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Öz: Nöral doku mühendisliğinde fizyolojik olarak ilgili 3B doku modellerinin 
geliştirilmesi önemli bir zorluk teşkil etmektedir. Bu çalışma, yapısal ve fonksiyonel 
özellikleri geliştirmek amacıyla SH-SY5Y sferoid yapılarının 3B biyobaskısında 
sodyum alJinat gibi geçici (kurban) malzemelerin kullanımını incelemektedir. 
Ortalama 80–100 µm çapında sferoidler oluşturulmuş ve canlı/ölü, Presto Blue ve 
immünsitokimyasal boyama teknikleriyle canlılık, çoğalma ve farklılaşma açısından 
değerlendirilmiştir. Sonuçlar, %90’ın üzerinde canlılık oranıyla başarılı sferoid 
oluşumunu, optimize edilmiş biyobaskı ile tutarlı filament desenlerini ve 14. günde 
çoğalma plato seviyesini göstermiştir. 14. günde konfokal mikroskop ile yapılan 
incelemeler, yoğun MAP2 ve TAU ekspresyonunu ortaya koymuş, bu da sağlam 
dendritik ve aksonsal gelişimi ve uzamış nörit ağlarını işaret etmiştir. Bu bulgular, 
kurban malzeme tabanlı biyobaskının, araştırma ve terapötik uygulamalar için 3B 
nöral doku modellerini ilerletme potansiyelini vurgulamaktadır. 
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Abstract: The development of physiologically relevant 3D tissue models remains a 
challenge in neural tissue engineering. This study explores the use of sacrificial 
materials, such as sodium alginate, in the 3D bioprinting of SH-SY5Y spheroid 
constructs to enhance structural and functional properties. Spheroids with an 
average diameter of 80–100 µm were formed and assessed for viability, 
proliferation, and differentiation using Live/Dead, Presto Blue, and 
immunocytochemical staining techniques. Results indicated successful spheroid 
formation with over 90% viability, optimized bioprinting with consistent filament 
patterns, and a proliferation plateau by day 14. Confocal microscopy on day 14 
revealed intense MAP2 and TAU expression, signifying robust dendritic and axonal 
development, alongside extended neurite networks. These findings underscore the 
potential of sacrificial material-based bioprinting to advance 3D neural tissue 
models for research and therapeutic applications. 
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The printing of cell spheroids has emerged as a crucial component in tissue engineering and regenerative 
medicine, facilitating the creation of complex three-dimensional (3D) biological structures that mimic native 
tissues. Spheroids, as multicellular aggregates that exhibit enhanced cell-cell interactions, contribute significantly 
to achieving physiological relevance in tissue models due to their ability to recapitulate structural and functional 
properties akin to in vivo environments [1]. The intricate nature of bioprinting these structures involve the 
utilization of sacrificial materials, which serve as temporary scaffolds, allowing for the engineered spheroids to 
maintain their shape and positioning during the printing process and subsequent culture [2]. 
 
Sacrificial materials, often hydrogels or soluble polymers, play a crucial role in ensuring the mechanical fidelity of 
printed constructs. Various biodegradable and biocompatible compounds are often highlighted as suitable for this 
purpose. Sodium alginate (NaAlg), a natural polysaccharide, is frequently employed due to its low toxicity, gentle 
crosslinking processes, and favorable environmental profile. It offers an ideal environment for the encapsulation 
of cells while maintaining shape integrity during the early phases of printing [3]. Other commonly used materials 
include Pluronic F-127 and gelatin, which enhance the printability and support the structural properties of the 
bioprinted constructs [4, 5]. These materials are typically integrated into complex multi-component bioinks to 
achieve the desired viscosity and printability. 
 
Several studies have demonstrated approaches to effectively print cell spheroids using sacrificial strategies, 
showing that the choice of material significantly impacts the efficacy of the printing process. For instance, Kim et 
al. explored freeform bioprinting techniques using alginate microgels as a supporting medium, illustrating how 
such methods improve the physiological relevance of constructed tissues due to a more favorable 
microenvironment [6]. Similarly, Jin et al. adopted a printing-then-casting method, utilizing a fugitive pattern with 
alginate, which allowed the fabrication of vascular network scaffolds [3]. The strategic cross-linking and 
subsequent dissolution of sacrificial materials enable the generation of architectures that closely resemble natural 
vasculature, essential for nutrient transport within larger tissues. 
 
