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Background and purpose
Electrospun biomaterials replicate the structural complexity of the extracellular matrix (ECM), providing mechanical support and promoting neural cell survival and organization. Fiber orientation is a key determinant of neural cell behavior, influencing adhesion, migration, and differentiation. This study investigates how high seeding density combined with fiber directionality shapes SH-SY5Y culture morphology, gene expression, and early network formation; all critical factors for the design of next-generation scaffolds for neural tissue engineering.
Methods
Polycaprolactone (PCL) scaffolds with either random or aligned fiber orientation were fabricated via monoaxial electrospinning. Human SH-SY5Y neuroblastoma cells were seeded at high density and cultured for 7 days, and cell viability was assessed by lactate dehydrogenase (LDH) activity. Neural, ECM, and differentiation markers were analyzed using quantitative PCR, Luminex cytokine profiling, and confocal immunofluorescence.
Results
Hydrophobic PCL fibers supported cell adhesion, migration, and proliferation when cells were seeded in small clusters. After 7 days, cell coverage of the fiber-mat was significantly higher on random fibers compared to aligned ones (27.7% vs. 15.8%). Fiber orientation influenced both culture morphology and gene expression. Pseudospheroids formed on both substrates, that differed in perimeter (348.5 µm on random vs. 450.5 µm on aligned fibers, p < 0.05), with no significant difference in thickness (38.4 ± 7.7 µm vs. 43.2 ± 5.5 µm). mRNA expression of connexin 43 and β3-tubulin increased significantly from day 1 to day 7 on random fibers. On aligned fibers, mRNA patterns resembled cells cultured on glass (control), with elevated connexin 31 and doublecortin over time. Immunofluorescence showed early enrichment of nestin on aligned fibers (day 1), and greater expression of β3-tubulin, acetylated tubulin, and connexin 31 on aligned substrates, whereas fibronectin 1 was more prominent on random fibers.
Conclusion
Fiber orientation significantly affected SH-SY5Y cell behaviour, including adhesion, formation of pseudospheroids, and differentiation marker expression under high-density conditions. Random and aligned fibers elicited distinct structural patterns and molecular responses, highlighting the importance of scaffold architecture in the rational design of neuroregenerative platforms. To our knowledge, this is the first study to describe scaffold-anchored neural pseudospheroids as a distinct model from conventional suspension spheroids.
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1 INTRODUCTION
Fibrous scaffolds are central to biomedical engineering research, offering a 3D architecture that closely resembles native extracellular matrix (ECM), thereby creating a physiologically relevant environment for cell adhesion, growth, and networking (Carletti et al., 2011; Chan and Leong, 2008; Horwacik, 2022; Randhawa et al., 2024). Their structure not only guides the spatial arrangement of cells but also modulates temporal cellular responses (Bacakova et al., 2019) making them ideal for in vitro modeling of dynamic tissue regeneration. Owing to these properties, fibrous scaffolds have been widely applied in regenerative medicine as carriers of bioactive compounds for treatment (Chen et al., 2024; Braťka et al., 2022) to direct and understand vascularization, bone, cartilage, and ligament repair, and also for the localized delivery of therapeutics to the action site (Park et al., 2023; Zhang et al., 2022; Blahnová et al., 2020). In neural regeneration and cancer, fiber scaffolds offer directional cues for axonal guidance and neuronal growth, aiding tissue repair (Yang et al., 2005; McMurtrey, 2014; Tian et al., 2015; Kim et al., 2018; Kellaway et al., 2024).
Among the essential components of ECM, collagens are spatially organized into filaments that modulate tissue elasticity, and alignment affects tissue mechanical properties (Smith et al., 2018; Horwacik, 2022). The ECM also provides instructive spatial (morphological and topographical), and biochemical cues for cellular response and differentiation (Brown and Badylak, 2014; Smith et al., 2018), a function replicated by electrospun polymers, such as polycaprolactone (PCL) (Chew et al., 2008; Lee et al., 2005; Schnell et al., 2007; Yim et al., 2005; Gerardo-Nava et al., 2009; Marques-Almeida et al., 2024).
Unlike traditional 2D cell cultures, which constrain cells to a flat surface and limit physiological relevance, 3D cultures supported by scaffolds allow cells to grow in all dimensions, thus better mimicking the architecture, signaling, and microenvironment of native tissues. While culture media supplements traditionally support cell proliferation and differentiation, scaffold-based delivery of bioactive compounds via degradation or controlled release can further enhance these cellular processes by offering spatially and temporally regulated cues (Haidar and Eroglu, 2017; Sousa et al., 2020; Sousa et al., 2021; Duan et al., 2022; Katti et al., 2004; Melaiye et al., 2005). Moreover, scaffold topography, texture, and porosity may guide or drive cell fate, directly or indirectly modulating adhesion, growth, and function (Chan and Leong, 2008; Schaub et al., 2017; D’Amato et al., 2019; Zhang et al., 2022; Saghir et al., 2025). Fiber orientation also regulates gene expression (Ferraris et al., 2020; Werner et al., 2017), while porosity can promote nutrient and oxygen exchange, facilitate waste removal, and inhibit pathogen entry, making fibrous scaffold studies essential for neuroregenerative research (Khil et al., 2003; Fahimirad et al., 2021; Chen et al., 2022; Chamanehpour et al., 2024).
In this study, we employed inert electrospun PCL scaffolds with random or aligned fiber orientations, to assess their effect on neuronal-like SH-SY5Y cells seeded at high density as a proxy to tissue formation. PCL is a widely used scaffold material due to its stable degradation, pH neutrality, angiogenic properties, and minimal long-term inflammatory response (Edgar et al., 2016; Woodruff and Hutmacher, 2010; Dash and Konkimalla, 2012). Compared to smooth substrates like glass or plastic, organized PCL fibers offer a more ECM-relevant surface for cell attachment and growth (Gupta et al., 2009; Çapkin et al., 2012). The SH-SY5Y cell line is a well-characterized human neuroblastoma model used extensively to study proliferation, differentiation, and cell-material interactions on electrospun fibers (Senapati et al., 2024; Eleftheriadou et al., 2020; Jin et al., 2024; Hernández-Parra et al., 2024; Fiore et al., 2022). Previous studies largely focused on monolayer cultures (Huynh and Holsinger, 2023; Mungenast et al., 2023). We employed higher seeding densities to evaluate early 3D culture development as a proxy for tissue formation, to capture density-dependent cues that regulate network formation and signaling. This approach provides insight into how scaffold design can be optimized for neuroregenerative applications. Importantly, under these conditions we observed the formation of multicellular aggregates anchored to the scaffold surface, which we refer to as pseudospheroids. We introduce this term to distinguish scaffold-attached aggregates from conventional suspension spheroids, emphasizing their unique integration of material-derived and topographical cues in guiding tissue-like organization. The experimental set-up is illustrated on Figure 1.
