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SUMMARY: 
This study presents a reproducible biofabrication workflow using adipose-derived stem cell spheroids and 3D-printed GelMA scaffolds. It demonstrates spatial control, fusion capacity, and quality control metrics, resulting in transplantable macroscale tissue constructs with potential applications in regenerative medicine.

ABSTRACT:
The lack of standardized protocols across laboratories poses a significant barrier to the comparability of experimental outcomes and the efficient transfer of biofabrication technologies. Rigorous biological standardization not only enhances reproducibility but also facilitates alignment with national and international regulatory frameworks, which are essential for the clinical translation of tissue engineering strategies. This study introduces a standardized biofabrication workflow comprising monolayer culture of hADSCs, spheroid formation, 3D printing of Gelatin Methacryloyl (GelMA) scaffolds, and spheroid bioassembly. Quality control metrics were integrated to ensure reproducibility. The 3D-printed GelMA scaffold was designed with two central pores, each capable of housing hundreds of spheroids. Printing fidelity was confirmed by comparing scaffold dimensions to the CAD model, with minor non-significant deviations. hADSCs formed uniform spheroids within 24 h in agarose micromolds. When seeded into scaffold pores, spheroids underwent continuous fusion over 72 h, forming macroscale constructs confirmed by confocal imaging. Scaffold design and printing accuracy ensured structural support, while spheroid uniformity enabled predictable formation of the construct. The fusion of spheroids within the scaffold pores yielded tissue constructs suitable for transplantation, with or without the scaffold, highlighting the versatility of this bioassembly approach. The findings underscore the pivotal role of biological standardization in advancing reproducible methodologies for the biofabrication of living tissue constructs, with promising implications for future clinical applications in regenerative medicine.

INTRODUCTION:
Bioassembly and bioprinting are complementary biofabrication approaches in tissue engineering that focus on constructing complex tissues and organs at the macroscale using automated technologies1–4. 

Spheroids were incorporated into biofabrication as building blocks mainly for bioassembly approaches5. Spheroids are considered microtissues that reproduce interactions between cells and the surrounding tissue microenvironment in vivo. Among the cell sources used for spheroid formation, adipose-derived stem cells (ADSCs) stand out for their ease of isolation, long-term culture maintenance, and differentiation potential6–8.

Due to their intrinsic capacity to form larger aggregates, spheroids can generate more complex tissue constructs when subjected to bioassembly approaches. This fusion-driven organization enhances the regenerative and differentiation potential of stem cell spheroids9,10. 

Spheroid bioassembly can be supported or even guided by biomaterials11, making this strategy suitable for scalable and automated biofabrication12,13.

Existing biofabrication strategies can be broadly categorized into scaffold-free spheroid assembly approaches and hydrogel-embedded bioprinting systems2,5,14. Scaffold-free methods rely exclusively on spontaneous cellular self-assembly and inter-spheroid fusion, leveraging intrinsic cell–cell interactions. However, because they occur without external architectural guidance or geometric confinement, these approaches exhibit reduced spatial control and lower structural predictability5,15. In contrast, hydrogel-based encapsulation approaches embed cells within bulk matrices to provide structural support and predefined architecture16,17, which may partially restrict direct cell-cell contact during early fusion stages and influence cell migration dynamics18. 
In this framework, printable biomaterials such as Gelatin Methacryloyl (GelMA) present cell adhesion motifs and may function as scaffolds to facilitate spheroid bioassembly19. A 3D-printed GelMA scaffold is hypothesized to provide geometric confinement and spatial guidance for spheroids, thereby promoting controlled tissue formation through fusion into larger, structurally defined constructs. This approach aims to improve spatial control and structural reproducibility during spheroid bioassembly by combining scaffold-guided organization with spheroid fusion within a defined hydrogel architecture. However, the present workflow focuses on process standardization and structural biofabrication parameters and does not address long-term tissue maturation, functional differentiation, or large-scale automated production.

Biological standardization is essential not only to ensure reproducibility and scalability but also to preserve the functional integrity of biofabricated tissues19,20. Consequently, precise control of engineering, geometric, and structural parameters is critical, as these factors directly influence biological performance, including tissue function and maturation5,21. A standardized and reproducible biofabrication workflow is presented, encompassing the following key steps: (1) ASC monolayer culture; (2) ASC spheroid formation; (3) 3D printing of the GelMA scaffold; and (4) spheroid bioassembly (Figure 1). Within this workflow, objective quality control metrics were established, including spheroid uniformity and sphericity, printing fidelity, and scaffold shape integrity. 

