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Abstract

:

In recent years, rare-earth-doped upconverting nanoparticles (UCNPs) have been widely used in different life sciences due to their unique properties. Nanoparticles have become a multifunctional and promising new approach to neurobiological disorders and have shown extraordinary application potential to overcome the problems related to conventional treatment strategies. This study evaluated the internalization mechanisms, bio-distribution, and neurotoxicity of NaYF4:20%Yb3+,2%Er3+ UCNPs in rat organotypic hippocampal slices. TEM results showed that UCNPs were easily internalized by hippocampal cells and co-localized with selected organelles inside neurons and astrocytes. Moreover, the UCNPs were taken into the neurons via clathrin- and caveolae-mediated endocytosis. Propidium iodide staining and TEM analysis did not confirm the adverse effects of UCNPs on hippocampal slice viability and morphology. Therefore, UCNPs may be a potent tool for bio-imaging and testing new therapeutic strategies for brain diseases in the future.
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1. Introduction


The dynamic development of nanotechnology created opportunities to apply nanomaterials application in various fields of science. Nanomaterials’ ability to penetrate the cell membrane and manipulate their physicochemical properties holds great promise for improving the efficacy of therapy or bio-imaging. It brings the opportunity to obtain revolutionary solutions in medicine, including cancer treatment and promising markers used for in vitro and in vivo bio-imaging. Understanding the interactions of nanoparticles (NPs) with biological systems is fundamental to developing novel nanosystems. Despite extensive research in this field, the amount of information on the impact of new nanomaterials on human health is still disproportionate to the rate of development of this discipline. Due to the broad spectrum of the desirable properties of nanomaterials and their potential application areas, their safety assessment is fundamental to the rational design of new functional nanomaterials. There is an urgent need for nanomaterials characterized by low cytotoxicity and high biocompatibility.



An important issue is that depending on the application, stable or easily degradable NPs are preferred. NPs with the function of releasing ions, such as silver NPs (AgNPs) in the antimicrobial product [1], or iron oxide NPs in the treatment of anemia [2], should be biodegradable. On the other hand, NPs used as contrast agents (e.g., iron and gadolinium oxide NPs in MRI, AuNPs and AgNPs in surface plasmon resonance) or for bio-imaging (e.g., quantum dots, QDs, or up-converting nanoparticles, UCNPs) should be quickly and thoroughly removed from the body, without tissue accumulation effects. A better understanding of the interactions between the NPs and cells is essential for biomedical applications and the safety issues of nanomaterials. To develop safe and efficient nanosystems for biology and medicine applications, many factors need to be considered: (1) the physicochemical properties of NPs (e.g., size, shape, surface charge, and surface chemistry) [3]; (2) colloidal stability in solutions [4]; (3) degradation or removal rate [5]; (4) biocompatibility [6]; (5) bioaccumulation [7]; (6) the route of administration (e.g., intravenous, oral, nasal and pulmonary, transdermal); and (7) the type of target cell or tissue [8,9,10].



The ability of NPs to cross various biological barriers, including blood–brain barriers (BBB), has prompted research into their use in the diagnosis and treatment of central nervous system (CNS) diseases [11,12,13,14,15]. The importance of nanoscience in the treatment of diseases of the nervous system covers a growing number of issues [16,17]. Although this is a relatively poorly studied field, there are extensive attempts to use nanomaterials as drug carriers [18], develop strategies in neuroprotection research, scaffolds in neurodegeneration research, as well as for neuro-imaging, or tools for neuro-operation [19]. The main nanotechnology approaches for neurodevelopmental, neurological, and neuropsychiatric disorders include: (1) the use of NPs or nanocarriers for drug delivery or gene therapy; (2) the use of nanotechnology to reconstruct, reinforce, and stabilize the cytoskeleton matrix; (3) fabrication of bio-hybrid devices for transporting various compounds; and (4) coating electrodes with NPs [20]. Nowadays, nanoscale drug design and delivery are of great interest. Neuronal damage in many CNS disorders has favored the search for new drugs, gene therapies, and the creation of advanced prosthetic nanodevices [20]. Recent progress in nanotechnology-based theranostic is expected to advance precision and personalized CNS medicine [16]. Currently, among the most popular NPs used in bio-medicine, a new generation of NPs based on rare-earth elements deserves special attention. The rare-earth-doped oxides or fluoride NPs with upconverting properties (UCNPs) have been studied intensively [21,22,23,24,25]. Typically, UCNPs are simultaneously doped with sensitizing rare-earth ions, e.g., Yb3+ and Er3+, Tm3+ or Ho3+ [26,27,28]. Sensitizing rare-earth ions absorb low-energy radiation in the near-infrared (NIR) region and then non-radioactively transfer this energy to the long-lived excited metastable electronic states of activating rare-earth ions [29]. The absorption of subsequent low-energy NIR photons and energy transfer processes (ETU) promote rare-earth-activating ions to their higher electronic excited states, thus leading to the radiation of high-energy photons in the ultraviolet, visible, or NIR spectral ranges [30,31].



UCNPs are a better alternative to traditional optical imaging due to several advantages, such as resistance to photobleaching, low background autofluorescence in biological material, deep tissue penetration, and minimal photodamage [32,33,34,35,36]. These characteristics make UCNPs potentially applicable in biology and medicine [37], especially in the in vitro and in vivo bio-imaging [36,38,39], photodynamic therapy (PDT) [40,41], or photothermal therapy (PTT) [42].



Among the many attempts to use various types of NPs for applications in neuroscience, UCNPs have been used for imaging and cancer therapy [43], optogenetic neuronal control [44,45], as biosensors for the detection of Zn2+ ions in mouse brain slices with Alzheimer’s disease, and zebrafish [46], deep tissue optical stimulation, and the imaging of mouse brain slices [47], or have been used as the ion channel blocker of neurons in living brain slices [48]. Recently, most studies have been concerned with trichromatic UCNPs in in vivo optogenetic mouse neurons [49].



Organotypic brain slice cultures are a valuable tool for studying the physiological and pharmacological processes of substances in tissues, the cellular and molecular mechanisms underlying CNS disorders and evaluating potential treatments of CNS diseases [50]. Using tissue models such as tissue explants (slices) seems an excellent intermediate step between cell culture and living organism tests. In addition, the advantage of using brain slice models for in vitro studies is that they preserve the cytoarchitecture and microenvironment of tissues in vivo. This model allows for observing the changes caused by nanomaterials in tissues and testing new therapeutic strategies in vitro. The experimental model provides information on the processes under controlled conditions but is more advanced than commonly used cell lines or primary neuronal cultures. The brain area that is most widely cultured in vitro is the hippocampus [50]. The organotypic hippocampal slice cultures (OHSCs) model comprehensively studies the interactions between neurons, macroglia (astrocytes, oligodendrocytes), microglia, and vasculature. It is often used to study neuronal damage, synaptic plasticity, cell proliferation, and maturation. Understanding the mechanisms of NPs internalization and their impact on tissue morphology is crucial for developing new cell therapies for diseases that can be modeled using hippocampal tissue. Designing and obtaining NPs for drug delivery to the brain in a controlled way could improve the effectiveness of brain therapies [50,51].