Moreover, advances in bioprinting technologies have facilitated the incorporation of multiple cell types and the 
creation of composite spheroids that support dynamic interactions among different cell populations. For example, 
Zhang et al. emphasized the importance of layering different cell types within spheroids to generate functional 
models, suggesting that a microfluidic approach allows for precise control over spheroid synthesis due to the timed 
delivery of cells [7, 8]. The ability to customize printing parameters and bioink compositions leads to spheroids 
that not only retain viability post-printing but also provide a conducive environment for tissue maturation and 
function [9]. 
 
On the computational front, studies such as that by Robu et al. have employed simulations to model the behavior 
of cell spheroids under various bioprinting conditions. These computational models guide the design of functional 
vascular networks, substantially impacting their efficacy in drug delivery systems and engineered organ 
constructs [10, 11]. Furthermore, research continues to evolve with innovations like self-assembling 
methodologies that eliminate the need for traditional sacrificial supports, thereby enhancing cell viability and 
integration [12]. 
 
Consequently, despite advances in 3D bioprinting, the development of stable, functional neuronal spheroid 
constructs remains a critical challenge, particularly in maintaining structural integrity and promoting long-term 
differentiation. The successful formation of SH-SY5Y spheroids with diameters of 80–100 µm and viability 
exceeding 90% highlights the potential of sacrificial materials like sodium alginate to overcome initial printing 
hurdles. However, the observed plateau in proliferation by day 14, coupled with the emergence of network-like 
structures, suggests a transition toward cellular maturation. Furthermore, the robust expression of MAP2 and TAU 
on day 14, indicative of advanced dendritic and axonal development, underscores the feasibility of achieving 
physiologically relevant neuronal models. This study seeks to explore the factors influencing this maturation 
process and optimize culture conditions to enhance the functional outcomes of 3D-printed neuronal spheroids, 
paving the way for their application in neurobiological research and regenerative medicine. 
 
2. Material and Method 
 
2.1. Cell culture 
 
SH-SY5Y human neuroblastoma cells (ATCC, CRL-2266) were maintained in Dulbecco’s Modified Eagle 
Medium/Nutrient Mixture F-12 (DMEM/F12, Thermo Fisher Scientific) supplemented with 10% fetal bovine 
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serum (FBS, Thermo Fisher Scientific) and 1% penicillin-streptomycin (100 U/mL penicillin, 100 µg/mL 
streptomycin, Thermo Fisher Scientific). Cells were cultured at 37°C in a humidified incubator with 5% CO₂. The 

culture medium was replaced every 2–3 days, and cells were passaged at 80–90% confluency using 0.25% trypsin-
EDTA (Thermo Fisher Scientific). Cells between passages 5 and 15 were used for experiments. 
Figure 1. Schematic illustration of SH-SY5Y cell spheroid formation and bioprinting. (a) Spheroid formation 
process using ultra-low attachment plates. (b) 3D bioprinting and differentiation of spheroids into spiral 
constructs. 
 
 
2.2. Spheroid formation 
 
For spheroid formation, SH-SY5Y cells were harvested from monolayer cultures and resuspended in DMEM/F12 
supplemented with 10% FBS and 1% penicillin-streptomycin. Cells were seeded at a density of 5 × 104 cells/well 
in 24-well ultra-low attachment plates (Corning, CLS3474). Plates were centrifuged at 200 × g for 5 minutes to 
promote cell aggregation. Spheroids were cultured at 37°C in a humidified incubator with 5% CO₂ for 4 days, with 
the medium refreshed every 2 days (Figure 1a). Spheroid formation was confirmed by visual inspection under a 
light microscope, with spheroids reaching an average diameter of 80–100 µm.  
 