PROTOCOL:
The reagents and the equipment used are listed in the Table of Materials.

1. Preparation of agarose micromolds and fabrication of GelMA 3D-printed scaffolds

1.1. Production of the 2% agarose micromold in 0.9% Sodium Chloride (NaCl) solution (see Figure 2A)

NOTE: All chemical waste must be handled and disposed of in accordance with institutional chemical safety regulations and hazardous waste guidelines.

1.1.1 Prepare a 0.9% NaCl solution in ultrapure water and autoclave for 30 min at 121 °C. Maintain under sterile conditions until use.

1.1.2. Dilute 1 g of sterile ultrapure agarose in 50 mL of 0.9% NaCl solution. Homogenize and depolymerize the agarose in a microwave at 10-s intervals for 3–5 cycles, until fully dissolved.

1.1.3. In a biological safety cabinet, position a commercially available silicone mold containing 81 circular recesses on sterile gauze.

1.1.4. Carefully deposit 600 μL of agarose in the center of the silicone mold and allow it to rest for 40 min to ensure complete polymerization.

1.1.5. Carefully demold the fully polymerized agarose micromold and transfer it to a well of a 12-well microtiter plate.

1.1.6. Adjust the position of the agarose micromold and fix it to the bottom of the well by filling with 600 μL of agarose.

1.1.7. Pre-incubate the micromold by incubating with Dulbecco’s Modified Eagle Medium Low Glucose (DMEM, 2 mL/well) for 15 min. Repeat this procedure twice and, in the third incubation, replace with the Three-Dimensional (3D) culture medium, composed of DMEM supplemented with ascorbic acid (50 µg/mL), human serum albumin (1.25 µg/mL), penicillin-streptomycin (PS, 1×, from a 100× stock solution), and ITS supplement (1×, from a 100× stock solution). 

NOTE: The 3D culture medium differs from the monolayer expansion medium by the absence of Fetal Bovine Serum (FBS) and the inclusion of defined supplements that promote cell–cell interaction and extracellular matrix support, favoring proper spheroid self-assembly and stabilization. If mold production and cell plating are performed on different days, the procedure may be paused after the second DMEM incubation, and the molds should be stored under sterile conditions in a humidified incubator at 37 °C for up to 5 days. The third incubation with 3D culture medium must be performed only on the day of plating. Before seeding the cells, completely remove the medium from both the well and the micromold.

1.2. Preparation of Gelatin Methacryloyl (GelMA) hydrogel

NOTE: The entire procedure should be performed in the dark, as the reagents are photosensitive. In this study, GelMA (gel strength 300 g Bloom, degree of substitution 60%) and the photoinitiator lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) were used. To prepare 10 mL of a 10% w/v GelMA solution containing 0.5% w/v LAP:

1.2.1 Dissolve 50 mg of LAP powder in 1 mL of DMEM, gently mixing with a pipette until a clear, homogeneous solution is obtained.

1.2.2. Transfer the LAP solution to a centrifuge tube containing 9 mL of DMEM and mix thoroughly.

1.2.3. In a biological safety cabinet, sterilize the resulting solution by filtration through a 0.22 µm filter.

1.2.4. Add 1 g of GelMA to the solution and homogenize using magnetic stirring at 50 °C for approximately 3 h, or until a clear and homogeneous solution is obtained. Hold the flask up to the light to ensure that the solution is free of visible particles and turbidity.

1.2.5. Load the resulting hydrogel into a 10 mL syringe for subsequent printing or, if not used immediately, store it at 2–8 °C, protected from light, until use.

NOTE: The GelMA and LAP solutions were used approximately 24 h after preparation. Prolonged storage of this solution is not recommended. Both GelMA and LAP powders should be stored at 2–8 °C, according to the manufacturer’s instructions. The LAP photoinitiator is classified as non-hazardous according to standards such as ABNT NBR 14725 and Regulation (EC) nº 1272/2008. However, the manufacturer recommends using personal protective equipment to prevent respiratory, skin, and eye irritation. The use of safety glasses tested and approved in accordance with relevant governmental standards, such as NIOSH (National Institute for Occupational Safety and Health - US) or EN 166 (EU), as well as nitrile rubber gloves with a minimum thickness of 0.11 mm, is recommended. Respiratory protection is required only when dust is generated. The manufacturer’s recommendations regarding respiratory protection with a filter are based on standards such as DIN EN 143, DIN EN 14387, and other complementary standards related to the specific respiratory protection system in use. The manufacturer recommends using a P1-type filter.

