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ABSTRACT Cerium-containing nanoparticles have recently been identified as promising nanozymes for ad-
vanced biomedical applications. Additional modification of the core or the surface of CeOy nanoparticles
(CeO, NPs) provides them with new functionalities, making them a unigue theranostic agent. In this study,
dextran-stabilized CeO, NPs doped with Gd (Cey.sGdy.205_,) were synthesized and further functionalized
with fluorescein isothiocyanate (FITC). The synthesized nanoparticles have a high degree of biocompatibility
at concentrations up to 5 mg/mL and are readily internalized by human mesenchymal stem cells cultured both
in monolayers (2D system) and cellular spheroids (3D system). The functionalization of CeO, NPs with Gd and
FITC dye allows for monitoring their accumulation within organs and tissues using both magnetic resonance
imaging (MRI) and fluorescence spectroscopy techniques.
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1. Introduction

Currently, cerium dioxide is considered one of the most promising biomedical nanomaterials (CeOy NPs) [1-5].
CeO, nanoparticles show pronounced antioxidant activity, which allows to suppress the intracellular oxidative stress
and inflammation [6]. The antioxidant property of CeOs NPs is based on their ability to mimic the activity of various
endogenous enzymes, such as SOD [7], catalase [8, 9], phosphatase [10], DNAse [11], phospholipoperoxidase [12] and
others [13]. It is generally accepted that this process is based on the redox cycling of Ce®* and Ce*™, and it is attributed to
the rapid self-repairing cycle of Ce3*/Ce?™ after the inactivation of reactive oxygen species (ROS) [14—18]. Interestingly,
the enzyme-like activity of CeO2, NPs can be modulated by adjusting the size, shape, core composition and surface
stabilizer of the particles [19-21]. The use of various biocompatible stabilizers and surfactants not only ensures increased
colloidal stability, but also enhances the efficiency of nanoparticle endocytosis and, consequently, provides them with
selective cytotoxicity [22]. It has previously been demonstrated that CeO, NPs can be internalized by various cell types,
such as mesenchymal stem cells [23]. At the same time, the uptake process of CeO, NPs by human MSCs is quite
complex, as this type of cells does not have a specific function for phagocytosis [24]. In particular, it has been shown
that CeOy NPs are able to stimulate the proliferation of mouse embryonic fibroblasts [25] and human MSCs, isolated
from human tooth pulp [26,27] and human Wharton’s jelly [28]. Surface modification of polymer scaffolds with CeO,
NPs enhances stem cell proliferation and osteogenesis. Particularly, it has been shown earlier that porous polylactic
acid (PLA) scaffolds prepared by 3D printing and decorated with CeOs NPs enhanced human mesenchymal stem cell
growth, reduced oxidative stress levels in the cells and showed enhanced antibacterial activity against both Gram-negative
and Gram-positive bacterial strains [29]. CeO2 NPs-functionalized poly(e-caprolactone) (PCL)-gelatin electrospun fibers
showed superoxide dismutase (SOD)-mimetic activity and enhanced fibroblast proliferation up to ~ 48 % in comparison
to the control [30]. Human umbilical cord-derived mesenchymal stem cells, containing CeO2 NPs, counter oxidative
damage and promote tendon regeneration [31].

Mesenchymal stem cells (MSCs) are a promising resource for various biomedical applications, including those asso-
ciated with tissue regeneration and cancer treatment. The ability of MSCs to migrate to areas of injury and inflammation
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makes them an effective delivery vehicle for various functionalized nanomaterials to the sites of injury [32], inflam-
mation [33] or into tumor growth area [34,35], providing a pronounced therapeutic effect. MSCs fully exhibit their im-
munomodulatory properties only when they are in a specific microenvironment, which forms their tissue niche in vivo [36].
The most promising approach to ensure their optimal characteristics is through three-dimensional cell cultivation in cel-
lular spheroids, as opposed to two-dimensional cultures [37-40]. In 3D structures, MSCs are able to form contacts and
exchange regulatory signals with each other, as well as to produce an extracellular matrix that contributes to their function.
However, the presence of the extracellular matrix can affect the efficiency of nanoparticles penetration into these struc-
tures [41-44]. Earlier, it was shown in a model of cellular spheroids formed from human umbilical vein endothelial cells
(HUVEC) and MSCs, that nanoceria-decorated graphene oxide (CeGO) could be used for the treatment of critical limb
ischemia [45]. CeGO uptake enhanced the survival rate and anti-apoptotic capacity of cellular spheroids, upregulated ex-
pression of angiogenic markers, ensuring high cell survival rate. Thus, the use of cerium-containing nanoparticles shows
high promise in maintaining normal functioning of cell spheroids formed from mesenchymal stem cells [31,46—48].

