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Abstract: Human adipose stem cells (hADSCs) are reliable sources for cell therapy. However, the clinical applications are limited by the decrease in activity during in vitro culture. We used a knockout serum replacement (KSR) medium, Eppendorf (EP) tube culture, and a simulated microgravity (SMG) culture system to establish hADSC spheroids. We found that hADSCs aggregated and formed spheroids in the KSR culture medium. The EP tube culture method revealed many biological cell characteristics, such as good cell viabilities, rough surfaces, polar growth, fusion phenomenon, and injectability. The findings show its advantages for hADSCs spherical cultures. When cultured in SMG, hADSC spheroids produced large-scale spheroids. Additionally, confocal examination and viability assays revealed that SMG-cultured hADSC spheroids had higher cell viabilities and looser spherical structures, relative to those cultured in EP tubes. hADSC spheroids in static EP tube culture had tighter structures and more dead cells with rough and irregular surfaces, while hADSC spheroids in dynamic SMG condition exhibited looser structures and better cell viabilities with flat and regular surfaces. Therefore, the KSR media promotes spherical formation by hADSCs, which showed polar growth, fusion, and injectability in vitro. The dynamic SMG culture enhances the formation of a looser structure and better cell viabilities for hADSC spheroids.
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Introduction

Human adipose stem cells (hADSCs) are multipotent adult stem cells with the ability to differentiate into various cell types, including bone, cartilage, neurons, myocardium, and smooth muscle endothelia (Gimble and Guilak, 2003; Mizuno, 2010). Due to their advantages, including multi-lineage differentiation, wide range of sources, ease of collection with limited damage, rapid proliferation, and low immunogenicity, hADSCs have numerous potential applications. However, hADSCs are a small proportion of adipose tissue, and low cell viability and poor engraftment after transplanted into ischemic region, it is a major limitation for hADSCs cell therapy (Lee et al., 2018). Thus, there is an urgent need to develop new in vitro culture methods to enhance cell viabilities and maintain hADSC stemness as they must be extensively expanded in vitro to obtain enough numbers for clinical applications (Fraser et al., 2006).

Most human cells interconnect with neighboring cells and the extracellular matrix (ECM), forming three-dimensional (3D) structures as well as complex networks, which is crucial for cells to execute their functions. 3D culture systems can mimic normal tissue architectures and direct the differentiation as well as functional assemblies of stem cells (Vunjak-Novakovic and Scadden, 2011). 3D spheroid cultures enhance cell viabilities, functional performance, and stemness (Hurrell et al., 2018; Szebeni et al., 2017). We previously found that hADSC spheroids produced in silicone microwells exhibit better viabilities and neural differentiation potentials (Guo et al., 2015a). Relative to conventional 2D cultures, 3D cultures of bovine corneal endothelial cell (B-CEC) spheroids exhibited higher stemness potentials (Guo et al., 2015b). We also found that rabbit corneal stromal cells (CSCs) on decellularized bovine cornea scaffolds under simulate microgravity (SMG) rotary cell culture systems (RCCS) exhibited spherical aggregate growth, while in 2D static culture, they formed monolayers (Li et al., 2013). SMG markedly enhanced rabbit keratocyte proliferation and facilitated growth into or on dehydrated bovine acellular corneal stroma (Chen et al., 2007; Dai et al., 2012). Thus, 3D spheroid cultures may be efficient at maintaining the viability and stemness of hADSCs.