2.2.1. Cell viability assessment of spheroids (Live and dead assay) 
 
The viability of SH-SY5Y cell spheroids was evaluated using a Live/Dead Viability/Cytotoxicity Kit (Thermo Fisher 
Scientific). Prior to staining, the cell-laden hydrogels were rinsed twice with phosphate-buffered saline (PBS) to 
remove residual media. The samples were then incubated in a staining solution containing 2 μM Calcein AM and 4 
μM Ethidium Homodimer-1 (EthD-1) for 30 minutes at 37°C in a dark environment. Following incubation, the 
samples were visualized using a Zeiss LSM 510 confocal microscope (Germany) equipped with appropriate 
excitation and emission filters (488 nm for Calcein AM and 561 nm for EthD-1). Quantitative analysis of 
microscopy data was performed using ImageJ software, where fluorescence intensity and live/dead cell ratios 
were determined through automated thresholding and region-of-interest selection. 
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2.3. Bioprinting optimization and printing of cell spheroid-laden hydrogels 
 
 
Sodium alginate (Sigma-Aldrich) was dissolved in phosphate-buffered saline (PBS, pH 7.4, 0.01 M phosphate, 0.137 
M NaCl) at a concentration of 3% (w/v) under constant stirring at room temperature for 2 hours to ensure 
complete dissolution. Calcium sulfate (CaSO₄, Sigma-Aldrich) was then added to the sodium alginate solution at a 
concentration of 1% (w/v) to initiate internal gelation, as described by [13]. The mixture was gently agitated for 
15 minutes at room temperature to facilitate uniform crosslinking, resulting in a stable gel matrix. 
 
Subsequently, the alginate/CaSO₄ solution was prepared at a 2:1 (v/v) ratio by combining the pre-crosslinked 
alginate solution with a CaSO₄ solution. This mixture was thoroughly mixed 300 times using a three-way tap. 
 
SH-SY5Y cell spheroids, formed as described in the Spheroid Formation section, were gently mixed into the pre-
crosslinked 3% alginate (w/v) solution at a ratio of approximately 1000 spheroids per mL with a three-way tap. 
The mixture was kept at 4°C to maintain spheroid viability and prevent premature gelation prior to printing. 
 
Bioprinting was conducted using a custom 3D bioprinter with a 22-gauge nozzle on poly-L-lysine-coated 
coverslips. The pre-crosslinked alginate solution containing SH-SY5Y spheroids was loaded into the printing 
cartridge. A spiral geometry was chosen for the bioprinted constructs to promote uniform spheroid distribution, 
enhance nutrient and oxygen diffusion through the curved architecture, and mimic the interconnected network-
like structures of neural tissues [3]. This design facilitates cellular interactions and supports the formation of 
complex tissue architectures, as demonstrated in studies utilizing curved scaffolds for tissue engineering [3]. 
Optimization of filament length and height was performed by varying printing pressures (2, 4, 6, 8, and 10 psi) and 
deposition speeds (5, 15, 25, 35, 45, and 55 mm/s), resulting in consistent filament structures. The alginate acted 
as a sacrificial material, providing temporary support during printing, and was subsequently dissolved using a 50 
mM sodium citrate solution to release the spiral-arranged spheroids (Figure 1b). Filament dimensions and spiral 
characteristics (e.g., turn diameter and spheroid distribution) were evaluated post-printing using light 
microscopy. 
 
2.4. Printed cell spheroid differentiation 

For neuronal differentiation, after alginate removal, the printed spiral-arranged SH-SY5Y spheroids were cultured 
in DMEM/F12 supplemented with 10% FBS and 1% penicillin-streptomycin at 37°C in a humidified incubator with 
5% CO₂. After 24 hours, the medium was replaced with DMEM/F12 containing 1% FBS and 10 µM all-trans-
retinoic acid (RA, Sigma-Aldrich, dissolved in DMSO). The RA-containing medium was renewed every 2 days for 5 
days [14]. Subsequently, cells were switched to serum-free DMEM/F12 supplemented with 50 ng/mL 
recombinant human brain-derived neurotrophic factor (BDNF, PeproTech, 450-02, reconstituted in sterile water) 
and 1% penicillin-streptomycin. The BDNF-containing medium was renewed every 2 days for an additional 3 days 
[15]. Differentiated cells exhibited neuronal morphology, characterized by extended neurites, and were used for 
subsequent experiments (Figure 1b). 