1.3. 3D model design, slicing, and generation of the G-code file

NOTE: The 3D scaffold model was designed using the online 3D computer-aided design (CAD) software Tinkercad. For this protocol, a cylindrical scaffold was generated with a diameter of 15 mm, a bottom thickness of 1 mm, and two circular pores, each with a diameter of 5.50 mm and a depth of 2 mm.

1.3.1. Once the 3D model design is completed, export it as an *.stl file (Supplementary File 1).

1.3.2. Open the Repetier-Host V2.3.2 software, which will be used to slice the designed model.

1.3.3. In the "Slicer" tab, select the desired slicer option. In this study, the CuraEngine was used.

1.3.4. Configure the appropriate parameter profile. In this work, Speed 10 mm/s; Layer Height 0.2 mm; Infill Pattern: Grid; Nozzle Diameter 0.41 mm were used.

1.3.5. Load the *.stl file of the 3D model to be printed.

1.3.6. In the "Slicer" tab, select the previously created configuration.

1.3.7. Click on "Slice with CuraEngine". The sliced 3D model will then be visualized in the software interface.

1.3.8. Click on “Save to File” to save the G-code file in the desired location.

1.4. 3D Printing of Gelatin Methacryloyl (GelMA) hydrogel scaffolds for spheroid bioassembly 

NOTE: 3D printing must be performed under sterile conditions. Therefore, before starting the printing process, check that the biological safety cabinet housing the printer is turned on and that the airflow is functioning properly. Confirm that the height of the cabinet protection glass is at the same height as the equipment sensor marking.

1.4.1. Remove the safety locks from the bioprinter.

1.4.2. Remove the glass plate from the printing bed by releasing the metal clips.

1.4.3. Attach an appropriately shaped acrylic guide to support fixation of the culture plate onto the printing platform, using the metal clips.

1.4.4. Connect the printer to the power source. Note that this equipment supports dual voltage (110/220 V).

1.4.5. Connect the printer USB cable to the computer.

1.4.6. Press the on/off button to turn the printer on.

1.4.7. Open Repetier-Host V2.3.2 software, which will be used to view the 3D model and print.

1.4.8. Click the “Connect” option in the software interface.

1.4.9. Using the software manual control, select the extruder (1 or 2) and send the printhead to the home position (X = 0, Y = 0, Z = 0).

1.4.10. Adjust the selected extruder for proper syringe fitting using the appropriate tool of the manual control in Repetier.

1.4.11. Carefully insert the syringe into the extruder, already loaded with hydrogel and attached to an extrusion nozzle (in this study, we used a conical polypropylene nozzle with an internal diameter of 0.41 mm).

1.4.12. Fit the culture plate into the acrylic guide attached to the printing bed.

1.4.13. Adjust the Z home position (Z = 0) using the Z endstop screw located on the left side of the bioprinter. That is, set the desired distance between the extrusion nozzle and the printing surface. Ideally, the nozzle should lightly touch the substrate, which in this study was the culture plate.

1.4.14. Return the printhead to the home position.

1.4.15. Load the previously generated G-code file.

1.4.16. Using the appropriate manual control tool in the software, extrude some of the hydrogel from the syringe to ensure material flow through the nozzle.

1.4.17. Start the printing process.

1.4.18. After printing, perform photocrosslinking of the resulting scaffold using the 3D bioprinter's UV light system, equipped with two LEDs at 395-400 nm. Expose the scaffold to UV light for 5 min (light intensity of 20 mW/cm²).

1.4.19. Use the same depolymerized 2% agarose solution used for fabricating the micromolds to attach the 3D-printed scaffolds to the wells of a 12-well culture plate. Securing the scaffolds to the bottom of the wells is necessary to provide greater stability and to prevent displacement during spheroid seeding and throughout the culture period.

