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Abstract

:

Conventional cell spheroid production methods are largely manual, leading to variations in size and shape that compromise consistency and reliability for use in cell-based therapeutic applications. To enhance spheroid production, a spherical shell bioprinting system was implemented, enabling the high-throughput generation of uniform cell spheroids with precisely controlled sizes. The system encapsulates cells within thin alginate hydrogel shells formed through bioprinting and ion crosslinking reactions. Alginate–calcium ion crosslinking created alginate shells that contained gelatin-based bioinks with embedded cells, facilitating spontaneous cell aggregation within the shells and eliminating the need for plastic wells. By adjusting cell concentrations in the alginate–gelatin bioink, we achieved precise control over spheroid size, maintaining a sphericity above 0.94 and size deviations within ±10 µm. This method has been successfully applied to various cell types including cancer cells, fibroblasts, chondrocytes, and epithelial cells, demonstrating its versatility. This scalable approach enhances the reliability of cell therapy and drug screening, offering a robust platform for future biomedical applications.
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1. Introduction


Tissue and organ damage can lead to the loss of functional cells, driving the development of cell therapies aimed at restoring or regenerating tissues [1,2]. Cell therapy utilizes autologous, allogeneic, or xenogeneic cells that are modified or expanded ex vivo for therapeutic, diagnostic, and preventive purposes. Depending on the type of cells, therapies are categorized into somatic cell therapy and stem cell therapy, with applications such as dendritic cells for cancer treatment, chondrocytes for cartilage repair, and mesenchymal stem cells (MSCs) for tissue regeneration [3,4,5,6,7,8,9].



However, the direct transplantation of therapeutic cells often encounters challenges, including external stress, unintended migration, and low viability, which can reduce therapeutic outcomes [5]. To address these limitations, scaffold-based methods embed cells in hydrogels to provide structural support, while scaffold-free methods, such as spheroid cultures, promote natural cell aggregation and enhance cell–cell communication [10,11,12,13,14]. Spheroids better mimic the physiological microenvironment, making them ideal for cell therapy, drug screening, and disease modeling.



Several techniques have been developed to produce spheroids, including the hanging drop method, liquid overlay, spinner flasks, and microfluidic chips [15,16,17,18,19,20]. However, these methods suffer from limitations such as inconsistent spheroid size, low scalability, and high shear stress, which can damage cells and reduce viability [21,22,23,24].



To address these challenges, 3D bioprinting has emerged as a promising solution for integrating cells and biomaterials into bioinks to create precise 3D structures [25]. Among the various approaches, micro-extrusion-based bioprinting offers fine control over droplet size and patterning, enhancing scalability and reproducibility [26]. Recent studies have demonstrated the potential of bioprinting to improve cell–cell interactions and construct complex multilayered tissues [27,28,29]. However, obtaining uniform spheroids with controlled sizes, high sphericity, and consistency remains challenging.



This study introduces a spherical shell bioprinting (SSB) system that is designed to produce highly uniform spheroids by encapsulating cells within ion-crosslinked alginate hydrogel shells [30]. Hydrogels are synthesized by polymerization via physical and chemical crosslinking pathways. Among them, the use of ionic polymerization for the crosslinking of alginate, that is, one of the chemical crosslinking pathways, has the advantage of being able to create a spherical shell in a short period of time because it has high reaction sensitivity in aqueous environments [31]. The automated system dispenses bioink droplets into spherical shells, where cells aggregate to form spheroids. After maturation, the alginate shells are easily degraded, enabling efficient harvesting. The spheroid size can be precisely controlled by adjusting the cell concentrations in the bioink, and the system is compatible with various cell types, including cancer cells, fibroblasts, chondrocytes, and stem cells. This approach ensures consistent and scalable spheroid production, providing a reliable platform for cell therapy and drug screening.