[image: Flowchart depicting the experimental setup for PCL fiber fabrication and characterization. It includes steps: electrospinning, SEM characterization, cell culture preprocessing (mounting, UV sterilization, conditioning in culture medium), (CM) cell seeding optimization (seeding in half-volume CM, CM top-up, incubation for seven days), and analysis (CM analyses with LDH and Luminex, cell analyses including SEM, gene expression, and immunocytochemistry).]FIGURE 1 | The experimental setup.2 METHODS
2.1 Electrospun scaffold preparation
Electrospun fibers were fabricated using a NEU-BM (Tong Li Tech, China) electrospinning instrument with modifications from a previously published protocol (Dziemidowicz et al., 2023). In brief, PCL (∼80 kDa, Sigma-Aldrich, MA, United States) was dissolved at 12% w/v in hexafluoro-2-propanol (HFIP, Sigma-Aldrich, United Kingdom) and stirred until complete dissolution of the polymer overnight. The polymer solution was then loaded into 10 mL syringes and ejected through a 0.8 mm inner diameter blunt-end needle at 2 mL/h charged to 5–7 kV for 2.5 h and 2 h, to produce random and aligned fibers, respectively. The fibers were collected on baking paper on a −3 kV negatively charged mandrel (25 mm in diameter) spinning at 500 rpm and 3,750 rpm to reach random and aligned orientation, respectively at 14 cm distance from the spinneret to the collector. The spinneret was scanning parallel to the collector over a distance of 50 mm at 50 mm/s speed to uniformly distribute the fiber on the mandrel. All electrospinning experiments were conducted at room temperature (RT; 18 °C–23 °C) and at 35% ± 10% relative humidity.
2.2 Scaffold characterization
The fiber morphology was characterized using a TM3030 scanning electron microscope (Hitachi, Japan) at 15 kV and 100x/500x magnification, after sputter coating samples with gold for 60 s at a 20 mA current, on aluminum holders. When cells were seeded on the scaffolds, samples were fixed with 4% paraformaldehyde (PFA) for 15 min at RT, washed 3x for 5 min in phosphate saline buffer (PBS), rinsed in distilled water for 15 min, underwent alcohol dehydration grade (30%, 50%, 70%, 2% × 95%, 3% × 100%) for 5 min each and were left to dry overnight. The samples were sputter-coated with gold on carbon adhesive tabs and scanned the following day. Samples were analyzed in FIJI.
2.3 In vitro assessment
Neuroblastoma SH-SY5Y (ATCC) cells were routinely cultured in basal medium (Advanced DMEM:F12 (Gibco, MA, United States; 12634-010)) with 20% fetal bovine serum (FBS, Heat Inactivated, F9665, Sigma-Aldrich, MA, United States), 1% L-Glutamine and 1% Penicillin-Streptomycin (100 U/mL penicillin and 100 μg/mL streptomycin; 15140-122, Gibco, MA, United States) at 37 °C in 5% CO2. Cell seeding was optimized to obtain high monolayer confluency on glass slides by day 7 (D7). We selected day 1 (D1) and D7 as timepoints for the experimental days to investigate the difference in cell behavior to the surface material. D1 and D7 were chosen to capture early attachment and later network formation, respectively. The cells were counted using Countess 3 (Invitrogen by Thermo Fisher Scientific, United States) and 105 cells were seeded onto glass cover slips (13 mm in diameter) or scaffolds fitted into CellCrown™ inserts (Scaffdex, Finland) for 24 well plate: The cells were seeded in small volume (ca 150 µL) reaching 1.7 × 105/cm2 and left in incubator for 2 h to let the cells attach to the fibers. Later, the medium was topped up to 600 µL per well, and the cells were cultured for up to 7 days. Medium was changed on day 3. On experimental days 1 (D1) and 7 (D7) the supernatant medium was collected and stored at −20 °C for further assessment of LDH and cytokine release. The cell-laden scaffolds were visualised using SEM and quantification of mRNA expression change, and immunofluorescence of selected proteins via confocal microscopy.
2.4 Cytotoxicity assessment
Lactate dehydrogenase activity in the cell culture media was measured according to the manufacturer’s guidelines (11644793001, Roche, Switzerland). The working solution was prepared freshly before the testing and added 1:1 to the collected culture media thawed on ice, incubated on low rotation for 30 min on a shaker, protected from light for 30 min at RT. Absorbance was measured at 490 nm on a BioTek ELx800 absorbance microplate reader (BioTek, VT, United States). The LDH assay values of the cell medium of cell cultures on the fibers were normalized to the results of the LDH values of cells grown on glass.
2.5 Growth factor secretion assessment
The culture media were assessed for the content of fibroblasts growth factor (FGF-)1, FGF-2, follistatin and leptin using the Growth Factor Magnetic Bead Panel 1 (HAGP1MAG-12K 16-plex) (Merck, Kenilworth, NJ, United States). Factors were quantified with the Luminex 200 system (Luminex, TX, United States) employing xMAP technology and running Luminex xPONENT 3.1 software. The concentrations of the factors in the samples were calculated based on a logistic 5P weighted standard curve.
2.6 mRNA isolation and qPCR analysis
mRNA was extracted from cell lysate on ice using Dynabeads® mRNA DIRECT™ Kit (cat. #61011, Ambion, Thermo Fisher Scientific, MA, United States) and transcribed to cDNA using cDNA kit ReverseAid First Strand cDNA Synthesis Kit (Ref K1622, Thermo Scientific, Lithuania) according to manufacturer’s guidelines using random hexaprimers. Differential mRNA abundance was quantified using 1 ng cDNA/reaction with 2x SybrGreen (SsoAdvanced Universal SYBR® Green Supermix, cat.# 1725271, Bio-Rad, CA, United States) and a set of primers (Table 1) by qPCR (CFX Connect® Real-Time System, Bio-Rad, CA, United States) run according to the manufacturer’s instructions. Ribosomal protein L19 RPL19 was used as a housekeeping gene (Cai et al., 2007). We compared mRNA expression of several structural proteins and common neural and neuronal markers, namely actin (ACTB), β3-tubulin (TUBB3), nestin (NES) doublecortin (DCX), neural cell adhesion molecule (NCAM). We also assessed the mRNA expression of gap junctional proteins connexin 43 (Cx43, GJA1) and connexin 31 (Cx31, GJB3) and ECM proteins, namely filamentous collagen 1 and 3 (COL1A1, COL3A1) and glycoprotein fibronectin 1 (FN1), and adiponectin (ADPN) (Table 1). Biological triplicates in technical duplicates of each sample (glass, random and aligned fibers) from 3 separate experiments were each normalized to their respective surface results from D1. For comparison among the cells cultured on different surfaces, we normalized the data to ACTB (in Supplementary Data 1).