Additional functionalization of CeO» NPs makes it possible to develop effective therapeutic agents exhibiting new
functional properties that ensure their tracking both inside cells and in tissues. In particular, it has previously been shown
that doping of CeOy NPs with gadolinium ions allows for their visualization using magnetic resonance imaging [27].
McDonagh et al. developed a single-pot synthesis of CeOy NPs modified with zirconium-89 isotope allowing detailed
PET imaging and ex vivo biodistribution visualization of CeOs NPs [49]. The potential of modifying nanoparticles with
carbon dots has also been demonstrated [50]. Zhang et al. synthesized a new type of carbon material doped with cerium
(Ce—Cd), using a simple hydrothermal process. This material exhibited pronounced luminescent properties and high
photostability. It also possessed biological activity, as demonstrated by its antibacterial and wound-healing properties.

In this study, we performed additional functionalization of gadolinium-doped ceria NPs with a fluorescent tag and
conducted a comprehensive assessment of their cytotoxic effects. We further analyzed the specific features of internaliza-
tion of these multifunctional NPs into mesenchymal stem cells cultured in monolayers (2D system) and cellular spheroids
(3D system).

2. Materials and methods
2.1. Synthesis procedure

Ce(.sGdg.205_, NPs were synthesized according to a recently reported procedure [5S1]. Briefly, a mixed solution of
cerium(III) and gadolinium(III) nitrates (0.18 and 0.02 M, respectively) and dextran (Mr ~ 6000) was prepared, with the
(Ce(NO3)3 - 6H20 + Gd(NO3)3 - 6H20):dextran ratio being 1:2 (wt). To the continuously stirred solution, 1 M aqueous
ammonia was added dropwise for 3 h, maintaining the pH at 7.5 — 8.0. When pH became constant, the mixture was stirred
again, for 2 h, and then aqueous ammonia was added to achieve pH = 12, followed by additional stirring for 8 h. To the
sol obtained, an excess of isopropanol was added and the mixture was refluxed to form a white precipitate. The precipitate
was further washed with hot isopropanol several times and dried in air at 60 °C. Gadolinium-doped ceria sol was prepared
by dispersing the powder in deionized water. Ceg sGdy.2O2_, NPs were functionalized using fluorescein isothiocyanate
(FITC) to make it possible to study their intracellular localization. The dry powder of dextran-stabilized Ceg §Gdy.2O2—,,
nanoparticles (3 g) was added to 20 mL of anhydrous dimethyl sulfoxide (DMSO) and 0.5 mL of pyridine. The mixture
was then stirred for four hours at 95 °C until it was completely dissolved. Afterwards, 100 mg of FITC were added to the
solution and the mixture was allowed to continue to mix for 2 hours in the dark. Following this, 50 mL of isopropanol was
added to the resultant solution. The resulting mixture was then centrifuged at 10,000 g for 10 minutes. The precipitate
that formed was repeatedly washed until the color in the supernatant had disappeared, and then it was dried at 60 °C in
the dark to a constant mass. The dry powder of FITC-Cey 8Gdy.2O02_,. NPs was stored at 4 °C.

2.2. Characterization of FITC-Ceq.sGdg.2O>_, NPs

The size and shape of FITC-Cey sGdg.2O2_, NPs were analysed by transmission electron microscopy (TEM) using a
Leo912 AB Omega electron microscope equipped with an electron energy loss spectrometer (EELS) operating at an accel-
erating voltage of 100 kV. The study of the chemical composition of the obtained materials was carried out using energy
dispersive X-ray spectroscopy (EDX) using a Tescan Amber GMH microscope equipped with an Ultim MAX detector
with 100 mm? active area (Oxford Instruments) at an accelerating voltage of 20 kV. EDX data were processed using the
AZtec software (5.0). The concentration of the Cey gGdy. 202, NPs (without FITC) sols was measured gravimetrically.
The corundum crucibles, pre-annealed at 900 °C for 2 hours, were weighed on analytical scales to establish their initial
weight. Then 3 mL of sol was placed in each crucible and heated in a muffle furnace at 900 °C for 2 hours with slow
heating (~ 3 °/min). After cooling to room temperature, the crucibles were weighed. The weight of the dry residue of the
annealing product was determined and the concentration of the initial sols was calculated. A DS-11+ spectrophotometer
(DeNOVIX, USA) was used to measure FITC-Cey gGdy 202, sols absorbance in the UV-visible range. Measurements
were carried out in the wavelength range from 200 to 500 nm in 0.1 nm increments. The hydrodynamic size, PDI and
(-potential of the nanoparticles were determined by dynamic and electrophoretic light scattering at 25 °C using a BeNano
analyzer (BetterSize, Dandong, China).
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2.3. Cell culture