NOTE: When performing step 4.16, check if the hydrogel forms a continuous filament during extrusion. Typically, the gelatin solution is loaded into the syringe while still in the liquid state (approximately 37 °C). Within a few minutes at room temperature (22–25 °C), this biomaterial begins to transition to a gel-like consistency. The material should not drip during extrusion, as this will negatively affect print quality. Continuous filament formation during extrusion indicates that the hydrogel has reached an optimal consistency for printing. The GelMA and LAP solution diluted in DMEM exhibits a slightly orange coloration. Following UV-induced photocrosslinking, a color change is commonly observed, with the material becoming whitish or translucent, as shown in Figure 3D,E. When operating the UV system, safety glasses are mandatory to ensure adequate eye protection against ultraviolet radiation.

1.5. Printing fidelity analysis
 
NOTE: The 3D printing fidelity analysis of GelMA scaffolds considers the following parameters: scaffold diameter, pore diameter, and scaffold thickness. ImageJ Version 1.54 software was used to perform the measurements.

1.5.1. First, capture images of the scaffolds viewed by a stereomicroscope. Use a ruler or caliper as a reference.

1.5.2. Before analyzing the images, calibrate and set the scale in ImageJ to carry out the measurements.

1.5.3. Use the straight-line tool to perform the measurements.

1.5.4. Since both the scaffold and pore shapes are circular, use the arithmetic mean of the scaffold and pore diameters for statistical analysis.

1.5.5. For printing fidelity analysis, compare the measurements obtained by ImageJ from the printed scaffolds with the values defined in the 3D model generated by Tinkercad.

NOTE: The measured printed scaffold thickness is compared with the sum of the pore depth and bottom thickness values projected in Tinkercad.

1.5.6. Perform statistical analysis of the obtained data. In this case, to compare the measured scaffold values with the expected values, the Mann-Whitney U test (nonparametric) can be used. The Shapiro-Wilk test is used to assess normality. Differences are considered statistically significant when p < 0.05.

2. Preparation of hADSCs and spheroid formation

NOTE: Commercially available human adipose-derived mesenchymal stem cells (hADSCs) were cultured in cell-specific growth medium and passaged at 80%–90% confluence according to the manufacturer’s recommendations. Cells were used until passage 7 for this protocol. All biological waste must be properly decontaminated or sterilized before disposal and handled in accordance with institutional biosafety guidelines. For subsequent confocal visualization, the monolayer should be labeled with a fluorescent dye before spheroid formation and incubated as recommended by the manufacturer. Spheroid formation may be initiated 30 min after labeling. 

2.1. Trypsinization of the ASC monolayer

2.1.1. In a biological safety cabinet, open the culture flask and transfer its contents to a waste container.

2.1.2. Wash the monolayer twice with 1× Phosphate-Buffered Saline (PBS) and discard the solution.

2.1.3. Add 0.125% trypsin/EDTA solution sufficient to cover the monolayer. Close the flask and incubate in a humidified incubator at 37 °C for up to 5 min.

2.1.4. Inactivate the trypsin/EDTA by adding an equal volume of DMEM supplemented with 10% fetal bovine serum (FBS).

2.1.5. Collect the cell suspension using a serological pipette or transfer to centrifuge tubes. Centrifuge at 400 x g for 5 min at room temperature (20–25 °C).

2.1.6. Carefully discard the supernatant.

2.1.7. Resuspend the cell pellet in DMEM and homogenize. Take an aliquot for cell counting and viability assessment.

2.2. Spheroid culture  (see Figure 2B)

2.2.1. Separate the appropriate number of cells to be plated for each mold into a 15  mL centrifuge tube. For hADSCs, each agarose mold containing 81 recesses should receive 1 × 10⁶ cells—one spheroid forms in each microwell, yielding 81 spheroids per micromold.

2.2.2. Add 1× PBS and centrifuge at 500 x g for 5  min at room temperature. Discard the supernatant and add 1× PBS. Repeat this step twice.

2.2.3. After the third centrifugation, carefully discard the supernatant and dry the tube opening with sterile gauze before returning it to a vertical position.

2.2.4. Resuspend the cell pellet in 120 µL of 3D culture medium for spheroid culture and homogenize. Adjust the suspension volume to 200 µL with additional 3D culture medium if necessary. 

NOTE: Each mold with 81 resections has a capacity of 200 µL.

2.2.5. Aspirate 200 µL and plate it in the center of the mold carefully, avoiding bubble formation.

NOTE: This step can be automated using a robotic pipetting system, as previously described22.