TABLE 1 | List of primers used to detect and quantify abundance of mRNA of selected proteins.	Gene	Forward primer 5’ - 3′	Reverse primer 5’ - 3′
	hACTB	TGC​TGA​TCG​TAT​GCA​GAA​GG	CCC​CCA​ATC​CAG​ACA​GAG​TA
	hADPN	CTC​CTG​GGT​CCA​AGC​AAT​TA	CAT​GAC​GAA​ACC​CCA​TTT​CT
	hCOL1A1	CAT​CTC​CCC​TTC​GTT​TTT​GA	CCA​AAT​CCG​ATG​TTT​CTG​CT
	hCOL3A1	CTT​CTC​TCC​AGC​CGA​GCT​TC	TGT​GTT​TCG​TGC​AAC​CAT​CC
	hDCX	TAT​GCG​CCG​AAG​CAA​GTC​TCC​A	CAT​CCA​AGG​ACA​GAG​GCA​GGT​A
	hFN1	GAT​GCT​CCC​ACT​AAC​CTC​CA	CGG​TCA​GTC​GGT​ATC​CTG​TT
	hGJA1	AAT​TCT​CGC​AGG​TAG​GCA​C	CCA​GAG​AGT​GTG​CAG​CAG​GT
	hGJB3	CAA​TCA​CTT​GGC​GTG​ACT​TC	GTT​TGG​GCA​ACC​TTG​AGT​TC
	nNCAM	GCG​ATT​GGT​GAA​CCT​GAA​AGT	TTG​CAC​TAC​TAC​CCT​CTG​TGT
	hNES	TCT​GCG​AGC​CGC​TCC​CCT​TCT	GTG​CTT​CTC​CCC​GCC​AGC​GTT
	hRPL19	GCG​GAA​GGG​TAC​AGC​CAA​T	CAG​GCT​GTG​ATA​CAT​GTG​GCG
	hTUBB3	TCA​GCG​TCT​ACT​ACA​ACG​AGG​C	GCC​TGA​AGA​GAT​GTC​CAA​AGG​C


2.7 Immunofluorescence analysis by confocal microscopy
Cells were seeded on scaffolds and glass coverslips at a density of 100,000 (100k) and grown for 1 (D1) and 7 days (D7). At the experimental timepoints, the samples were fixed in 4% PFA for 15–45 min, followed by washing with PBS. Cells at day 7 were permeabilized with 0.1% Triton X-100 for 120 min, compared to 15 min for day 1 samples, to account for increased layer thickness and ensure adequate antibody penetration for confocal imaging. Samples were blocked with 1% bovine serum albumin (BSA) in PBS (BSA-PBS) for 1 h and incubated with the primary antibodies (diluted to working concentration in BSA-PBS as specified in (Table 2)) for 1 h at RT. Samples were washed 3x with PBS before incubating with fluorophore-conjugated secondary antibodies (goat anti-mouse Alexa 568 and Alexa 647, and donkey anti-rabbit Alexa568 (A11031, A21236, A10042, Invitrogen, Thermo Fisher Scientific, MA, United States) diluted 1:500 in BSA-PBS. After 1 h incubation, coverslips were 3x washed with PBS, incubated with FITC-conjugated phalloidin (Phalloidin-Alexa 488 1:200; A12379, Invitrogen, ThermoFisher, MA, United States) for 1h, 3x washed with PBS, incubated with 300 nM DAPI for 10 min, mounted with VectaShield (H-1000, Vector Laboratories, CA, United States) and sealed with clear nail polish. We analyzed filamentous actin (F-actin), acetylated tubulin, β3-tubulin, Cx31, DCX, 24-dehydrocholesterol reductase (DHCR24), FN1, nestin, and SRY-Box transcription factor (SOX2).
TABLE 2 | List of primary antibodies used to visualize selected proteins.	Primary antibody	Dilution	Ref. No	Provider	Origin
	Acetylated tubulin	1:1,000	sc-23950	Santa Cruz	Mouse
	β3-tubulin	1:1,000	sc-80005	Santa Cruz	Mouse
	Cx43	1:1,000	sc-271837	Santa Cruz	Mouse
	Cx31	1:500	PAB3584	Abnova	Rabbit
	DHCR24	1:500	PA5-27944	Invitrogen	Rabbit
	Doublecortin	1:1,000	H00001641-M01	Abnova	Mouse
	Fibronectin1	1:1,000	ab2413	Abcam	Rabbit
	Fibronectin1	1:1,000	F3648	Sigma-Aldrich	Rabbit
	Nestin	1:1,000	ab105389	Abcam	Rabbit
	SOX2	1:500	sc-365823	Santa Cruz	Mouse


Immunofluorescent samples were viewed by confocal microscopy using a Leica SP8 upright microscope fitted with HyD and PMT detectors, using objective 40x HC PL Apo CS2 40x/1.3 (Leica Microsystems, Germany). Excitation laser lines at 405, 488, 552, and 650 nm were used for DAPI, Alexa488, Alexa568, and Alexa 647 respectively in Leica Application Suite X, (version 3.5.6.21594, Leica Microsystems, Germany).
2.8 Image analyses
Collected images were analyzed using FIJI (Schindelin et al., 2012), and its plug-ins Bio-Format (Linkert et al., 2010) and 3D ImageJ Suite (Schmid et al., 2010). The confocal images were prepared for publication in Z and 3D projections.
SEM micrographs (n = 6 per fiber type and timepoint) were used to evaluate cluster size, morphology, migration, and coverage of the fibrous mat by the cells by measuring cell-covered areas on the fibers.