This study aimed to evaluate the biological interactions between the NaYF4:20%Yb3+,2%Er3+ UCNPs and ex vivo model of OHSCs, including:




	
The determination of the possibility of NaYF4:20%Yb3+,2%Er3+ UCNPs internalization



	
Cytotoxicity evaluation and ultrastructural changes analysis after exposure to NaYF4:20%Yb3+,2%Er3+ UCNPs









2. Results


2.1. Physicochemical Properties of the β-NaYF4:20%Yb3+,2%Er3+ UCNPs


The morphology and size of the oleic acid-capped and ligand-free β-NaYF4:20%Yb3+,2%Er3+ UCNPs were measured by TEM (Figure 1A,B). Several images were used to obtain a total of N = 931 particle sizes. Subsequently, a particle-size histogram was mounted using the Sturges method, as described before [52]. The bin-width (W) was obtained from the relation: W = (Dmax − Dmin)/k, where k = 1 + 3.322 log(N). For our NPs, k was 10, and W was 0.85. The histogram was modeled by a normal distribution, as shown in Figure 1B. A mean particle size of 22 nm was estimated by using the relation = D0exp(σ2/2), where D0 is the size and σ is the polydispersity parameter (PDI). The PDI was obtained based on [53] and was 0.003. That means that the UCNPs were very homogeneous and had a regular hexagonal structure.



Oleic acid was effectively released from the UCNPs to obtain the hydrophilic UCNPs with good dispersibility in aqueous solutions for biological applications. The EDS and XRD methods were used to confirm the elemental composition of the UCNPs and the hexagonal structure of UCNPs (the results have been previously published) [54,55].



The luminescence emission spectra after 980 nm laser excitation of β-NaYF4:20%Yb3+,2%Er3+ UCNPs are characterized by high-efficiency upconversion to the green (~520 nm and ~540 nm) and red (~650 nm) light (Figure 1C). The mechanism of upconversion was discussed before [39,54,55,56].




2.2. TEM Results and Analysis


TEM analysis of the hippocampal cells was performed. The presence of UCNPs was tested in three ways of UCNPs administration in OHSCs (Figure 2):




	(1)

	
The UCNPs were added to 1 mL of medium (0.5; 1; 5 and 10 μg mL−1, 24 h incubation);




	(2)

	
The UCNPs were added to 2 mL of medium with immersed slices (0.5; 1; 5 and 10 μg mL−1, 1 h incubation);




	(3)

	
The UCNPs were applied in droplets directly to the top of the slice surface (0.5; 1; 5 and 10 μg 4μL−1, 2 h incubation).









In variant 1, the presence of UCNPs was observed in hippocampal cells only at very high concentrations, i.e., 10 μg mL−1 (Figure S1). In variant 2, no UCNPs were found inside the cells. Ultrastructural analysis of the OHSCs showed the presence of large clusters of UCNPs only in the extracellular space at the highest concentration (10 μg mL−1) (Figure S2). Based on the obtained results, it was concluded that these two methods of introducing UCNPs to the slices were ineffective. However, in variant 3, i.e., for the application of UCNPs directly on the slices, the effective internalization of the UCNPs was observed in the range of all of the tested concentrations. The UCNPs inside endosomes are marked with a green arrow in Figure 3.



In the next stage of the experiment, the morphology and ultrastructural features of the cell organelles were assessed after the exposure of the OHSCs to the UCNPs in variant 3, depending on the concentrations. The presence of UCNPs generally was observed in neurons. Numerous cavities in the cell membrane of neurons at the points of contact with the UCNPs were visualized (arrows in Figure 4A). The presence of large UCNP aggregates inside the endosomes in the neurons was observed. The UCNPs were found in early and late endosomes, lysosomes, and large autophagolysosomes (blue arrows in Figure 4B). Similar to HeLa and 4T1 cells [54,55], the UCNPs in the cytoplasm, other intracellular structures or the cell nucleus were not observed. At higher concentrations of UCNPs (10 μg), an increased number of lysosomes was observed in neurons. This suggests that the UCNPs at high concentrations may induce autophagy processes in the cells. The observations showed that high concentrations of UCNPs did not affect the cell response. The UCNPs neither changed their localization in cells nor were released into the cytoplasm. The NaYF4:20%Yb3+,2%Er3+ UCNPs inside the hippocampal cells had stable behavior, and no changes in their morphology were observed.




2.3. The Confocal Microscope Imaging Results


In further experiments, a confocal microscope analyzed the UCNPs’ penetration into the different types of cells of the OHSCs. The results confirmed the effective process of UCNP internalization by neurons and astrocytes and their spectroscopic properties. Figure 5 shows representative tricolor confocal images showing the presence of UCNPs in neurons after 2 h with a range of UCNP concentrations (1, 10, and 45 µg in 4 µL of medium). The amount of UCNPs increased with the UCNP concentration. The red color in Figure 5 indicates the UCNPs, the green color indicates the neurons, and the blue indicates the cell nuclei. The red color co-localized with green, which can be interpreted with some probability that UCNPs are inside neurons. The red channel showed only luminescence from the UCNPs. No autofluorescence was registered. This means that the UCNPs are a great candidate to be luminescence markers of biological structures.



The luminescence spectra of the UCNPs internalized by the neurons of the OHSC were recorded using the lambda scan mode (Figure S3). The emission spectra of the UCNPs inside the cells after excitation under the 980 nm infrared laser correlated with the emission spectra obtained from the spectroscopic analysis carried out during the physicochemical characteristics of UCNPs (Figure 1C). The results indicate the high efficiency of UCNPs luminescence emission in the OHSCs model. Moreover, the UCNPs channel (red color) exhibits a high signal-to-noise ratio with relatively high upconversion emission intensity. There was also no background autofluorescence. That allows for obtaining confocal images with excellent resolution and high contrast, which cannot be achieved with traditional one- or two-photon fluorescence imaging.