 

2.4.1. Cell proliferation analysis for printed spheroids (Presto Blue assay) 

 

Cell proliferation of 3D-printed SH-SY5Y spheroids was assessed using the Presto Blue Cell Viability Reagent 
(Thermo Fisher Scientific) on days 2, 3, 8, and 13 following the bioprinting process. For each analysis, the culture 
medium was aspirated and replaced with a working solution consisting of 10% (v/v) Presto Blue reagent diluted 
in fresh DMEM/F12 supplemented with 10% FBS and 1% penicillin-streptomycin. The printed spheroids were 
incubated with the reagent for 2 hours at 37°C in a humidified atmosphere with 5% CO₂, protected from light to 
preserve fluorescence. Following incubation, fluorescence intensity was measured using a fluorescence microplate 
reader at an excitation wavelength of 560 nm and an emission wavelength of 590 nm. Measurements were 
recorded for three technical replicates per time point, with background fluorescence corrected using a blank 
consisting of medium with reagent alone, to evaluate proliferation trends over the culture period. 
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2.4.2 Immunocytochemistry staining 

Immunocytochemical staining was performed on differentiated SH-SY5Y cells to assess neuronal marker 
expression. Cells, cultured on poly-L-lysine-coated coverslips following a 14-day differentiation protocol with all-
trans-retinoic acid and brain-derived neurotrophic factor, were fixed with 4% paraformaldehyde in phosphate-
buffered saline (PBS) for 15 minutes at room temperature. Subsequently, cells were permeabilized with 0.1% 
Triton X-100 in PBS for 10 minutes and blocked with 5% bovine serum albumin (BSA) in PBS for 1 hour to reduce 
non-specific binding. Primary antibodies, including mouse anti-MAP2 (1:500, Abcam) and rabbit anti-TAU (1:500, 
Thermo Fisher Scientific), were applied overnight at 4°C. After washing with PBS, secondary antibodies, Alexa 
Fluor 594-conjugated goat anti-mouse (1:1000, Invitrogen) for MAP2 and Alexa Fluor 488-conjugated goat anti-
rabbit (1:1000, Invitrogen) for TAU, were incubated for 1 hour at room temperature in the dark. Nuclei were 
counterstained with 4’,6-diamidino-2-phenylindole (DAPI, 1 μg/mL) for 5 minutes. Samples were mounted using 
a fluorescence-preserving medium (ProLong Gold, Thermo Fisher Scientific) and visualized using a Zeiss LSM 510 
confocal microscope (Germany) with excitation wavelengths of 405 nm (DAPI), 488 nm (TAU), and 561 nm 
(MAP2). Z-stack images were acquired at 1 μm intervals to capture the three-dimensional distribution of staining. 

3. Results 
 

 
Figure 2. Morphological and quantitative evaluation of SH-SY5Y spheroids with random distribution. (a) Light 

microscope image of randomly arranged spheroid aggregates at 2.5x magnification. (b) Light microscope image of 

individual spheroid structures at 5x magnification. (c) Bar graph displaying average spheroid size (mean ± SD) 

across experimental conditions, analyzed using ImageJ software. (d) Light microscope image of randomly 

distributed spheroids post-culture, stained with Live/Dead assay to assess viability, at 2.5x magnification. (e) Light 

microscope image of spheroid viability, highlighting live (green) and dead (red) cells via Live/Dead assay, at 5x 

magnification. (f) Bar graph illustrating spheroid cell viability (mean ± SD) over time. Scale bars: 500 µm (a, d), 

200 µm (b, e). 

Figure 2 demonstrated successful spheroid formation of SH-SY5Y cells, as evidenced by the uniform aggregates 

observed in light microscope images. The average spheroid diameter, a critical parameter for 3D printing, was 

determined to be 89.70 ± 36 µm, with a range of approximately 53.70 to 125.70 µm, as depicted in Figure 2c. This 

size, while reflective of effective cell aggregation, falls slightly below the commonly reported optimal range of 100–

200 µm for spheroid bioprinting, indicating potential challenges in maintaining structural stability and printing 

precision. However, viability assessment via the Live/Dead assay revealed a high proportion of living cells, with 
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green fluorescence predominating in Figures 2d and 2e, and quantitative analysis in Figure 2f confirming viability 

exceeding 90%, suggesting the spheroids’ resilience despite their smaller diameter. 

Figure 3. Bioprinting process and characterization of SH-SY5Y spheroid constructs. (a) Axolot extruder-based 

bioprinter utilized for spheroid printing. (b) Optimization process of 3% alginate with CaSO₄ using a zigzag model 

to assess printing parameters. (c) Graph depicting filament height and width as a function of deposition speed (5–

55 mm/s) with spheroids embedded in alginate, measured via microscopy. (d) Photographic image of alginate 

flow from a gauge, showing spheroid distribution during extrusion. (e) 3D model of a spiral structure designed for 

bioprinting. (f) Light microscope image of printed spheroids after alginate removal, demonstrating structural 

integrity post-culture. Scale bars: 500 µm (f). 

