) of the prepared LLCNPs, LLCNPs@MnO-oleate and LLCNPs@MnO-DMSA, investigated with WST-1. Controls are cells non-treated,
and DMSO is cells treated with 50% v/v DMSO. Data are given as mean + SD for four replicates. (D) Table with the calculated half maximal inhibitory

concentration (ICs).

ICso = 134.8 pg mL™ " after first 24 h incubation. Prolonged
exposure to these nanoparticles caused a reduction in viability
at 125 pg mL ™" (***p = 0.0004) with ICso = 132.2 pg mL ™.
A similar concentration-dependent decrease of viability in HeLa
cells incubated with LLCNPs (containing 2% w/w of GMO) was
also observed in our earlier comprehensive studies on nano-
toxicity of GMO-based LLCNPs,*” showing in general greater
potential as drugs or contrast agent carriers, due to their high
biocompatibility (up to 100 pg mL™" after 24 h), resulting in
insignificant effects on the cell redox balance and expression of
genes involved in DNA damage in comparison to phytantriol-
based LLCNPs. Meli et al. also showed that there was no
difference in HeLa viability in control cells and in cells treated
with GMO-based cubosomes (3.3% w/w of GMO) after short-
term (4 h) incubation.®*

This journal is © The Royal Society of Chemistry 2023

In the case of LN229 cells after 24 h incubation, the decrease
in viability was observed at 125 pg mL~' for LLCNPs
(****p < 0.0001) and LLCNPs@MnO-oleate (*p = 0.0418) and
at 75 ug mL~"' (**p = 0.0066) for LLCNPs@MnO-DMSA, with
respective values of ICso = 117.1 pg mL ™", ICso = 130.6 pg mL™* and
ICso = 138.8 pg mL ™ *. After an additional 24 h of incubation, the
recovery of LN229 cells treated was observed in the case of LLCNPs
and LLCNPs@MnO-DMSA exposure, except for the highest doses.

U251MG cells were more sensitive to LLCNPs and LLCNPs@
MnO-DMSA because reduced viability was noted after 24h
incubation already at 100 pg mL ™' dose exposure (****p <
0.0001). ICs, values were 93.7 pg mL™' and 99 pg mL*,
respectively. An additional 24 h of incubation resulted in
similar or slightly lower viability values for all nanoparticle
types of exposures.
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Interestingly, ICs, showed that HeLa cells were the most
susceptible for LLCNPs@MnO-oleate amongst investigated cell
lines, while U251MG cells were the most susceptible for
LLCNPs and LLCNPs@MnO-DMSA, but the most resistant for
LLCNPs@MnO-oleate. There are no earlier studies on MnO-
loaded LLCNPs for direct comparison. Investigated glioblas-
toma cell lines (LN229 or U251MG) have been used as an
in vitro models of nanoparticle based anti-cancer treatment so
far for cubosome nanoparticles,*® but also for inorganic iron
oxide or silver nanoparticles,*>®* confirming different viability
profiles vs. nanoparticle concentration, depending on the
nanoparticle types. Studies performed in the other glioblas-
toma cell line (T98G) revealed that cubosomes themselves were
not toxic up to a 90 pg mL ™' dose exposure, even after 72 h of
incubation.®® Therefore, it could be concluded that the cytotoxic
effect of lipid-based LLCNPs is strongly cell type-specific, which is
in accordance with the recent review work of Almoshari et al.®® It is
important to note that the other latest review by Sobanska et al.
highlights the significance of investigating the cytotoxicity of
manganese oxide nanoparticles, especially in neural cells (neuro-
toxicity), since Mn itself is a crucial cofactor in neurotransmitters
(like glutamine synthetase), and its unbalanced level may lead to
neurological disorders.®” Therefore, in our work, we also intended
to show how MnO-loaded LLCNPs affected the viability of
glioblastoma cells (LN229 and U251MG).
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Additionally, the viability of MSU1.1 cells treated with the
same concentrations of LLCNP formulation is shown in Fig. S4
(ESIY). The obtained results indicated that the level of cytotoxi-
city performed on normal human fibroblasts was similar to
cancer cells.

