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Abstract

:

Cell spheroids have been studied as a biomimic medicine for tissue healing using cell sources. Rapid cell spheroid production increases cell survival and activity as well as the efficiency of mass production by reducing processing time. In this study, two-dimensional MXene (Ti3C2) particles were used to form mesenchymal stem cell spheroids, and the optimal MXene concentration, spheroid-production times, and bioactivity levels of spheroid cells during this process were assessed. A MXene concentration range of 1 to 10 μg/mL induced spheroid formation within 6 h. The MXene-induced spheroids exhibited osteogenic-differentiation behavior, with the highest activity levels at a concentration of 5 μg/mL. We report a novel and effective method for the rapid formation of stem cell spheroids using MXene.
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1. Introduction


Cell-adhesion agents are crucial in cell-spheroid formation to ensure cell function while maintaining volume [1]. Cell spheroids are spherical organ mimics that form during in vitro culture [2]. They provide a three-dimensional (3D) culture environment that more closely resembles the actual in vivo environment physiologically compared with a two-dimensional (2D) monolayer culture, which improves the viability and functionality of the cells that make up the spheroids [3]. Moreover, niche components of the cellular microenvironment, signaling pathways, and cell manipulation by genetic engineering are very simple, so they play an important role that is intermediate between those of traditional 2D culture and in vivo animal/human models [4]. Cell spheroids have been applied to various fields, such as evaluations of tumor therapeutic efficacy, mechanisms of carcinogenesis, cell necrosis using genetic function analysis, interactions between cells during cell differentiation, and 3D organ bioprinting [5,6,7]. To this end, research has been conducted on spheroid production and analysis and the development of efficient spheroid formation methods [8]. One goal is rapid spheroid formation using biomaterials to support cell-to-cell adhesion.



Tissue engineering biomaterials are widely applied to improve efficiency or functionality, such as to enhance process efficiency or biocompatibility with cells or tissues or to modify and improve the function of tissue-engineered devices [9]. Several researchers performed cell-spheroid production via microwells composed of biocompatible materials for controlling the spheroid size and formation time [10,11]. In addition, some studies have examined the use of graphene and silicate for cell-spheroid production [12,13]. Kim et al. used graphene oxide to improve intercellular adhesion efficiency to produce cell spheroids and report their differentiation properties [14]. Yamaguchi et al. suggested adding nanosized silicates to the production of spheroids because silicates contribute to facilitating osteogenic differentiation by silicon ions as well as fabricating cell spheroids [15]. There were studies that conjugate drugs to functional groups of graphene material to enhance the survival and differentiation of cells within the spheroids [15,16].



Discovered in 2011, MXene is recently attracting attention as a biomaterial that can replace graphene with similar structures due to its two-dimensional structure [17]. Ti3C2 MXene is being used increasingly in tissue engineering, bioimaging, and sensors due to its biocompatibility, biodegradability, and antibacterial and near-infrared photothermal properties [18]. MXenes have been composed of other biomaterials for improved bone regeneration due to their good mechanical properties for bioengineering [19]. Despite the interest as a biomedical material, little is reported about the interactions of MXenes with stem cells or biomolecules. MXenes spontaneously form lamellar stacked structures, which increase the available surface area for drug attachment compared to single-layered MXene flakes and reduce cell damage caused by direct contact with 2D MXene [20]. Moreover, the 2D structure of MXene and its hydrophilic functional groups improve cell viability and facilitate combination with cells, while its biodegradability eliminates obstacles caused by material remaining in a spheroid culture [21].



Therefore, this study investigated the potential of producing stem cell spheroids using MXene as a cell-adhesion agent. We investigated whether and when stem cell spheroids are formed, the shape of the spheroids, and the biological activity of the cells and provide information on the optimal concentration of MXene for spheroid formation and bioactivity. This should enable the advancement of research on new highly bio-responsive organoids based on MXene bioceramics.




2. Materials and Methods


2.1. Materials Preparation


The following materials were purchased from various companies. Fetal bovine serum (FBS, 12483-020, Gibco, Eri County, NY, USA), penicillin/streptomycin (P/S, 15140-122, ThermoFisher, Waltham, MA, USA), alpha Modified Eagle Medium (Alpha MEM, LM-008-01, WELGENE, Gyeongsan-si, Korea), MTS kit (G3580, Promega, Madison, WI, USA), paraformaldehyde (PFA, Sigma-Aldrich, St. Louis, MO, USA), phalloidin alexa 488 (ThermoFisher Scientific, Waltham, MA, USA), Alkaline Phosphatase (ALP) detection kit (K412-500, Biovision, Milpitas, CA, USA), Bradford assay kit (ThermoFisher Scientific, Waltham, MA, USA), Alizarin Red S (ARS, Sigma-Aldrich, St. Louis, MO, USA). Ti3C2 MXene (MX-20A-003, Invisible, Korea) with stacked lamellar structure was purchased from Korea. The average particle size of MXene was 2 to 5 um. Human mesenchymal stem cells (hMSC, A15652, Gibco, Eri County, NY, USA) were cultured at 37 °C under 5% CO2 in culture media. The cell culture media was prepared by adding 10% fetal bovine serum and 1% antibiotics containing 10,000 units of penicillin and streptomycin to Alpha Modified Eagle Medium. The hMSC of third to fourth passages was used in the experiments in this study. The bone differentiation assessment was executed using the cell culture medium without using an osteogenic differentiation medium.