2.2.6. Leave the plate in the biological safety cabinet for 5 min to allow cells to settle into the resections.

2.2.7. Place the plate in a humidified incubator for 40 min.

2.2.8. After this period, carefully add 2 mL of 3D Medium to each well. Return the plate to the humidified incubator at 37 °C.

2.3. Spheroids measurement and statistical analysis

2.3.1. Capture images of the spheroids positioned along the two diagonals of the agarose micromold, forming an “X” pattern, using an inverted optical microscope equipped with a digital camera and a 10× objective. Use the 100 µm scale bar to calibrate the image scale before measuring diameters.

2.3.2. To determine the major and minor diameters of the spheroids, use the software’s “line” tool and perform two perpendicular measurements for each photographed spheroid, with an approximate 90° angle between them.

2.3.3. Calculate the mean diameter of each spheroid as the arithmetic mean of the two previously measured perpendicular diameters. Calculate the sphericity as the ratio of the largest to the smallest diameter of each spheroid, with values closer to 1 indicating greater uniformity and a more spherical shape.

2.3.4. Perform statistical analyses using the obtained diameter and sphericity values.

3. Seeding of spheroids on GelMA scaffolds for spheroid fusion and bioassembly

3.1. After 24 h of spheroid formation, collect them from the agarose micromolds using a pipette with wide-bore tips and transfer them to 2 mL microtubes.

3.2. When the spheroids settle at the bottom of the microtubes, discard the supernatant.

3.3. Resuspend the spheroids in 50 µL of 3D Medium.

3.4. Using a pipette with wide-bore tips, collect the spheroids and gently embed them in the GelMA scaffold pores.

NOTE: In a GelMA support pore about 5.50 mm in diameter and 2 mm in depth, seed approximately 480 to 640 spheroids (corresponding to 6–8 agarose micromolds, each generating 81 spheroids with diameters ranging from 200 to 400 µm) in 50 µL. This estimate was based on pore volume and mean spheroid diameter, with quantification performed by the number of complete micromolds transferred rather than by individual spheroid counting, ensuring a practical and reproducible estimate of spheroid density within the pore.

3.5. After depositing the spheroids into the GelMA support pore, wait 20–40 min to allow the spheroids to settle. Add 1 mL of 3D medium to each well.

3.6. After 24 h, add 1 mL of 3D medium to each well.

3.7. Monitor the fusion of spheroids within the pores of GelMA scaffolds by phase-contrast microscopy and stereomicroscopy. Acquire the images every 24 h, from day 0 (immediately after seeding) to day 3 (72 h). 

3.8. Fix the biological construction in 4% paraformaldehyde after 72 h for visualization by confocal microscopy. Handle paraformaldehyde in a certified chemical fume hood using appropriate personal protective equipment (lab coat, gloves, and eye protection) due to its toxic and irritant properties, and dispose of waste according to institutional chemical safety guidelines. For confocal observation, cells should be pre-labeled in the monolayer with a fluorescent dye before spheroid formation.

NOTE: If removal of the construct from the GelMA pore is required for analysis or in vivo application, carefully retrieve it using precision tweezers or an appropriately sized biopsy punch.

RESULTS: 
Human adipose-derived stem cells (hASCs) cultured in a monolayer (Figure 2C) were successfully induced to form spheroids within 24 h after seeding into agarose micromolds (Figure 2D). The resulting spheroids exhibited a compact and well-defined morphology. Morphometric analysis revealed a mean diameter of 239.8 µm ± 87.0 µm at 24 h (Figure 2E) and a sphericity value close to 1 (0.947 ± 0.123) (Figure 2F), indicative of uniform and symmetrical spheroids.
        
The CAD model of the 3D-printed scaffold was designed with two pores, occupying approximately one-third of the scaffold’s total diameter (Figures 3A,B). The model was sliced, and the corresponding G-code was generated. Once the G-code file is generated, it can be loaded into the printing software, Repetier Host, and the sliced 3D model can be visualized (Figure 3C). GelMA hydrogel scaffolds were successfully printed  (Figures 3D,E). No statistically significant differences were detected between the dimensions of the 3D model and those of the printed scaffolds (n = 3), considering the following parameters: (1) scaffold diameter (p = 0.7000) (Figure 3F); (2) pore diameter (p = 0.1000) (Figure 3G); and (3) scaffold thickness (p = 0.1000) (Figure 3H). Although a slight reduction in thickness was observed, this difference was not statistically significant.