The presence of UCNPs was also confirmed inside astrocytes (GFAP), but in smaller amounts and at higher concentrations of 25 and 45 μg in 4 μL (Figure 6). To investigate the biodistribution of UCNPs in the cells of the OHSCs, an additional confocal microscopy thickness section analysis was performed, which consisted of a 3D reconstruction of the examined section in the Z-stack scanning mode (Figures S4 and S5). The Z-stack study performed on OHSCs incubated for 24 h with 1 µg and 10 µg of UCNPs showed that UCNPs were localized inside the cells at different levels in the organotypic slice.




2.4. Cell Viability after Exposure to UCNPs


In subsequent experiments, the viability of the hippocampal cells was examined by using Propidium iodide (PI) staining of the dead cells, and then fluorescent images were taken. The OHSCs were treated with UCNPs in different concentrations, added directly to the culture medium, or applied on the surface of the slices. The microscopic observations showed no tissue damage at all UCNP concentrations compared to untreated slices (Figure S6).



Then, based on the results from fluorescence imaging, only variants with UCNPs applied as droplets were selected to determine the viability of the hippocampal cells. After the 24 h incubation, no statistically significant effect of UCNPs was observed on the cell viability of OHSCs compared to the control (without UCNPs). More substantial cell death in OHSCs exposed to 45 µg (45 µg in 4 µL) of the UCNPs was observed. It should be noted that the OHSCs model is a demanding model and highly sensitive to changes in cell culture conditions. This is evidenced by differences in the viability of control (C) OHSCs, untreated with UCNPs and medium, and OHSCs treated only with medium (Cm), without UCNPs. The values in the graph are presented as the maximum PI fluorescence measured in ImageJ (mean grey value; arbitrary units) (Figure 7).





3. Discussion


To confirm UCNPs internalization by cell types other than HeLa, HEK293, 4T1, etc. [54,55,57], an electron microscopy analysis of the ex vivo culture of the organotypic hippocampal slices was performed. The effect of UCNPs on the OHSCs was investigated in several variants (UCNPs added to the culture medium or on the slice surface) and in different UCNP concentrations. In the variant with UCNPs in the medium, the internalization of UCNPs was observed only for high concentrations (above 10 μg mL−1). On the other hand, in the variant of direct UCNPs administration to the OHSC, the results indicated active internalization in all concentrations of UCNPs. After 24 h incubation of the OHSC with 10 μg UCNPs in a medium, the electron microscopy images showed a significant accumulation of large UCNP complexes that were not internalized by the cells. These difficulties seem to be associated with limited access to UCNPs from medium to slices. The presence of large complexes of UCNPs outside the cells could also be related to the short incubation time, so most UCNPs probably did not have time to interact with the cells. However, the UCNPs were found very close to the cell’s surface or between cells. This may suggest possible interactions with receptors on the cell membrane, eventually leading to UCNP internalization. It is further supported by numerous cell membrane invaginations formed by intracellular vesicles in direct contact with UCNPs. The variant directly applying UCNPs in a droplet on the OHSC surface was effective and efficient. The TEM results confirmed the presence of large clusters of UCNPs closed inside the vesicle structures present in neurons. The UCNPs were found in early and late endosomes, inside lysosomes, and in large autophagolysosomes. Similar to the in vitro model, as we showed before [54,55,57], the UCNPs in the cytoplasm of cells and the nucleus or inside other organelles were not observed. This indicates that the UCNPs were transported inside the cells by the endocytosis process. This was confirmed by numerous intracellular vesicles and endosomes containing UCNPs and by folded cell membranes with numerous invaginations at the contact areas with the UCNPs. The formation of such numerous invaginations and membranes’ behavior in many cells was not observed in brain slices not treated with UCNPs.



The internalization of UCNPs was probably proceeded by clathrin- and caveolae-mediated endocytosis. This is evidenced by plasma membrane invaginations called caveolae and plasma invaginations with a characteristic coat of clathrin around the endocytosed vesicles.



The TEM observations have shown that the NaYF4:2%Er3+,20%Yb3+ UCNPs are easily internalized by hippocampal cells but only under technically unlimited access to the slices. The results suggest that OHSCs may become an effective model for testing various therapeutic strategies for neurological diseases using nanostructures. High expectations for brain imaging capabilities using UCNPs application are attributed to their unique upconverting properties. Due to the upconversion of UCNPs, imaging depth in living brain tissue may be possible. In addition, the tested material (the embedded fragment of the slice in an epoxy resin) was trimmed several times to confirm the UCNP presence and distribution in the deeper areas of the slice sections. A single TEM electronogram of cells is a single cross-section with a thickness of approx. 40–60 nm from tissue fragment with a total thickness of 400 μm. It allowed us to conclude that the UCNPs (in very high concentrations) are not only dynamically internalized by cells but also transported to their other slice regions. Moreover, the large agglomerates of non-internalized UCNPs accumulated between the spaces around the cells. No electron-microscopic studies are available in the literature with the in-depth assessment morphology of OHSCs exposed to nanomaterials. There is no information about the intracellular localization of NPs in slices. Few studies confirmed the presence of NPs in the OHSCs by TEM. These studies concerned QD biofunctionalized with the Paml1 peptide (CL4 QD-Palm1), bound explicitly to neurons [58]. Other studies showed the neuroprotective mechanism of CeO2 NPs in a mouse hippocampal brain slice model of cerebral ischemia [59]. Another group showed a distribution of pure uncoated AgNPs in the cytoplasm of the neurons (isolated rat hippocampus cells) [60].



Our research on the distribution of UCNPs in the culture of the organotypic hippocampal slices showed that the ability to penetrate hippocampal cells and the efficient uptake of the UCNPs are natural features of UCNPs to enter cells and accumulate in selected intracellular organelles quickly. Analysis based on the reconstruction of the tissue cross-section allows for obtaining much more observations and results than imaging with other methods (e.g., confocal microscopy), which means that imaging using TEM is a crucial technique and the gold standard in the microscopic analysis of nanosized materials.



In the next stage of the experiment, the morphology and ultrastructural features of the cellular elements of the OHSCs after exposure to the UCNPs, depending on the concentrations, were determined by TEM analysis. The UCNPs inside the hippocampal cells were not toxic in the range of the tested concentrations and exposure times. It should also be taken into account that the OHSC model is highly demanding and very sensitive to any changes in vitro. Therefore, due to numerous technical difficulties and to keep the organotypic slices in good condition for the experiment time, it was decided to perform analyses only on slices cultured for up to 7 days and incubation with UCNPs no longer than 24 h. The attempts of prolonged exposure of OHSC to UCNPs, performed on slices cultured up to 14 days and after 48 h of exposure, including the control variants (without UCNPs), were impossible to evaluate due to the unsatisfactory quality of OHSC. All of the experimental variants were performed in at least three replications.



