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Abstract

:

Recently, human mesenchymal stem cells (hMSc) have attracted a great deal of attention as potential therapeutic agents in the treatment of socially significant diseases. Despite substantial advances in stem-cell therapy, the biological mechanisms of hMSc action after transplantation remain unclear. The use of magnetic resonance imaging (MRI) as a non-invasive method for tracking stem cells in the body is very important for analysing their distribution in tissues and organs, as well as for ensuring control of their lifetime after injection. Herein, detailed experimental data are reported on the biocompatibility towards hMSc of heavily gadolinium-doped cerium oxide nanoparticles (Ce0.8Gd0.2O2−x) synthesised using two synthetic protocols. The relaxivity of the nanoparticles was measured in a magnetic field range from 1 mT to 16.4 T. The relaxivity values (r1 = 11 ± 1.2 mM−1 s−1 and r1 = 7 ± 1.2 mM−1 s−1 in magnetic fields typical of 1.5 and 3 T MRI scanners, respectively) are considerably higher than those of the commercial Omniscan MRI contrast agent. The low toxicity of gadolinium-doped ceria nanoparticles to hMSc enables their use as an effective theranostic tool with improved MRI-contrasting properties.
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1. Introduction


Magnetic resonance imaging (MRI) provides remarkable possibilities for the visualisation of soft tissues and physiological processes in the human body. MRI scanners are widely available in hospitals, enabling rapid diagnosis of various dysfunctions, including those of the brain, abdomen and spinal cord. To increase the contrast in MRI images, various contrast agents are commonly used, which change the longitudinal (T1) and transverse (T2) relaxation times of water protons. Gd-based compounds are the most effective magnetic resonance imaging contrast agents [1,2] and now almost 50 tons of gadolinium are administered annually [3]. The high efficiency of these compounds is due to the fact that Gd3+ has an extremely high magnetic moment (7.94 μB), since seven unpaired electrons (symmetric 8S7/2 ground electronic state) provide sufficiently high (10−8–10−9 s) electronic relaxation times. Currently, FDA- and EMA-approved (FDA, U.S. Food and Drug Administration; EMA, European Medicines Agency) Gd-based contrast agents include gadobenate (MultiHance), gadobutrol (Gadavist), gadodiamide (Omniscan), gadopentetate (Magnevist), gadoterate (Dotarem), gadoteridol (ProHance) and some others [4]. One serious problem associated with the use of Gd-containing MRI contrast agents is the lability of gadolinium complexes and the interaction of free Gd3+ ions with body tissues (inter alia, with brain tissues), which can cause systemic nephrogenic fibrosis (NFS) after repeated use [4]. Furthermore, the safety of some approved contrast agents (e.g., Gadavist or Magnevist) is questionable, and is being re-considered [1,4]; a number of countries, including Japan and Great Britain, have refused to use linear Gd-containing MRI contrast agents [5]. Thus, there is an acute need for a new generation of MRI contrasts that are safe, have high selectivity in tissue accumulation and provide a strong signal in MRI imaging, for diagnostic magnetic resonance measurements.



In the authors’ previous studies, a proposal was made for the design of new Gd-based MRI contrast agents based on nanocrystalline Gd-doped ceria [6,7,8,9]. In an oxide matrix, Gd3+ ions can provide higher values of longitudinal relaxation constants than Gd3+ in chelate complexes. Furthermore, poorly soluble gadolinium oxide compounds have been reported to have low toxicity [10,11]. Ceria matrix not only has an extremely low solubility over a wide pH range [12], but is also fully compatible with cells and tissues, protecting them from negative external factors, e.g., oxidative stress, the action of ionising radiation, etc. [13,14]. In recent reports, cerium dioxide nanomaterials have been identified as being promising materials for cancer theranostics [8,15,16,17]. Previously, the possibility of synthesising cerium dioxide nanoparticles (NPs) heavily doped with gadolinium was shown, as was their possible use as an MRI contrast agent [6,8,9,18]. Eriksson et al. [19] also showed that Gd-doped CeO2 NPs can act as an antioxidant agent, while having r1 relaxivities from 7 to 13 mM–1·s–1.



In cancer treatment, the use of human mesenchymal stem cells (hMSc) as delivery systems for therapeutic agents has been shown to open up new therapeutic horizons [20], since it bypasses known problems in the targeted delivery of biologically active substances, using various nanovehicles, (to overcome, for example, the binding site barrier [21]). It was previously shown that hMSc expressing TRAIL (tumour necrosis factor related apoptosis inducing ligand) can provide targeted delivery of this proapoptotic agent directly to breast cancer metastases [22]. Nakamizo et al. showed that hMSc enter human gliomas after intravascular or local delivery and significantly increase the survival rate of animals with human U87 intracranial glioma xenografts [23]. Bone-marrow hMSc delivered to the tumour site and forcibly overexpressing IFN-β inhibited the growth of malignant cells in vivo. Importantly, this effect required the integration of hMSc directly into the tumour, and could not be achieved with systemically delivered IFN-β or IFN-β produced by hMSc at a site far from the tumour [24]. Thus, the ability of hMSc to invade tumour tissues and specifically locate in them, affecting tumour cells, suggests their use as a delivery vehicle for various anticancer agents, and in vivo hMSc imaging methods will be required to control the efficacy of such therapy. Such an approach was used for MRI imaging of hMSc loaded with superparamagnetic iron oxide nanoparticles to track multiple lung metastases in vivo [25].



On the other hand, hMSc-based therapies were reported to be limited, due to the possible malignant transformations of hMSc [26]. These transformations can also be monitored using advanced MRI techniques, e.g., using tumour specific promoters [26]. Another important task, the visualisation of cancer stem cells, being a rare but highly resistant subpopulation of malignant cells, is also an emerging topic in cancer treatment, since these cells possess similar characteristics to normal stem cells, as well as the substantial ability to self-renew and for extensive proliferation [27,28].



In view of these points, the search for effective MRI contrast agents capable of being administered into the human body for stem cell visualisation is of great importance for various biomedical applications. These applications include high resolution imaging of stem cells’ localisation in tissues, cancer therapies and in vivo understanding of the complex behaviour of cancer stem cells.



This paper focuses on the creation of new types of cerium oxide nanoparticles heavily doped with gadolinium (Ce0.8Gd0.2O2−x) as MRI contrast agents, with the emphasis on their cytotoxicity and biocompatibility with mesenchymal stem cells. Deep insights into the molecular mechanisms of the cytotoxicity of the nanoparticles confirmed the great potential of Gd-doped ceria in MRI imaging, due to its low toxicity to human mesenchymal stem cells. Evidence of the contrast properties of synthesised NPs has emerged from water proton relaxation studies in the presence of Gd-doped ceria, using a high resolution 1H 700 MHz nuclear magnetic resonance (NMR) spectrometer equipped with a field cycling apparatus in a magnetic field range from 4 mT to 16.4 T. The Ce0.8Gd0.2O2−x NPs demonstrated excellent MRI contrast properties.




2. Results and Discussion


Using microwave-hydrothermal (Sample 1) and polyol-mediated syntheses (Samples 2, 3), transparent light-yellow aqueous sols were prepared, and showed no visible opalescence, while demonstrating a pronounced Tyndall effect. The X-ray powder diffraction patterns (Figure S1) indicated that the crystal structure of the dried samples coincided well with the structure of CeO2 (  F m  3 ¯  m  , PDF2 34-0394). Wide maxima in the diffraction patterns indicate that the particle size in the synthesised materials was rather small; the estimates made using the Scherrer equation amounted to 5 nm for Sample 1 and 2–3 nm for Samples 2 and 3. A full-profile analysis of the X-ray diffraction patterns showed that the crystal lattice parameter values (a) for the samples (0.54204(5) nm for Sample 1, 0.5440(2) nm for Sample 2, and 0.5442(5) nm for Sample 3) differed from the lattice parameter of the bulk CeO2 (0.54113 nm [29]). According to recently published data, this might have been due to the small (<5 nm) size of ceria nanoparticles [30,31], or the formation of cerium-gadolinium oxide solid solutions (for the same coordination number VIII, Gd3+ ionic radius is 0.1053 nm, Ce4+ ionic radius is 0.097 nm [32]). The authors’ previously reported data [33,34] proved the formation of CeO2:Gd solid solutions under certain synthetic conditions. Energy dispersive X-ray spectroscopy indicated that, within the measurement accuracy, the chemical composition of all samples corresponded well to the chemical formula Ce0.8Gd0.2O2−x, with the Ce:Gd atomic ratio being (79 ± 2):(21 ± 2).



The results of transmission electron microscopy (TEM), selected area electron diffraction (SAED) and electron energy loss spectroscopy (EELS) showed the formation of nanocrystalline ceria particles with average diameters 4 ± 1 nm for Sample 1 or 3 ± 1 nm for Samples 2 and 3 (Figure 1). EELS data also demonstrated the presence of gadolinium in the samples. In the electron energy loss spectra (Figure 1), the ratio of Ce M4 to Ce M5 edge peak intensity was approximately 1.2. This fact, along with the positions of the peaks and the presence of the shoulders, indicates the presence of only tetravalent cerium in the materials [35].



The formation of nanocrystalline ceria was also confirmed by UV-vis spectroscopy (see Figure 2). The absorbance spectra are typical of aqueous sols of ceria nanoparticles which have an optical band gap value of 3.0–3.1 eV [36,37]. In the UV-region, the shape of ceria sols’ absorbance spectra was very sensitive to the presence of cerous ions, which had an absorption band at 253.6 nm with a molar extinction coefficient of 685 M−1·cm−1 [38]. In turn, the absorbance maximum of ceric ions was located at ca. 320 nm, with a molar extinction coefficient of 5580 M−1·cm−1 [39]. The differentiation of the absorbance spectrum enables the estimation of cerium valence state in aqueous sols [40]. The profile analysis of the absorbance spectra [40] confirmed the absence of trivalent cerium species in the sols.