Figure 3a illustrated the efficacy of the axoloth extruder-based bioprinter, supporting the successful deposition of 

spheroid-laden alginate. Figure 3b demonstrated effective optimization of 3% alginate with CaSO₄ using a zigzag 

model, resulting in consistent filament patterns across tested conditions. In Figure 3c, filament height and width 

varied with deposition speed, with data indicating a decrease in height from 300 µm to 150 µm as speed increased 

from 5 to 55 mm/s, reflecting adaptability to spheroid incorporation. Figure 3d revealed uniform flow from the 

gauge, with spheroids clearly visible and intact during extrusion, suggesting robust material handling. Figure 3e 

presented a 3D model of a spiral structure, which served as the design template, while Figure 3f displayed printed 

spheroids after alginate removal, exhibiting well-defined structures that closely approximated the modeled spiral 

architecture. 
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Figure 4 revealed the temporal evolution of 3D-printed SH-SY5Y spheroid constructs from day 2 to day 14, with 

4x4 mosaic images at 2.5x magnification (Figure 4a, 4d, 4g, 4j) displaying the whole spiral structure and paired 

images at 2.5x and 5x magnifications (Figure 4b, 4c, 4e, 4f, 4h, 4i, 4k, 4l) highlighting cellular details. At day 2, 

spheroids exhibited a defined spiral architecture with limited cellular extension. As days increased, notable 

changes emerged, with spiral layer cells beginning to spread and connect between day 7 and day 10, as observed 

in the 5x magnification images. By day 14, these connections matured into a network-like structure, evident in 

Figure 4i and 4l, indicating enhanced intercellular integration and structural complexity over the culture period. 

 

Figure 4. Temporal assessment of 3D-printed SH-SY5Y spheroid constructs across multiple magnifications. (a, d, 

g, j) 4x4 mosaic light microscope images at 2.5x magnification showing the entire printed structure on days 2, 7, 

10, and 14, respectively. (b, e, h, k) Light microscope images at 2.5x magnification of printed spheroids on days 2, 

7, 10, and 14, respectively. (c, f, i, l) Light microscope images at 5x magnification of printed spheroids on days 2, 7, 

10, and 14, respectively. Scale bars: 1 mm (a, d, g, j), 500 µm (b, e, h, k), 200 µm (c, f, i, l).  
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Figure 5. Presto Blue assessment of cell proliferation in 3D-printed SH-SY5Y spheroids across time intervals. Bar 

graph displaying mean fluorescence intensity (mean ± SD) on days 2, 3, 8, and 13 post-printing, evaluated using 

the bar. Statistically significant differences: n = 3, *** p < 0.001 when the control group is day 2, ## p < 0.01 

when the control group is day 3. 

Cell proliferation in the 3D-printed SH-SY5Y spheroids was evaluated using the Presto Blue assay at days 2, 3, 8, 

and 13 post-printing (Figure 5). Metabolic activity showed a significant increase from day 2 to day 3 (***p < 0.001 

vs. day 2), with further significant rises to day 8 (***p < 0.001 vs. day 2; ##p < 0.01 vs. day 3) and day 13 (***p < 

0.001 vs. day 2; ##p < 0.01 vs. day 3). No significant difference was observed between day 8 and day 13 (one-way 

ANOVA followed by Tukey's HSD post-hoc test; n=3 replicates per time point). 

 

Figure 6. Confocal microscopy images of SH-SY5Y cell differentiation on day 14. (A) Immunofluorescence staining 

for MAP2 (red) highlighting neuronal dendrites. (B) Immunofluorescence staining for TAU (green) indicating 
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axonal structures. (C) DAPI staining (blue) showing cell nuclei. (D) Merged image of MAP2, TAU, and DAPI, 

demonstrating colocalization and extended neurite networks. Cells were differentiated using a sequential protocol 

with all-trans-retinoic acid and brain-derived neurotrophic factor, as described in the Materials and Methods. Scale 

bar, 50 µm. 