The experiments were performed using human mesenchymal stem cells (hMSCs). hMSCs were isolated from the
pulp of a third molar extracted for orthodontic reasons from a healthy 12-year-old patient (with his written consent). All
the experiments were carried out in agreement with good clinical practice and the ethical principles stated in the current
edition of the Declaration of Helsinki. Cells were cultured in DMEM/F12 medium (1:1) (PanEko, Moscow, Russia)
supplemented with L-glutamine (146 mg per 450 mL of medium) (PanEko, Moscow, Russia), penicillin, streptomycin
(PanEko, Moscow, Russia), and 10 % fetal bovine serum (Biosera, Cholet, France). Cultivation was carried out in culture
flasks with filter caps with a cultivation area of 25 and 75 cm? (TPP, Trasadingen, Switzerland) in a CO5 incubator with a
CO; concentration of 5 % at a temperature of 37 °C.

2.4. MTT assay

Cell metabolic activity was assessed using MTT assay which is based on the reduction of a yellow tetrazolium salt
(3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyl tetrazolium bromide, MTT) with the formation of insoluble purple formazan.
After 48 hours of cultivation, 0.5 mg/mL MTT reagent solution, dissolved in culture medium without FBS, was added
to the wells. The optical density of the formed formazan was measured at A = 570 nm using an INNO-S plate reader
(LTEK, Korea).

2.5. Measuring of mitochondrial membrane potential

The mitochondrial membrane potential (MMP) was measured by staining cells with TMRE (tetramethylrhodamine,
ethyl ester, ThermoFisher, Carlsbad, CA, USA) fluorescent dye followed by fluorescence microscopy analysis. After
24, 48, and 72 hours of incubation with nanoparticles, the culture medium was replaced with TMRE solution in Hanks’
buffer (PanEko, Moscow, Russia). After 15 min of incubation with dye, the cells were washed three times with Hanks’
buffer solution. Then the cells were photographed using a ZOE fluorescent imager (Bio-Rad, USA). TMRE fluorescence
intensity, which directly correlates with the MMP of cells, was measured using the ImagelJ software. For statistics, three
different areas in three different microphotographs were analyzed. Quantitative analysis results were presented as mean
+ SD.

2.6. Cell proliferation analysis

The analysis of proliferative activity was carried out by examining the confluence of cell culture during 72 hours of
coincubation with FITC-Ce §Gdg.2O2_, NPs. The cells were monitored in real time using JULI-stage live cell imaging
system (NanoEntek, Korea). Confluence growth curves were plotted using the GraphPad Prism 8 software.

2.7. Spheroid formation

Cellular spheroids were prepared using the “hanging drop” technique. hMSCs were removed from the substrate by
using a trypsin-EDTA solution (0.05 %) and then washed three times by centrifugation at 1,000 RPM for 5 minutes. Next,
DMEM/F12 growth medium with 10 % fetal bovine serum (FBS) was added to the cells. Subsequently, methylcellulose
(1 % in DMEM/F12 medium) was added to the cell suspension to ensure that the total concentration of methyl cellulose
did not exceed 0.25 %. The concentration of hMSCs used was 125,000 cells/mL. The cells were seeded to form spheroid
onto the lid of a 60-mm plastic Petri dish in drops of 20 ul volume. To prevent desiccation of the drops, a 10-ml Hanks
buffer was positioned at the bottom of the dish. Afterwards, the lid of the dish was carefully positioned on top and
incubated for 72 hours in a CO3 incubator. After 24 hours of incubation, the cells had aggregated in the center of the drop,
forming a spherical structure.

2.8. Uptake analysis of FITC-Cey.sGdg.2O02_, NPs

The cell uptake analysis of FITC-Cey sGdg.2O2_, NPs in the hMSCs’ 2D and 3D systems was carried out using
fluorescence microscopy with a Celena S cell imager (Logos, Korea) and a Zoe cell imager (Bio RAD, USA). The cells
were seeded at a density of 104 cells per cm? into a 35 mm Petri dish with a central hole. After that, FITC-Ceg.sGdg.2oOs_
NPs and the cells were added and cultivated for 0.5 — 16 hours.