At higher concentrations of UCNPs, an increased number of lysosomes and autophagolysosomes was observed, which probably suggests that the presence of UCNPs could induce autophagy in neurons. This is particularly interesting because many studies show that the pharmacological modulation of autophagy is neuroprotective in models of many diseases [61]. Recently, Phiwchai et al. showed that ferric–tannic nanoparticles could induce autophagy in neurons and promote cellular clearance in the neurodegenerative processes [62]. On the other hand, C60 fullerene nanoparticles could inhibit upregulated autophagy and neurodegenerative processes in the hippocampus of diabetic rats [63].



Based on the presented results, it can be concluded that UCNPs are easily internalized by hippocampal cells. The bio-distribution of UCNPs inside the cells was closely related to the dynamics of processes inside the cell and the predisposition of UCNPs to localize only with specific intracellular organelles, such as endosomes and lysosomes. This model may be beneficial for studying the biodistribution of UCNPs in tissue and assessing morphological and ultrastructural changes caused by the presence of nanomaterials. Furthermore, due to technical limitations and a short period of keeping slices in good condition, it seems highly justified to plan further experiments only with bio-functionalized UCNPs. Targeted cell therapies for nervous system diseases with bio-functional UCNPs would have a more positive effect. At this point, research on non-functional UCNPs has been completed.



The results showed that each analysis stage should include detailed studies to eliminate the risk of nanomaterials toxicity, especially in clinical applications. NPs should be carefully characterized and studied in detail in biological systems at every experimental design stage. At the same time, the obtained results are a beautiful aspect of ex vivo biological imaging of tissue fragments using the unique upconverting properties of UCNPs.




4. Materials and Methods


4.1. Synthesis of β-NaYF4:20%Yb3+,2%Er3+ UCNPs


The synthesis of oleic acid-coated and ligand-free β-NaYF4:20%Yb3+,2%Er3+ UCNPs was described previously [54].




4.2. Physicochemical Characteristics of β-NaYF4:20%Yb3+,2%Er3+ UCNPs


The morphology and structure of the β-NaYF4:20%Yb3+,2%Er3+ UCNPs were characterized using JEOL JEM-1011 TEM Japan with an operating voltage of 80 kV.



The photoluminescence (PL) spectra of the β-NaYF4:20%Yb3+,2%Er3+ UCNPs were measured using a spectrophotometer (Horiba Jobin Yvon Fluorolog3). A sample of UCNPs was excited with a NIR diode laser (LU0980D300-DNA014, Lumics, Berlin, Germany) with a wavelength of 980 nm (CW). The PL of the upconversion spectra was measured in the visible range from 500 nm to 700 nm at room temperature. A laser power density of 980 nm was 7.4 Wcm−2.




4.3. Ex Vivo Culture of Organotypic Hippocampal Slices (OHSCs)


The hippocampi used in the experiments were isolated from 7-day-old Wistar rat pups, according to the procedure previously described by Sypecka and Sarnowska [64]. The isolation process was approved by IV Local Ethics Committee on Animal Care (decision no. 39/2015) and used as indicated by the Ministry of Science and Higher Education.



Briefly, after decapitation, the brain hemispheres were removed, and the hippocampi were isolated and cut crosswise into 400-µm-thick sections using a McIlwain Tissue Chopper (Campden Instruments, Loughborough, UK). The slices were pre-selected under a stereoscopic microscope (Opta-Tech, Warsaw, Poland). The slices with a preserved structure of the CA1 and CA2 regions were selected for the experiments. The four cut sections were placed on a Millicell® Cell Culture Inserts membrane (Merck Millipore, Burlington, MA, USA) with a pore diameter of 0.45 µm and placed in 6-well plates (Thermo Scientific, Waltham, MA, USA). In each well was 1 mL DMEM GlutaMAX™ culture medium with high glucose content, supplemented with 25% inactivated horse serum (HS), 20% Hank’s Balanced Salt Solution (HBSS), 2.5% (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (1 M), 0.5% Antibiotic Antimycotic Solution (AAS) (10,000 U/mL penicillin, 10 mg mL−1 streptomycin and 25 μg mL−1 amphotericin B), 2% B-27 supplement, and 1% Insulin–Transferrin–Selenium (ITS) supplement. The culture was carried out under physiological normoxic conditions to better reflect the neural tissue environment, i.e., in the presence of 5% O2 and 5% CO2, at a temperature of 36 °C and with humidity of 90%. The medium was changed every 2–3 days. During the first 4 days, the slices were kept in a medium with supplements. Next, from the 5th day in vitro (DIV) onwards, the serum concentration in the culture medium was gradually decreased by 6.25% for the following 7 days. The UCNPs administration began on the 13 DIV (slices were kept in serum-free media) (Figure 8).




4.4. UCNPs Administration to OHSC


Three variants were analyzed to develop an effective method of UCNPs administration in the OHSC (Figure 2).



	(1)

	
The method of adding the UCNPs solution directly to the medium (UCNPs should be internalized by cells from the medium) (Figure 2A).




	(2)

	
The method of immersion of OHSCs in the medium with UCNPs. Under these conditions, they were incubated for 1 h (Figure 2B).




	(3)

	
The method of the UCNPs solution applying by droplet (4 μL) directly to the surface of the slice and incubating for 2 or 24 h (Figure 2C).








4.5. TEM Analysis


TEM JEM-1011 was used for the detection of UCNPs as well as the observation of the ultrastructural changes in the hippocampal cells caused by the presence of UCNPs. The description is available in Supplementary Information.




4.6. Immunohistochemical Staining


Immunohistochemical analyses were performed to confirm the presence of UCNPs within the hippocampal cells. The immunohistochemical preparations were imaged using a 710 NLO confocal microscope (Carl Zeiss, Oberkochen, Germany) equipped with a femtosecond laser (Coherent Chameleon, Santa Clara, CA, USA). The description is available in the Supplementary Information and Table S1.




4.7. Cell Viability Analysis Using Propidium Iodide


To quantify the potentially toxic effects of the UCNPs on hippocampal cells, staining with fluorescent propidium iodide (PI) was performed. PI readily penetrates the cell membranes of dead or dying cells. The stained cells emit red fluorescence; thus, the higher the level of fluorescence, the greater the percentage of cells killed. The cytotoxic effect of UCNPs was determined by incubating the slices for 24 h with 1, 10, 45, and 50 μg of UCNPs in the form of droplets (the suspension of UCNPs in water was applied in 4 μL droplets) directly on the surface of the slice or to the culture medium (1 mL of medium). After incubation, the culture medium was withdrawn, and a fresh medium containing 2 µg mL−1 of PI was added to each well and incubated for 1 h at 36 °C. The fluorescent images were recorded under an Axio Vert inverted microscope (Carl Zeiss, Jena, Germany). The color images were converted to grayscale, and the mean fluorescence from each hippocampus slice was measured using ImageJ software.