The Gd-doped ceria sols prepared using the selected protocols exhibited high stability in different media, including Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F12) or phosphate buffer solution (PBS) (see Table 1). When mixed with PBS and/or DMEM/F12 solutions, none of the sols showed any visible opalescence or sedimentation for at least 3 days. A slight increase in the hydrodynamic size of the NPs after incubation with DMEM/F12 containing fetal bovine serum (FBS) can be due to the opsonization of the NPs (the absorption of serum proteins on their surface). The small hydrodynamic size of the NPs in DMEM/F12 (<10 nm) suggests the high stability of the Gd-doped ceria NPs in biological media. Such an ultra-small size makes it possible to ensure high efficiency of endocytosis into various cell types, including hMScs, and can also minimize the risk of an immune response of the body upon their direct injection into the bloodstream. In PBS, the aggregation of the NPs is more pronounced, and is connected to the strong chemisorption of phosphates on the surface of Gd-doped ceria, which affects the bioactivity of NPs [41,42].



Thus, the synthetic protocols enabled the formation of nanocrystalline Gd-doped ceria sols containing 20 at.% Gd, with high colloid stability in media commonly used for in vitro experiments. The main problem in the synthesis of rare earth doped ceria colloids arises from very high differences in the solubility of ceria and rare earth hydroxides. In particular, the solubility of gadolinium hydroxide is more than ten orders of magnitude higher than that of ceria (pKsp(Gd(OH)3) = 27 [43], pKsp(Ce(OH)4) = 42 [44], pKsp(CeO2) = 59 [12]). In this regard, even the sequence of the addition of chemicals into the reaction mixture is meaningful. The addition of an alkali solution to a solution of rare earth salts favours the formation of core-shell structures. Due to the extremely low solubility of ceric hydroxides, under aerobic conditions cerous ions will be oxidised in the first instance, forming a ceria core, and then gadolinium hydroxides will sediment on its surface. Regarding medical applications, such core-shell structures are disadvantageous, due to the presence of relatively soluble gadolinium compounds on the surface of nanoparticles. They can impart toxicity to ceria-based NPs, thus nullifying the main idea of the use of Gd-doped ceria as a non-toxic MRI agent. To achieve greater homogeneity among the NPs and to avoid the formation of core-shell structures, inverse precipitation must be used.



The incorporation of Gd3+ ions into the CeO2 crystal structure and the formation of crystalline Gd-doped ceria are crucial for their use as non-toxic MRI agents, again, due to the relatively high solubility of gadolinium hydroxides. The formation of the solid solutions requires high temperature processing, e.g., hydrothermal or solvothermal treatment. It should be noted that the high chemical homogeneity of nanoparticles achieved at the precipitation stage will facilitate the crystallisation of CeO2:Gd NPs. The use of capping agents (e.g., triethyleneglycol) with good biocompatibility [45] and chelating ability [46] can additionally promote the MRI-contrast properties of gadolinium compounds: an enhancement in the in vitro and ex vivo relaxivity of gadolinium oxide NPs has been shown for glycols with increasing chain length [47].



The cytotoxicity of Gd-doped ceria NPs was assessed by analysing the dehydrogenase activity of human mesenchymal stem cells. The analysis was conducted using 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) assay upon 24, 48 and 72 h of cell cultivation (Figure 3). For the experiments, the cells were cultivated with extremely high concentrations of the NPs (in the range of 0.3–5 mg/mL), to reliably detect any possible toxic effects. The data indicated that the samples showed different cytotoxicity. Sample 1 did not show any cytotoxic effects throughout the range of concentrations (0.3–5 mg/mL), and these results corroborate the previously reported negligible cytotoxicity of citrate-stabilised ceria NPs [44]. Conversely, Sample 2 and Sample 3 in high concentrations showed a decrease in the cells’ viability after prolonged (48 and 72 h) cultivation. Sample 2 did not show any cytotoxicity after 48 h of cultivation, while for the longer cultivation (72 h) there was a decrease in the cells’ viability at high concentrations of nanoparticles (2.5 and 5 mg/mL). Sample 3 appeared to be the most cytotoxic, its negative effect on stem cells being observed after 24 h of cultivation; when the concentration of NPs decreased to 0.6 mg/mL, however, the sample did not show a pronounced cytotoxic effect, even after 72 h of cultivation with the stem cells.



The increased cytotoxicity of Samples 2 and 3 towards stem cells was most probably connected to the adsorption of the products of triethylene glycol oxidative thermolysis on the cerium oxide NPs’ surface. Despite the low toxicity of triethylene glycol itself [45], heating triethyleneglycol in air can produce various potentially toxic carbonyls and aldehydes [48]. Note that the higher toxicity of Sample 3 correlates well with the longer heating duration during its synthesis.



A comprehensive assessment of nanoparticles’ cytotoxicity should include the analysis of the proliferative activity of the cells. For different cells, ceria NPs modified with different surface ligands can either inhibit [49] or stimulate [13] cell migration and proliferation. The data showed (Figure 4) that Sample 3, in the concentration range of 1.25–5 mg/mL, completely inhibited the proliferative activity of hMSc. Sample 2 also inhibited stem cells’ proliferation, but only at high concentrations (2.5 and 5 mg/mL) and after prolonged (72 h) cultivation. At lower concentrations (0.3–1.25 mg/mL), no toxic effect of the NPs was observed. Interestingly, Sample 1 triggered proliferative activity of hMSc after 48 and 72 h of cultivation. The latter observation is in line with previously reported results on the stimulating action of citrate-stabilised ceria NPs [50].



The stimulation of the proliferative activity of hMSc in the presence of citrate-stabilised ceria NPs (Sample 1) was most probably due to their high redox potential, which modulated the cells’ redox status. Oxidative stress is the main reason for the suppression of cell proliferation in vitro [51], since it inevitably arises in cells in response to various forms of manipulation, including isolation and trypsinisation [52]. These negative effects can be levelled by ceria NPs acting as a reactive oxygen species (ROS) scavenger and inactivating the excess of intracellular ROS.



These results were supported by differential cell staining using live/dead assay (Figure 5). The introduction of low concentrations (0.3–1.25 mg/mL) of Sample 1, as expected, did not result in an increase in the number of dead cells after 24, 48 or 72 h of cultivation. At maximum concentrations (2.5 and 5 mg/mL), an insignificant percentage of dead cells was observed after 72 h of cultivation only.



Conversely, more than 40% of the cells died after 24 h of contact with Sample 2 at maximum concentrations. Sample 3 was the most toxic, since, even at the lowest concentration used (0.3 mg/mL), a reliable increase in the number of dead cells was observed, due to the inhibition of proliferative activity. The observed morphological changes supported the high percentage of apoptotic cells in the culture.



Thus, the ceria nanoparticles coated with triethyleneglycol (TEG) prepared using the solvothermal method (Sample 2 and Sample 3) inhibited the proliferative and dehydrogenase activity of human mesenchymal stem cells (Figure 4 and Figure 5). Further experiments showed that the negative effect of this type of ceria NPs was most probably connected to the changes in redox status in the cells.



Functional centres in mitochondria are capable of oxygen reduction to superoxide anion-radicals, which is regarded as a source for various active oxygen species. ROS generated by mitochondria are among the key factors that increase intracellular oxidative stress [53]. Intracellular ROS overproduction imbalances the mitochondrial membrane potential (MMP) and results in a decrease in the metabolic activity of the cells [54]. MMP was used as a reliable marker of the redox status of the cells and their metabolic activity. The experiments showed that contact of cells with Sample 3, throughout the whole concentration range (0.3–5 mg/mL), resulted in a dramatic decrease in their MMP after 24 h of cultivation (Figure 6). After 48 h of cultivation, even low concentrations (0.3–0.6 mg/mL) of Gd-doped ceria NPs (Sample 3) resulted in a reliable decrease in MMP. Sample 2 showed minor changes in MMP when high concentrations (2.5–5 mg/mL) of NPs were in contact with the cell culture for a long time (72 h). For Sample 1, no negative effects were observed throughout the whole range of concentrations studied (0.3–5 mg/mL) and for all cultivation times. The latter observation indicates that citrate-stabilised Gd-doped ceria NPs possess very high biocompatibility, and do not change the mitochondrial membrane potential level.



The changes in metabolic activity of mitochondria can result in cell apoptosis, due to ROS overproduction [55]. For instance, in mitochondria, the overproduction of superoxide anion-radical increases the concentration of hydrogen peroxide. In turn, a high H2O2 content favours lipid peroxidation, decreases the content of antioxidants with low molecular weight and triggers redox-sensitive caspase cascades and cell apoptosis. Because they are redox active, ceria nanoparticles can either induce [56], or inhibit, intracellular [57] oxidative stress. For stem cells, redox status plays a key role in regulating not only their proliferative activity, but also their differentiation or the preservation of their pluripotent status [58].



The level of intracellular ROS in human hMSc was estimated after cultivation with Gd-doped ceria nanoparticles using dichlorofluorescein (DCF) as a fluorescent ROS indicator (Figure 7). The treatment of the cells with 1 mM H2O2 for 30 min was used as a positive control. The data obtained showed unambiguously that both Sample 2 and Sample 3 dramatically increased the level of intracellular ROS after 24 h of incubation. Cell cultivation with Sample 3, throughout the entire range of concentrations (0.3–5 mg/mL), resulted in a dramatic (more than 3 times) increase in the ROS level. For Sample 2, the increase in ROS concentration was less pronounced than with Sample 3. In turn, no reliable effect of citrate-stabilised Gd-doped ceria NPs (Sample 1) on the intracellular ROS level was observed. The data obtained corroborated the mitochondrial membrane potential measurements, and supported the high biocompatibility of citrate-stabilised Gd-doped ceria NPs.



The cytotoxic effects of nanoparticles resulting in cell apoptosis and death not only arise due to the upregulation of ROS level, but also can involve different mechanisms associated with genotoxic effects, i.e., damage to deoxyribonucleic acids (DNA), ribonucleic acid (RNA) or chromosomes [59,60,61]. For stem cells, genomic instabilities or epigenetic alterations inhibit their further differentiation, and can result in crucial changes to their pluripotent status. Their high sensitivity to any damage, and rapid activation of apoptotic programmes, make them a highly sensitive test-system for the evaluation of the toxicity of nanomaterials [62].