To evaluate cell cluster thickness and its incorporation to the fiber mat on D7, Z dimensions of 10 randomly selected 3D cell clusters that fitted scanning area per experimental group were marked and analyzed in micrographs from confocal microscopy via the Leica Application Suite X.
Mitotic index for D1 was calculated as a ratio of mitosis, manually counted, to total number of cells from 5 representative 3D micrographs from confocal microscopy in 3D ImageJ Suite, FIJI. Mitotic index for D7 was presented as total mitosis per scanned area due to technical limitations of the automated cell count. For simplification, D1 mitotic index was recalculated per scanned area.
2.9 Statistical analyses
Statistically significant differences in the quantifiable parameters were estimated using analysis of the variance (ANOVA, GraphPad Prism 9, CA, United States) with a confidence interval of 95% for group comparison in case of normal Gaussian distribution with Tukey post-hoc test, and as min–max and with z25 and z75% and nonparametric Kruskal-Wallis post-hoc test otherwise. In the case of comparison only of 2 groups, we used either a parametric t-test or nonparametric Mann-Whitney t-test, comparing ranks, depending on data distribution. Values of p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001 were considered statistically significant among the groups that were compared. The data are presented as the mean ± standard deviation (SD) and the averaged values were determined from 3 independently prepared biological samples.
3 RESULTS
3.1 Random and aligned PCL fiber fabrication and characterization
Aligned and random orientation morphologies (Figures 2A,B) were characterized by SEM from (Figures 3A,B, Fiber Characterization panel).
[image: Electron micrographs showing various fibrous structures at different magnifications. Images A and B depict dense fibrous networks. Images C and D show lower magnification overviews populated with cells in lower magnification. Images E and F highlight details of cells and cluster formation the fibers. Images G and H illustrate irregular cellular clusters on fibrous textures with highlighted sections. Images I and J focus on specific areas of cell clusters. Each panel is labeled with the scale bar indicating magnification, ranging from two hundred micrometers to one millimeter.]FIGURE 2 | SEM micrographs showing the morphology of PCL fibers and morphology of cells seeded on them. Representative images (n = 6) of the PCL scaffolds: randomly oriented fibers (A); (left) and aligned fibers (B); (right). SH-SY5Y cells cultured on fibers for 1 day (C–F) and after 7 days in culture (G–J). Insets (E,F) for (C,D); (I,J) for (G,H) correspond to magnified views of the marked areas. Images are shown at 100× (top) and 500× (bottom) magnification. Scale bars: black = 1 mm; white = 200 µm.[image: Box plots comparing fiber and cell cluster characteristics. Graphs A, B, and C show fiber diameter, pore size, and scaffold coverage with higher values for aligned fibers in pink than random fibers in blue regarding fiber diameter, and higher values for random in fibre pore size and scaffold coverage by cells. Graphs D, E, and F indicate similar cluster sizes and perimeters for both types, with minor differences in circularity. Graph G shows thicker clusters for cells cultured on fiberd than on glass, and H depicts higher cluster incorporation below the fiber/glass surface for random and aligned fibers. Significant differences are marked with asterisks.]FIGURE 3 | SEM-based characterization of electrospun fiber mats and quantification of cell–scaffold interactions on day 7 (D7); (A-C) n = 6). (A) Average fiber diameter and (B) pore size of aligned and random fibers. Aligned fibers displayed a slightly wavy morphology with larger diameters compared to the straight randomly organized fibers (mean 1.65 ± 0.48 µm, vs. 0.63 ± 0.24 µm, respectively, p < 0.001). The former offered significantly smaller pore size (median 62.64 vs. 77.4 µm2, p < 0.029), as the pores of the aligned fibers follow the underlying alignment structure, with less crossover and interweaving. (C–H) Quantitative assessment of cell-material interaction from 3D confocal micrographs (D-H, n = 10): percentage of scaffold surface covered by cells (C), cluster size (D), cluster perimeter (E), cluster thickness (F), circularity (G), and spatial distribution of clusters above and below the fiber plane (H). Despite the smaller pore size in aligned mats, cells covered a significantly smaller percentage of the surface compared to random fibers. Differences in fiber orientation and diameter led to significantly distinct cluster morphology and distribution. Significant differences marked as *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.3.1.1 Fibers support attachment and proliferation of neuroblastoma cells
Cells adhered to fibers from day 1 (D1) to day 7 (D7), forming mat-like pseudospheroids that were morphologically similar across substrates but more frequent and expansive on random fibers. Aligned fibers supported deeper scaffold integration, and further analysis revealed distinct clustering dynamics compared to uniform spreading on glass. Notably, aligned fibers restricted cell–cell connectivity, due to strong directional cues, deviating from the shortest-distance connection typically observed on glass and random fibers. An increase in cluster size and fiber coverage was documented on both fiber types over the 7-day period (Figures 2C–J). On aligned fibers, cell clusters seemed to physically pull individual fibers as early as D1, altering their orientation (as clearly visible in SEM images, on Figures 2D,F,H). FIJI analysis revealed non-significantly lower fiber coverage on aligned fibers at D1, but significantly lower coverage by D7 (Figure 3C, Fiber Coverage panel).
On D7, the number and size of cell clusters differed significantly (Figure 3, Cell Cluster Characterization panel). We counted 331 clusters on random fibers with a median area of 0.3 µm2, and 170 clusters on aligned fibers with a median area of 0.5 µm2, over an analyzed surface area of 2.25 mm2 (non-Gaussian distribution, p = 0.020; Figure 3D). Cluster perimeter was also significantly larger on aligned fibers (p = 0.013; Figure 3E), with medians of 348.5 µm (random) and 448.4 µm (aligned). These, not fully globular, pseudospheroid structures eventually merged into thick, multilayered mats on both substrates. (Figure 4M). Circularity analysis from representative images (n = 43 for random, n = 33 for aligned) showed normally distributed values with no significant differences (0.37 ± 0.20 vs. 0.41 ± 0.19, respectively; Figure 3F).