2. Materials and Methods


2.1. Materials


Gelatin (CAS: 9000-70-8), sodium alginate (CAS: 9005-38-3), calcium chloride (CAS: 10043-52-4), and alginate lyase (CAS: 9024-15-1) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Needles (14 G, 25 G, and 30 G), Luer-lock syringes (10 mL), and related accessories were purchased from Banseok Precision IND (Seoul, Republic of Korea) and BD Biosciences (Franklin Lakes, NJ, USA). Spheroid grid-well dishes (no. 111350) were supplied by SPL Life Sciences (Gyeonggi-do, Republic of Korea). EDTA (0.5 M) was purchased from Welgene (Gyeongsangbuk-do, Republic of Korea). Cell strainers (40 µm and 1000 µm) were purchased from pluriSelect (Leipzig, Germany).




2.2. Spherical Shell Bioprinting (SSB) System


A novel SSB system was developed for precise spheroid production (Figure 1). The system was installed in a biosafety cabinet to prevent contamination from external components. It featured three temperature-controlled bioink dispensing units, each equipped with multi-head nozzles to enhance printing efficiency. The temperature of the dispensing units could be adjusted between 0 °C and 25 °C, with a controllable dispensing speed ranging from 0 to 99 mL/min. An agitator located at the bottom of each dispensing unit was rotated at speeds between 0 and 500 rpm to facilitate interaction between the bioink droplets and the alginate solution. Under optimized conditions, the bioink was dispensed at 1 mL/min with the agitator rotating at 250 rpm, enabling the production of approximately 400 bioink droplets per minute and an equivalent number of spheroids.




2.3. Cell Isolation and Culture


A549 lung carcinoma cells were purchased from ATCC (Manassas, VA, USA) and cultured in Alpha-MEM (Welgene, Republic of Korea) supplemented with 10% fetal bovine serum (FBS; Gibco, Waltham, MA, USA) and 1% penicillin/streptomycin (Welgene). Human normal fibroblast (hNF) cells were obtained from PromoCell (Heidelberg, Germany) and cultured in high-glucose Dulbecco’s modified Eagle’s medium (DMEM; Hyclone, Logan, UT, USA) supplemented with 10% FBS and 1% penicillin/streptomycin. Human mesenchymal stem cells (hMSC), human nasal chondrocytes (hNC), and human adipose-derived stem cells (hADSC) were obtained from Seoul St. Mary’s Hospital, The Catholic University of Korea, and cultured in low-glucose DMEM (Hyclone) supplemented with 10% FBS and 1% penicillin/streptomycin. Human normal keratinocytes (hNK) were obtained from Seoul St. Mary’s Hospital and cultured in KBM-Gold basal media (Lonza, Basel, Switzerland) supplemented with KGM-Gold SingleQuots (Lonza) and 1% penicillin/streptomycin. Culture media were replaced every 2–3 days and subculturing was performed when the cells reached 70–80% confluence.




2.4. Spheroid Production Process


2.4.1. Bioink Preparation


The bioink was prepared by mixing a 4% gelatin solution, a 1 M calcium chloride solution, and the cell suspension. For the gelatin solution, 4 g of gelatin powder was dissolved in 100 mL of culture medium containing 1% penicillin/streptomycin and stirred at 40 °C for 24 h. The solution was then sterilized using a 0.45 µm filter and sealed. The calcium chloride solution was prepared by dissolving 4.4 g of calcium chloride in 40 mL of deionized water and filtering it through a 0.22 µm filter. Similarly, 0.4 g of sodium alginate was dissolved in 100 mL of deionized water, filtered through a 0.45 µm filter, and cooled to 4 °C. Cells at appropriate confluence were detached using 0.25% trypsin–EDTA and resuspended in culture medium. The gelatin and calcium chloride solutions were combined with the cell suspension to obtain a final concentration of 2% gelatin and 40 mM calcium chloride. The bioink was mixed thoroughly to ensure even cell distribution, transferred into a 10 mL Luer-lock syringe, and cooled at 4 °C for 45 min.