To assess the genotoxicity of Gd-doped ceria NPs, the morphological status of nuclei was analysed by staining the cells with Hoechst 33342 dye. Images of the stained cells incubated with the NPs are presented in Figure 8. The results show that Sample 3 showed the highest genotoxicity. After 48 and 72 h of incubation with the NPs (1.25, 2.5 and 5 mg/mL), significant changes in chromatin morphology were observed. Even after 24 h of incubation, condensation of chromatin was observed, and some cells contained defragmented chromatin. Conversely, the incubation of the cells with Sample 1 or Sample 2 resulted in neither chromatin condensation nor any anomalies in nuclei morphology. These observations suggest that the latter samples can be attributed to being non-genotoxic.



All the cytotoxic effects of the nanoparticles, associated both with ROS regulation and with genotoxicity, result in cell apoptosis and death [63,64]. The number of apoptotic cells in the culture can easily be analysed through staining with Oxazole Yellow iodide (YO-PRO-1) dye. This analysis has shown the result of the integral action of the different mechanisms of the negative action of nanoparticles in living systems. As follows from the data presented in Figure 9, a dose-dependent increase in the number of apoptotic bodies was observed after 24 h of incubation of the human stem cells with TEG-stabilised Ce0.8Gd0.2O2−x NPs (Sample 2 and Sample 3). A reliable cell apoptosis was observed upon the introduction of Sample 2 at high concentrations (2.5 and 5 mg/mL), and upon the introduction of Sample 3, even at low concentrations (0.6 mg/mL and higher). At the highest concentration (5 mg/mL) of Sample 3, the content of apoptotic cells reached 80%, which corroborated live/dead-assay data (Figure 7) and the results of intercellular ROS concentration measurements (Figure 6). Only a few apoptotic bodies were observed in the cell culture after cultivation with citrate-stabilised Gd-doped ceria NPs (Sample 1), even at the highest concentration (5 mg/mL).



The transcription profile is a very important metabolic indicator of the functional state of hMScs, and is capable of assessing their metabolic state and their ability to actively proliferate and differentiate [65]. Therefore, a detailed analysis was conducted of the level of expression of key hMSc genes involved in the processes of proliferation and differentiation, their redox status, etc. In addition, an analysis of the expression of key pro- and anti-apoptotic genes made it possible to identify some molecular mechanisms of the cytotoxic effect of the Gd-doped ceria NPs.



Further analysis showed that the molecular mechanisms of the cytotoxicity of Gd-doped ceria nanoparticles primarily involved the activation of ROS-signalling pathways for Samples 1 and 2 at high concentrations. Sample 3, which showed the highest toxicity at high concentrations, suppressed the expression of almost all genes. Evidence of this was provided from real-time polymerase chain reaction (RT-PCR) analysis conducted for the panel of 96 genes responsible for cell redox status, antioxidant activity, mitochondrial metabolism, autophagy and apoptosis. All tested samples of NPs showed a dose-dependent response in their expression of the selected genes (see Figure 10). At the lowest concentration (0.1 mg/mL), Sample 1 caused an overexpression of antioxidant genes MT3, PTGS2 and CYGB, and a downregulation of necrosis genes JPH3, FOXI1 and RAB25. The introduction of Sample 2 (0.1 mg/mL) caused a similar overexpression of genes PTGS2, CYGB, MT3 and BIRC3, while the introduction of Sample 3 did not result in changes in expression pattern for the genes MT3 and BIRC3. At high concentrations (5 mg/mL), Sample 1 and Sample 2 caused expression of the entire panel of genes. In turn, Sample 3 (5 mg/mL) did not cause any changes in the expression of the peroxyredoxine (PRDX1-PRDX6), gluthathione peroxidase (GPX1) or gluthathione transferase (GSTP1) genes, nor in the genes associated with the Nf-kB signalling pathway. For Sample 3, a notable downregulation was observed only with a high concentration of NPs, and for a limited number of genes (10). Principal component analysis (PCA) showed that all the tested samples, at a low concentration (0.1 mg/mL), had little effect on the expression pattern of the selected genes (all experimental points are adjacent when orthogonally projected onto a plane), while a high concentration of NPs (5 mg/mL) led to a sharp scattering of experimental points upon orthogonal projection onto a plane (Figure 10b).



A possible reason for the high cytotoxicity of TEG-stabilised Gd-doped ceria nanoparticles is the release of Gd3+ ions into the intercellular environment. Generally, the release of highly toxic Gd3+ ions is a serious problem in the design of new Gd-containing MRI contrast agents [66,67,68,69]. Gd-doped ceria NPs are generally considered to be extremely low soluble materials which do not release any free Gd3+ ions into the environment [8,9,15,16,17,18,19,70]; nevertheless, the assessment of free gadolinium release is very much needed for such nanomaterials. Figure 11 shows the results of the analysis of free gadolinium release from NPs using Arsenazo III assay. Sample 3 was shown to be the most soluble; free gadolinium content in the mother saline solution exceeded 0.1 mM, which might explain the high cytotoxicity of Sample 3. The release of free gadolinium from Sample 2 was much lower ([Gd3+] < 0.01 mM), while the Gd3+ release from Sample 1 was beyond the detection limit.



Enhanced gadolinium leaching from the NPs synthesised using solvothermal synthesis in glycols can be due to the increased stability and solubility of gadolinium complexes with polyglycol media [71].



For the assessment of the magnetic response on the nanoparticles, proton relaxation rates, R1, were measured for the Samples 1–3, at various concentrations, in a magnetic field of 16.4 T (Figure 12). Standard inversion recovery experiments were conducted for the gadolinium concentrations [Gd] equal to 0.07, 0.21 and 0.62 mM and for the pure water. The resulting set of data was fitted to an exponential growth function (see Section 3.4 for details). These measurements enabled the determination of the relaxivity values (Xi) as the slopes of the linear dependencies of the relaxation rate on gadolinium concentration (Figure 12).



The magnetic field dependencies of water proton longitudinal relaxation rates, R1, for Samples 1–3, as well as for the gadolinium diamine complex (Omniscan), are presented in Figure 13. Relaxation rates are very sensitive to magnetic field values; they are non-monotonous, and show maxima at particular magnetic field strengths (~1 T), and the maximum is the most pronounced for Sample 1. Such R1 field dependencies for the aqueous sols of NPs are due to the Curie spin relaxation and for the fluctuations of magnetic moments of NPs around the equilibrium direction [72,73]. A detailed explanation of the observed field dependencies of the relaxation rates requires additional thorough investigation, which is far beyond the scope of this paper. Generally, a nuclear magnetic relaxation dispersion (NMRD) relaxation rate starts to decay when the condition   ω  τ  cor   = 1     is met. Here,  ω  is the nuclear precession frequency and      τ  cor       is a correlation time of water proton motion causing the modulation of magnetic interaction responsible for relaxation. In the case under consideration, τcor reflects the interaction of water protons with either paramagnetic NPs or paramagnetic molecular gadolinium diamine complex (Omniscan). The maxima at ~1 T observed for Samples 1–3 in Figure 13 corresponded to a relaxation process with a correlation time    τ  cor   ≈   4 ns. This value is consistent with estimates of the rotational diffusion correlation time for a spherical particle with diameter 4–6 nm in water. For much smaller molecules of the gadolinium diamine complex, the condition   ω  τ  cor ,    rot    ≪ 1   for rotational diffusion was met throughout the entire magnetic field range studied. However, the slow rate of proton exchange in the first coordination sphere of the complex led to a decrease in relaxivity values at fields higher than ca. 0.05–0.1 T, and thus the estimated correlation time was    τ  cor ,    ex      ≈   200–400 ps.



Relaxivity values, X1, offer a more convenient means of tracing the performance of contrast agents. Relaxivity is derived from the relaxation rate, R1, by bringing it to the concentration of gadolinium atoms [Gd] (see Section 3.4 for details). Relaxivity dependencies on the magnetic field for Samples 1–3 and for Omniscan were calculated using relaxation rate data and Equation (2) in Section 3.4 (see Figure 14). Here, the magnetic fields of 1.4 and 3 T, corresponding to the NMR relaxometer used by Eriksson et al. [19] and the MRI scanner used in the present work, respectively, are marked by vertical dashed lines. It should be noted that the majority of clinical MRI instruments operate at magnetic fields of 1.5 T and 3 T. In a 1.5 T magnetic field, the values of relaxivity were 10.9, 7.3, 9.9 and 4.6 s−1·mM−1 for Samples 1, 2 and 3, and Omniscan, respectively. In a 3.0 T field, the corresponding values were 7.2, 5.7, 8.6 and 4.5 s−1·mM−1, respectively. The relaxivity values obtained for the Gd-doped ceria exceeded 10 s−1·mM−1, showing its excellent performance and suitability for magnetic resonance imaging. A strong relaxation enhancement was observed in the magnetic fields of 0.2 T < B0 < 6 T for all the Gd0.2Ce0.8O2−x sols, notably exceeding Omniscan.



The relaxivity of water protons in the presence of Gd-doped ceria nanoparticles strongly depended on the magnetic field. For all the sols, a pronounced relaxivity maximum was observed at ~1 T, followed by a decay at higher magnetic field densities. These data were unavailable in previous reports that discussed MRI materials based on ceria NPs; for example, Eriksson et al. [19] reported relaxivity values at only 1.4 T. Relaxivity field profiles provide both fundamental and practical benefits. Fundamentally, they enable deeper insights into the detailed mechanism of relaxation enhancement for a contrast agent; from the practical point of view, insights into the relaxation enhancement mechanism provide informative feedback for the design of advanced contrast agents.



The most pronounced relaxivity decay with an increase in magnetic field strength was observed for Sample 1, while Omniscan relaxivity was almost constant (4–4.5 s−1·mM−1) throughout the entire range of field strengths. As the relaxivity decay rate qualitatively correlated with the size of the NPs, these data were in good agreement with the results of the particle size estimations. Sample 1 contained the largest NPs (~5 nm, compared with 2–3 nm for Samples 2 and 3; see above).