Cells can be cultured into spheroids using various methods, including the use of low adhesion cultures, methylcellulose, Eppendorf (EP) tube cultures, hanging-drop, and dynamic culture methods (Lin and Chang, 2008; Laschke and Menger, 2017; Petrenko et al., 2017). Even though these methods are convenient at generating homogeneous spheroids, they are not amenable to large-scale spheroid production. SMG involves spheroidal microtissues, and is amenable to large-scale, high-density cell cultures. Moreover, it exhibits lower shear stress (Frith et al., 2010; Saleh et al., 2012). Studies have reported that SMG is useful in large-scale culture of stem cells (Li et al., 2009; Fridley et al., 2010) and may increase the viability of hADSCs (Zhang et al., 2013). In this study, we used the KSR medium, EP tube, as well as the SMG culture system to establish spheroids and evaluated their multipotent differentiation capacities, proliferative abilities, colony-forming efficiencies, spheroid viabilities, fusion abilities, as well as spheroid injectability. Moreover, we characterized hADSC spheroids grown in the EP tube and SMG in knockout serum replacement (KSR) medium and evaluated their viabilities as well as morphologies. 3D hADSC spheroid cultures will benefit stem cell growth, tissue engineering, and 3D bio-printing.

Materials and Methods

Materials

Culture reagents were purchased from Gibco (Grand Island, NY, USA). ADSCs were cultured in a conventional medium consisting of Dulbecco’s Modified Eagle’s Medium (DMEM), supplemented with 100-U/mL penicillin G sodium, 100-mg/mL streptomycin sulfate, and 10% vol/vol FBS. Unless otherwise stated, all other reagents were obtained from Sigma (St. Louis, MO, USA). KnockOut™ Serum Replacement (KSR), Vybrant™ CM-DiI/DiO Cell-Labeling kit and Collagenase type I were acquired from Life technologies (San Francisco, USA). Cell Counting Kit-8 (CCK-8) was procured from Dojindo (Kyushu, Japan). Cell Cycle and Apoptosis Analysis Kit as well as Annexin VFITC/ PI apoptosis detection kit were bought from KeyGEN (Nanjing, China). Viability/Cytotoxicity Assay Kits were obtained from BIOTIUM (San Francisco, USA). The Cell-Light™ EdU Cell Proliferation Detection kit was purchased from Ribobio (Guangzhou, China). CD29, CD44, CD59, CD34, CD45, and HLA-DR antibodies were obtained from Abcam (Cambridge, UK).

hADSCs isolation and culture

This assay was performed as previously reported (Dai et al., 2014). Human adipose tissues were obtained via liposuction from the abdomens and thighs of 3 healthy female donors (mean age: 32), who had consented to the study. Ethical approval for this study was obtained from the institutional ethical review board of the First Affiliated Hospital of Jinan University, China. We adhered to the Declaration of Helsinki guidelines. Adipose tissues were repeatedly washed using PBS until the complete removal of blood, then, they were incubated with equal volumes of DMEM containing 0.1% type I collagenase in a shaking incubator at 110 rpm, 37°C for 1 h. The suspension was filtered through a 100-mesh sieve and centrifuged (300×g, 10 min). Then, re-suspension cells were rinsed in a culture medium composed of DMEM, centrifuged (300×g, 5 min), and suspended at a concentration of 104 cells/mL in a conventional medium supplemented with 100-U/mL penicillin G sodium, 100-mg/mL streptomycin sulfate, and 10% (vol/vol) FBS. Cells were seeded into a 25 cm2 plastic culture flask, supplemented with 4 mL medium, and incubated at 37°C in a 5% CO2 incubator. The culture medium was changed every second day (All cells used in this study were with three passage).

Analysis of hADSCs gene expressions by flow cytometry

Surface markers for cell type were quantified by flow cytometry using CD29, CD44, CD59, CD34, CD45, and HLA-DR antibodies. Then, hADSCs (Passage 0) were collected and counted, 1 × 106 cells/tube were washed twice using PBS, resuspended in 100 μL antibodies (diluted with 1:100 PBS), and incubated for 30 min at 4°C. Then the cells were then washed twice, incubated with FITC labeled secondary antibody (diluted with 1:100 PBS) for 20 min at dark, 4°C. After incubation, PBS washed 2–3 times. resuspended in 200 μL of PBS. Fluorescence analyzed by flow cytometry.