[image: Microscopic images showing cellular and structural formations under different conditions labeled as D1 Random, Aligned, Glass, and D7 Random, Aligned, Glass. Columns A to I show D1 formations with cells and fibers in magenta and cyan hues, some marked with yellow arrows. Columns J to R present D7 formations with thick clusters, viewed from different angles. Images S to X highlight D7 Random and Aligned structures in circular arrangements focusing on differences in z axis, with cyan and magenta coloring and indicated scale bars.]FIGURE 4 | Morphological changes in SH-SY5Y cell organization on random, aligned fibers, and glass at day 1 (D1); (A–I) and day 7 (D7; (J–X) visualized by confocal microscopy. On D1, cells seeded on glass (G–I) formed an even monolayer, while both random (A–C) and aligned (D–F) PCL fibers promoted early clustering. By D7, high-density cultures developed into pseudospheroids and thick multilayer mats on both fiber types (J–O). Cells on random fibers and glass exhibited interconnectivity consistent with shortest-distance principles, while on aligned fibers, interactions followed the fiber axis (indicated by yellow arrows). Pseudospheroid morphology varied by topography: random fibers supported more circular structures with flatter bases (S–U), whereas aligned fibers yielded deeper, cone-shaped aggregates with less defined outlines (V–X). F-actin is stained with fluorescent phalloidin (magenta); nuclei are stained with DAPI (cyan). Scale bars: 100 µm unless indicated (T, W = 200 µm).3.2 Confocal microscopy indicates topographic influence on cytoskeletal architecture and nuclear distribution
Confocal microscopy following FITC-phalloidin and DAPI staining enabled analysis of cytoskeletal architecture and nuclear distribution within clusters across the two fiber types. No significant difference in overall cluster thickness was observed between fiber types (38.4 ± 7.7 µm on random vs. 43.2 ± 5.5 µm on aligned, n = 10), while glass supported significantly lower vertical stratification (29.6 ± 9.9 µm; p = 0.0486 and p = 0.002 vs. random and aligned, respectively). Clusters on aligned fibers penetrated deeper into the mat (31.6 ± 3 µm vs. 25.5 ± 8 µm random; p = 0.04), though the protruding part above the fiber mat was similar (12.9 ± 6 µm vs. 11.5 ± 5.8 µm). The relative incorporation depth (as a percentage of total cluster thickness) was higher on aligned fibers (74.1% ± 10%) compared to random (66.16% ± 15%), but this difference was not statistically significant (Figure 3H).
Figures 4A–I shows cell morphology on D1, while Figures 4J–X depicts D7 outcomes. On D1, cells formed uniform monolayers on glass (Figures 4G–I) but clustered on fibers (Figures 4A–F). Over time, these aggregates expanded into larger structures (Figures 4J–O). On D7, glass-supported cultures retained a largely monolayer architecture with some vertical stacking (Figures 4P–R). In contrast, fiber-based cultures formed compact pseudospheroids (Figures 4J–L) and thick multilayer formations (Figures 4M–O). On random fibers, pseudospheroids were more defined and circular (Figures 4S–U), with a preserved dome-like structure at the base. On aligned fibers, clusters appeared more dispersed, often integrating deeper into the scaffold and decreasing in volume (Figures 4V–X). Pseudospheroids commonly reached diameters of ∼250 µm but remained under 50 µm thick, consistent with spheroidal proportions along the Z-axis. On glass, SH-SY5Y cells exhibited typical hexagonal morphology with broad, flat protrusions on D1 (Figure 4H), whereas cells on fibers displayed elongated shapes conforming to the underlying topography (Figures 4A,D). On random fibers, protrusions were primarily connected to nearby clusters along the shortest path (Figure 4B), similar to those observed on glass (Figures 4G,H). However, on aligned fibers, inter-cluster communication was limited; protrusions predominantly extended along the fiber axis, contacting clusters on the same fiber rather than following minimal-distance paths (Figures 4D,E,M). Prominent lamellipodia, reminiscent of neurites, aligned tightly to fiber directionality by D7 (Figure 4M).
Nuclear morphology also varied with substrate. On glass, nuclei were slightly elongated and oriented toward neighboring cells. On fibers, cells appeared rounder with nuclei conforming to scaffold topography; globular on random fibers (Figure 4C) and elongated on aligned ones (Figure 4F). Increased apoptotic nuclei were noted along the periphery of clusters formed on aligned fibers (Figure 4V). Interestingly, in D7 pseudospheroids, nuclear orientation remained random unless in direct fiber contact, indicating a more localized topographic influence.
3.3 Cell proliferation rate is not affected by surface morphologies
To quantify the surface effect on cell proliferation, we assessed the mitotic index using confocal micrographs (n = 5, Figures 5A,B, Proliferation panel), lactate dehydrogenase (LDH) activity to evaluate cytotoxicity (Figure 5C, LDH panel), and cytokine release assessment (Figure 5D, FGF-2 panel). The mitotic index was significantly lower on random fibers compared to the glass surface. On average, the total number of cells on D1 was comparable between groups grown on fibers (149.4 ± 9.7 random vs. 145.4 ± 28.0 aligned, p > 0.99) with fewer cells on glass (127.2 ± 31.2. p = 0.31 vs. random, p = 0.77 vs. aligned).
[image: Bar graphs illustrate proliferation, LDH, FGF-2 concentrations, and gene expression over time under different conditions. Proliferation metrics include assessment of mitotic index and mitosis. LDH absorbance show significant decrease of LDH release in cells on fibers compared to glass FGF-2 concentration is shown at days 1 and 7 and depicts significant decrease of LDH release in cells on fibers compared to glass. Gene expression is analyzed for random, aligned, and glass conditions for various genes, with significant changes indicated by asterisks.]FIGURE 5 | Quantitative assessments include mitotic index per area on D1 (A) and D7 (B), LDH activity (C) on D1 and D7 normalized to glass-D1 controls, and FGF-2 concentration on D1 and D7 (D). Cells proliferated significantly less on random fibers compared to glass. LDH assay indicated active metabolism and confirmed material non-cytotoxicity, with the highest LDH values on glass. FGF-2 levels remained stable on fibers but doubled on glass by D7, suggesting a proliferation-related response, n = 3 sets of experiments, total 10 biological replicates. qPCR analysis of gene expression normalized to RPL19. Cells grown on random fibers (E) showed significantly increased expression of actin (ACTB), β3-tubulin (TUBB3), and connexin 43 (GJA1). In contrast, cells on aligned fibers (F) and glass (G) exhibited elevated expression of doublecortin (DCX) and connexin 31 (GJB3). Nine biological replicates were analyzed from 3 separate experiments. Significant differences are indicated as follows: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.Due to the dense organization of pseudospheroids on D7, automatic segmentation of total cell counts using FIJI’s 3D Image Suite was not feasible. Therefore, mitotic figures were quantified per scanned area and compared across conditions. The mitotic index on D1 (expressed as mitoses per 106 μm2) was significantly lower on random fibers (0.42 ± 0.24) than on glass (1.00 ± 0.30; p = 0.03), with intermediate values on aligned fibers (0.67 ± 0.38; Figure 5A). No significant differences were found across substrates on D7 (random: 0.87 ± 0.44; aligned: 0.71 ± 0.32; glass: 0.68 ± 0.37; Figure 5B), although the trend was reversed.