The MRI contrasting ability of Samples 1–3 was demonstrated using T2-Turbo Spin Echo (T2-TSE) pulse sequences [74,75] for the phantom containing nine Eppendorf tubes, with Gd-doped ceria sols with various gadolinium concentrations (0.07, 0.21 or 0.62 mM) and three tubes of pure distilled water. Using various delay parameters, a series of images with combined longitudinal     (  T 1  )  - and transverse     (  T 2  )  -relaxation contrast was obtained. An example of such an image is shown in Figure 15. The advantage of MRI images that combine longitudinal- and transverse-relaxation contrast is the high contrast for tissues with different relaxation properties, due to their different viscosity or contrast agent concentrations. Such a high contrast can be achieved with the correct choice of the parameters of the pulse sequence TR (repetition time), TI (delay after 180° radiofrequency inversion pulse), and TE (echo-signal refocusing time). Generally, contrast agents with higher relaxivity show a greater contrast in MRI images. As shown in Figure 15, Sample 1 was the most efficient in terms of relaxivity, providing images with comparable or better contrast throughout the gadolinium concentration range than Samples 2 and 3. In turn, Samples 1–3 provided a better contrast than the pure water (control) samples. These data show that all the Gd-doped ceria NPs are suitable for obtaining bright images in different magnetic relaxation imaging modes. By using Gd-containing sols, image contrast is significantly enhanced and the time necessary for MR image detection is shortened.




3. Materials and Methods


3.1. Synthesis of Ce0.8Gd0.2O2−x Nanoparticles


For the synthesis of Gd-doped ceria (Ce0.8Gd0.2O2−x) citrate-stabilised aqueous sols, two previously reported methods were adopted [33,34]. A brief description of the experimental procedures is given below.



Sample 1 was prepared in the following way. Anion-exchange resin Amberlite IRA 410 CL, converted to the OH-form, was gradually added to mixed aqueous solutions of cerium(III) nitrate and gadolinium(III) nitrate (total rare earth concentration was 0.01 M) until pH 10.0 was achieved. As prepared sols were separated from the resin by filtration, they were immediately transferred to polytetrafluoroethylene 100 mL autoclaves (filling degree 50%) and subjected to hydrothermal microwave treatment in a Berghof Speedwave MWS-3+ setup at 150 °C, for 4 h. Temperature was continuously controlled with a built-in IR pyrometer (temperature measurement error ±1 °C). Then, the autoclave was cooled to room temperature in air, and ammonium citrate was added to a prepared sol to give an REE:citrate molar ratio of 1:2.



Samples 2 and 3 were prepared using a polyol method. A total of 50 mL CeCl3 and GdCl3 mixed aqueous solution was slowly added to an excess of isopropanol/3 M aqueous ammonia (3:1 v/v). The precipitate was repeatedly washed with distilled water using decantation until a neutral pH was achieved. The obtained suspension was added to triethyleneglycol and boiled under continuous stirring. After the complete removal of water, the mixture was stirred at a boiling temperature of triethyleneglycol (288 °C) for 4 h (Sample 2) or 8 h (Sample 3). Then, 4 wt.% aqueous citric acid was added to the cooled sols mixed with isopropanol (1:1 v/v), and 5 mL of ammonia (15 M) was added to the mixtures obtained. The precipitate was washed with isopropanol and dried at 60 °C, to remove the excess of the alcohol. Finally, the powders were dispersed in distilled water by ultrasonication.




3.2. Methods of Analysis


The size and shape of Ce0.8Gd0.2O2−x nanoparticles were determined by transmission electron microscopy (TEM) on a Leo912 AB Omega electron microscope equipped with an electron energy loss spectrometer (EELS) at an accelerating voltage of 100 kV.



The chemical composition (energy dispersive X-ray analysis, EDX) of the samples was analysed on a Carl Zeiss NVision 40 field-emission scanning electron microscope equipped with an Oxford Instruments X-MAX (80 mm2) detector, at an accelerating voltage of 20 kV. The chemical composition of the samples was also determined, using a simultaneous Thermo Scientific iCAP PRO XP inductively coupled plasma optical emission spectrometer (ICP-OES) with a charge injection device array detector.



The hydrodynamic diameter and ζ-potential of Ce0.8Gd0.2O2−x NPs was measured using a Malvern Zetasizer Nano ZS Analyser. Before the measurements, the Ce0.8Gd0.2O2−x sols were diluted (1:10 v/v) with distilled water.



The leaching of gadolinium ions from NPs into aqueous solution was analysed using absorption spectrometry with arsenazo III assay [76]. Before the analysis, the sol was stirred overnight in 0.9 wt.% NaCl solution and dialysed using a 5 kDa membrane.



The UV-absorption spectra were registered using a Cary 100 UV-visible spectrophotometer, in the wavelength range of 200 to 800 nm.



The measurements were performed using the equipment of the Joint Research Centre for Physical Methods of Research at the Kurnakov Institute of General and Inorganic Chemistry of the Russian Academy of Sciences (JRC PMR IGIC RAS).




3.3. Biocompatibility and Biochemical Studies


Human mesenchymal stem cells (hMSc) were isolated from the third-molar germ (pulp), extracted for orthodontic reasons, from a healthy 16-year-old patient. The cells were washed from the dental pulp with DMEM (PanEko, Moscow, Russia) containing 200 U/mL penicillin and 200 μg/mL streptomycin (Life Technologies, Waltham, MA, USA), using a syringe inserted into the dental apex and dissociated by treatment with 0.25% trypsin and 0.02% EDTA (PanEko) for 30 min, at 37 °C. The isolated cells were centrifuged for 3 min at 200× g and transferred into culture medium consisting of DMEM/F-12 (1:1; Life Technologies), 10% fetal bovine serum (FBS), 2 mM L-glutamine, 200 U/mL penicillin and 200 μg/mL streptomycin. After attaining subconfluence, the cell cultures were treated with trypsin–EDTA (0.25%) and transferred into new flasks at a ratio of 1:2. In the experiments, three to five passage cell cultures were used. After 6 h, following cell attachment, the medium was substituted with a fresh portion containing Ce0.8Gd0.2O2−x NPs (0.3–5 mg/mL). In control experiments, the cells were incubated in a culture medium without the addition of Ce0.8Gd0.2O2−x NPs.



Cell viability was assessed using MTT assay based on the reduction of a colourless tetrazolium salt (3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyl tetrazolium bromide, MTT). Following 48 h culturing, 0.5 mg/mL MTT reagent was added to the wells. The optical density of the formed formazan was measured at λ = 540 nm, using a BioRad 680 photometer.



The growth rate of the cell culture after incubation with Ce0.8Gd0.2O2−x NPs was estimated by counting the number of the cells stained with Hoechst 33342. At least four measurements were made for each Ce0.8Gd0.2O2−x concentration (0.3–5 mg/mL). The data are presented as growth curves.



The ratio of live and dead cells in the culture was evaluated using a LIVE/DEAD BacLight Bacterial Viability Kit (Invitrogen), containing SYTO 9 dye (stains all cells, λ = 485/498 nm) and propidium iodide (stains the nuclei of dead cells, λ =535/617 nm). Cell staining was carried out by substituting DMEM/F12 culture medium with 5% FBS with the medium containing a mixture of dyes at a concentration of 1 µg/mL. The morphology of the cells was analysed using an inverted microscope Axiovert 200 (Carl Zeiss) at a 10× magnification. Images were taken with a digital camera, Canon Power Shot A620. The number of viable cells (showing green fluorescence, due to the presence of SYTO 9) and dead cells (showing red fluorescence, due to the presence of propidium iodide) was measured using Image J software (v. 1.53t).



Mitochondrial membrane potential (MMP) was determined by JC-1 dye, using fluorescence microscopy. The JC-1 accumulates in the mitochondrial membrane in a potential-dependent manner. The high potential of the inner mitochondrial membrane facilitates the formation of the dye aggregates (J-aggregates), with both excitation and emission shifted towards red light wavelengths (530 nm/590 nm) when compared with those for JC-1 monomers (485 nm/538 nm). Cells were seeded into 96-well tissue culture plates (Greiner) at a density of 5 × 104 cells per well, and cultured in a CO2 incubator at 37 °C for 24, 48 and 72 h with different concentrations of Ce0.8Gd0.2O2−x NPs. The cells were preincubated with 5 μM JC-1 in the Hanks’ Balanced Salt Solution (HBSS) in a CO2 incubator at 37 °C, for 30 min. At the end of the incubation, cells were stained with 10 µM JC-1 in HBSS and incubated again at 37 °C for 30 min. Next, the cells were washed twice, using HBSS and analysed using a Zeiss 200 M inverted fluorescence microscope at 200× magnification. Results were presented as a ratio of fluorescence intensity, i.e., that measured at 530 nm/590 nm (aggregates) to that measured at 485 nm/538 nm (monomers).



Hoechst 33342, a blue fluorescence dye, stains chromatin in normal, apoptotic and necrotic cells. It stains the condensed chromatin in apoptotic cells more brightly than the chromatin in normal cells. The number of apoptotic cells after incubation with Ce0.8Gd0.2O2−x NPs was measured by direct counting of the number of cells with condensed chromatin on fluorescent microphotographs.



The level of intracellular reactive oxygen species (ROS) was determined using dichlorofluorescein (DCF). Cells were preincubated with Ce0.8Gd0.2O2−x NPs at various concentrations (0.3–5 mg/mL) for 6, 12 and 24 h in a 96-well plate, and then the culture medium was replaced with Hanks solution containing DCF (10 µM). Untreated cells were used as a negative control. Fluorescence was detected using a Tecan 200 PRO (Tecan Corp., Männedorf, Switzerland) plate reader.