hADSCs spheroids were seeded into the scaffold pores of the 3D-printed GelMA scaffolds to promote fusion and bioassembly (Figure 4). Immediately after transfer (0 h), spheroids were distributed within the pore regions (Figure 4A). Progressive fusion was observed over time, with partial coalescence at 48 h (Figure 4B) and extensive fusion at 72 h (Figure 4C). After 72 h, a macroscale biological construct estimated to occupy 80% of the entire pore diameter was visible under stereomicroscopy (Figure 4D). Confocal imaging confirmed the formation of a single fused construct within the pore after 72 h (Figure 4E). The resulting construct measured 3,711.08 µm in length and 4,258.97 µm in width, demonstrating the system's capacity to generate millimeter-scale tissue constructs through controlled spheroid bioassembly.

FIGURE LEGENDS: 

Figure 1: Schematic overview of the experimental workflow. Human adipose-derived stem cells (hASCs) are expanded in monolayer culture and subsequently used to generate spheroids in agarose micromolds (1–2). In parallel, the GelMA bioink is prepared and 3D-printed to produce support scaffolds (3). Uniform spheroids are then transferred into GelMA support pores to promote bioassembly and progressive fusion into macroscale constructs (4). Finally, fused constructs are fixed and structurally evaluated to confirm millimeter-scale tissue formation and overall construct integrity (5).

Figure 2: Agarose micromold fabrication, spheroid formation, and morphometric characterization. (A) Schematic representation of agarose micromold production. (B) Schematic overview of cell seeding into micromolds and spheroid formation after 24 h. (C) Phase-contrast image of hASCs cultured in a monolayer before spheroid formation. (D) Representative spheroid after 24 h of culture in agarose micromolds. (E) Quantification of spheroid diameter at 24 h (mean ± SD). (F) Sphericity (width/length ratio) of spheroids at 24 h (mean ± SD). Phase-contrast images were acquired using a Primovert microscope. (C) was captured using a 10× objective (scale bar = 100 µm), and (D) was captured using a 4× objective (scale bar = 200 µm). 

Figure 3: Design, slicing, 3D printing of scaffolds, and print fidelity analysis. (A) 3D model designed in the online software Tinkercad, highlighting the scaffold diameter in mm, and (B) pore diameter. (C) Visualization of scaffold geometry using Repetier-Host software after slicing and G-code generation. Three arc-shaped external contours generated by the “Skirt” function can be observed, ensuring material flow at the beginning of the printing process. (D) 3D-printed GelMA scaffold viewed under stereomicroscopy. A 30 cm ruler is shown as a millimeter scale reference. (E) Lateral view of the scaffold, highlighting its thickness. Print fidelity was assessed by comparing the theoretical values defined in the 3D model with those of the printed scaffolds (n=3). The parameters considered in the analysis were (F) scaffold diameter, (G) pore diameter, and (H) scaffold thickness. The bars represent mean ± standard deviation. No significant differences (ns, p > 0.05) were observed between the measured and designed values, as determined by the Mann-Whitney U test.

Figure 4: Adipose-derived stem cell (ASC) spheroids seeded on GelMA scaffolds for spheroid fusion and bioassembly. (A) Spheroids immediately after transfer to the GelMA scaffold (0 h). (B) Spheroids undergoing fusion after 48 h and (C) after 72 h. (D) Whole biological construction after 72 h of spheroid fusion. (E) Confocal image of spheroids after 72 h of fusion, showing bioassembly, with fused construct dimensions of 3711.08 µm in length and 4258.97 µm in width. (A–C) Phase-contrast images acquired using Primovert microscope, captured using a 4× objective, scale bar = 200 µm. (D) Image acquired under stereomicroscopy. A 30 cm ruler is shown as a millimeter scale reference. Scale bar = 20 mm. (E) Confocal image acquired with an automated widefield fluorescence imaging system, with cells labeled using CellTracker Green CMFDA. Scale bar = 500 µm.

Supplementary File 1: 3D computer-aided design (CAD) scaffold model. The GelMA scaffold was designed using the online software Tinkercad. After the model was created, the software generated an .stl file containing the developed structure.