2.4.2. Production of Spherical Beads and Cell Spheroids


The cooled bioink was dispensed through a 25G needle (inner diameter: 0.28 mm) attached to a syringe mounted on the SSB syringe holder. A 100 mL reservoir containing 0.4% sodium alginate solution at 4 °C was placed under the dispensing head, which was equipped with a stirrer. The bioink was dispensed at 1.0 mL/min and a volume of each droplet was 7.4 µL. As the droplets entered the alginate solution, an ionic crosslinking reaction occurred, forming spherical beads with a core–shell structure (core: 2% gelatin solution with cells; shell: alginate gel). After dispensing all the bioinks, 100 mL of cold sterile distilled water was added to stop the crosslinking reaction. The beads were washed with cold water, transferred to culture dishes, and immersed in culture medium. The cells were incubated at 37 °C with 5% CO2 for 72 h to allow for spheroid formation.




2.4.3. Spheroid Harvesting


After the spheroids formed, the beads were removed from the culture medium and washed with Dulbecco’s phosphate-buffered saline (DPBS, Gibco). The beads were then immersed in a 5 mM EDTA solution with gentle stirring to degrade the alginate shell. Once the shell was fully degraded, the spheroids were filtered through a 40 µm cell strainer, washed thoroughly with DPBS, and collected for further analysis.





2.5. Spheroid Production Process Using Grid-Well Culture Dish


The grid area at the center of the spheroid dish was sterilized with 70% ethanol and washed thrice with DPBS to remove residual ethanol. The remaining DPBS was removed by vacuum suction to ensure a dry surface. A cell suspension containing 5 × 105 cells in 800 µL of culture medium was evenly spread across the grid area. The dish was incubated at 37 °C with 5% CO2 for 72 h. After incubation, spheroid formation was confirmed by microscopy. To collect the spheroids, DPBS was sprayed onto the grid area, and the spheroids were carefully transferred for further analysis.




2.6. Phase Microscopy and Image Analysis


All the separated spheroids were imaged using an inverted optical microscope (CKX53; Olympus, Tokyo, Japan). Image scaling was performed using a calibration slide to ensure accurate measurement. The open-source software ImageJ (Fiji package, open-source) was used to measure the diameter, perimeter, and area of the spheroids. Data from ImageJ were further analyzed in Excel, where the measured area (S) from the 2D projection of the spheroids was used to calculate the radius (r) and the volume [V = (4/3)πr3] of an equivalent sphere. Additionally, the open-source ReViSP software was used to perform the 3D analyses of spheroid size and shape, including volume and sphericity, and to generate 3D-rendered images.




2.7. Cell Viability


Spheroids suspended in DPBS were centrifuged at 1500× g rpm for 10 min. After removing the supernatant, the spheroids were stained with 4 µM EthD-1 and 2 µM Calcein AM from the LIVE/DEAD Viability/Cytotoxicity Kit (Invitrogen, Waltham, MA, USA). Samples were incubated in the dark at room temperature for 30 min, washed with DPBS, and observed under a confocal laser scanning microscope (SP8X; Leica, Wetzlar, Germany) and an inverted optical microscope (CKX53; Olympus, Tokyo, Japan). The cell viability of the spheroids was calculated by analyzing the fluorescence images obtained through a confocal microscope using the ImageJ program [32].




2.8. Spheroid Aspiration Test


A 5 mL suspension of spheroids, produced using both the grid-well dish and SSB system, was aspirated into a 10 mL syringe fitted with a 30G needle (inner diameter: 0.16 mm). The aspiration test was performed under identical injection pressure (230 kPa) conditions with a dispensing speed of 10 mL/min for each syringe. The entire volume of the ejected suspension was collected and examined under a microscope to assess spheroid morphology and detect dissociated single cells.




2.9. Statistical Analysis


Data are presented as the mean ± SD from at least three independent experiments. One-way ANOVA was performed, followed by Tukey’s post hoc test for multiple comparisons. Student’s t-test was used for comparisons between two groups and p < 0.05 was considered statistically significant.




2.10. Nomenclature & Abbreviations


The abbreviations used in the manuscript are summarized in Table 1.