For the RT-PCR experiments, a kit for mRNA isolation with magnetic particles was used according to the manufacturer’s protocol (Sileks, Moscow, Russia). Reverse transcription was carried out using a kit supplied by Sileks (Moscow, Russia) using oligo(dT) primer, according to the manufacturer’s protocol. The derived cDNA was used as a template in RT-PCR. The reaction was conducted using a PCR mixture with SybrGreen (Syntol, Moscow, Russia) in a Biorad CFX-96 thermal cycler or an Applied Biosystems ABI 7500 Fast Real-Time PCR System. The expression level of 96 genes, responsible for 25 key cellular processes, was estimated (Table S1). The analysed genes were selected using the database http://www.sabiosciences.com/ (accessed on 13 June 2022) for PCR profiling of different biological processes. The transcription level was normalised by the expression of housekeeping genes encoding β-actin, RPLP0 (ribosomal protein, large, P0) and GAPDH (glyceraldehyde-3-phosphate dehydrogenase). Gene specific primers were picked using Primer Express software (Applied Biosystems, Waltham, MA, USA). Each measurement was performed in two replications (internal replication) and averaged for two independent samples. Samples without reverse transcription were used as a control. Analysis of the expression data was performed using online services at http://www.sabiosciences.com/ (accessed on 13 June 2022), Mayday v.2.14 software (Center for Bioinformatics Tübingen, Germany) and Genesis software (v.2.28.0) [77].




3.4. NMR Relaxometry and Magnetic Relaxation Dispersion Experiments


For the study of the relaxation properties of the Gd-doped ceria sols over a wide range of magnetic fields, a custom engineered fast-field cycling setup was used, based on a high resolution 700 MHz NMR spectrometer (Bruker, Billerica, MA, USA) at the International Tomography Center (Novosibirsk, Russia). This setup was an improvement on the analogous add-on apparatus to the 400 MHz spectrometer that was used in the authors’ previous studies [78]; this enabled a magnetic field variation from 4 mT to 16.4 T. For the study of relaxivity, the dependence of water proton relaxation in external magnetic fields was analysed at various concentrations of the sols. In all NMR experiments, the samples containing Gd-doped ceria sols were placed in standard 5 mm NMR sample tubes.



For the T1 measurements in the fixed magnetic field (B0 = 16.4 T), an inversion recovery pulse sequence (180° − τ − 90°) was used with a variable delay, τ. For the study of T1 dependence in a variable magnetic field, T1(Brel), a five-step protocol [78] was used, as shown in Figure 16.



In step 1, nuclear spins relaxed at a high field, B0 = 16.4 T, which is the detection field of a high resolution 700 MHz NMR spectrometer; after that, spin magnetisation was inverted, by applying a 180° pulse. In step 2, the field changed quickly to the relaxation field, B0 → Brel, by mechanical positioning of the sample in the fringe field of the superconducting magnet of the NMR spectrometer. In step 3, the spins relaxed at the Brel field during a variable time interval, τ. For the detection of the resulting spin magnetisation, in step 4, the field changed again, Brel → B0, and in step 5, free induction decay (FID) was measured with a 90° RF pulse. A Fourier transform of FID resulted in an NMR spectrum with an exponential dependence of the signal intensity on τ with the characteristic time, T1. The measured resulting signal intensity as a function of the relaxation delay,   τ ,   was fitted to the following function:


  I  ( τ )  =  I 0  + A exp  [  −  τ   T 1     ]  .  



(1)







It this way, T1 values were measured for a set of Brel fields to obtain the T1 magnetic field dependencies, NMRD (nuclear magnetic relaxation dispersions), T1(Brel). To compare the relaxation properties of water molecules in the presence of MRI-active species (e.g., nanoparticles), it is more convenient to analyse not the relaxation times (T1), but the relaxation rates (R1 = 1/T1). Linear regression analysis of the relaxation rates at various gadolinium concentrations, [Gd], is a common approach for determining relaxivity per gadolinium atom (X1). However, to avoid tedious and time consuming acquisition of NMRD data for each sample with various gadolinium concentrations, relaxivity values (   X 1   ) were calculated at each field, Brel, from the experimental dependencies, T1(Brel), according to the equation:


   X 1  =    R 1   (   B  rel    )  −  R 1 0     [  Gd  ]    .  



(2)







Here,    R 1 0    = 0.294 s−1 represents the nuclear relaxation rate of protons in pure water, which was derived from the experimentally measured value    T 1 0    = 3.4 s (the relaxation time of protons in pure water); this value does not depend on the magnetic field. Relaxivity values obtained at 16.4 T by linear regression analysis of the relaxation data at different sample concentrations, and by fitting to Equation (2), showed excellent agreement, verifying the correctness of the approach used.




3.5. MRI Imaging


For magnetic resonance imaging experiments, a 4 × 3 array of standard 1.5 mL Eppendorf tubes was prepared, and different sols were placed in separate columns. Each tube was filled with 1.5 mL of a sample; gadolinium concentrations decreased from the top to the bottom row of the array. The bottom row of the phantoms contained Eppendorf tubes filled with distilled water. The 2D-MRI images of the phantoms were obtained using a turbo spin-echo (T2-TSE) method on a 3T Philips Ingenia MRI scanner, according to the RLSQ procedure [74].



The T1, T2-weighted images and mixed contrast images were obtained by varying the repetition time, TR, between 2000 and 4000 ms, and the echo-signal refocusing time, TE, from 50 to 200 ms, in steps of 50 ms; some of them also used an inversion pulse with a delay after inversion, TI = 1000 ms. A coronal slice (voxel size 0.5 × 0.5 × 10 mm3, matrix 160 × 160 and 16-channel head coil) were used in the experimental setup.





4. Conclusions


Gadolinium-doped ceria nanoparticles in the form of stable aqueous sols were synthesised using two different techniques, namely anion-exchange hydrolysis of cerium(III) nitrate aqueous solution followed by hydrothermal-microwave treatment, and polyol solvothermal synthesis in triethyleneglycol. The sols possessed excellent stability in different media commonly used for in vitro experiments, including PBS and DMEM. A detailed comparative analysis of the cytotoxicity of these materials was conducted on human mesenchymal stem cells, using different techniques, including viability and growth rate assessment, cell morphology, mitochondrial membrane potential and gene expression analysis, studies of genotoxicity and the level of intracellular reactive oxygen species. The results showed excellent biocompatibility of gadolinium-doped ceria nanoparticles synthesised using anion-exchange and the hydrothermal method. The leaching of gadolinium ions from these nanoparticles was also negligible, supporting their low toxicity. Gadolinium-doped ceria synthesised using the polyol solvothermal technique possessed increased toxicity toward stem cells, which is presumably related to a notable leaching of gadolinium ions from these nanoparticles. All the nanoparticles provided bright MRI images on a 3 T Philips Ingenia scanner, and possessed high relaxivity values, exceeding 10 s−1·mM−1, thus showing excellent performance and suitability for magnetic resonance imaging. A strong relaxation enhancement was observed in the magnetic fields of 0.2 T < B0 < 6 T for all the Gd0.2Ce0.8O2−x sols, notably exceeding Omniscan.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/molecules28031165/s1, Figure S1: XRD patterns of gadolinia-doped ceria; Figure S2: Comparison of the relaxivity field dependencies for Sample 1, measured in two independent series of experiments, using a 400 MHz field cycling setup and a 700 MHz field cycling setup; Table S1: Selected gene groups for RT-PCR analysis.





Author Contributions


Conceptualization, V.K.I. and K.L.I.; methodology, A.L.P., A.V.Y. and K.L.I.; validation, A.L.P., I.V.Z., A.V.Y. and A.A.S.; investigation, A.L.P., I.V.S., T.O.K., O.S.I., A.M.E., N.R.P., I.V.Z. and A.A.S.; resources, A.L.P., A.E.B. and K.L.I.; data curation, A.L.P., A.V.Y. and A.E.B.; writing—original draft preparation, I.V.Z., A.V.Y., A.A.S. and A.L.P.; writing—review and editing, I.V.Z., A.V.Y., A.E.B. and V.K.I.; visualization, I.V.Z. and A.A.S.; supervision, A.E.B. and V.K.I.; project administration, A.L.P. and A.V.Y. All authors have read and agreed to the published version of the manuscript.




Funding


The syntheses of CeO2:Gd nanoparticles and the assessment of their bio-related properties were supported by the Russian Science Foundation (Project 22-73-10231).The MRI measurements were supported by the Ministry of Science and Higher Education of the Russian Federation, grant number 075-15-2021-580.




Institutional Review Board Statement


Not Applicable.




Informed Consent Statement


Written informed consent has been obtained from the patient to publish this paper.




Data Availability Statement


Data is contained within the article or Supplementary Materials.




Acknowledgments


This research was performed using the equipment of the JRC PMR IGIC RAS.




Conflicts of Interest


The authors declare no conflict of interest.




Sample Availability


Samples of gadolinium-doped ceria colloid solutions are available from the authors.