Multipotency differentiation of hADSCs

This assay was performed as we previously reported (Dai et al., 2014). Adipogenic differentiation: Monolayer of hADSCs (Passage 3) were cultured in an adipogenic induction medium (DMEM/F12, 10% FBS, 1 μM insulin, 200 μM indometacin, 1 μM dexamethasone, 0.5 mM isobutyl-methylxanthine and 1% antibiotic-antimycotic. After two weeks induction, adipogenic differentiation was verified by staining lipids with Oil red O. Osteogenic differentiation: Monolayer of hADSCs (Passage 3) were cultured in osteogenic induction medium (DMEM/F12, 10% FBS, 0.1 μM dexamethasone, 50 mg/L 2-phosphate ascorbic acid, 10 mM β-glycerophosphate, and 1% antibiotic-antimycotic. After two weeks induction, osteogenic differentiation was verified by staining calcium-rich deposits with Alizarin red.

hADSCs proliferation and apoptosis assay

These procedures were performed as in our previous reports, with some modifications (Dai et al., 2014). The CCK8 assay was used to assess hADSCs proliferation. Then 2.5 × 103, 5.0 × 103, 7.5 × 103, and 1 × 104 hADSCs (Passage 2) dissociated with 0.25% trypsin- ethylenediaminetetraacetate (EDTA) solution (Gibco) and then seeded in a 96-well plate and incubated at 37°C and 5% CO2 for 24 h, Then medium were removed, after which the experimental group (presented in Fig. 1) was cultured in 100 μL KSR medium (DMEM/F12, 1% non-essential Amino Acids (NEAA), 1% L-Glutamine, 4 ng/mL basic fibroblast growth factor (bFGF), 0.1 mM β-mercaptoethanol, 20% KSR, 1% penicillin/streptomycin (P/S), while the control group was cultured in 100 μL conventional complete medium (DMEM/F12, 10% FBS, 1% P/S). After 72 h of incubation, 10 μL of the CCK8 reagent was added into each well, after which cells were incubated at 37°C and 5% CO2 for 2 h. Then, absorbance was read at 450 nm using a microplate reader. To evaluate apoptosis, hADSCs (Passage 3) were seeded in a 6-well plate and cultured to 90% confluence. Cells in the experimental group were cultured in KSR medium, while the control group was cultured in conventional complete medium for 3 days. hADSCs dissociated with 0.25% trypsin-EDTA) solution (Gibco), washed with PBS and then incubated with Annexin V- FITC/PI (diluted with 1:100), for 20 min at dark in 4°C. After incubation, PBS washed 2–3 times. After which their apoptosis was evaluated by flow cytometry. Data were analyzed using the WinMDI software.
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Figure 1: Flow diagram. A sketch of the process of spherical formation for KSRM spheroids, EP tube spheroids, SMG spheroids. CCM: conventional complement medium; KSRM: KSR medium; TCP: tissue culture plate.

Paraffin sections and H & E staining

hADSCs (Passage 2) were obtained and counted. Approximately, 2 × 104 hADSCs were seeded in EP tubes with KSR medium. Then, tubes were vertically placed in an incubator with 5% CO2 at 37°C for 48 h. In order for the dissociated hADSCs to form spheroids. The hADSC spheroids in EP tubes were fixed in alcohol/formaldehyde (AF, 40% formalin and 95% ethanol, 1:10), overnight, dehydrated in a gradient ethanol series and embedded in paraffin: The hADSC spheroids were soaked with PBS for 3 min three times treated with 70% ethanol overnight; then treated with 80% ethanol 1 h; treated with 90% ethanol 1 h; treated with 100% ethanol 1 h three times; and then treated with xylene 15 min twice, each time. The spheroids were soaked in melted paraffin and placed in an oven at 60°C for 1 h, then replaced with new paraffin and placed in an oven at 60°C for 1 h. The spheroids were removed from the oven, quickly placed in a stainless-steel embedding box, covered with plastic embedding lid, poured in melted paraffin wax, and cooled to room temperature. After that, the spheroids were cut into 5-μm thick tissue slices with a paraffin slicer, and the slices were pasted on the prepared slides coated with poly-lysine, labeled, and stored in the slicing box for later use.