Genotoxicity. To assess whether LLCNPs, LLCNPs@MnO-
oleate and LLCNPs@MnO-DMSA may potentially cause DNA
damage, alkaline comet assay was performed in HeLa, LN229,
and U251MG cell lines after 24 h incubation as a function of
nanoparticle concentration. The assay shows genotoxicity in
terms of generated single and double stranded DNA damage as
visible comets. Positive control cells (marked as H,O, in
images) exhibited clearly visible comets on images (Fig. 8) in
comparison to the negative control of non-treated cells (marked
as control in images). Based on the obtained images, the % tail
moment was calculated, which is defined as the product of the
tail length and the fraction of total DNA in the tail (tail moment
= tail length x % of DNA in the tail). The results showed that
there was no increase in the tail moment between the negative
control and all treated cells with unloaded and MnO-loaded
LLCNPs. So far, many studies have been focused on showing
the viability or cytotoxicity of nanoparticles, when incubated
with various cell lines.®® Such information is indispensable, but
not sufficient. Nanoparticles are able to enter the nucleus and
cause not only DNA breaking, but also damage to chromosomes
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Fig. 8 The alkaline comet assay performed for (A) Hela, (B) LN229, and (C) U251MG cell lines. Cells were treated for 24 h with three concentrations

(10,

75 and 125 pg mL™Y of LLCNPs, LLCNPs@MnO-oleate and LLCNPs@MnO-DMSA. Controls (negative) are the non-treated cells, and H,O,

(3%, 20 min) treated cells are the positive control. A green spot in images represents the DNA of an individual cell. Graphs shows the calculated tail

moment, and the horizontal line shows the mean value.
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or interact with microtubules during mitosis.®® Therefore, it is
of crucial importance to evaluate any potential genotoxic effect
of nanoparticles, which will be used as a theranostic or diag-
nostic tool. In our earlier studies, we have shown that the
incubation of MSU cells led to the upregulation of growth arrest
and DNA damage inducible alpha 1 gene (GADD45A10) only in
the case of PHT,%-based LLCNPs, while HeLa cells remained
unaffected.”” In the case of cyclin-dependent kinase (CDK),
which controls cell division, any changes in expression in
MSU and Hela cells were observed.?” This work for the first
time showed a lack of genotoxic effect at three different con-
centrations (10, 75, and 125 pg mL ") for HeLa, LN229, and
U251MG cell lines treated with unloaded and MnO-loaded
LLCNPs. However, it should be noted in relation to viability
results that the 125 pg mL ™" concentration causes cytotoxicity
for the tested formulations.

Mitochondrial membrane potential. Mitochondria play a
crucial role among others in programmed cell death. In order
to assess the possible negative impact of LLCNPs on mitochon-
drial membrane integrity, a JC1 assay was performed. In
normal healthy cells, due to the gradient, the JC1 dye accumu-
lates and forms aggregates, which are visible as red fluores-
cence signals. In cells with disrupted membrane potential, the
JC1 dye is not able to accumulate and remains distributed
within the cell, which causes a shift of fluorescence from red to
green. As shown in Fig. 9 in LN229 (B) and U251MG cells (C)
treated with 10 pg mL~" of nanoparticles, red JC1 aggregates
were clearly visible and incubation with higher concentrations
(75 and 100 pg mL ") affected the membrane potential only in
some cells. To our best knowledge, this is the first report on the
effect of LLCNPs on the mitochondrial membrane potential of
these cell lines. In the case of HeLa cells (Fig. 9A), the negative
effect on the mitochondrial membrane was already observed at
10 ug mL ™" of LLCNPs@MnO-DMSA, and at higher concentra-
tions (75 and 100 ug mL™"), this effect was visible for all tested
formulations. In previous studies,”® HeLa cells showed higher
polarization of membrane potential when incubated with cubo-
somes stabilized either with Pluronic F127 or F108. Since this
staining only indicates fluctuations in mitochondrial membrane
potential, it would be of great importance to further investigate the
impact of these nanoparticles on the mitochondria metabolism
and expression of genes.

Cytoskeleton integrity evaluation and gene expression
studies. To determine the effects on the morphology and
structure of cell lines exposed to a distinct concentration of
the LLCNPs and both MnO-loaded LLCNPs for 24 h, we con-
ducted fluorescence double-staining of actin filaments and cell
nuclei. The lowest concentrations in all three cell lines main-
tained very similar cellular morphology patterns and actin
filament structures compared to those of the control culture.
No apparent cellular changes were observed. In addition to the
presence of the cell cortex, the cells showed centric nuclei with
a well-defined morphology (Fig. 10). In HeLa cells, some loss of
cytoskeleton fibers was visible after incubation with the highest
concentration of LLCNPs (in Fig. 10A indicated with an arrow).
For the rest nanoparticles, the cytoskeleton structure was

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 Effects of LLCNPs, LLCNPs@MnO-oleate and LLCNPs@MnO-
DMSA (24 h incubation with 10, 75 and 100 pg mL™Y) on mitochondrial
membrane potential in (A) Hela, (B) LN229, and (C) U25IMG cells.
Representative images of the control (untreated cells) and cells treated
with uncoupler-FCCP (positive control) are also given.