References


	



Hermann, P.; Kotek, J.; Kubíček, V.; Lukeš, I. Gadolinium(III) complexes as MRI contrast agents: Ligand design and properties of the complexes. Dalt. Trans. 2008, 3027–3047. [Google Scholar] [CrossRef]

	



Gorbunova, Y.G.; Martynov, A.G.; Birin, K.P.; Tsivadze, A.Y. NMR Spectroscopy—A Versatile Tool for Studying the Structure and Magnetic Properties of Paramagnetic Lanthanide Complexes in Solutions (Review). Russ. J. Inorg. Chem. 2021, 66, 202–216. [Google Scholar] [CrossRef]

	



Wahsner, J.; Gale, E.M.; Rodríguez-Rodríguez, A.; Caravan, P. Chemistry of MRI Contrast Agents: Current Challenges and New Frontiers. Chem. Rev. 2019, 119, 957–1057. [Google Scholar] [CrossRef]

	



Rogosnitzky, M.; Branch, S. Gadolinium-based contrast agent toxicity: A review of known and proposed mechanisms. BioMetals 2016, 29, 365–376. [Google Scholar] [CrossRef]

	



Do, C.; DeAguero, J.; Brearley, A.; Trejo, X.; Howard, T.; Escobar, G.P.; Wagner, B. Gadolinium-Based Contrast Agent Use, Their Safety, and Practice Evolution. Kidney360 2020, 1, 561–568. [Google Scholar] [CrossRef]

	



Popov, A.L.; Savintseva, I.V.; Mysina, E.A.; Shcherbakov, A.B.; Popova, N.R.; Ivanova, O.S.; Kolmanovich, D.D.; Ivanov, V.K. Cytotoxicity analysis of gadolinium doped cerium oxide nanoparticles on human mesenchymal stem cells. Nanosyst. Phys. Chem. Math. 2018, 9, 430–438. [Google Scholar] [CrossRef]

	



Popova, N.R.; Popov, A.L.; Shcherbakov, A.B.; Ivanov, V.K. Layer-by-layer capsules as smart delivery systems of CeO2 nanoparticle-based theranostic agents. Nanosyst. Phys. Chem. Math. 2017, 8, 282–289. [Google Scholar] [CrossRef]

	



Shcherbakov, A.B.; Zholobak, N.M.; Spivak, N.Y.; Ivanov, V.K. Advances and prospects of using nanocrystalline ceria in cancer theranostics. Russ. J. Inorg. Chem. 2014, 59, 1556–1575. [Google Scholar] [CrossRef]

	



Popov, A.; Abakumov, M.A.; Savintseva, I.; Ermakov, A.; Popova, N.; Ivanova, O.; Kolmanovich, D.D.; Baranchikov, A.E.; Ivanov, V. Biocompatible dextran-coated gadolinium-doped cerium oxide nanoparticles as MRI contrast agents with high T1 relaxivity and selective cytotoxicity to cancer cells. J. Mater. Chem. B 2021, 9, 6586–6599. [Google Scholar] [CrossRef]

	



Louis, C.; Bazzi, R.; Marquette, C.A.; Bridot, J.-L.; Roux, S.; Ledoux, G.; Mercier, B.; Blum, L.; Perriat, P.; Tillement, O. Nanosized Hybrid Particles with Double Luminescence for Biological Labeling. Chem. Mater. 2005, 17, 1673–1682. [Google Scholar] [CrossRef]

	



Bridot, J.-L.; Faure, A.-C.; Laurent, S.; Rivière, C.; Billotey, C.; Hiba, B.; Janier, M.; Josserand, V.; Coll, J.-L.; Vander Elst, L.; et al. Hybrid Gadolinium Oxide Nanoparticles: Multimodal Contrast Agents for in Vivo Imaging. J. Am. Chem. Soc. 2007, 129, 5076–5084. [Google Scholar] [CrossRef]

	



Plakhova, T.V.; Romanchuk, A.Y.; Yakunin, S.N.; Dumas, T.; Demir, S.; Wang, S.; Minasian, S.G.; Shuh, D.K.; Tyliszczak, T.; Shiryaev, A.A.; et al. Solubility of Nanocrystalline Cerium Dioxide: Experimental Data and Thermodynamic Modeling. J. Phys. Chem. C 2016, 120, 22615–22626. [Google Scholar] [CrossRef]

	



Popov, A.L.; Popova, N.R.; Selezneva, I.I.; Akkizov, A.Y.; Ivanov, V.K. Cerium oxide nanoparticles stimulate proliferation of primary mouse embryonic fibroblasts in vitro. Mater. Sci. Eng. C 2016, 68, 406–413. [Google Scholar] [CrossRef]

	



Passi, M.; Kumar, V.; Packirisamy, G. Theranostic nanozyme: Silk fibroin based multifunctional nanocomposites to combat oxidative stress. Mater. Sci. Eng. C 2020, 107, 110255. [Google Scholar] [CrossRef]

	



Ivanov, V.K.; Polezhaeva, O.S.; Tret’yakov, Y.D. Nanocrystalline ceria: Synthesis, structure-sensitive properties, and promising applications. Russ. J. Gen. Chem. 2010, 80, 604–617. [Google Scholar] [CrossRef]

	



Wu, Y.; Yang, Y.; Zhao, W.; Xu, Z.P.; Little, P.J.; Whittaker, A.K.; Zhang, R.; Ta, H.T. Novel iron oxide–cerium oxide core–shell nanoparticles as a potential theranostic material for ROS related inflammatory diseases. J. Mater. Chem. B 2018, 6, 4937–4951. [Google Scholar] [CrossRef]

	



Kim, H.Y.; Park, K.S.; Park, H.G. Glucose oxidase-like activity of cerium oxide nanoparticles: Use for personal glucose meter-based label-free target DNA detection. Theranostics 2020, 10, 4507–4514. [Google Scholar] [CrossRef]

	



Ivanov, V.K.; Ivanova, O.S.; Shcherbakov, A.B.; Gil’, D.O.; Baranchikov, A.E.; Tret’jakov, J.D.; Zholobak, N.M.; Spivak, N.J. Method of Obtaining Stabilised Water sol of Nanocrystalline Cerium Dioxide, Doped with Gadolinium. Russia Patent RU2503620C1, 16 May 2012. [Google Scholar]

	



Eriksson, P.; Tal, A.A.; Skallberg, A.; Brommesson, C.; Hu, Z.; Boyd, R.D.; Olovsson, W.; Fairley, N.; Abrikosov, I.A.; Zhang, X.; et al. Cerium oxide nanoparticles with antioxidant capabilities and gadolinium integration for MRI contrast enhancement. Sci. Rep. 2018, 8, 6999. [Google Scholar] [CrossRef]

	



Mathiasen, A.B.; Qayyum, A.A.; Jørgensen, E.; Helqvist, S.; Ekblond, A.; Ng, M.; Bhakoo, K.; Kastrup, J. In Vivo MRI Tracking of Mesenchymal Stromal Cells Labeled with Ultrasmall Paramagnetic Iron Oxide Particles after Intramyocardial Transplantation in Patients with Chronic Ischemic Heart Disease. Stem Cells Int. 2019, 2019, 2754927. [Google Scholar] [CrossRef]

	



Sriraman, S.K.; Aryasomayajula, B.; Torchilin, V.P. Barriers to drug delivery in solid tumors. Tissue Barriers 2014, 2, e29528. [Google Scholar] [CrossRef]

	



Loebinger, M.R.; Eddaoudi, A.; Davies, D.; Janes, S.M. Mesenchymal Stem Cell Delivery of TRAIL Can Eliminate Metastatic Cancer. Cancer Res. 2009, 69, 4134–4142. [Google Scholar] [CrossRef]

	



Nakamizo, A.; Marini, F.; Amano, T.; Khan, A.; Studeny, M.; Gumin, J.; Chen, J.; Hentschel, S.; Vecil, G.; Dembinski, J.; et al. Human Bone Marrow–Derived Mesenchymal Stem Cells in the Treatment of Gliomas. Cancer Res. 2005, 65, 3307–3318. [Google Scholar] [CrossRef]

	



Studeny, M.; Marini, F.C.; Champlin, R.E.; Zompetta, C.; Fidler, I.J.; Andreeff, M. Bone marrow-derived mesenchymal stem cells as vehicles for interferon-beta delivery into tumors. Cancer Res. 2002, 62, 3603–3608. [Google Scholar]

	



Loebinger, M.R.; Kyrtatos, P.G.; Turmaine, M.; Price, A.N.; Pankhurst, Q.; Lythgoe, M.F.; Janes, S.M. Magnetic Resonance Imaging of Mesenchymal Stem Cells Homing to Pulmonary Metastases Using Biocompatible Magnetic Nanoparticles. Cancer Res. 2009, 69, 8862–8867. [Google Scholar] [CrossRef]

	



Sun, J.; Huang, J.; Bao, G.; Zheng, H.; Wang, C.; Wei, J.; Fu, Y.; Qiu, J.; Liao, Y.; Cai, J. MRI detection of the malignant transformation of stem cells through reporter gene expression driven by a tumor-specific promoter. Stem Cell Res. Ther. 2021, 12, 284. [Google Scholar] [CrossRef]

	



Ghaffari, H.; Atashzar, M.R.; Abdollahi, H. Molecular imaging in tracking cancer stem cells: A review. Med. J. Islam. Repub. Iran 2020, 34, 90. [Google Scholar] [CrossRef]

	



Heryanto, Y.D.; Achmad, A.; Taketomi-Takahashi, A.; Tsushima, Y. In vivo molecular imaging of cancer stem cells. Am. J. Nucl. Med. Mol. Imaging 2015, 5, 14–26. [Google Scholar]

	



Morris, M.C.; McMurdie, H.F.; Evans, E.H.; Paretzkin, B.; Parker, H.S.; Pyrros, N.P.; Hubbard, C.R. Standard X-ray Diffraction Powder Patterns; US Department of Commerce, National Bureau of Standards: Gaithersburg, MD, USA, 1984. [Google Scholar]

	



Prieur, D.; Bonani, W.; Popa, K.; Walter, O.; Kriegsman, K.W.; Engelhard, M.H.; Guo, X.; Eloirdi, R.; Gouder, T.; Beck, A.; et al. Size Dependence of Lattice Parameter and Electronic Structure in CeO2 Nanoparticles. Inorg. Chem. 2020, 59, 5760–5767. [Google Scholar] [CrossRef]

	



Baranchikov, A.E.; Polezhaeva, O.S.; Ivanov, V.K.; Tretyakov, Y.D. Lattice expansion and oxygen non-stoichiometry of nanocrystalline ceria. CrystEngComm 2010, 12, 3531. [Google Scholar] [CrossRef]

	



Shannon, R.D. Revised effective ionic radii and systematic studies of interatomic distances in halides and chalcogenides. Acta Crystallogr. Sect. A 1976, 32, 751–767. [Google Scholar] [CrossRef]

	



Tret’yakov, Y.D.; Gil’, D.O.; Gasymova, G.A.; Baranchikov, A.E.; Shcherbakov, A.B.; Ivanova, O.S.; Ivanov, V.K. Polyol-mediated synthesis of nanocrystalline ceria doped with neodymium, europium, gadolinium, and ytterbium. Dokl. Chem. 2012, 443, 82–85. [Google Scholar] [CrossRef]

	



Ivanov, V.K.; Polezhaeva, O.S.; Gil’, D.O.; Kopitsa, G.P.; Tret’yakov, Y.D. Hydrothermal microwave synthesis of nanocrystalline cerium dioxide. Dokl. Chem. 2009, 426, 131–133. [Google Scholar] [CrossRef]