H & E staining: The hADSC spheroids sections were dewaxed with xylene for 2 min three times, they were treated with 100% ethanol 2 min three times; then treated with 90% ethanol 2 min; and treated with 80% ethanol 2 min; soaked in distilled water for 2 min, then stained with hematoxylin for 2 min. Then they were washed with water and stained with eosin for 10 min. Then they were washed with water. The hADSC spheroids were treated with 80% ethanol for 30 s, 90% ethanol 30 s, and 100% ethanol for 30 s, three times. After dehydrated in a gradient ethanol series, Slices were treated with xylene for 30 s three times. Finally, the sheet was sealed with neutral gum, which can be preserved permanently, and then examined and imaged on a microscopic.

Viability/cytotoxicity assay

The experiment procedure is carried out according to the procedure of Viability/Cytotoxicity Assay Kit for Animal Live & Dead Cells. hADSCs (Passage 2) were obtained, counted after which, 2 × 104 hADSCs were seeded in EP tubes with KSR medium (presented in Fig. 1). The EP tube were vertically placed in an incubator 5% CO2 at 37°C for 48 h for cell spheroid formation. The hADSC spheroids were harvested, rinsed 2–3 times using PBS, resuspended in 2 mL PBS supplemented with 4 µL EthD-III (Ethidium Homodimer III 4.5 μM, BIOTIUM) and 1 µL of Calcein AM (Calcein acetoxymethyl ester 2 μM, BIOTIUM). Then, the mixture was incubated for 30–45 min in the dark. After discarding the staining solution, cells were rinsed 2–3 times using PBS. Nuclei were counterstained using DAPI after which spheroids were imaged by fluorescence microscope. Live cells were stained green, while dead cells were stained red.

5-Ethynyl-2'-deoxyuridine (EdU) cell proliferation stain

This procedure was performed as in our previous reports, with some modifications (Guo et al., 2020). Monolayer hADSCs and spheroids were plated in triplicates in 48-well plates, then based on the manual of the EdU labeling/detection kit, 50 μM EdU labeling medium was added to the cell culture after which incubation was performed for 24 h at 37°C in a 5% CO2 atmosphere. Cultured hADSC spheroids were fixed in 4% paraformaldehyde (pH 7.4) for 30 min and incubated with glycine for 5 min. Then, they were washed using PBS and stained with anti-EdU at room temperature for 30 min. Cells were washed using 0.5% Triton X-100 in PBS, and there after incubated with 5 μg/mL Hoechst 33342 dye at room temperature for 30 min. Samples were visualized and imaged under a fluorescence microscope.

Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) was performed to observe surface ultrastructural morphologies of hADSC spheroids. Samples were fixed in 2.5% glutaraldehyde, washed thrice for 30 min, each time in 0.1 M PBS, and postfixed in 1% osmium tetroxide for 30 min. Again, they were washed thrice using PBS after which they were passed through a graded series of alcohol (50%, 70%, 80%, 90%, and 100%). After three 5-min changes of 100% ethanol, samples were transferred to isoamyl acetate for 30 min, critical point drying, conductive coating, and mounted for viewing using ULTRA 55 SEM (Zeiss, Germany).

Vybrant™ CM-DiI/DiO cell-labeling assay

Monolayer hADSCs (Passage 2) were cultured in adhesive six-well plates, incubated to about 80% confluence and gently washed using PBS, 2–3 times before addition of the dye solution (1 mL serum-free medium + 5 μL DiI/DiO application liquid) to cover hADSCs. Then, they were incubated at 37°C, in a 5% CO2 atmosphere for 5–10 min, followed by incubation at 4°C in the dark for 15 min. They were washed thrice (5 min each) using PBS. The DiI/DiO labelled hADSCs (Passage 2) were obtained, counted, after which 2 × 104 cells were cultured in EP tubes with KSR medium (DMEM/F12, 1% NEAA, 1% L-Glutamine, 4 ng/mL bFGF, 0.1 mM β-mercaptoethanol, 20% KSR, and 1% P/S). Then EP tubes were vertically placed in an incubator at 37°C and 5% CO2 for 2 days. Next, DiI-labeled spheroids and DiO labeled spheroids were transferred to low-adhesion 24-wells (CORNING) with pipette for further incubation. They were observed and imaged by fluorescence microscopy at 2, 4, 6, 8, and 10 days.