The LDH assay, performed across three independent experiments with a total of 10 biological replicates, showed slightly lower values for cells on aligned fibers compared with random fibers at both D1 and D7; however, these differences were not statistically significant (Figure 5C, LDH panel), yet the values of aligned fibers were statistically significantly reduced when compared to glass on both, D1 and D7 (p = 0.04 and p = 0.04, respectively). The cells seeded on glass reached the highest cell confluency among the testing groups as visualized by confocal imaging, suggesting that LDH results reflected the metabolic activity of the alive cells rather than cell death caused by the cytotoxicity of the material.
LDH assay results showed slightly lower values on aligned fibers compared to random fibers on both D1 and D7, but these differences were not statistically significant (Figure 5C, LDH panel). In contrast, LDH release on aligned fibers was significantly reduced compared to glass at both timepoints (p = 0.04; Figure 5C), indicating decreased cell membrane damage on aligned scaffolds. Confocal imaging confirmed that cells on glass achieved the highest confluency. Thus, the elevated LDH levels on glass may reflect increased cell density, stress from crowding, or higher turnover, rather than direct material-induced cytotoxicity. Luminex cytokine analysis from 3 separate experiments containing 10 biological replicates total revealed stable release of FGF-2 on both fiber types, while a significant increase was observed on glass by Day 7 (p < 0.001; Figure 5D, FGF-2 panel), likely reflecting higher confluency due to limited surface area. SH-SY5Y cells under these conditions did not engage in acute wound-like signaling pathways, as indicated by the absence of EGF, angiopoietin-2, G-CSF, BMP-9, endoglin, endothelin-1, leptin, follistatin, VEGF-C, and VEGF-D.
3.4 Fiber organization affects cell differentiation
We observed topography-dependent differences in mRNA expression directed by fiber organization, as shown in the Gene Expression panel (Figures 5E–G). To assess how 3D formation affects ECM remodeling and cell communication, we analyzed the expression of structural, neural, gap junctional, and ECM-related genes, along with stress marker adiponectin (ADPN) (Jung et al., 2006) in 3 sets of separate experiments in biological triplicates and technical duplicates.
On random fibers (Figure 5E), mRNA expression of actin (ACTB) and β3-tubulin (TUBB3) significantly increased from D1 to D7, up to 6-fold and over 20-fold, respectively (p < 0.001). In contrast, mRNA abundance of these markers remained relatively stable on aligned fibers, and glass (Figures 5F,G). Nestin (NES) expression showed little change in random fibers, slight downregulation on glass, and a notable decrease on aligned fibers by D7 (Supplementary Data 1C). NCAM levels were similarly stable across all conditions.
DCX mRNA expression increased on all substrates, with a modest 3-fold increase on random, 5-fold on glass, and a 30-fold increase on aligned fibers (p < 0.001). However, when normalized to ACTB, DCX expression decreased over time on random and glass, and remained stable on aligned fibers (Supplementary Data 1D).
Gap junction markers showed inverse patterns. Connexin 43 (GJA1) increased significantly, up to 60-fold on random fibers by D7 (p < 0.01) but remained unchanged on aligned fibers and glass. In contrast, connexin 31 (GJB3) increased markedly on glass (∼20-fold, p < 0.001) and aligned (∼15-fold, p < 0.05), with only a modest rise on random (∼2-fold) (also supported by Supplementary Data 1A).
Fibronectin (FN1) mRNA expression decreased on random fibers but stayed stable on aligned and glass surfaces (Supplementary Data 1C). Collagen mRNA expression varied: COL1A1 was undetectable on glass and minimally expressed on fibers, while COL3A1 increased on glass, decreased on random, and was stable on aligned (Supplementary Data 1A).
ADPN mRNA expression increased across all substrates, with the greatest fold change on glass (∼7-fold), followed by random (∼5-fold) and aligned (∼3-fold) fibers Supplementary Data 1B. GAPDH expression also rose from D1 to D7, with high variability, peaking at ∼350-fold on random, >100-fold on glass, and ∼20-fold on aligned fibers (not shown).
In summary, mRNA analysis revealed substrate-driven differences in gene expression, particularly among cytoskeletal (ACTB, TUBB3), gap junctional (GJA1, GJB3), and early differentiation and migration marker DCX. These patterns reflect how scaffold architecture can distinctly influence early neural gene programs and intercellular communication.
3.5 Fiber organization alters protein expression in pseudospheroids
To assess cell and pseudospheroid morphology across the different substrates, we first performed 3D cytoskeletal and nuclear imaging using fluorescent phalloidin and DAPI staining, followed by confocal microscopy (D1 in Figure 6, D7 in Figure 7).