3. Results


3.1. Spheroid Production Using the SSB System


Spheroids were produced using the SSB system. Gelatin-based bioinks with three different hNC cell concentrations (0.75 × 105, 1.5 × 105, and 3.0 × 105 cells per mL) were prepared and dispensed into a 0.4% sodium alginate solution to create beads with an alginate shell (thickness: 200 µm) (Figure 2a–c). After the alginate shell was degraded with alginate lyase, spheroids with diameters of 95.3 ± 6.1 µm, 117.7 ± 8.7 µm, and 143 ± 8.7 µm were obtained, depending on the initial cell concentrations (Figure 2d). A linear relationship was observed between the spheroid volume and the number of encapsulated cells (Figure 2e). Additionally, all spheroids maintained a sphericity greater than 0.94, confirming their near-spherical structures (Figure 2f). The SSB system produced approximately 400 spheroids per minute, representing a significant improvement in throughput compared with conventional grid-well methods.




3.2. Cell Viability in SSB-Based Spheroids


The viability of spheroids produced with different cell densities (0.75 × 105, 1.5 × 105, and 3.0 × 105 cells per mL) was assessed using live and dead staining. All spheroids exhibited a viability rate greater than 85% (Figure 3). Although 0.75 × 105 cells per mL spheroids showed the best cell viability, the p value in the three concentration conditions was 0.61, so the difference was not significant. The spheroids produced at higher cell concentrations showed improved aggregation, resulting in more stable spherical structures. These results demonstrate the potential of SSB-generated spheroids for applications requiring robust and functional cell constructs, such as cell therapy.




3.3. Comparison Between Grid-Well Culture Dish and SSB


To evaluate the performance of the developed technology, the spheroids generated using a commercial grid-well dish were compared with those produced using the SSB system. Spheroids from the grid-well dish exhibited inconsistent diameters, whereas the SSB system consistently produced spheroids of uniform size (Figure 4a,b). Although the average diameters were similar (75 ± 25 µm for the grid-well dish and 89 ± 8 µm for the SSB), the variability in diameter was significantly greater for the grid well dish (Figure 4c,g). The spheroids produced by the SSB system exhibited a near-perfect spherical structure with a sphericity value of 0.95 ± 0.02, while those from the grid-well dish had a lower sphericity of 0.86 ± 0.08 (Figure 4d). The spheroid conversion rate, defined as the proportion of cells that successfully aggregated into spheroids, was significantly higher in the SSB system (63.3%) than that in the grid-well dish (8.9%; Figure 4e). The average number of cells per spheroid was comparable between the two methods, with 167 ± 52 cells for the grid-well dish and 170 ± 22 cells for the SSB system (Figure 4f,g). However, fragmented cell clusters were observed at the bottom of the grid-well dish, indicating incomplete aggregation and suggesting that not all cells participated in spheroid formation. These findings highlight the advantages of the SSB system in producing uniform and compact spheroids with minimal size and shape variability, ensuring high consistency and efficiency. Reliability is crucial for applications in drug screening, disease modeling, and cell therapy, where reproducibility and uniformity are essential for success.




3.4. Verification of Spheroid Production in Various Cells


Spheroids were generated from various cell types to validate the applicability of the developed spheroid-production technology. These included cancer cells (A549), stem cells such as hMSC and hADSC, and normal cells, including hNC, hNK, and hNF (Figure 5). The results confirmed that spheroids could be consistently produced across all cell types, with diameters maintained at approximately 100 µm. The ability to generate uniform spheroids from diverse cell types demonstrates the flexibility and versatility of the SSB system. This consistency is critical for applications in cancer research, tissue engineering, drug screening, and other biomedical fields.




3.5. Stability of Fabricated Spheroids


To effectively utilize the spheroids produced in cell therapy, their structural stability during injection is critical. In an aspiration test using a 30G needle (inner diameter: 160 µm), spheroids generated by the SSB system at a concentration of 5.0 × 104 cells per mL (average size: 89.1 µm) maintained their integrity and showed no dissociation into single cells. In contrast, spheroids produced using a commercial grid-well dish exhibited size variability, structural damage, and breakage during injection (Figure 6). These findings emphasize the importance of generating spheroids with consistent sizes and robust structures for use in cell therapy. Uniform spheroids reduce the risk of mechanical damage during injection and ensure reliable therapeutic outcomes, highlighting the superiority of the SSB system for clinical applications.