Injectability of hADSC spheroids

Monolayer hADSCs (Passage 2) were obtained and counted, after which cells of different densities were transferred into EP tubes with KSR medium and incubated at 37°C, 5% CO2 for 2 days. Then hADSC spheroids were transferred to low-adhesion wells for further incubation for 6 days. Next, using pipettes, spheroids were injected into six-well plates, through the tip (4844, Corning Incorporated Life Sciences, USA; inner diameter ¼ 710 mm) for a 200 mL pipette, cultured with conventional complete medium and incubated. At different time point, they were observed and imaged by microscopy.

Cultured of hADSCs spheroids in simulated microgravity culture systems

To assess the growth of hADSC spheroids in simulated microgravity (SMG) cultures, hADSC spheroids at Passage 2 were cultured in EP tubes for 2 days, collected, resuspended in KSR medium (1 spheroid/mL) and seeded in a 25-mL microgravity reactor (presented in Fig. 1). The reactor was incubated for 5 days at 37°C, 15 r/min and 5% CO2. After 5 days cultured, hADSC spheroids suspensions were taken out for examined and imaged by microscopy.

Data analysis

All experiments were performed with at least 3–6 (N = 3–6) different times from each donor (there were 3 donors). All data are presented as the average standard deviations from 3–6 independent experiments. Statistical analyses were conducted using a two-sided unpaired Student’s t-test to compare differences between two groups. P < 0.05 was considered statistically significant.

Results

Characterization and differentiation of human ADSCs

When cultured in conventional medium, hADSCs from fresh lipoaspirates exhibited typical fibroblast morphologies (presented in Figs. 2A–2C). Flow cytometry analysis of surface phenotypes of human ADSCs revealed that primary hADSCs were positive for CD29, CD44, and CD59, but not CD34, CD45, or HLA-DR (presented in Fig. 2H). After 2 weeks of culture in osteogenic and adipogenic induction media, cells were stained with Alizarin red and Oil red O (presented in Figs. 2D–2G).
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Figure 2: Characterization and differentiation of human ADSCs. hADSCs (Passage 0) were cultured on days 3 (A), 7 (B), 12 (C). (D–G) adipogenesis and osteogenesis induction of hADSCs: cells stained positive for Oil red O (E) and Alizarin red (G), D and F are control groups. (H) Flow cytometry analysis for surface phenotypes of hADSCs. (A–B) Scale bar: 100 µm, (D–G) Scale bar: 200 µm.

KSR medium was conducive for hADSC spheroids formation

When cultured in conventional media for a week, hADSCs exhibited fibroblast morphologies (presented in Fig. 3A). Gradually, in KSR culture media, hADSCs aggregated into multicellular spheroids within 7 days (presented in Figs. 3B–3E). The CCK-8 assay showed that the proliferation rate for hADSCs were significantly reduced in KSR media relative to controls (P = 0.001, presented in Fig. 3F). Annexin V and PI staining revealed markedly reduced apoptosis rates in hADSCs cultured in KSR media (P = 0.01, presented in Figs. 3G–3I). These findings imply that KSR medium promotes the formation of hADSC spheroids, and significantly down-regulates the proliferation and apoptosis rates of hADSCs.
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Figure 3: Spheroid formation of hADSCs cultured with KSR medium. The morphology of hADSCs cultured with KSR medium on days 1 (B), 3 (C), 7 (D), 12 (E), or without KSR medium on day 7 (A). (F) CCK-8 analysis of the proliferation in ADSCs cultured with or without KSR medium. (G–I) Apoptosis were significantly reduced in hADSCs cultured with KSR medium relative to controls. (A–E) Scale bar: 200 µm. (*P < 0.05 and **P < 0.01 KSR vs. Control, unpaired Student’s t test, n = 4).