maintained untouched. On the other hand, in the LN229 cell
line, besides the highest concentration of LLCNPs, also the
concentrations of 75 pg mL™' and 100 pg mL ™" for both
manganese-loaded LLCNPs resulted in disturbances in the
cytoskeleton. In the case of 100 pg mL~' LLCNPs@MnO-
oleate vesicle-like structures were stained (in Fig. 10B indicated
with an arrow), which could be connected with the high
number of endosomes after internalization. In the U251MG
cell line (Fig. 9C), slight cytoskeleton fibers vanishing
was visible, especially for concentrations of 75 pg mL ™' and
100 pg mL~' LLCNPs@MnO-DMSA (Fig. 10C, indicated with
arrows).

In order to gain deeper insight into the cytoskeletal rearran-
gement after lipid-based and MnO-loaded NP treatment, addi-
tional analysis of gene expression selected based on their
function in cytoskeleton network formation was performed.
As the cytoskeleton is composed of a network of various
proteins that include microfilaments (actin), proteins involved
in the actin turnover (e.g., profilin) and microtubules (tubulin),
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Fig. 10 CLSM images of the actin cytoskeleton staining of (A) Hela,
(B) LN229, and (C) U25IMG cells after the treatment with the unloaded
LLCNPs, LLCNPs@MnO-oleate and LLCNPs@MnO-DMSA in concentra-
tions of 10, 75 and 100 pg mL™* for 24 h and with no treatment (control).
F-actin and nuclear DNA were stained with Oregon Green 488 Phalloidin
(green) and Hoechst (blue), respectively. Scale bar: 10 um.

and lamins, genes encoding these proteins were selected, and
their expression profile was analyzed by quantitative real-time
PCR in all three cell lines (Fig. 11).

Beta (ACTB) and gamma (ACTG1) actins are nearly identical
in the amino acid sequence but play different roles in cells.
Beta actin is essential for cell migration and proliferation, while
gamma actin is involved in cell motility.”* The results on their
expression regulation after incubation with LLCNPs show
that, in HeLa cells, only the incubation with 75 pg mL™*
LLCNPs@MnO-oleate led to the downregulation of both genes
(Fig. 11A). In the U251MG cell line, the expression of ACTB was
downregulated nearly at all tested concentrations of all three
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types of NPs, when compared to the control (Fig. 10C).
In contrast, ACTG1 expression remained at the same level.
Interestingly, in the LN229 cell line, the most robust upregula-
tion of ACTB was observed at 75 ug mL ™" of LLCNPs@MnO-
oleate and that of ACTG1 at 75 ug mL~ "' of LLCNPs (Fig. 11B).

Tubulin expression (TUBA4a), in turn, increased in a dose-
dependent manner in LN229, irrespective of LLCNP formula-
tions, when compared to the control (non-treated cells)
(Fig. 10B). In the HeLa cell line, the only significant increase
in tubulin expression was noted for cells treated with the
highest dose of 75 ug mL™" unloaded LLCNPs (Fig. 11A), while
in U251MG cells between controls, 10 and 75 pg mL™ " of
LLCNPs@MnO-DMSA (Fig. 11C).

Profilin is an actin-binding protein involved in the regula-
tion of actin and microtubule assembly into the cytoskeleton.”
Interestingly, in our studies, the expression of the profilin 1
(PFN1) was upregulated in the case of incubation with LLCNPs
in HeLa (Fig. 11A) and LN229 (Fig. 11B) cell lines treated with
75 ug mL ™" of NPs. In LN229, the significant increase was also
noted for treatment with 75 ug mL~* of LLCNPs@MnO-oleate.
Surprisingly, in the U251MG cells, a decrease in PFN1 expres-
sion between controls and cells treated with 10 pg mL™'
LLCNPs@MnO-oleate was observed (Fig. 11C).