4. Discussion


The limitations of 2D cell cultures in replicating in vivo environments have driven the development of 3D cultures that better support cell–cell interactions and tissue formation. Bioprinting technologies have emerged as essential tools for constructing complex tissues by embedding cells within hydrogels. However, traditional bioprinting methods that utilize individual cells often suffer from low cell density and limited functionality, rendering them inadequate for mimicking native tissues [33,34,35,36]. Spheroid-based bioprinting addresses these challenges by promoting natural cell aggregation into 3D structures and enhancing cell signaling and tissue formation [37].



Several bioprinting strategies have been developed to improve the production and application of spheroids, such as extrusion-based [38,39,40,41], droplet-based [42,43], Kenzan method [44,45,46,47], biogripper [48,49], aspiration-assisted [28,50,51], and magnetic bioprinting [52,53]. However, these methods often encounter challenges such as shear stress-induced damage, nozzle clogging, and low throughput, which compromise reproducibility and stability. Given that human organs have high cell densities of 1–3 billion cells/mL, high-throughput spheroid production is essential for tissue engineering and cell-based therapies [54].



The SSB system presented in this study offers a novel solution by producing highly uniform spheroids with consistent diameters of approximately 100 μm. Its core–shell structure enables precise control over size and facilitates easy spheroid retrieval after alginate shell degradation. This system eliminates the need for cell-repellent U-bottom plates, thereby reducing production costs and increasing efficiency. Compared to grid-well dishes, the SSB system achieved higher uniformity and sphericity (above 0.94), reducing the risk of shear stress and prevented blockage during the printing processes [37].



An aspiration test further confirmed the suitability of the SSB system for clinical applications. SSB-based spheroids maintained their integrity during injection through a 30 G needle, whereas spheroids from grid-well dishes exhibited size variations, fragmentation, and instability, compromising their utility in cell therapies. These findings demonstrate the importance of size consistency and mechanical stability for therapeutic applications. In addition, the spheroids produced in this experiment were confirmed to have maintained their shape and cell survival up to 7 days and to have shown a high survival rate after 6 months of storage in liquid nitrogen. However, further research on long-term survival and storage methods will be necessary for actual clinical use.



Additionally, the SSB system demonstrated versatility by producing spheroids from a variety of cell types, including cancer, stem, and normal human cells. This flexibility makes these spheroids suitable for drug screening, disease modeling, and tissue engineering [55,56,57]. With increasing restrictions on animal models in preclinical research, 3D spheroid cultures have become essential tools for studying complex biological processes [58]. Moreover, the integration of patient-derived cells, such as induced pluripotent stem cells, into spheroid bioprinting offers exciting opportunities for personalized therapies and advancements in regenerative medicine [59].



The SSB system bridges the gap between laboratory research and clinical application by offering a scalable, efficient, and versatile platform. Its ability to produce high-throughput uniform spheroids supports their diverse applications in bioprinting-based therapies, drug screening, and tissue engineering.