DISCUSSION: 
The results shown in this study highlight the successful integration of quality control metrics into a standardized biofabrication workflow to ensure reproducibility. The use of 3D-printed scaffolds based on pre-established designs provides structural support for spheroid bioassembly19,23. As a proof-of-concept, a solid scaffold was designed with two central porous regions, dimensioned to support high-density spheroid loading and guided bioassembly.

As a first quality-control checkpoint, spheroid measurements were assessed before seeding into 3D-printed GelMA-based scaffolds. Using agarose micromolded hydrogels, uniform spheroids were generated after 24 h (Figure 2D). Morphometric analysis demonstrated consistent diameter and high sphericity values (Figure 2E,F). These parameters, which are critical in biofabrication for estimating the final construct size during bioassembly, were used to calculate the number of spheroids required to occupy each pore of the 3D-printed scaffolds5. 

The printing parameters were initially established based on the literature and subsequently optimized through successive tests to achieve printability, filament continuity, structural stability, and shape fidelity. The nozzle with an internal diameter of 0.41 mm was selected as it provided an appropriate balance between resolution and ease of extrusion. Thinner nozzles hinder hydrogel extrusion at the concentration used in this study, increasing shear stress, whereas larger diameters resulted in loss of printing resolution. The layer height was defined within the range recommended by the bioprinter manufacturer, which suggests values between 50% and 80% of the nozzle’s internal diameter. For the material employed in this work, a layer height of 0.2 mm provided satisfactory resolution and print fidelity. 

Reported printing speeds for GelMA hydrogels in extrusion-based systems typically range from 1–20 mm/s, depending mainly on biomaterial concentration and intended application24–29. The 10% GelMA concentration used here is among the most commonly described, although printing parameters vary substantially across studies25,26,29. Ideally, printing speed should be adjusted in conjunction with extrusion pressure; however, the equipment used in this study does not allow direct setting of this parameter. Under these conditions, a speed of 10 mm/s ensured consistent material deposition and continuous, homogeneous filaments. The “Grid” infill pattern was chosen because it promotes a more stable structure, according to information provided by the Repetier Host slicing software. 

The second quality control checkpoint used in this study was the printing fidelity. Following 3D printing, the GelMA-based scaffolds exhibited total dimensions and pore diameters closely aligned with the CAD design, confirming high printing fidelity19,23. However, a consistent reduction in thickness was observed post-printing (Figure 3F–H). This decrease can be mitigated by optimizing crosslinking strategies, such as adjusting the photoinitiator concentration and UV exposure parameters30,31.

After transfer to the GelMA scaffolds, spheroids progressively fused over time (Figure 4A–C). At 72 h, a continuous macroscale tissue construct was observed (Figure 4D). Confocal imaging confirmed structural integration and the formation of a single fused construct within the pore (Figure 4E). The construct occupied most of the pore diameter, demonstrating the predictability and spatial guidance achieved through the 3D-printed template32. Physically confining non-adherent molds has been described in previous works1,33. However, maintaining the construct's conformational stability within the mold remains challenging when working with mesenchymal stem cells due to their high aggregation potential. In this study, the use of an adherent hydrogel template reduced excessive compaction during the 72-h fusion period. It did not interfere with the retrieval of a structurally stable construct without loss of integrity at the evaluated fusion time (Figure 4D,E). The tissue generated at the macroscale can be transplanted to the injury site with or without the 3D-printed scaffold, demonstrating the versatility of the bioassembly approach developed here34. 

The approach presented in this work employs a bioassembly method that uses 3D-printed hydrogel templates to guide the fusion of spheroids into high-density cellular macrotissues, without the use of an exogenous matrix. This strategy contrasts with traditional biofabrication techniques, in which cells are directly encapsulated within hydrogels that mimic the native extracellular matrix (ECM)35–37. Such approaches, commonly referred to as scaffold-based methods, typically rely on bioprinting technologies4,38. The presence of exogenous matrices (biomaterials) in these systems may limit direct cell-cell interactions, alter cellular behavior compared with pre-formed spheroids, and result in constructs with lower cell density39. Alternatively, scaffold-free biofabrication techniques have been described2,11,38,39. In these bioassembly strategies, spheroids are pre-formed and subsequently positioned in molds (usually hydrogels) or other systems that promote their spatial organization and progressive fusion over time2,11,40–42. After fusion, the molds can be removed or degraded, leaving a macroscale tissue construct11.