	



Ou, D.R.; Mori, T.; Ye, F.; Miyayama, M.; Nakayama, S.; Zou, J.; Auchterlonie, G.J.; Drennan, J. Microstructural Characteristics of SDC Electrolyte Film Supported by Ni–SDC Cermet Anode. J. Electrochem. Soc. 2009, 156, B825. [Google Scholar] [CrossRef]

	



Gulicovski, J.J.; Bračko, I.; Milonjić, S.K. Morphology and the isoelectric point of nanosized aqueous ceria sols. Mater. Chem. Phys. 2014, 148, 868–873. [Google Scholar] [CrossRef]

	



Thill, A.S.; Lobato, F.O.; Vaz, M.O.; Fernandes, W.P.; Carvalho, V.E.; Soares, E.A.; Poletto, F.; Teixeira, S.R.; Bernardi, F. Shifting the band gap from UV to visible region in cerium oxide nanoparticles. Appl. Surf. Sci. 2020, 528, 146860. [Google Scholar] [CrossRef]

	



Greenhaus, H.L.; Feibush, A.M.; Gordon, L. Ultraviolet Spectrophotometric Determination of Cerium(III). Anal. Chem. 1957, 29, 1531–1534. [Google Scholar] [CrossRef]

	



Medalia, A.; Byrne, B. Spectrophotometric Determination of of Cerium (IV). Anal. Chem. 1951, 23, 453–456. [Google Scholar] [CrossRef]

	



Stoianov, O.O.; Ivanov, V.K.; Shcherbakov, A.B.; Stoyanova, I.V.; Chivireva, N.A.; Antonovich, V.P. Determination of cerium(III) and cerium(IV) in nanodisperse ceria by chemical methods. Russ. J. Inorg. Chem. 2014, 59, 15–23. [Google Scholar] [CrossRef]

	



Sozarukova, M.M.; Proskurnina, E.V.; Ivanov, V.K. Prooxidant potential of CeO2 nanoparticles towards hydrogen peroxide. Nanosyst. Phys. Chem. Math. 2021, 12, 283–290. [Google Scholar] [CrossRef]

	



Singh, R.; Singh, S. Role of phosphate on stability and catalase mimetic activity of cerium oxide nanoparticles. Colloids Surf. B Biointerfaces 2015, 132, 78–84. [Google Scholar] [CrossRef]

	



Baumann, E.W. Preparation and properties of nitrate-deficient gadolinium nitrate solutions. J. Inorg. Nucl. Chem. 1980, 42, 1705–1709. [Google Scholar] [CrossRef]

	



Shcherbakov, A.B.; Zholobak, N.M.; Ivanov, V.K. Biological, biomedical and pharmaceutical applications of cerium oxide. In Metal Oxides, Cerium Oxide (CeO₂): Synthesis, Properties and Applications; Scirè, S., Palmisano, L., Eds.; Elsevier: Amsterdam, The Netherlands, 2020; pp. 279–358. ISBN 9780128156612. [Google Scholar]

	



Fowles, J.; Banton, M.; Klapacz, J.; Shen, H. A toxicological review of the ethylene glycol series: Commonalities and differences in toxicity and modes of action. Toxicol. Lett. 2017, 278, 66–83. [Google Scholar] [CrossRef]

	



Yao, K.-M.; Cai, L.-Z.; Shen, L.-F.; Tian, Q.-P. Synthesis and characterization of lanthanide perchlorates with non-cyclic polyethylene glycols and their 13C NMR spectra. Polyhedron 1992, 11, 2245–2252. [Google Scholar] [CrossRef]

	



Guleria, A.; Pranjali, P.; Meher, M.K.; Chaturvedi, A.; Chakraborti, S.; Raj, R.; Poluri, K.M.; Kumar, D. Effect of Polyol Chain Length on Proton Relaxivity of Gadolinium Oxide Nanoparticles for Enhanced Magnetic Resonance Imaging Contrast. J. Phys. Chem. C 2019, 123, 18061–18070. [Google Scholar] [CrossRef]

	



Abdel-Rahman, M.A.; Al-Hashimi, N.; Shibl, M.F.; Yoshizawa, K.; El-Nahas, A.M. Thermochemistry and Kinetics of the Thermal Degradation of 2-Methoxyethanol as Possible Biofuel Additives. Sci. Rep. 2019, 9, 4535. [Google Scholar] [CrossRef]

	



Yang, S.-M.; Li, J.-M.; Wang, S.-M.; Yong, X.; Tang, B.; Jie, M.-M.; Dong, H.; Yang, X.-C.; Xiao, Y.-F. Cerium oxide nanoparticles inhibit the migration and proliferation of gastric cancer by increasing DHX15 expression. Int. J. Nanomed. 2016, 11, 3023–3034. [Google Scholar] [CrossRef]

	



Popov, A.L.; Tatarnikova, O.G.; Popova, N.R.; Selezneva, I.I.; Akkizov, A.Y.; Ermakov, A.M.; Ivanova, O.S.; Ivanov, V.K. Ce1−xGdxOy Nanoparticles Stimulate Proliferation of Dental Pulp Stem Cells In Vitro. Nano Hybrids Compos. 2017, 13, 26–31. [Google Scholar] [CrossRef]

	



Halliwell, B. Oxidative stress in cell culture: An under-appreciated problem? FEBS Lett. 2003, 540, 3–6. [Google Scholar] [CrossRef]

	



Jagannathan, L.; Cuddapah, S.; Costa, M. Oxidative Stress Under Ambient and Physiological Oxygen Tension in Tissue Culture. Curr. Pharmacol. Rep. 2016, 2, 64–72. [Google Scholar] [CrossRef]

	



Guo, C.; Sun, L.; Chen, X.; Zhang, D. Oxidative stress, mitochondrial damage and neurodegenerative diseases. Neural Regen. Res. 2013, 8, 2003–2014. [Google Scholar] [CrossRef]

	



Ott, M.; Gogvadze, V.; Orrenius, S.; Zhivotovsky, B. Mitochondria, oxidative stress and cell death. Apoptosis 2007, 12, 913–922. [Google Scholar] [CrossRef]

	



Lenaz, G. Role of mitochondria in oxidative stress and ageing. Biochim. Biophys. Acta—Bioenerg. 1998, 1366, 53–67. [Google Scholar] [CrossRef]

	



Datta, A.; Mishra, S.; Manna, K.; Saha, K.D.; Mukherjee, S.; Roy, S. Pro-Oxidant Therapeutic Activities of Cerium Oxide Nanoparticles in Colorectal Carcinoma Cells. ACS Omega 2020, 5, 9714–9723. [Google Scholar] [CrossRef]

	



Nelson, B.; Johnson, M.; Walker, M.; Riley, K.; Sims, C. Antioxidant Cerium Oxide Nanoparticles in Biology and Medicine. Antioxidants 2016, 5, 15. [Google Scholar] [CrossRef]

	



Chen, F.; Liu, Y.; Wong, N.-K.; Xiao, J.; So, K.-F. Oxidative Stress in Stem Cell Aging. Cell Transplant. 2017, 26, 1483–1495. [Google Scholar] [CrossRef]

	



Phillips, D.H.; Arlt, V.M. Genotoxicity: Damage to DNA and its consequences. In Molecular, Clinical and Environmental Toxicology; Luch, A., Ed.; Birkhäuser: Basel, Switzerland, 2009; pp. 87–110. ISBN 9783764383367. [Google Scholar]

	



Barabadi, H.; Najafi, M.; Samadian, H.; Azarnezhad, A.; Vahidi, H.; Mahjoub, M.; Koohiyan, M.; Ahmadi, A. A Systematic Review of the Genotoxicity and Antigenotoxicity of Biologically Synthesized Metallic Nanomaterials: Are Green Nanoparticles Safe Enough for Clinical Marketing? Medicina 2019, 55, 439. [Google Scholar] [CrossRef]

	



Shukla, R.K.; Badiye, A.; Vajpayee, K.; Kapoor, N. Genotoxic Potential of Nanoparticles: Structural and Functional Modifications in DNA. Front. Genet. 2021, 12, 728250. [Google Scholar] [CrossRef]

	



Karlsson, H.L.; Gliga, A.R.; Calléja, F.M.; Gonçalves, C.S.; Wallinder, I.O.; Vrieling, H.; Fadeel, B.; Hendriks, G. Mechanism-based genotoxicity screening of metal oxide nanoparticles using the ToxTracker panel of reporter cell lines. Part. Fibre Toxicol. 2014, 11, 41. [Google Scholar] [CrossRef]

	



Grady, W.M. Transforming Growth Factor-β, Smads, and Cancer. Clin. Cancer Res. 2005, 11, 3151–3154. [Google Scholar] [CrossRef]

	



Filomeni, G.; Ciriolo, M.R. Redox Control of Apoptosis: An Update. Antioxid. Redox Signal. 2006, 8, 2187–2192. [Google Scholar] [CrossRef]

	



Sargent, A.; Shano, G.; Karl, M.; Garrison, E.; Miller, C.; Miller, R.H. Transcriptional Profiling of Mesenchymal Stem Cells Identifies Distinct Neuroimmune Pathways Altered by CNS Disease. Int. J. Stem Cells 2018, 11, 48–60. [Google Scholar] [CrossRef]

	



Hellman, R.N. Gadolinium-induced nephrogenic systemic fibrosis. Semin. Nephrol. 2011, 31, 310–316. [Google Scholar] [CrossRef]

	



Mathur, M.; Jones, J.R.; Weinreb, J.C. Gadolinium Deposition and Nephrogenic Systemic Fibrosis: A Radiologist’s Primer. RadioGraphics 2020, 40, 153–162. [Google Scholar] [CrossRef]

	



Kanda, T.; Oba, H.; Toyoda, K.; Kitajima, K.; Furui, S. Brain gadolinium deposition after administration of gadolinium-based contrast agents. Jpn. J. Radiol. 2016, 34, 3–9. [Google Scholar] [CrossRef]

	