4.8. Statistical Analysis


The results were expressed as arithmetic means ± standard deviation (SD). Statistical analysis was performed using GraphPad Prism 9 software (GraphPad Software, San Diego, CA, USA) using the one-way ANOVA test with Tukey’s test or Dunnett’s test (for comparisons of more than two groups; 95% confidence interval, α = 0.05). The results were considered statistically significant for p < 0.05.





5. Conclusions


The internalization studies of the UCNPs were carried out in an ex vivo OHSC model that was temporarily incubated with different UCNP concentrations. As a result of the conducted analyses (TEM, confocal microscope), the active internalization of NaYF4:20%Yb3+,2%Er3+ UCNPs by hippocampal cells, their biodistribution (Z-stack analysis) and their accumulation in endosomes and lysosomes was confirmed. Toxicity studies (PI staining, TEM analysis) did not demonstrate a significant adverse effect on cell viability and ultrastructure.



The internalization of NaYF4:20%Yr3+,2%Er3+ UCNPs by hippocampal cells and their localization in specific cell structures indicate their possible use in neurotoxicity studies and their therapeutic potential for CNS disorders.



The NaYF4:20%Yb3+,2%Er3+ UCNPs exhibit effective luminescence in vitro, both in cells and tissues, making them functional infrared imaging nanosystems.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms24021122/s1.





Author Contributions


Conceptualization, K.Z., J.S. and B.S.; methodology, K.Z., J.S., J.J., B.S. and M.F.-B.; validation, K.Z., J.J. and B.S.; formal analysis, K.Z. and J.J.; investigation, K.Z., J.J. and B.S.; resources, J.S. and B.S.; data curation, K.Z., J.J. and B.S.; writing—original draft preparation, K.Z. and B.S.; writing—review and editing, K.Z., B.S., J.J., J.S. and M.F.-B.; visualization, K.Z. and B.S.; supervision, J.S., B.S. and M.F.-B.; project administration, J.S. and B.S.; funding acquisition, J.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Science Centre (Poland), grant number 2021/03/Y/NZ4/00214.




Institutional Review Board Statement


The isolation of the hippocampi process from 7-day-old Wistar rat pups was approved by IV Local Ethics Committee on Animal Care (decision no. 39/2015) and used as indicated by the Ministry of Science and Higher Education.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


This work has been done in the NanoFun laboratories co-financed by the European Regional Development Fund with the Innovation Economy Operational Program no. POIG.02.02.00-00025/09/.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Yang, X.; Chung, E.; Johnston, I.; Ren, G.; Cheong, Y.K. Exploitation of antimicrobial nanoparticles and their applications in biomedical engineering. Appl. Sci. 2021, 11, 4520. [Google Scholar] [CrossRef]

	



Elsayed, H.H.; Al-Sherbini, A.S.A.; Abd-Elhady, E.E.; Ahmed, K.A.E.A. Treatment of anemia progression via magnetite and folate nanoparticles in vivo. Int. Sch. Res. Not. 2014, 2014, 287575. [Google Scholar]

	



Mosquera, J.; García, I.; Liz-Marzán, L.M. Cellular uptake of nanoparticles versus small molecules: A matter of size. Acc. Chem. Res. 2018, 51, 2305–2313. [Google Scholar] [CrossRef]

	



Soler, M.A.G.; Lima, E.C.D.; da Silva, S.W.; Melo, T.F.O.; Pimenta, A.C.M.; Sinnecker, J.P.; Azevedo, R.B.; Garg, V.K.; Oliveira, A.C.; Novak, M.A.; et al. Aging investigation of cobalt ferrite nanoparticles in low pH magnetic fluid. Langmuir 2007, 23, 9611–9617. [Google Scholar] [CrossRef] [PubMed]

	



Lacava, L.M.; Lacava, Z.G.M.; Da Silva, M.F.; Silva, O.; Chaves, S.B.; Azevedo, R.B.; Pelegrini, F.; Gansau, C.; Buske, N.; Sabolovic, D.; et al. Magnetic Resonance of a Dextran-Coated Magnetic Fluid Intravenously Administered in Mice. Biophys. J. 2001, 80, 2483–2486. [Google Scholar] [CrossRef] [PubMed]

	



Monge-Fuentes, V.; Garcia, M.P.; Tavares, M.C.H.; Valois, C.R.A.; Lima, E.C.D.; Teixeira, D.S.; Morais, P.C.; Tomaz, C.; Azevedo, R.B. Biodistribution and biocompatibility of DMSA-stabilized maghemite magnetic nanoparticles in nonhuman primates (Cebus spp.). Nanomedicine 2011, 6, 1529–1544. [Google Scholar] [CrossRef]

	



Lacava, Z.G.M.; Garcia, V.A.P.; Lacava, L.M.; Azevedo, R.B.; Silva, O.; Pelegrini, F.; De Cuyper, M.; Morais, P.C. Biodistribution and biocompatibility investigation in magnetoliposome treated mice. Spectroscopy 2004, 18, 597–603. [Google Scholar] [CrossRef]

	



de Almeida, M.S.; Susnik, E.; Drasler, B.; Taladriz-Blanco, P.; Petri-Fink, A.; Rothen-Rutishauser, B. Understanding nanoparticle endocytosis to improve targeting strategies in nanomedicine. Chem. Soc. Rev. 2021, 50, 5397–5434. [Google Scholar] [CrossRef]

	



Patra, J.K.; Das, G.; Fraceto, L.F.; Campos, E.; Rodriguez-Torres, M.; Acosta-Torres, L.S.; Diaz-Torres, L.A.; Grillo, R.; Swamy, M.K.; Sharma, S.; et al. Nano based drug delivery systems: Recent developments and future prospects. J. Nanobiotechnol. 2018, 16, 71. [Google Scholar] [CrossRef]

	



Kim, D.; Kim, J.; Park, Y.I.; Lee, N.; Hyeon, T. Recent development of inorganic nanoparticles for biomedical imaging. ACS Cent. Sci. 2018, 4, 324–336. [Google Scholar] [CrossRef]

	



Simko, M.; Mattsson, M.O. Interactions between nanosized materials and the brain. Curr. Med. Chem. 2014, 21, 4200–4214. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Y.; Peng, Z.; Seven, E.S.; Leblanc, R.M. Crossing the blood-brain barrier with nanoparticles. J. Control. Release 2018, 270, 290–303. [Google Scholar] [CrossRef] [PubMed]