Laminin is a member of the family of membrane glycopro-
teins that play a role in cell adhesion, migration, growth and
differentiation.”® It is known that the cytoskeletal reorganiza-
tion is dependent on laminin polymerization.”* Three non-
identical chains, laminin alpha, beta, and gamma, constitute
the whole family.”> Here, the expression of laminins alfa and
beta (LMNA and LMNB) were analyzed. Unlike in previous
genes, the expression of LMN in turn varied between different
types of cells. For example, in the HeLa cells, the decrease in
LMNA and LMNB was observed between controls and cells
treated with 10 pg mL™" of LLCNPs. Interestingly, treatment
with 75 pg mL™' of LLCNPs@MnO-DMSA had a stronger
downregulating effect than 10 pg mL™' (Fig. 10A). In the
LN229 cells, the only increase in LMNA regulation was noted
for the cells treated with 10 pg mL™" LLCNPs@MnO-DMSA,
while the LMNB expression responded to different formula-
tions of NPs, and the upregulation was noted for those treated
with 75 pg mL™' LLCNPs@MnO-oleate and 10 pg mL ™'
LLCNPs@MnO-DMSA, with the highest increase at 75 pg mL ™"
after the incubation with LLCNPs (Fig. 10B). In the U251MG cell
line, the upregulation of LMNA and LMNB was noted in the cell
treated with 10 png mL~' LLCNPs@MnO-oleate, but only the
LMNB expression remained elevated after incubation with
the 75 pg mL~ ' concentration. LMNA and LMNB were also
downregulated after the cells were treated with 75 pg mL™*
LLCNPs@MnO-DMSA, when compared to the control cells
(Fig. 10C). In other studies, the downregulation of LMN was
also observed after nanoparticle treatment, but only in cancer
tissues, whereas in healthy tissues it remained at a similar level
as compared to control.”®

Till now, in the literature, there is no analysis concerning the
cytoskeleton network gene expression after LLCNP treatment, so
we cannot compare our results with others; however, we definitely

This journal is © The Royal Society of Chemistry 2023
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Fig. 11 4 Expression of ACTB, ACTG, TUBA4a, PFN1, LMNA, and LMNB genes (normalized to GPADH) in (A) HeLa, (B) LN229 and (C) U25IMG cells upon
incubation with 10 and 75 pg mL ™ of prepared LLCNPs, LLCNPs@MnO-oleate and LLCNPs@MnO-DMSA. Data are given as mean = SD, n = 3, *p < 0.05,
p** < 0.01, ***p < 0.001, ****p < 0.0001.

can conclude that their expression profile is no concentration- which occurred between cells treated with different NPs could be
dependent, except for tubulin in LN229 cells. The differences related rather to the characteristics of the selected cell lines, and
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how they are prone to metastasis. The additional analysis in
different time-points, along with the protein expression, should
be further evaluated. It is also important to note that the expres-
sion of ACTB incubated with different types and concentrations of
LLCNPs was unstable in each investigated cell line, which strongly
restricts its usage as a reference gene for the real-time PCR.

In vivo MRI. To evaluate the in vivo MR imaging ability of
prepared MnO-loaded LLCNPs, the experiments were per-
formed in a mouse model, using the Matrigel-based suspen-
sions, administered by the injection into the muscles of both
hind limbs. Due to the high relaxation r, for all NPs dispersions
and the relatively short muscle T, time, which results in a
hypointensity of the signal in the T,-weighted images, we
decided to run only T; dependent experiments. The com-
parison of T;-weighted MR images of the region of interest,
taken under the same condition prior to and after the contrast
administration is presented in Fig. 12.

The LLCNPs loaded with both hydrophobic and hydrophilic
MnO NPs (LLCNPs@MnO-oleate and LLCNPs@MnO-DMSA)
manifested a remarkable 7, contrast effect (brightening)
in vivo compared to MnO-DMSA NPs themselves. However,
stronger Tj-contrasting efficiency was observed for LLCNPs@
MnO-oleate, which is consistent with relaxivity data. The con-
trast enhancement was not observed after 3 days after contrast
administration (Fig. S5, ESIT). This indicates that contrasting
NPs were cleared from the area of injection, ensuring their
biosafety. Further studies of these NPs in vivo bio-distribution
will be necessary to unequivocally determine their biosafety.
So far most of the in vivo studies on MnO-based CAs focused
mainly on inorganic MnO NPs, without the use of any

After NPs administration
MnO-DMSA

Before NPs administration

(A)

(B)

(C) LLCNPs@MnO-DMSA

L 3

Fig. 12 In vivo T;-weighted MR images before (left column) and after
administration (right column) of (A) MNnO-DMSA, (B) LLCNPs@MnO-oleate,
and (C) LLCNPs@MnO-DMSA. The images were collected using a 9.4 T
horizontal MRI scanner, at 37 °C. Regions of hind limbs are marked with a
white square with an enhanced contrast by administered NPs as contrast
agents.
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additional nanocarrier. Therefore, it is difficult to make any
comparison and justification of the developed lipid@MnO
hybrid system here. However, the results presented in this
work indicate that prepared novel hybrid based on LLCNP
and MnO systems may be a good choice for the currently
intensively searched new positive 7; MRI contrast agent.