EP tube and KSR medium promoted hADSC spheroids formation, spheroid fusion and polar growth characteristics

The hADSCs cultured in EP tubes developed floating aggregates (presented in Fig. 4A). H&E analysis showed that hADSCs were relatively round and evenly distributed in spheroids (presented in Fig. 4B). Cell viability analysis showed that spheroid viable while their surfaces were stained by Calcein AM (green) (presented in Fig. 4C). EdU staining revealed that relative to controls, spheroid proliferating cells were mainly concentrated on one side (presented in Figs. 4D and 4E). Scanning electron microscopy showed that spheroids were convex (presented in Figs. 4I–4K) while monolayer hADSCs exhibited a flat morphology (presented in Figs. 4F–4H). The hADSC spheroids were stained with DiI (red) or Dio (green). When two spheroids came in to contact, they underwent self-assembly, eventually fusing into single spheroidal microtissues (presented in Fig. 4L). hADSC spheroids were obtained and seeded to standard adherent culture plates containing a conventional complete medium. More adherent cells distribute on one side, when the polar growth characteristics observed at 48 h adherent culture (presented in Fig. 4M). These findings show that EP tube and KSR medium promote hADSC spheroids formation, which were characterized by polar growth and fusion.
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Figure 4: Characterization of viability and fusion of hADSCs spheroids formed in EP tubes. Representative bright image (A), H&E staining (B) and Calcein AM (green)/EthD-III (red) cell staining (C) for hADSCs spheroids formed in EP tubes. EdU staining in hADSCs spheroids formed in EP tube (E) and single cells (D). Scanning electron microscopy of hADSCs spheroids formed in EP tube (I–K) and single cells (F–H). (L) Representative images of two spheroids colliding and sticking together, and then fusing was marked by DiI (red) and DiO (green) staining, respectively. (M) Polar growth characteristics were observed when hADSCs spheroids were adhered onto standard adherent culture plates for 48 h. (A–E) Scale bar: 50 µm, (L–M) Scale bar: 100 µm, (F/K) Scale bar: 10 µm, (G) Scale bar: 5 µm, (H) Scale bar: 1 µm, (I) Scale bar: 50 µm, (J) Scale bar: 20 µm.

Injectability of hADSC spheroids in vitro simulation experiments

The hADSCs aggregation experiment in EP tubes was done at densities of 1 × 104, 2 × 104, 3 × 104, 4 × 104, 5 × 104, and 6 × 104 cells per tube. After 1 day in culture, cells at all densities quickly aggregated into single floating aggregates, with spheroid sizes increasing with cell densities. Spheroids exhibited a shrinking appearance over time, which was attributed to tissue compaction (presented in Fig. 5) (Lin et al., 2006). To determine if hADSC spheroids remained intact and viable after in vivo transplantation, we performed in vitro simulation experiments. Briefly, using a pipette, hADSC spheroids were obtained and injected into standard adherent culture plates containing conventional complete medium. After passing through the injector, spheroids remained aggregated. Moreover, at higher densities, spheroids were tightly packed, and they slowly passed through the pipettor. These findings show that at higher seeding densities, hADSCs assemble into bigger spheroids and that when injected onto culture plates, spheroids maintain their structural integrity and cellular viability.
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Figure 5: Injectability of hADSCs spheroids. hADSCs aggregation analysis in EP tubes was performed at densities of 1 × 104, 2 × 104, 3 × 104, 4 × 104, 5 × 104, and 6 × 104 cells per EP tube, respectively, and hADSCs spheroids collected and adhered onto culture plates. After passing through the injector, the spheroids retained their spheroidal morphology and viability. Scale bar: 100 µm.