Gamov, G.A.; Zavalishin, M.N. La3+, Ce3+, Eu3+, and Gd3+ Complex Formation with Hydrazones Derived from Pyridoxal 5′-Phosphate in a Neutral Tris–HCl Buffer. Russ. J. Inorg. Chem. 2021, 66, 1561–1568. [Google Scholar] [CrossRef]

	



Popov, A.L.; Tatarnikova, O.G.; Shekunova, T.O.; Popova, N.R.; Baranchikov, A.E.; Ivanov, V.K.; Kozik, V.V. The influence of nanocrystalline gadolinium-doped ceria (Ce1–xGdxO2–y) on the functional status and viability of NCTC clone L929. Vestn. Tomskogo Gos. Univ. Khimiya 2017, 68–87. [Google Scholar] [CrossRef]

	



Cruje, C.; Dunmore-Buyze, P.J.; Grolman, E.; Holdsworth, D.W.; Gillies, E.R.; Drangova, M. PEG-modified gadolinium nanoparticles as contrast agents for in vivo micro-CT. Sci. Rep. 2021, 11, 16603. [Google Scholar] [CrossRef]

	



Vega, A.J.; Fiat, D. Nuclear relaxation processes of paramagnetic complexes The slow-motion case. Mol. Phys. 1976, 31, 347–355. [Google Scholar] [CrossRef]

	



Gueron, M. Nuclear relaxation in macromolecules by paramagnetic ions: A novel mechanism. J. Magn. Reson. 1975, 19, 58–66. [Google Scholar] [CrossRef]

	



In den Kleef, J.J.E.; Cuppen, J.J.M. RLSQ: T1,T2, and ρ calculations, combining ratios and least squares. Magn. Reson. Med. 1987, 5, 513–524. [Google Scholar] [CrossRef]

	



Mills, A.F.; Sakai, O.; Anderson, S.W.; Jara, H. Principles of Quantitative MR Imaging with Illustrated Review of Applicable Modular Pulse Diagrams. RadioGraphics 2017, 37, 2083–2105. [Google Scholar] [CrossRef]

	



Abdelmoez, A.A.; Thurner, G.C.; Wallnöfer, E.A.; Klammsteiner, N.; Kremser, C.; Talasz, H.; Mrakovcic, M.; Fröhlich, E.; Jaschke, W.; Debbage, P. Albumin-based nanoparticles as magnetic resonance contrast agents: II. Physicochemical characterisation of purified and standardised nanoparticles. Histochem. Cell Biol. 2010, 134, 171–196. [Google Scholar] [CrossRef]

	



Sturn, A.; Quackenbush, J.; Trajanoski, Z. Genesis: Cluster analysis of microarray data. Bioinformatics 2002, 18, 207–208. [Google Scholar] [CrossRef]

	



Zhukov, I.V.; Kiryutin, A.S.; Yurkovskaya, A.V.; Grishin, Y.A.; Vieth, H.-M.; Ivanov, K.L. Field-cycling NMR experiments in an ultra-wide magnetic field range: Relaxation and coherent polarization transfer. Phys. Chem. Chem. Phys. 2018, 20, 12396–12405. [Google Scholar] [CrossRef]








[image: Molecules 28 01165 g001 550] 





Figure 1. TEM and SAED (top), EELS (bottom) data for the gadolinium-doped ceria aqueous sols: (a) Sample 1; (b) Sample 2; (c) Sample 3. 






Figure 1. TEM and SAED (top), EELS (bottom) data for the gadolinium-doped ceria aqueous sols: (a) Sample 1; (b) Sample 2; (c) Sample 3.



[image: Molecules 28 01165 g001]







[image: Molecules 28 01165 g002 550] 





Figure 2. UV-vis spectra of gadolinium-doped ceria sols, Samples 1–3. 
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Figure 3. Analysis of hMSc viability according to MTT test. The cells were incubated with Ce0.8Gd0.2O2−x nanoparticles (0.3–5 mg/mL) for 24, 48 and 72 h. 






Figure 3. Analysis of hMSc viability according to MTT test. The cells were incubated with Ce0.8Gd0.2O2−x nanoparticles (0.3–5 mg/mL) for 24, 48 and 72 h.



[image: Molecules 28 01165 g003]







[image: Molecules 28 01165 g004 550] 





Figure 4. Growth curves of mesenchymal stem cells in the presence of various concentrations (0.3–5 mg/mL) of Ce0.8Gd0.2O2−x nanoparticles during 24, 48 and 72 h of incubation. 
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Figure 5. Live/dead assay of hMSc after incubation with Ce0.8Gd0.2O2−x nanoparticles. Micrographs (a) and quantification (b–d) of viable/dead hMSc after 24, 48 and 72 h of cultivation with Ce0.8Gd0.2O2−x nanoparticles (0.3–5 mg/mL). All the images were taken at the same magnification, the scale bar is 100 μm. 
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Figure 6. Micrographs (a) and quantitative assessment (b) of the mitochondrial membrane potential for hMSc after 24, 48 and 72 h of incubation with Ce0.8Gd0.2O2−x nanoparticles (0.3–5 mg/mL) (staining with JC-1 dye). * p < 0.05. Scale bar is 100 µm. 
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Figure 7. ROS-level assessment after 24 h of incubation with Ce0.8Gd0.2O2−x nanoparticles; hMSc were labelled with DCF (40 µM) and incubated for 30 min. Cells were analysed using a fluorescent plate reader (Tecan Infinity 200). Mean +/− standard deviation (SD) is plotted for five replicates. * p < 0.05. Scale bar is 100 µm. 
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Figure 8. Micrographs of hMSc after 24, 48 and 72 h of incubation with Ce0.8Gd0.2O2−x nanoparticles (0.3–5 mg/mL) and a quantitative estimation of the proportion of cells with nuclear apparatus abnormalities (fragmentation or change in the morphology of the nucleus) after 72 h of cultivation (staining with Hoechst 33342). All the images were taken at the same magnification. Scale bar is 100 µm. 
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Figure 9. Identification of apoptotic cells after 24 h of incubation with different concentrations of Ce0.8Gd0.2O2−x NPs. hMSc cells were stained with YO-PRO-1 dye (1 µM) and were further observed under a fluorescence microscope (a). A quantitative assessment of apoptotic cells was performed by analysing at least three areas from three different images (b). In the control sample, no Ce0.8Gd0.2O2−x nanoparticles were added. Mean +/− standard deviation (SD) is plotted for five replicates. * p < 0.05. Scale bar is 100 µm. 
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Figure 10. Heat maps of gene expression in hMScs treated with Ce0.8Gd0.2O2−x NPs (0.1 and 5 mg/mL) after 24 h of incubation (a). The intensity scale of the standardised expression values ranges from 3 (green: low expression) to +3 (red: high expression), with a 1:1 intensity value (black) representing the control (non-treated). A principal component analysis (PCA) of RT-PCR data for the cells treated with samples of Ce0.8Gd0.2O2−x NPs (b). Cluster groups of genes and their functionality (c). 
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Figure 11. Analysis of free gadolinium content in saline after incubation with Ce0.8Gd0.2O2−x nanoparticles. (a) Optical density (OD) values at 655 nm of the controls (black dots) and of the colloid solution of Ce0.9Gd0.1O1.95 NPs mixed with arsenazo III (red, blue and green dots). (b) The appearance of gadolinium(III) nitrate aqueous solutions of various concentrations (0.001–1.000 mM) mixed with arsenazo III, used as controls for the construction of the calibration curve. 
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Figure 12. The dependencies of relaxation rate on the concentration of gadolinium for Samples 1–3 at 16.4 T, 27 °C. Black squares—Sample 1, red circles—Sample 2, blue triangles—Sample 3. Lines show the best linear fit of the data; longitudinal-relaxivity values are provided near the corresponding lines. 
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Figure 13. Longitudinal relaxation rates for gadolinium-doped ceria sols (Samples 1–3) and Omniscan solution. The concentration of gadolinium was 0.62 mM for Omniscan and for Sample 1, and 0.21 mM for Samples 2 and 3. 
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Figure 14. Magnetic field dependencies of relaxivity for the gadolinium-doped ceria nanoparticles (Samples 1–3) and Omniscan. The magnetic field values of 1.4 T and 3.0 T are marked as dashed vertical lines. 
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Figure 15. Combined T1- and T2-weighted image of a cross section of the phantom described in the text. To obtain the image, a T2-TSE pulse sequence was used on a 3 T Philips Ingenia human MRI scanner with parameters   TR = 2000   ms and   TE = 200   ms, (the inversion pulse was not applied). Other parameters of the experiment were: 16-channel head coil for the radiofrequency (RF)-pulse application and detection of proton free induction decay, voxel size 0.5 × 0.5 × 10 mm3, size of image matrix 160 × 160. 
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Figure 16. Five-step protocol for nuclear magnetic relaxation dispersion (NMRD) study, combining the high field magnetisation inversion recovery method (B0 = 16.4 T) (step 1) with fast field cycling in the variable magnetic field Brel (4 mT < Brel ≤ 16.4 T, step 2), remaining at Brel for a variable time interval τ (step 3) and returning to B0 (step 4). The upper line shows radiofrequency (RF) pulses (at steps 1 and 5) for free induction decay (FID) detection synchronised with the mechanical shuttling of the NMR sample along the warm bore of the superconducting magnet of the NMR spectrometer. 
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Table 1. Hydrodynamic radii of the particles in the gadolinium-doped ceria sols in different media, as measured using dynamic light scattering. The results are presented as mean ± SD.
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	MQ Water
	PBS Solution (pH 7.2)
	DMEM/F12

(pH 7.0–7.3)
	DMEM/F12 + 5% FBS (pH 7.0–7.3)





	Sample 1
	4.5 ± 1.2
	19.3 ± 2.8
	5.8 ± 2.8
	8.5 ± 2.3



	Sample 2
	3.9 ± 0.4
	12.2 ± 2.3
	6.0 ± 3.0
	5.6 ± 2.6



	Sample 3
	4.1 ± 2.3
	6.9 ± 3.5
	8.9 ± 1.2
	4.8 ± 1.9
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