4. Conclusions

In summary, it was proven that two distinct systems were
successfully fabricated, LLCNPs@MnO-oleate and LLCNPs@MnO-
DMSA, which significantly differ morphologically; nevertheless,
both can serve as novel efficient T; CAs for MRI. Moreover, these
hybrid nanosystems are a suitable alternative to Gd-based or
withdrawn from the market Mn-based Teslascan CAs.

As reported, LLCNPs were prepared using an efficient and
simple top-down approach from the GMO lipid, Pluronic F127
surfactant, and loaded either with hydrophobic MnO-oleate or
hydrophilic MnO-DMSA. Due to the amphiphilic character of
LLCNPs, loading with hydrophobic and hydrophilic NPs was
feasible. In detail, the obtained hybrids exhibited a hetero-
geneous phase composition as they were of the shape and
structure of cubosomes, spongosomes and liposomes. LLCNPs@
MnO-oleate exhibited a rather internal short-range arrangement
in the dominating sponge-like phase, with the MnO-oleate NPs
preferably embedded into the interior of LLCNPs. In turn,
LLCNPs@MnO-DMSA exhibited an internal long-range arrange-
ment in the dominating cubic phase, with MnO-DMSA NPs
embedded on the surface, as well as in the core of LLCNPs. These
two hybrids also exhibited different particle size distributions,
with a larger average size for LLCNPs@MnO-oleate than that for
LLCNPs@MnO-DMSA. Taking structural and morphological
observations into account, it could be assumed that the surface
modification of MnO NPs with DMSA does not affect GMO based
LLCNPs causing their significant phase rearrangement as com-
pared to MnO-oleate NPs. For future possible biomedical applica-
tions, it was important to examine their colloidal stability in the
water environment, which was assessed as of medium range.
Studies in the protein-rich medium on the other hand showed
that LLCNPs@MnO-oleate is less stable and hence more prone to
interact with proteins.

Regarding the relaxivity parameters, embedding both types
of MnO NPs into LLCNPs resulted in a high relaxivity ry,
particularly in the case of LLCNPs@MnO-oleate, in comparison
to bare MnO-DMSA NPs and also commercially developed so far
CAs, e.g., Gd-based DOTAREM or already withdrawn from the
use Mn-based Teslascan. Results show that LLCNPs@MnO
hybrids with larger sizes than chelate molecules or bare MnO-
DMSA, and with extensive water channels within their internal
structure, provide an efficient water molecule exchange. These,
in turn, affect the higher number of inner-sphere water ligands,
and hence, a higher value of relaxivity r;, particularly in the case
of LLCNPs@MnO-oleate. The comprehensive analysis of mor-
phology and related ability to modify molecular NMR relaxation
processes led to the conclusion that not necessarily perfect

This journal is © The Royal Society of Chemistry 2023
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liquid crystalline structure CA hybrids can guarantee the high-
est, desired impact on molecular relaxation parameters and in
addition, the multicomponent composition of the system is
found to be even an advantage. These results are well reflected
in the in vitro MRI results showing the ability of particular novel
CAs to influence the contrast in the recorded images.

Furthermore, the biosafety of prepared novel LLCNPs@MnO
CAs was investigated in terms of uptake and intracellular
localization as well as viability, genotoxicity, effects on mito-
chondria membrane potential, and cytoskeletal rearrange-
ments. Both studied hybrids and bare LLCNPs were efficiently
internalized by cells; however, the structure of the nano-
particles affected the mechanism of their uptake. In the case
of bare LLCNPs and hydrophilic MnO-loaded LLCNPs, they
internalized mainly via energy-independent and cholesterol-
dependent pathways, whereas spongosomes of hydrophobic-
loaded MnO LLCNPs internalized mainly via clathrin-dependent
endocytosis. The cell viability studies showed that lower concen-
trations of LLCNPs in all three cell lines remained at the same
high level. However, in the highest doses (above 100 pg ml™'), the
viability decreased. Despite the cytotoxic effect, there were no
observed genotoxic effects at the studied concentrations. The
analysis of cytoskeleton rearrangements indicated that prepared
hybrid nanosystems did not disturb the structure of the cytoske-
leton at low concentrations, although gene expression changed
dynamically. At the highest concentrations, however, disturbances
in the actin cytoskeleton structure appeared, which, in turn, may
be responsible for the decrease in cell viability. Furthermore, the
results show that the mitochondria in glioblastoma cell lines were
less susceptible to the harmful effects of NPs than in HeLa cells,
which may be a premise for the use of these systems in neuro-
logical diseases.
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