2.9. Statistical analysis

The data were analyzed using the GraphPad Prism 8 software. The statistical significance of the deviations between
the test sets and the control was confirmed using the Welch t-test. Images were processed using Image] and Adobe
Photoshop software.



Cellular uptake of FITC-labeled Cey sGdy 202 —_, nanoparticles in 2D and 3D mesenchymal stem cell systems 355

3. Results and discussion

Previously reported procedure of the Cey §Gdg 202, NPs synthesis [52] was modified: FITC was used as an ad-
ditional fluorescent label. Fig. la shows the appearance of nanoparticles in the form of dried powder (left) and in the
form of colloidal solution (right). TEM image (Fig. 1b) confirms the formation of the individual nanoparticles with
a mean size of 3 nm. According to full-profile analysis of the diffraction pattern, the crystal lattice parameter of the
FITC-Ce(.§Gd(.205_, NPs is equal to 5.425(1) A. This value differs significantly from ceria lattice parameter, 5.411 A
(PDF2 #00-034-394) indicating the formation of a nanocrystalline solid solution; the calculated value corresponds well
with the previous experimental data on the dependence of the NPs lattice parameter on gadolinium content [53]. The
chemical composition of the nanoparticles was additionally confirmed by EDX analysis (Fig. 1c). (-potential of the
FITC-Ce.§Gdg.2O2—_, NPs in deionized water was 11.3 + 1.2 mV (Fig. 1d). UV/visible spectrum is presented in Fig. le.
FITC-Ce( §Gdg 202, NPs exhibited excellent colloidal stability in aqueous media: the hydrodynamic size of the FITC-
Ce(.sGdg.205_, NPs is 6.18 nm with polydispersity index (PDI) = 0.44 (Fig. 1f).

CeO; NPs have a high degree of biocompatibility [54-56]. In turn, one of the challenges associated with the biomed-
ical use of gadolinium-containing nanoparticles is the potential for uncontrolled release of gadolinium ions into the cell
during the dissolution of the nanoparticles. This can lead to a pronounced cytotoxic effect [S7-60]. We have previously
demonstrated that Gd-doped CeO2 NPs did not release toxic gadolinium ions due to the extremely low solubility of ceria
matrix [52]. FITC-Ce §Gdg.2O2_, NPs also show a high degree of biocompatibility towards hMSCs in a wide range of
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FI1G. 1. Visual appearance of dried FITC-Cey sGdy.2O2_, NPs and the corresponding colloidal solu-
tion (a), transmission electron microscopy and selected area electron diffraction (in the inset) (b), EDX
analysis (c), (-potential distribution in MQ water (d), UV-visible absorbance spectrum (e) hydrody-
namic size distribution and PDI (f) of the NPs
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FI1G. 2. Cell viability (MTT assay), membrane mitochondrial potential analysis (TMRE staining) and
analysis of cell proliferation (JuliStage imaging) of hMSCs after incubation with FITC-Cey sGdg 202,
NPs in a wide range of concentrations (0 — 5 mg/mL)

concentrations, up to 5 mg/mL (Fig. 2). Preincubation of the cells with these nanoparticles does not result in a decrease of
their metabolic activity (via MTT assay) even at high concentrations (2.5 -5 mg/mL) after 24, 48, and 72 hours of incuba-
tion (Fig. 2a). Analysis of the effect of FITC-Cey §Gdg 2Oz, NPs on MMP revealed no decrease in hMSCs’ membrane
potential in the same concentration range, confirming the high degree of nanoparticles biocompatibility (Fig. 2b). hM-
SCs proliferation was also assessed after incubation with nanoparticles at concentrations of 0.05 and 0.5 mg/mL, with
no statistically significant decrease in cell proliferation rate observed for these concentrations of nanoparticles (Fig. 2c).
Therefore, FITC-Cey.sGdg.2O2—, NPs do not exhibit any observable cytotoxic effects on hMSCs in vitro.