	



Ceña, V.; Játiva, P. Nanoparticle crossing of blood-brain barrier: A road to new therapeutic approaches to central nervous system diseases. Nanomedicine 2018, 13, 1513–1516. [Google Scholar] [CrossRef]

	



Gonzalez-Carter, D.; Liu, X.; Tockary, T.A.; Dirisala, A.; Toh, K.; Anraku, Y.; Kataoka, K. Targeting nanoparticles to the brain by exploiting the blood–brain barrier impermeability to selectively label the brain endothelium. Proc. Natl. Acad. Sci. USA 2020, 117, 19141–19150. [Google Scholar] [CrossRef]

	



Lombardo, S.M.; Schneider, M.; Türeli, A.E.; Türeli, N.G. Key for crossing the BBB with nanoparticles: The rational design. Beilstein J. Nanotechnol. 2020, 11, 866–883. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, W.; Wang, W.; Yu, D.X.; Xiao, Z.; He, Z. Application of nanodiagnostics and nanotherapy to CNS diseases. Nanomedicine 2018, 13, 2341–2371. [Google Scholar] [CrossRef]

	



Teleanu, D.M.; Chircov, C.; Grumezescu, A.M.; Volceanov, A.; Teleanu, R.I. Impact of nanoparticles on brain health: An up to date overview. J. Clin. Med. 2018, 7, 490. [Google Scholar] [CrossRef]

	



Gao, H. Progress and perspectives on targeting nanoparticles for brain drug delivery. Acta Pharm. Sin. B 2016, 6, 268–286. [Google Scholar] [CrossRef]

	



Pampaloni, N.P.; Giugliano, M.; Scaini, D.; Ballerini, L.; Rauti, R. Advances in nano neuroscience: From nanomaterials to nanotools. Front. Neurosci. 2019, 12, 953. [Google Scholar] [CrossRef]

	



Woolf, N.J.; Priel, A.; Tuszynski, J.A. Nanotechnology, Nanostructure, and Nervous System Disorders. In Nanoneuroscience; Springer: Berlin/Heidelberg, Germany, 2009; pp. 177–226. [Google Scholar]

	



Mullen, T.J.; Zhang, M.; Feng, W.; El-khouri, R.J.; Sun, L.-D.; Yan, C.–H.; Patten, T.E.; Liu, G. Fabrication and Characterization of Rare-Earth-Doped Nanostructures on Surfaces. ACS Nano 2011, 5, 6539–6545. [Google Scholar] [CrossRef]

	



Li, W.; Wang, J.; Ren, J.; Qu, X. Near-Infrared Upconversion Controls Photocaged Cell Adhesion. J. Am. Chem. Soc. 2014, 136, 2248–2251. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Tu, D.; Zhu, H.; Ma, E.; Chen, X. Lanthanide-doped luminescent nano-bioprobes: From fundamentals to biodetection. Nanoscale 2013, 5, 1369–1384. [Google Scholar] [CrossRef] [PubMed]

	



Peng, D.; Ju, Q.; Chen, X.; Ma, R.; Chen, B. Lanthanide-Doped Energy Cascade Nanoparticles: Full Spectrum Emission by Single Wavelength Excitation. Chem. Mater. 2015, 27, 3115–3120. [Google Scholar] [CrossRef]

	



Liu, S.; De, G.; Xu, Y.; Wang, X.; Liu, Y.; Cheng, C.; Wang, J. Size, phase-controlled synthesis, the nucleation and growth mechanisms of NaYF4:Yb/Er nanocrystals. J. Rare Earths 2018, 3, 1060–1066. [Google Scholar] [CrossRef]

	



Li, C.; Yang, D.; Ma, P.; Chen, Y.; Wu, Y.; Hou, Z.; Dai, Y.; Zhao, J.; Sui, C.; Lin, J. Multifunctional Upconversion Mesoporous Silica Nanostructures for Dual Modal Imaging and In Vivo Drug Delivery. Small 2013, 9, 4150–4159. [Google Scholar] [CrossRef]

	



Dong, H.; Du, S.-R.; Zheng, X.-Y.; Lyu, G.-M.; Sun, L.-D.; Li, L.-D.; Zhang, P.-Z.; Zhang, C.; Yan, C.-H. Lanthanide Nanoparticles: From Design toward Bioimaging and Therapy. Chem. Rev. 2015, 115, 10725–10815. [Google Scholar] [CrossRef]

	



Chen, G.; Qiu, H.; Prasad, P.N.; Chen, X. Upconversion Nanoparticles: Design, Nanochemistry, and Applications in Theranostics. Chem. Rev. 2014, 114, 5161–5214. [Google Scholar] [CrossRef]

	



Auzel, F.E. Materials and devices using double-pumped-phosphors with energy transfer. Proc. IEEE 1973, 61, 758–786. [Google Scholar] [CrossRef]

	



Boyer, J.C.; Cuccia, L.A.; Capobianco, J.A. Synthesis of Colloidal Upconverting NaYF4: Er3+/Yb3+ and Tm3+/Yb3+ Monodisperse Nanocrystals. Nano Lett. 2007, 7, 847–852. [Google Scholar] [CrossRef]

	



Wang, Y.-F.; Liu, G.-Y.; Sun, L.-D.; Xiao, J.-W.; Zhou, J.-C.; Yan, C.-H. Nd3+-Sensitized Upconversion Nanophosphors: Efficient In Vivo Bioimaging Probes with Minimized Heating Effect. ACS Nano 2013, 7, 7200–7206. [Google Scholar] [CrossRef]

	



Kwon, O.S.; Song, H.S.; Conde, J.; Kim, H.I.; Artzi, N.; Kim, J.-H. Dual-color emissive upconversion nanocapsules for differential cancer bioimaging in vivo. ACS Nano 2016, 10, 1512–1521. [Google Scholar] [CrossRef] [PubMed]

	



Li, Z.; Zhang, Y.; La, H.; Zhu, R.; El-Banna, G.; Wei, Y.; Han, G. Upconverting NIR photons for bioimaging. Nanomaterials 2015, 5, 2148–2168. [Google Scholar] [CrossRef] [PubMed]

	



Ang, L.Y.; Lim, M.E.; Ong, L.C.; Zhang, Y. Applications of upconversion nanoparticles in imaging, detection and therapy. Nanomedicine 2011, 6, 1273–1288. [Google Scholar] [CrossRef] [PubMed]

	