2.2. MXene-Induced Stem Cell-Spheroid Formation and Evaluation


Polydimethylsiloxane-coated culture plates were prepared to prevent cell adhesion [22] to make human mesenchymal stem cell (hMSC) spheroids using 2D MXene. A medium containing cell at densities of 20,000–50,000 cells/mL was poured into each plate and treated MXene suspensions with 0–10 μg/mL concentrations. The cell and MXene suspensions were cultured on a 3D rocking shaker at 50 rpm in an incubator. Spheroid formation was observed as a function of the culture time. The spheroid-formation time, spheroid size, and cell survivability in the spheroids formed with MXene were characterized.




2.3. Testing for Cell Viability


Cell viability and differentiation behavior induced by MXene were investigated for spheroids produced after 24 h with a density of 20,000 cells/mL. Compressed spheroids without MXene were not reliably obtained within 24 h and were excluded for the cellular evaluation. As prepared, the viability of the spheroid-formed cells was observed via Live/Dead staining and MTS assay. For fluorescence visualization, the MSCs were fixed on Days 1 and 3 by adding 4% paraformaldehyde (PFA) and treating with Triton X-100 for 10 min. They were then reacted with 200 μL Alexa 488 phalloidin solution for 1 h in each well. Once the reactions were completed, samples were rinsed with phosphate buffer saline (PBS) and monitored using confocal laser scanning microscopy (CLSM, Zeiss, Germany). Cell proliferation was evaluated for 1 and 3 days, and it proceeded according to the manual of the MTS kit (G3580, Promega, Madison, WI, USA)




2.4. Osteogenic Differentiation


The cells that migrated from the spheroids were visualized microscopically, and their osteogenic differentiation was evaluated using an ALP detection kit and Alizarin red stain (ARS). For the ALP activity assay, the cell spheroids were cultured for 7 days. The cells were rinsed with PBS and lysed with Triton X-100. The protein quantity was determined by the Bradford assay kit, and an equal amount of samples were reacted with paranitrophenyl phosphate (pNPP) and then measured at 405 nm wavelength. For the ARS assay, the cells cultured for 14 days were washed twice in Dulbecco’s phosphate-buffered saline, fixed in 4% paraformaldehyde for 15 min, and dyed with 2% ARS. The dyed cells were washed three times with distilled water and dried at room temperature. The dyed cells were stirred with 10% acetic acid for 30 min, and the pellet was heated at 90 °C for 15 min to quantify the ARS level. After cooling on ice for 10 min, the solution was neutralized with ammonium hydroxide, and the absorbance was measured at 405 nm [23].




2.5. Statistical Analysis


All quantitative results were collected in at least three replicates from each test group. The statistical analyses were performed using a t-test, and comparisons between groups were analyzed by one-way analysis of variance test. The differences with a p-value < 0.01 were considered statistically significant (** p < 0.01, *** p < 0.001).





3. Results and Discussion


3.1. Cell Spheroids Induced by MXene Adhesive


Figure 1A shows a schematic diagram of the method used to produce cell spheroids rapidly with MXene. We observed that the presence of MXene particles during the culture of stem cells attached to the cytoplasm and continued to move with the cells during cell migration (Supplementary Video S1). It is supposed to have been caused by the excellent compatibility of the cell adhesion-associated proteins due to its hydrophilicity and biocompatibility of MXene. Herein, this observation data led us to study whether MXene can act as a cell adhesive to the production of spheroids formed by cell aggregation and intercellular adhesion. With this method, the spheroid size and formation time depend on the process conditions, such as the cell density and shaking speed. First, we investigated the shaking speeds at which spheroids form quickly (Figure 1B). At 50 rpm, spheroids formed in 8 h, whereas at 80 rpm, small cell aggregates occurred, but no spheroids formed.




3.2. Cell Spheroids Formation Time


For spheroid production, hMSCs at initial densities of 20,000 to 50,000 cells/mL were used with MXene concentrations of 0 to 10 μg/mL. The process of cell spheroid formation according to MXene concentration, cell density, and culture time was observed through a microscope (Figure S1), and the formation time and spheroid size investigated by the microscope are shown in Figure 2A,B. As a result of the formation time (Figure 2A), without MXene, cells at low density did not form spheroids, whereas spheroid formation took more than 20 h when a density of more than 40,000 cells/mL was used. The 0.5 μg/mL MXene concentration did not contribute to the rapid formation of spheroids. At MXene concentrations above 1 μg/mL, hMSC spheroids formed within 4 to 6 h. With an initial density of 20,000 cells/mL, spheroids formed within 4 h regardless of the amount of MXene (range 1–10 μg/mL). Typically, spheroid fabrication takes 1 to 7 days, but the use of MXene dramatically reduced the formation time, with the best results obtained with a density of 20,000 cells/mL and 1–10 μg/mL MXene.