Earlier, CeO, NPs were shown to possess brilliant antioxidant properties in various biomedical applications. How-
ever, the interaction peculiarities of CeOy NPs with cells and their intracellular localization are still poorly understood.
It has previously been demonstrated that the efficiency of the cellular uptake and accumulation of CeO; NPs depends
strongly on their size, charge, shape and concentration [23, 61, 62]. In particular, CeO2 NPs with a positive or neutral
charge are internalized into normal and cancer cells, while CeO-2 NPs with a negative charge are internalized mainly by
cancer cell lines [63—65]. This fact was also confirmed in a study by Zhou et al. which showed that negatively charged
CeOy NPs were predominantly absorbed by lung adenocarcinoma cells (A549) [66]. They attributed this observation to
the different efficiencies of protein absorption on the surface of nanoparticles and the formation of different protein coro-
nas [67,68]. Moreover, when entering cells, CeOy NPs are localized in different cellular compartments (for example, in
the cytoplasm and in lysosomes), depending on the surface charge of the nanoparticle. The internalization and sub-cellular
localization of CeO5 NPs play a key role in the cytotoxic profile of nanoparticles, with significant toxicity shown when
they are located in lysosomes [63]. Here, we have studied the accumulation process of FITC-Cey §Gdg 2O2—, NPs in the
2D cell culture of hMSCs (Fig. 3). For this purpose, cell nuclei were stained with a fluorescent dye, Hoechst 33342 (blue
fluorescence), to counterstain and to visualize the accumulation of FITC-Cey §Gdg 202, NPs (green fluorescence) in the
cell cytoplasm. Fig. 3a shows the images of hMSCs 0.5 — 16 hours after treatment with FITC-Cey §Gdy.2O2_, NPs. It is
clearly seen that the nanoparticles are predominantly localized in the cytoplasm and partially in lysosomes after 16 hours
of incubation. The lysosomal localization is confirmed by the presence of bright green zones in the cells cytoplasm. The
quantitative assessment of FITC-Ceg sGdg.2O2_, NPs internalization is presented in Fig. 3b.

The analysis of the internalization of nanoparticles into cellular spheroids is more interesting, as the more developed
intercellular contacts and three-dimensional cell arrangement play a special role in this process [41]. Consequently, a
3D cell arrangement is a more adequate model of biological tissue in vitro than a 2D cell monolayer. Multicellular
spheroids closely mimic the physiological microenvironment of individual cells [69]. The structure of cellular spheroids
with a diameter larger than 300 micrometers is usually represented by several distinct zones, including a necrosis zone,
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F1G. 3. Cellular uptake analysis of FITC-Cey sGdg.2O2—_, NPs in 2D cell cultures of hMSCs. Nanopar-
ticles were introduced at a concentration of 10 ug/mL and co-incubated with cells for 3, 6 and 16 hours

hypoxia zone, and proliferation zone [70]. These zones have specific physiological characteristics and vary in pH value,
proliferative activity of cells and degree of hypoxia [71].

We have demonstrated that FITC-Ceg §Gdy.2O2_, NPs are able to internalize cellular spheroids formed from hMSCs
effectively (Fig. 4). Within 30 minutes, FITC-Cey §Gdy 202, NPs are internalized 20 — 30 micrometers deep into
cellular spheroids. This means that the nanoparticles are localized in the proliferation zone. However, after 5 hours,
the penetration depth increased up to 120 — 150 micrometers. 12 hours of incubation resulted in the highest uptake of
FITC-Ce(.8§Gdg.202_, NPs into cellular spheroids. Thus, it can be concluded that FITC-Cey §Gdg 2O2_, nanoparticles
are able to accumulate effectively in cellular spheroids, and remain there for more than 48 hours of co-cultivation.

4. Conclusion

Multi-functional FITC-Ce( sGdg 202, NPs were synthesized and characterized in detail by relevant physical tech-
niques. The nanoparticles are not toxic to hMSCs at concentrations up to 5 mg/mL, maintaining a high level of cell
viability, metabolic and proliferative activity. In 30 minutes, FITC-Cey §Gdy.2O2_, NPs effectively internalize into cel-
lular monolayer of hMSCs and their maximum accumulation occurs after 16 hours. The FITC-Cey sGdg 2O2—, NPs are
also effectively internalized into 3D cellular spheroids after 12 hours without causing toxicity or disrupting their structure.
The results obtained indicate that the use of cerium-based nanoparticles is a promising approach for the safe and efficient
visualization of hMSCs that could be used in tissue engineering and regenerative medicine, such as in 3D bioprinting.

3h

12h

F1G. 4. Accumulation of FITC-CepgGdy202—_, in 3D cellular spheroids formed from hMSCs.
Nanoparticles were introduced at a concentration of 10 ug/mL and co-incubated with cell spheroids
for 12 hours
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