Min, Y.; Li, J.; Liu, F.; Padmanabhan, P.; Yeow, E.K.; Xing, B. Recent advance of biological molecular imaging based on lanthanide-doped upconversion-luminescent nanomaterials. Nanomaterials 2014, 4, 129–154. [Google Scholar] [CrossRef] [PubMed]

	



Chen, C.; Li, C.; Shi, Z. Current advances in lanthanide-doped upconversion nanostructures for detection and bioapplication. Adv. Sci. 2016, 3, 1600029. [Google Scholar] [CrossRef]

	



Bettinelli, M.; Carlos, L.; Liu, X. Lanthanide-doped. Phys. Today 2015, 68, 38. [Google Scholar] [CrossRef]

	



Rostami, I.; Alanagh, H.R.; Hu, Z.; Shahmoradian, S.H. Breakthroughs in medicine and bioimaging with up-conversion nanoparticles. Int. J. Nanomed. 2019, 14, 7759–7780. [Google Scholar] [CrossRef]

	



Liang, G.; Wang, H.; Shi, H.; Wang, H.; Zhu, M.; Jing, A.; Li, J.; Li, G. Recent progress in the development of upconversion nanomaterials in bioimaging and disease treatment. J. Nanobiotechnol 2020, 18, 154. [Google Scholar] [CrossRef]

	



Wang, C.; Cheng, L.; Liu, Z. Upconversion nanoparticles for photodynamic therapy and other cancer therapeutics. Theranostics 2013, 3, 317–330. [Google Scholar] [CrossRef]

	



Gao, W.; Wang, Z.; Lv, L.; Yin, D.; Chen, D.; Han, Z.; Ma, Y.; Zhang, M.; Yang, M.; Gu, Y. Photodynamic Therapy Induced Enhancement of Tumor Vasculature Permeability Using an Upconversion Nanoconstruct for Improved Intratumoral Nanoparticle Delivery in Deep Tissues. Theranostics 2016, 6, 1131–1144. [Google Scholar] [CrossRef]

	



Xing, Y.; Li, L.; Ai, X.; Fu, L. Polyaniline-coated upconversion nanoparticles with upconverting luminescent and photothermal conversion properties for photothermal cancer therapy. Int. J. Nanomed. 2016, 11, 4327–4338. [Google Scholar] [CrossRef] [PubMed]

	



Wang, F.; Banerjee, D.; Liu, Y.; Chen, X.; Liu, X. Upconversion nanoparticles in biological labeling, imaging, and therapy. Analyst 2010, 135, 1839–1854. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Z.; Han, Q.; Lau, J.W.; Xing, B. Lanthanide-doped upconversion nanoparticles meet the needs for cutting-edge bioapplications: Recent progress and perspectives. ACS Mater. Lett. 2020, 2, 1516–1531. [Google Scholar] [CrossRef]

	



Shah, S.; Liu, J.J.; Pasquale, N.; Lai, J.; McGowan, H.; Pang, Z.P.; Lee, K.-B. Hybrid upconversion nanomaterials for optogenetic neuronal control. Nanoscale 2015, 7, 16571–16577. [Google Scholar] [CrossRef] [PubMed]

	



Peng, J.; Xu, W.; Teoh, C.L.; Han, S.; Kim, B.; Samanta, A.; Er, J.C.; Wang, L.; Yuan, L.; Liu, X.; et al. High-efficiency in vitro and in vivo detection of Zn2+ by dye-assembled upconversion nanoparticles. J. Am. Chem. Soc. 2015, 137, 2336–2342. [Google Scholar] [CrossRef]

	



Chamanzar, M.; Garfield, D.J.; Iafrati, J.; Chan, E.M.; Sohal, V.; Cohen, B.E.; Schuck, P.J.; Maharbiz, M.M. Upconverting nanoparticle micro-lightbulbs designed for deep tissue optical stimulation and imaging. Biomed. Opt. Express 2018, 9, 4359–4371. [Google Scholar] [CrossRef]

	



Zhao, J.; Ellis-Davies, G.C. Intracellular photoswitchable neuropharmacology driven by luminescence from upconverting nanoparticles. Chem. Commun. 2020, 56, 9445–9448. [Google Scholar] [CrossRef] [PubMed]

	



Liu, X.; Chen, H.; Wang, Y.; Si, Y.; Zhang, H.; Li, X.; Zhang, Z.; Yan, B.; Jiang, S.; Wang, F.; et al. Near-infrared manipulation of multiple neuronal populations via trichromatic upconversion. Nat. Commun. 2021, 12, 5662. [Google Scholar] [CrossRef]

	



Qi, X.R.; Verwer, R.W.; Bao, A.M.; Balesar, R.A.; Luchetti, S.; Zhou, J.N.; Swaab, D.F. Human brain slice culture: A useful tool to study brain disorders and potential therapeutic compounds. Neurosci. Bull. 2019, 35, 244–252. [Google Scholar] [CrossRef]

	



Saba, N.; Pangha, A.; Flora, S.J.S. Nanotechnology: A promising approach for delivery of neuroprotective drugs. Front. Neurosci. 2020, 14, 494. [Google Scholar]

	



Aragon, F.H.; Coaquira, J.A.H.; Villegas-Lelovsky, L.; da Silva, S.W.; Cesar, D.F.; Nagamine, L.C.C.M.; Cohen, R.; Menendez-Proupin, E.; Morais, P.C.J. Evolution of the doping regimes in the Al-doped SnO2 nanoparticles prepared by a polymer precursor method. J. Phys. Condens. Matter 2015, 27, 095301. [Google Scholar] [CrossRef]

	



Danaei, M.; Dehghankhold, M.; Ataei, S.; Hasanzadeh Davarani, F.; Javanmard, R.; Dokhani, A.; Khorasani, S.; Mozafari, M.R. Impact of Particle Size and Polydispersity Index on the Clinical Applications of Lipidic Nanocarrier Systems. Pharmaceutics 2018, 10, 57. [Google Scholar] [CrossRef] [PubMed]

	



Kowalik, P.; Kamińska, I.; Fronc, K.; Borodziuk, A.; Duda, M.; Wojciechowski, T.; Sobczak, K.; Kalinowska, D.; Klepka, M.T.; Sikora, B. The ROS-generating photosensitizer-free NaYF4:Yb, Tm@SiO2 upconverting nanoparticles for photodynamic therapy application. Nanotechnology 2021, 32, 475101. [Google Scholar] [CrossRef] [PubMed]

	