5. Conclusions


This study introduced the SSB system, a novel spherical shell bioprinting platform that is capable of producing highly uniform spheroids with precise control over their size and sphericity. The system generated spheroids with consistent diameters of approximately 100 µm across various cell types, including cancer cells, stem cells, and normal cells, demonstrating its versatility and reproducibility. Compared to conventional methods, such as grid-well dishes, the SSB system achieved greater size uniformity, sphericity, and mechanical stability. In aspiration tests simulating clinical injections, the SSB-based spheroids maintained their integrity without dissociation, confirming their potential for use in cell therapy. The scalability and flexibility of SSB systems offer significant advantages for tissue engineering, disease modeling, and drug screening. Future studies should focus on co-culture models and patient-derived cells to replicate complex tissue structures and validate the utility of this system in personalized medicine. Owing to its robust design and efficient performance, our system presents a valuable platform for advancing regenerative medicine and bioprinting-based innovations in both research and clinical applications.
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Figure 1. Schematic images of the spheroid production process using the SSB system. (a) Preparation of bioink based on a thermo-sensitive hydrogel mixed with cells and ionic molecules. (b) Illustration of the SSB system. (c) A specialized spherical shell bioprinting system dispenses bioink droplets containing cells and ionic molecules into a sodium alginate solution, creating core–shell structures through an ion-crosslinked hydrogel bound to ionic molecules on the surface of the bioink droplet. (d) Cells aggregate in the center of the core–shell structure. (e) Cell spheroids are formed as the cell culture progresses. 
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Figure 2. Size-controlled spheroids produced by SSB. (a–c) Spheroids with diameters of approximately 94 µm, 117 µm, and 143 µm were generated using bioinks containing 0.75 × 105, 1.5 × 105, and 3.0 × 105 cells/mL, respectively (scale bar = 100 µm). (d) Box plot of spheroid diameters. Statistical analysis using one-way ANOVA followed by Tukey’s post hoc test shows significant differences (p < 0.001). (e) Linear correlation between spheroid volume and cell number (R2 = 0.98), confirming precise size control. (f) All spheroids maintained sphericity values above 0.94, ensuring structural integrity (p < 0.05). (g) 3D renderings of representative spheroids illustrate their consistent morphology across different concentrations. 
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Figure 3. Cell viability of spheroids produced using the SSB system. (a) Confocal microscopy images display live (green, Calcein-AM) and dead (red, EthD-1) cells within spheroids (scale bar = 100 µm). (b) Quantitative analysis shows that all spheroids maintained > 85% viability, with higher densities (3.0 × 105 cells/mL) resulting in improved structural stability (p < 0.05). These results highlight the system’s suitability for producing robust spheroids for therapeutic applications. 
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Figure 4. Comparison between grid-well dish and SSB spheroids. (a) Spheroids from the grid-well dish show irregular diameters and inconsistent morphology (scale bar = 100 µm). (b) The SSB system produced spheroids with uniform size and shape (scale bar = 100 µm). (c) Box plot comparison of spheroid diameters shows significantly reduced variability with the SSB system (p < 0.001). (d) Sphericity analysis reveals better uniformity in SSB spheroids (0.95 ± 0.02) compared to grid-well spheroids (0.86 ± 0.08, p < 0.05). (e) The SSB system achieved a higher spheroid conversion rate (63.3%) compared to that by the grid-well dish (8.9%, p < 0.001), demonstrating improved efficiency. (f) No significant difference was found in the number of cells per spheroid between the two methods (grid-well: 167 ± 52; SSB: 170 ± 22, n.s.). (g) 3D renderings highlight the morphological differences between spheroids produced by each method. 
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Figure 5. Spheroid formation using various cell types with the SSB system. (a–f) Spheroids were successfully generated from A549 cancer cells, hNF, hNC, hMSC, hADSC, and hNK (scale bar = 100 µm). 
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Figure 6. Stability of spheroids during injection through a 30G needle. (a) Spheroids from the grid-well dish exhibited size variations and structural damage after injection (scale bar = 100 µm). (b) In contrast, spheroids generated using the SSB system maintained their integrity, showing no dissociation into single cells during injection. This result underscores the importance of size uniformity and mechanical stability for therapeutic applications. 
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Table 1. Abbreviation.
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	Abbreviation
	Full Name





	MSCs
	mesenchymal stem cells



	2D
	two-dimensional



	3D
	three-dimensional



	SSB
	spherical shell bioprinting



	gelatin
	gelatin from bovine skin



	CaCl2
	calcium chloride



	EDTA
	ethylenediaminetetraacetic acid



	A549
	human lung cancer cells



	hNFs
	human normal fibroblasts



	DMEM
	Dulbecco’s modified Eagle’s medium



	FBS
	fetal bovine serum



	P/S
	penicillin/streptomycin



	Alpha-MEM
	alpha-minimum essential medium



	hNCs
	human nasal chondrocytes



	hADSCs
	human adipose-derived stem cells



	hNKs
	human normal keratinocytes



	KBM
	keratinocyte basal medium



	KGM
	keratinocyte growth medium



	DPBS
	Dulbecco’s phosphate-buffered saline



	calcein-AM
	calcein-acetoxymethyl



	EthD-1
	ethidium homodimer-1



	G
	gauge
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