[image: Fluorescence microscopy images showing cell samples under different conditions: random, aligned, and glass. Stains include β3-Tubulin, Nestin, Fibronectin 1, Acetyl Tubulin, Doublecortin, and Cx31. Each set has two images, one with a single stain and another with DAPI and Actin overlays. Scale bars indicate 100 micrometers.]FIGURE 6 | Protein expression on SH-SY5Y cells grown on random and aligned fibers, and glass on D1. Yellow shows β3-tubulin, acetylated tubulin, nestin, doublecortin (DCX), fibronectin 1, and connexin 31 (Cx31). F-actin (magenta) is stained by fluorescent phalloidin, nuclei (cyan) by DAPI.[image: Composite image showing microscopy of cells stained for various proteins. Columns indicate different conditions: Random, Aligned, and Glass. Rows depict proteins identified by fluorescent labels such as β3-Tubulin, Nestin, Fibronectin 1, DHCR24, Acetylated Tubulin, Doublecortin, Cx31, and SOX2. Each condition-protein pair is presented with and without additional staining for actin (in pink) and DAPI (in blue) to highlight cellular features. Scale bars are 100 micrometers, suggesting variations in cell arrangement and protein expression across different substrates and treatments.]FIGURE 7 | Protein expression in SH-SY5Y cells cultured on random and aligned fibers, and glass, at day 7 (D7): β3-tubulin expression increased on random fibers, while nestin was elevated on aligned fibers. FN1 expression decreased on random fibers at D7, whereas Cx31 signal increased. However, DCX and Cx31 were not detected by immunohistochemistry (IHC) on aligned fibers at D7. Target proteins (β3-tubulin, acetylated tubulin, nestin, doublecortin (DCX), fibronectin 1 (FN1), connexin 31 (Cx31), DHCR24, and SOX2) are shown in yellow. F-actin is visualized in magenta via fluorescent phalloidin staining.Aiming to examine protein localization within the pseudospheroids, we carried out immunofluorescent staining for two well-established markers of neuronal identity and cytoskeletal remodeling, namely acetylated and β3-tubulin (top panels, Figures 6, 7). Acetylated tubulin marks stabilized microtubules critical for cytoskeletal integrity and mitotic spindle function, especially in post-mitotic and elongating cells (Nekooki-Machida and Hagiwara, 2020) and β3-tubulin is a microtubule element associated with early neuronal differentiation (Spildrejorde et al., 2023). Acetylated tubulin was abundantly expressed on both fibrous substrates but showed lower expression on glass. On D7, cells on random fibers exhibited more uniform and widespread acetylated tubulin staining, whereas cells on aligned fibers displayed a distinct network of thin cytoplasmic extensions. The expression pattern of β3-tubulin on D7 was consistent with the qPCR findings. DCX expression increased from D1 (Figure 6) to D7 (Figure 7) on both glass and random fibers in agreement with qPCR data, while no such increase was observed on aligned fibers (see Supplementary Data 1A). Nestin expression remained stable from D1 to D7 on both fiber types but declined on glass by D7, also matching qPCR trends (middle panel on Figure 5, second panel on Figure 7). FN1 protein expression decreased on fibers between D1 (Figure 6) and D7 (Figure 7), while remaining stable on glass, mirroring mRNA results (lower panel on Figure 6, third panel on Figure 7).
On D7, we also detected DHCR24 and SOX2 expression (Figure 7). DHCR24 (24-dehydrocholesterol reductase) is involved in cholesterol biosynthesis and implicated in neuroprotection and cellular stress response. SOX2 is a transcription factor essential for maintaining neural progenitor identity and pluripotency, and its presence may indicate retention of undifferentiated or stem-like characteristics within the culture (Samara et al., 2022). DHCR24 was evenly expressed in cells on glass and random fibers but was restricted to the periphery of pseudospheroids on aligned fibers (Samara et al., 2014). SOX2 was observed in the nuclei of cells on aligned fibers and glass but was predominantly cytoplasmic in cells on random fibers, particularly at the edges of pseudospheroids.
Overall, the confocal microscopy data support the SEM observations and gene expression results, confirming distinct substrate-specific effects on cytoskeletal organization, stress responses, and early differentiation markers.
4 DISCUSSION
Employing a comprehensive experimental configuration, we investigated the impact of the directionality of PCL fibers on cell–fiber interactions and the organization of SH-SY5Y neuronal-like cells. We seeded cells at high densities on aligned and randomly arranged fibers, where the latter mimic the extracellular matrix (ECM) more closely, and characterized adhesion, differentiation, and morphology over a 7-day period. Cells clustered into 3D pseudospheroids with thickness reaching approximately one-fifth of their diameter. Notably, random fibers promoted significantly larger surface coverage, while aligned fibers yielded larger and more elongated clusters.
The findings of this work both build on and extend insight on topography cues leading to neural network formation of prior studies. Our study suggests that random fibers, due to their larger pore size and thinner diameters, facilitated greater surface coverage. Electrospun PCL fiber scaffolds have previously shown that variations in fiber diameter and pore size affect cell behaviour (Ibrahim and Klingner, 2020; Schiffman and Schauer, 2008), with fiber diameter documented to influence rigidity and elasticity (Doss et al., 2020). Aligned fibers, despite being wavy and not completely linear, offered a more elastic interactive surface, that enhanced structural elongation and cluster depth compared to the random fibers and glass, where cells could deform and stretch, as shown on the SEM images on D7, and previously observed (Hall et al., 2016).
Despite the differences in diameter and pore size, confocal imaging on D1 showed no significant difference in initial cell attachment across substrates, suggesting fiber architecture, rather than mechanical constraints alone, influenced subsequent cell behaviour. Previous work similarly observed no significant changes in relative proliferation of the cells between 0.75 and 1.45 μm fiber diameter (Christopherson et al., 2009). They also documented increased β3-tubulin protein expression on the thicker fibers, and 3D-like cell structure formation, as we did. The mean diameter of both the samples used in our study (0.63 vs. 1.65 μm, random vs. aligned, respectively) supports similar cell adhesion and proliferation.
The formation of pseudospheroids aligns with other 3D culture models, such as gold nanostructure-induced spheroids reaching ∼300 µm in diameter by D7 (Suhito et al., 2021). SEM analysis at D7 revealed low circularity values (0.37 for random, 0.4 for aligned), suggesting cluster fusion into broad, multilayer mats. These mat-like structures exhibited cell protrusions and lamellipodia that already connected clusters on day 1 (D1). Cells on random fibers and glass followed the principle of shortest-distance connectivity, whereas on aligned fibers, cell interactions were guided by fiber directionality. (Hammarback and Letourneau, 1986; Papadopoulou et al., 2010).
Interestingly, limited contact between clusters on aligned fibers suggests that topography overrides cellular chemoattractant cues (as proposed by (Sheets et al., 2013), though communication may still occur (Nahum et al., 2023). The 60-fold increase in connexin 43 (Cx43) mRNA expression on random fibers indicated robust cell–cell signaling, consistent with previous findings linking gap junctions to substrate stiffness (Zhou et al., 2020) and possibly to regulation of proliferation (Genet et al., 2023). It could also be possibly associated with regulation of proliferation or specific SH-SY5Y characteristics, previously shown to maintain their phenotype when seeded in high density, irrespective of 2D or 3D growth conditions (Consales et al., 2021). This dramatic upregulation could indicate intensified cell–cell communication, likely as a compensatory mechanism to alleviate mechanical and topographical stress. This may reflect a cellular strategy to maintain synchrony and paracrine signaling under less organized, more spatially dynamic conditions.