Simulated microgravity culture system maintained the viability of hADSCs

Analysis of hADSC spheroids cultured in SMG vs EP tube culture systems revealed that those cultured in EP tube culture systems were fused together (presented in Fig. 6A), however, fusion was significantly less than for those in the SMG culture system (presented in Fig. 6D). Moreover, spheroids contained more live green cells compared to EP tube culture system, which the arrangement of cells was looser in the SMG culture system as examined by confocal microscopy (presented in Figs. 6C and 6F). Scanning electron microscopy revealed that SMG spheroids had smoother surfaces and more regular arrangement relative to EP spheroids (presented in Figs. 6G–6L). These data indicate that relative to the EP tube culture system, SMG exhibited better maintenance effects on hADSCs. The possible relevance of the differences in cell density and surface smoothness between the two methods, maybe double effect of rotational tangent force and gravity for SMG culture, while only gravity for EP culture.

[image: images]

Figure 6: Characterization of viability in hADSCs spheroid formed by the simulated microgravity culture system. Representative bright image of hADSCs spheroid formed in EP tube (A and B) and SMG (D and E). Live/dead cells staining of hADSC spheroid formed in EP tube (C) and SMG (F). Scanning electron microscopy of hADSCs spheroid formed by EP tube (G–I) and SMG (J–L). (B–C) and (E–F) Scale bar: 100 µm, (A) and (D) Scale bar: 200 µm, (G/J) Scale bar: 200 µm, (H/K) Scale bar: 50 µm, (I/L) Scale bar: 20 µm.

Discussion

We used the KSR medium, EP tube culture, and SMG culture systems to develop hADSC spheroids and found that KSR medium was conducive for hADSC spheroids formation. We characterized hADSC spheroids in EP tubes and developed a scalable EP tube spheroids culture strategy. In vitro simulation experiments showed that hADSC spheroids were injectable and viable. Moreover, the viability of hADSCs was improved by the SMG spheroid culture system, therefore, SMG is suitable for large-scale preparation of hADSC spheroids.

Stem cells have self-renewal, and proliferation potentials. hADSCs, adult multipotent stem cells from adipose tissues, can grow as clones and they exhibit multidirectional differentiation potentials (Gimble and Guilak, 2003). hADSCs are widely studied in heterologous tissue engineering (Boquest et al., 2006). After forming spheroids, cells exhibit a structure similar to real tissues, which is conducive for studying normal physiological and biochemical characteristics of cells, as well as tissue functions (Page et al., 2013). Therefore, 3D spherical cultures of hADSCs matche the actual state in vivo than monolayer cultures (Zhang et al., 2015). We compared the biological characteristics of hADSCs grown in KSR medium, EP tube culture, and SMG culture systems, in 3D (spherical) vs. 2D (conventional monolayer) cultures.

Studies (Dromard et al., 2011; Rajanahalli et al., 2012; Al-Saqi et al., 2014; Chen et al., 2014) reported that serum-free medium can maintain stem cells in an undifferentiated state. KSR, a serum-free medium, is used to culture ES cells (embryonic stem cells) and can slow down cell differentiation rates. 3D cultures of human mesenchymal stem cells (hMSCs) have been reported, however, most of them contains fetal bovine serum, and are therefore, not suitable for further clinical applications. The exclusion of serum enhances HMSC spheroid formation (Dong et al., 2019). We used serum-free KSR media to culture hADSCs and observed that during culture, hADSCs gradually condensed into spheroids. Relative to normal media, KSR slowed hADSCs proliferation without triggering apoptosis.