Figure 6 demonstrated the differentiation of 3D-printed SH-SY5Y spheroids on day 14, as visualized through 

confocal microscopy. Immunofluorescence staining for MAP2, a microtubule-associated protein enriched in 

neuronal dendrites, revealed intense red fluorescence, indicating robust dendritic development and neuronal 

maturity. Staining for TAU, a microtubule-associated protein predominant in axons, exhibited prominent green 

fluorescence, signifying extensive axonal structures and suggesting healthy neuronal polarity and elongation. DAPI 

staining displayed blue fluorescence, marking cell nuclei and revealing a uniform distribution of cells within the 

constructs. The merged image highlighted colocalization of MAP2, TAU, and DAPI, with extended neurite networks 

evident, demonstrating successful integration and connectivity of differentiated neurons following the applied 

differentiation protocol. 

4. Discussion and Conclusion 
 
The 3D bioprinting of SH-SY5Y spheroids using sodium alginate as a sacrificial material achieved high viability 
(>90%) despite a smaller-than-optimal diameter of 89.70 ± 36 µm, compared to the commonly cited 100–200 µm 
range for optimal cellular aggregation and nutrient diffusion [16]. The high surface area-to-volume ratio of smaller 
spheroids likely enhanced nutrient exchange, mitigating structural stability challenges during printing [17, 18, 20]. 
Zhao et al. (2019) emphasized that optimized bioinks, such as the 3% alginate with calcium sulfate used here, 
maintain cell viability by reducing shear stress, supporting our findings [19]. Additionally, smaller spheroids offer 
a uniform environment for studying cellular responses, though they may lack the complexity of larger spheroids 
[21]. Moldovan et al. (2017) noted that spheroids with suboptimal sizes can still contribute to functional tissue 
constructs due to their self-assembling properties, aligning with our successful construct formation [22]. 
 
The bioprinting process demonstrated robust material handling and adaptability, with consistent filament 
patterns achieved using 3% alginate with CaSO₄ [23, 24, 25]. Filament height decreased from 300 µm to 150 µm 
as deposition speed increased (5–55 mm/s), indicating flexibility in achieving precise geometries [26, 27]. The 
uniform flow of spheroid-laden alginate during extrusion ensured structural integrity and cell viability, critical for 
multilayered constructs [28, 29]. The spiral architecture, which closely matched the designed 3D model, facilitated 
uniform spheroid distribution and mimicked neural tissue networks, enhancing biological responses and 
integration [30]. This design choice, inspired by studies like Jin et al. (2018), supports the development of complex 
tissue architectures [3]. 
 
Over the culture period, the spheroid constructs evolved from a defined spiral structure on day 2 to a mature 
network-like architecture by day 14, reflecting increased cellular connectivity [31, 32]. The Presto Blue assay 
showed significant proliferation from day 2 to day 3 (p<0.001) and day 3 to day 8 (p<0.001), followed by a plateau 
through day 13 (p>0.05, Tukey's HSD), suggesting a shift toward differentiation [36]. This aligns with Liu et al. 
(2019), who noted that nutrient limitations may drive such transitions in 3D neuronal cultures [36]. By day 14, 
robust MAP2 and TAU expression indicated advanced dendritic and axonal development, supporting neuronal 
polarity and connectivity [37, 38, 39, 40]. Desai et al. (2017) highlighted that interconnected networks are 
essential for mimicking physiological conditions, reinforcing the potential of these constructs for neural tissue 
engineering [34]. However, challenges with spheroid size and nutrient availability suggest opportunities for 
optimizing bioinks or incorporating vascular-like structures [3, 33, 35]. 
 
In conclusion, this study demonstrates that SH-SY5Y spheroids with a diameter of 89.70 ± 36 µm, though smaller 
than the optimal 100–200 µm range, achieve high viability (>90%) and robust neuronal differentiation when 
bioprinted with sodium alginate. The optimized bioink and spiral architecture enabled precise deposition and the 
formation of network-like structures by day 14, marked by significant MAP2 and TAU expression. These findings 
highlight the potential of sacrificial material-based bioprinting for neural tissue engineering, despite challenges 
with spheroid size. Future research should focus on enhancing bioink formulations and culture conditions to 
improve structural stability and nutrient delivery. Additionally, integrating advanced techniques, such as cold 
atmospheric plasma (CAP), could enhance biocompatibility and crosslinking efficiency of alginate while promoting 
neurogenic differentiation through surface modification [19, 20]. This synergy could advance the development of 
physiologically relevant 3D neural tissue models for research and therapeutic applications. 
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