3.3. Cell Spheroid Compaction


After spheroid formation by cell aggregation, spheroid compaction occurs. The degree of compaction during the 24-h incubation was observed by examining the decrease in diameter between spheroids incubated for 12 and 24 h (Figure 2B). The compaction was the greatest at 1 μg/mL MXene, and less compaction was observed with higher cell densities. For the same cell density, the degree of spheroid compaction was relatively high with low MXene concentrations. Compaction is induced by homophilic binding between cadherins in the cell membranes [22]. MXene can hinder the cadherin–cadherin interaction between cells, so homophilic binding occurs more efficiently at low MXene concentrations [24].




3.4. Cytotoxicity and Proliferation


The viability of the cells that formed spheroids was evaluated by CLSM observation and MTS metabolism. Images showed that, in all spheroids, cells kept their viability without showing cell death. The representative CLSM image is present in Figure 3A. Figure 3B shows MTS metabolism of cells that form the spheroid for 3 days of culture. The cells well grew in all spheroids without any sign of cytotoxicity, and the results showed that the best proliferation rate was revealed in the spheroid containing 10 μg/mL MXene for 3 days. Cells in compact spheroids over 500 μm in diameter migrated and grew well, and most cells from spheroids with 5 μg/mL MXene spread well, with no dead cells after 7 days of culture (Figure 3C). This indicates that there were no necrotic cores, which is generally a problem for spheroids larger than 500 μm in diameter.




3.5. Osteogenic Differentiation


Mesenchymal stem cells can self-renew and differentiate into bone-forming cells, which is very useful for bone tissue repair and regeneration. MXenes are Ti-based, which should facilitate new bone growth [25]. Thus, the spheroids produced using MXene were expected to promote osteogenic differentiation, and the present study investigated the osteogenic differentiation level.



ALP activities from cells cultured for 7 days are presented in Figure 4A. The cells of spheroids containing 5 μg/mL MXene showed a highly statistically significant increase in ALP activities, while the spheroid containing 10 μg/mL MXene revealed the reduction level of ALP. The mineralization of cell and extracellular matrix is an indicator for the last stage of bone differentiation. In general, ARS expression tends to increase after a long incubation period. As shown in the results of the study in Figure 4B, the mineral formation showed significantly higher levels in cells of the 14-day cultured spheroids than in the 7-day cultured spheroids. Particularly, the MXene-induced spheroids that formed at cell densities at which there was no spheroid formation without MXene exhibited osteogenic-differentiation behavior, with the greatest activity observed with 5 μg/mL MXene. The use of MXene facilitated the formation and osteogenic differentiation of spheroids.



Although studies that are more detailed are needed to examine spheroid characterizations and changes in the physical properties of spheroids resulting from the stiffness of MXene and their differentiation, this study is the first to suggest the utility of MXene in promoting cell spheroid formation using its cell affinity.





4. Conclusions


Two-dimensional MXene particles were used as a cell-adhesion agent to produce mesenchymal stem cell spheroids. At concentrations greater than 1 μg/mL, MXene induced spheroid formation within 6 h. At low cell densities, the MXene-induced spheroids were over 500 μm in diameter and did not have necrotic cores. The spheroids produced with MXene promoted osteogenic differentiation without requiring an osteogenic medium, and the highest production rate was at an MXene concentration of 5 μg/mL. These findings should aid the development of a new, economical way to form organoids using MXene as a cell-adhesion agent to produce spheroid-laden bioink for tissue-engineered constructs.
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Figure 1. Schematic diagram of a method for rapidly producing cell spheroids using MXene (A). Spheroid formation according to MXene concentration and shaking speed (B). 
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Figure 2. Spheroid-formation times at different MXene and hMSC concentrations (A). Cell-spheroid diameters composed of different cell density after culture for 12 and 24 h; 2 × 104 cells/mL (B), 3 × 104 cells/mL (C), 4 × 104 cells/mL (D), 5 × 104 cells/mL (E). 






Figure 2. Spheroid-formation times at different MXene and hMSC concentrations (A). Cell-spheroid diameters composed of different cell density after culture for 12 and 24 h; 2 × 104 cells/mL (B), 3 × 104 cells/mL (C), 4 × 104 cells/mL (D), 5 × 104 cells/mL (E).
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Figure 3. In vitro cell test results. Cell viability observed by CLSM (A). MTS metabolism of hMSCs after 1 and 3 days of cultures (B) (*** p < 0.001 and ** p < 0.01). Microscopy images of cell migration and spheroid growth with an initial density of 20,000 cells/mL after 7 days of culture (C). 
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Figure 4. Osteogenic differentiation in spheroids with different MXene concentrations assessed by ALP activity (A) and ARS assay (B) (** p < 0.01). 
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