There are many ways in which cells form spheroids, including serum free culture (Dromard et al., 2011; Yoshida et al., 2005), low adhesion culture (Zhang et al., 2012; Napolitano et al., 2007), agarose culture (Ferro et al., 2011), methyl cellulose culture (Mi et al., 2010), centrifugal sedimentation culture (Ong et al., 2006), shaking table dynamic culture (Lee et al., 2011), mechanical curettage cell spheroidization (Bae et al., 2011), carrier spheroidization (Chen et al., 2009; Lei et al., 2011), hanging-drop spheroidization (Sakai et al., 2011; Yang et al., 2007), and suspension culture in bioreactors (Skardal et al., 2010). After forming spheres, some adult stem cells maintain and improve their stemness (Wang et al., 2009). Aggregated sphere cultures can induce non-stem cells into acquiring stem cell properties (Pastrana et al., 2011; Su et al., 2013). Additionally, cells have a higher survival rate after sphere formation which may enhance wound healing. This finding provides new ideas for clinical applications of 3D spheroids (Mimura et al., 2005). We found that EP tube culture promotes self-assembly of hADSCs into spheroidal microtissues, which have high cell viabilities. Spherical cultures facilitate cell-to-cell interactions and communication. Thus, we investigated the biological characteristics of hADSCs cultures in KSR media using the EP tube culture system. EP tubes do not allow cell adherence to tube’s inner walls and exert a gravity effect. This method can easily generate size- and cell number-controllable spheroids, but this may take long. We found that sizes of hADSC spheroids increased with increasing cell numbers. As culture time prolonged spheroids gradually condensed. We also found that hADSC spheroids have injectability and maintain better cell activity when cultured on EP tube.

We also found that spheroids developed polar growth in adherent culture. It has been reported that after spheroid formation, cell clusters suspended in serum-free medium exhibit polarity (Ferro et al., 2011). Polar growth represents a departure from growth models of typical decentralized cells. Cell polarity means the asymmetric spatial organization of cellular components within a cell (Chang et al., 2016). Polar growth also occurs in spherical culture of human cells. Our analyses revealed that hADSC spheroids exhibit polar growth, with spheroids on one side proliferating.

If two or more hADSC spheroids are placed together, they easily fuse, over time, forming cell clusters that may also fuse under certain conditions. Cell fusion is necessary for development of multicellular organisms. Skeletal muscles are composed of a large number of multinucleated muscle fibers fused by progenitor cells during development (Petrany and Millay, 2019). Cell fusion promotes the development, growth, and maintenance of tissues and organs throughout life. Cell-cell fusion occurs in various cell types, such as myoblasts, placental cells, osteoclasts, and stem cells. Thus, specific fusion events vary by cell types and species (Willkomm and Bloch, 2015). However, mechanism and significance of hADSCs fusion are unknown.

The EP tube culture method is a 3D static culture method that may affect the expressions, growth, and differentiation of cells. However, the EP tube culture system does not produce enough cell numbers for clinical application. In this study, we showed that hADSCs can form spheroids and remain viable when cultured in SMG, which allows for even exchange of nutrients and gases, with sufficient contacts among cells (Hammond and Hammond, 2001). However, SMG culture may be more conducive for differentiation of various types of cells, compared to the EP tube method, SMG has been shown to promote the development of ocular structures (Taibbi et al., 2013), mesenchymal stem cell differentiation (Grimm et al., 2014) and neural differentiation (Chen et al., 2011). Spheroid formation in SMG enhances stemness properties and therapeutic potentials of hADSCs, without involvement of any biomaterials, exogenous genes, or proteins (Zhang et al., 2015). Hence, hADSC spheroids after 2 days in the EP tube were transferred into the SMG system and further cultured for 5 days. Then, the viability assay showed that the number of dead cells in SMG spheroids was less than that of EP tube spheroids. Scanning electron microscopy showed that surfaces of SMG spheroids were relatively smooth and organized in a regular, granular shape, which may be beneficial for ever exchange of nutrients and gases evenly.

In conclusion, relative to hADSCs cultured in normal media, their proliferation and apoptosis were low in KSR media while spheroids formed in EP tubes condensed gradually. Our experiments revealed polar growth, fusion, and injectability of hADSC spheroids, providing important information on their spherical structure and transplantation capacity in vitro. Dynamic SMG culture enhances loose structure formation and better cell viabilities of hADSC spheroids. However, this study has some limitations. For example, the mechanisms mediating hADSC spheroids formation in SMG culture, and how to maintain or improve viability as well as stemness, are unclear. These questions should be addressed in future studies.
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