Spheroids maintain high cell density and largely preserve cell-cell and cell-ECM biochemical and mechanical interactions, as the cells are already aggregated into three-dimensional structures before the bioassembly process. This characteristic promotes cellular functions that more closely resemble those in vivo than in conventional two-dimensional (2D) culture systems. Consequently, cells within spheroids tend to exhibit enhanced viability, increased protein secretion, and improved differentiation potential11,18,40,43,44. In contrast, in scaffolds loaded with cells in suspension, cell viability depends on the intrinsic properties of the biomaterial, including its porosity and permeability, as well as on the type of bioprinting employed and the proper optimization of printing parameters45.

Despite these advantages, scaffold-free approaches present intrinsic challenges, particularly regarding mechanical stability and preservation of construct volume during fusion and contraction11. By contrast, scaffold-based strategies provide additional mechanical support, minimizing shrinkage and facilitating the generation of larger constructs42. In this context, the present method combines structural guidance from a 3D-printed template with the biological advantages of spheroid fusion, offering a balanced alternative between fully scaffold-based and fully scaffold-free systems. However, scaling up these constructs remains a challenge in tissue engineering due to limitations related to nutrient transport in tissues with high cell density and elevated metabolic demand46. Therefore, further studies are needed to optimize nutrient diffusion and enable greater scalability, for example, through the use of perfusion bioreactors47.
From a scalability and automation standpoint, the initial stages of this workflow are compatible with standardized platforms. Spheroid formation was performed using agarose micromolds fabricated from commercially available silicone molds, which provide a standardized and reproducible platform. Although manual seeding was performed in the present study, automated large-scale spheroid production using robotic pipetting systems has already been demonstrated22. In addition, the fabrication of GelMA-based scaffolds represents a fully programmable stage of the process; after the printing parameters are established, extrusion-based bioprinting enables reproducible and scalable production of constructs with controlled pore architecture and high geometric fidelity. The bioassembly phase, however, still relies on the intrinsic self-fusion capacity of spheroids and remains only partially automated, reflecting current technical limitations of organ-building block-based strategies under active development. Therefore, while the workflow does not yet constitute a fully automated pipeline, it integrates scalable spheroid production, programmable scaffold fabrication, and biologically driven self-organization into a structured, reproducible framework. Collectively, these findings highlight the importance of biological and engineering standardization as complementary steps toward automated and large-scale biofabrication of living tissues20,32,34.

Troubleshooting and practical considerations
Several technical factors may influence the reproducibility of the workflow. Incomplete dissolution of GelMA can result in heterogeneous hydrogel solutions and compromise printing fidelity; therefore, the polymer should be fully dissolved under controlled temperature and agitation until a clear and homogeneous solution is obtained before photoinitiator addition. Printing fidelity may also be affected by suboptimal extrusion parameters or insufficient UV crosslinking. In such cases, pressure, printing speed, and exposure conditions should be adjusted to ensure stable scaffold polymerization and preservation of the intended geometry.

Variability in spheroid size may occur if cell seeding density or aggregation conditions are not standardized during spheroid formation. Ensuring consistent initial cell numbers and sufficient aggregation time in micromolds helps maintain spheroid uniformity. During spheroid transfer onto the printed scaffold, inefficient loading may occur if the spheroid concentration is low or if the alignment between micromolds and scaffold pores is inconsistent. Increasing spheroid density during loading and carefully positioning the molds relative to the scaffold can improve transfer efficiency.

Limited fusion between spheroids may result from insufficient spheroid contact or from scaffold geometries that reduce cellular interaction. In these cases, adjusting spheroid density or modifying pore dimensions may facilitate inter-spheroid contact and promote fusion. Finally, as construct size increases, diffusion limitations for oxygen and nutrients may affect cellular viability. Appropriate culture conditions and scaffold architectures that support nutrient transport should therefore be considered during construct maturation.

Overall, the workflow presented here provides a reproducible strategy for integrating spheroid bioassembly with scaffold-guided biofabrication. By combining controlled spheroid formation with a 3D-printed GelMA scaffold, the method enables improved spatial organization and structural consistency of spheroid-based constructs. The incorporation of objective quality control metrics, including spheroid morphology and printing fidelity, contributes to methodological standardization and facilitates reproducibility across experiments. This approach may support future studies in spheroid-based tissue engineering and biofabrication by providing a structured and reproducible experimental framework.
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