Kowalik, P.; Elbaum, D.; Mikulski, J.; Fronc, K.; Kamińska, I.; Morais, P.C.; de Souza, P.E.; Nunes, R.B.; Veiga-Souza, F.H.; Gruzeł, G.; et al. Upconversion fluorescence imaging of HeLa cells using ROS generating SiO2-coated lanthanide-doped NaYF4 nanoconstructs. RSC Adv. 2017, 7, 30262–30273. [Google Scholar] [CrossRef]

	



Zhou, J.; Liu, Q.; Feng, W.; Sun, Y.; Li, F. Upconversion luminescent materials: Advances and applications. Chem. Rev. 2015, 115, 395–465. [Google Scholar] [CrossRef]

	



Sikora, B.; Kowalik, P.; Mikulski, J.; Fronc, K.; Kamińska, I.; Szewczyk, M.; Konopka, A.; Zajdel, K.; Minikayev, R.; Sobczak, K.; et al. Mammalian cell defence mechanisms against the cytotoxicity of NaYF4:(Er,Yb,Gd) nanoparticles. Nanoscale 2017, 9, 14259–14271. [Google Scholar] [CrossRef] [PubMed]

	



Walters, R.; Kraig, R.P.; Medintz, I.; Delehanty, J.B.; Stewart, M.H.; Susumu, K.; Huston, A.L.; Dawson, P.E.; Dawson, G. Nanoparticle targeting to neurons in a rat hippocampal slice culture model. ASN Neuro 2012, 4, 383–392. [Google Scholar] [CrossRef]

	



Estevez, A.Y.; Pritchard, S.; Harper, K.; Aston, J.W.; Lynch, A.; Lucky, J.J.; Ludington, J.S.; Chatani, P.; Mosenthal, W.P.; Leiter, J.C.; et al. Neuroprotective mechanisms of cerium oxide nanoparticles in a mouse hippocampal brain slice model of ischemia. Free Radic. Biol. Med. 2011, 51, 1155–1163. [Google Scholar] [CrossRef] [PubMed]

	



Kursungoz, C.; Taş, S.T.; Sargon, M.F.; Sara, Y.; Ortaç, B. Toxicity of internalized laser generated pure silver nanoparticles to the isolated rat hippocampus cells. Toxicol. Ind. Health 2017, 33, 555–563. [Google Scholar] [CrossRef]

	



Thellung, S.; Corsaro, A.; Nizzari, M.; Barbieri, F.; Florio, T. Autophagy Activator Drugs: A New Opportunity in Neuroprotection from Misfolded Protein Toxicity. Int. J. Mol. Sci. 2019, 20, 901. [Google Scholar] [CrossRef]

	



Phiwchai, I.; Chariyarangsitham, W.; Phatruengdet, T.; Pilapong, C. Ferric-Tannic Nanoparticles Increase Neuronal Cellular Clearance. ACS Chem. Neurosci. 2019, 10, 4136–4144. [Google Scholar] [CrossRef] [PubMed]

	



Demir, E.; Nedzvetsky, V.S.; Ağca, C.A.; Kirici, M. Pristine C60 Fullerene Nanoparticles Ameliorate Hyperglycemia-Induced Disturbances via Modulation of Apoptosis and Autophagy Flux. Neurochem. Res. 2020, 45, 2385–2397. [Google Scholar] [CrossRef] [PubMed]

	



Sypecka, J.; Sarnowska, A. The neuroprotective effect exerted by oligodendroglial progenitors on chemically impaired hippocampal cells. Mol. Neurobiol. 2014, 49, 685–701. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 24 01122 g001 550] 





Figure 1. (A) TEM and (B) Size distribution histogram for β-NaYF4:20%Yb3+,2%Er3+ UCNPs. (C) Upconversion luminescence spectra of β-NaYF4:20%Yb3+,2%Er3+ UCNPs solution in cyclohexane at a 1 mg mL−1 concentration after 980 nm continuous wave laser excitation with a power density of 7.4 W cm−2. 
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Figure 2. Diagram showing the three analyzed methods of applying UCNPs to the OHSC: (A) UCNPs are added to 1 mL of the culture medium under the membrane, (B) the OHSCs placed on the membrane are immersed in the culture medium containing UCNPs, (C) UCNPs solution in droplet applied to the slice surface. 
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Figure 3. Variant 3. The OHSCs, after 2 h of incubation without UCNPs (control) and with 0.5; 1; 5, and 10 μg 4 μL−1 of UCNPs applied as droplets on the surface of sliced placed on the membrane. Aggregates of UCNPs are marked with green arrows. UCNPs inside endosomes are marked with a green arrow and a red outline (at a higher magnification next to it), N—nucleus; L—lysosome; M—mitochondria; and LE—late endosomes. 
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Figure 4. (A) The formation of the caveolae (marked with yellow arrows) and clathrin-coated vesicles (marked with dark blue arrows) at the cell membrane in the presence of UCNPs after 2 h of incubation (a droplet contains 1 μg of UCNPs). (B) The co-localization of UCNPs (marked with dark blue arrows) with various intracellular structures. UCNPs are administered in a droplet on the top of the slice after 2 h of incubation, enclosed in early endosomes (EE—outlined in blue dashed line), in late endosomes (LE) or lysosomes (L—outlined in green dashed line), in autophagolysosomes (A—outlined in red dashed line). 
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Figure 5. Confocal images of OHSCs after 2 h of incubation with UCNPs depend on the concentration (1, 10, and 45 µg in 4 µL of medium) applied in the form of droplets on the surface of the OHSCs. The UCNPs were excited with a 980 nm femtosecond laser (red color), neurons (MAP2) were excited with a 488 nm argon laser (green color), and cell nuclei were stained with Hoechst 33342 dye and excited with a 690 nm femtosecond laser (blue color). The presented MERGE image is a composite of all images. Controls were OHSCs without UCNPs. Scale bar—50 μm. 
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Figure 6. Confocal images of the OHSCs incubated for 2 h with 25 µg and 45 µg of UCNPs applied as droplets on the OHSCs surface. UCNPs were excited with a 980 nm femtosecond laser (orange color), astrocytes (GFAP) were excited with a 488 nm argon laser (green color), and cell nuclei were stained with Hoechst 33342 dye and excited with a 690 nm femtosecond laser (blue color). The presented MERGE image is a composite of all channel images. Controls were OHSCs without UCNPs. Scale bar—50 μm. 
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Figure 7. Effect of UCNPs on cell death of OHSCs. Each value is the mean obtained from four replicates for each variant. Statistical analysis was performed using one-way ANOVA with Tukey’s test, n = 4; p > 0.05. C—Control, the OHSCs untreated with UCNPs and medium; Cm—control, OHSCs treated only with the medium. 
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Figure 8. Schematic representation of the experimental design. 
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