Notably, the thickness of the pseudospheroids is a limiting factor for immunofluorescence visualization. Therefore, to visualize the whole spheroid required extended permeabilization (2 h post-fixation). Aligned fibers retained attached pseudospheroids post-treatment, while in some cases random fibers partially failed, suggesting stronger cell-material interactions. This finding is further supported by elevated DCX expression on aligned fibers, consistent with reports linking DCX to neural migration (Ayanlaja et al., 2017; Gleeson et al., 1999; Daou et al., 2005) Beta actin mRNA increased on random fibers, suggestive of increased cell migration, as proposed in another study using MSCs (Werner et al., 2017), linking actin dynamics to surface curvature. FN1 reduction at both mRNA and protein levels further supports increased migration (Tan et al., 2021). Acetylated tubulin expression was comparable between fiber types, aligning with findings associating it with neurite extension (Cappelletti et al., 2021). Therefore, markers of immature neuronal states and migration, were significantly upregulated on aligned fibers, suggesting these topographies may better support directed neurogenesis and structural maturation. In contrast, higher β-actin and FN1 expression on random fibers suggested increased cell remodeling activity.
Nuclear morphology followed fiber orientation, consistent with prior work (Lele et al., 2018; Huang et al., 2016; Doolin et al., 2019). Nuclei followed the surface directional cues irrespective of cell seeding density when in contact with the surface as previously shown by others (Huynh and Holsinger, 2023). Notably, more apoptotic nuclei appeared on aligned fibers, correlating with decreased DHCR24 expression, a protective enzyme against apoptosis (Lu et al., 2023). LDH assays, however, did not indicate elevated cytotoxicity, reinforcing the observation that apoptosis was likely due to over-confluence inducing mechanical or differentiation stress.
FGF2, a proliferative and anti-apoptotic cytokine, remained stable on fibers but doubled on glass (Sun et al., 2018; Wu et al., 2024; Lavenius et al., 1994), suggesting higher proliferation and less differentiation on glass. These results are supported by earlier studies showing increased differentiation on fibrous scaffolds (Wu et al., 2018; Boku et al., 2013; Scheil et al., 1994). Additionally, gradients of acidic FGF (FGF1), another member of the FGF family, have been shown to promote neurite extension both in vitro and in vivo (Jin et al., 2023), further supporting the role of FGF signaling in scaffold-guided neuroregeneration. In this study, detection of FGF2 but not FGF1 is indicative of the neurotrophic and anti-apoptotic role of FGF signaling, especially on glass surfaces where FGF2 increased significantly.
Adiponectin (ADPN) mRNA expression remained stable but showed lower fold changes on fibers compared to glass, suggesting minimal metabolic stress under fibrous conditions (Bloemer et al., 2018; Abgrall et al., 2022). LDH data confirmed cell viability within pseudospheroids, ruling out hypoxia-induced core death commonly observed in spheroid cultures (Xiang et al., 2000; Zhao et al., 2022).
Prior studies have demonstrated the benefits of incorporating fiber scaffolds into spheroids, improving ECM deposition and neural differentiation (Ahmad et al., 2017; Ahmad et al., 2020; Sharma et al., 2025). More cell differentiation was previously documented, when fibrous material was incorporated to spheroid formation, assessed by ECM, connectivity and differentiation markers, such as FN1 (Paten et al., 2019), Cx43 and SOX2 (Ahmad et al., 2017; Ahmad et al., 2020). Similarly, another in vitro study has shown Liu et al. (2023) reported enhanced sciatic nerve regeneration using randomly organized PCL fibers (Liu et al., 2023). The work presented here confirms increased expression of β3-tubulin and actin on random fibers, and of nestin and doublecortin on aligned fibers, indicating distinct differentiation pathways influenced by fiber topography.
Among others, alignment of scaffolding supports cell elongation and neurite-like protrusions, providing topographical cues to promote adhesion and maturation. In the neuroregeneration field, particularly in the context of spinal cord and peripheral nerve repair, fiber alignment has been studied since the mid-2000s as a strategy to facilitate healing in these structurally complex tissues (Yim et al., 2005; Schnell et al., 2007; Chew et al., 2008; Woods et al., 2022). The neurite-like extensions and their deeper integration transversing the aligned scaffolds observed in our study are consistent with mechanisms of neuronal maturation. Previous studies have demonstrated that aligned fibers promote neurite outgrowth (Yao et al., 2009; Ghollasi and Poormoghadam, 2022; Elashnikov et al., 2019; Yadav and Majumder, 2022; Yao et al., 2023). Our findings showed increased expression of the immature neuronal and migration markers DCX (Lendahl et al., 1990) and nestin on aligned fibers. Along with the enhanced presence of neurite-like protrusions, this suggests a shift toward a more neuron-like phenotype on aligned fibers and glass, while cells on random fibers retained a more stem-like character (Liu et al., 2018; Forster et al., 2016). However, the decrease in nestin (NES) expression by day 7 (D7) indicates progression toward maturation. The overall decline in neural cell adhesion molecule (NCAM) expression across all substrates likely reflects progression toward neuronal maturation. However, its more stable expression on aligned fibers suggests that alignment may help sustain a transitional progenitor state, consistent with observations in Schwann cells cultured on PCL (Chew et al., 2008).
Cx31, linked to neurite extension (Unsworth et al., 2007), was upregulated on aligned fibers and glass. Cx43 and fibronectin (FN1) expression have also been linked through focal adhesion kinase signaling (Zhou et al., 2020). In our study, FN1 expression decreased only on random fibers, potentially limiting collagen III formation. Collagen I was undetectable on glass and weakly expressed on both fibrous surfaces. Collagen III was present in all samples, contrary to earlier findings (Scarpa et al., 1987) and supporting more recent evidence that fiber orientation influences collagen deposition (Lee et al., 2005; Chen et al., 2024). Expression of β3-tubulin and Cx43 proteins decreased on aligned fibers and showed only minimal increases on glass, following similar trends in mRNA expression. This pattern supports a potential regulatory relationship between β3-tubulin and Cx43, as previously described (Giepmans et al., 2001). Aligned collagen-rich ECMs are associated with invasive behaviors in tumors (Ray and Provenzano, 2021). SOX2 localization was nuclear on aligned fibers and glass, indicating maintained stemness (Van Schaijik et al., 2018; Ferlemann et al., 2017), while its cytoplasmic presence on random fibers could imply secretion in the form of exosomes (Vaidya and Sugaya, 2020).
Although the findings provide new insights to the field, the study has limitations. First, we used polycaprolactone (PCL), which is hydrophobic and degrades slowly. We chose PCL for its electrospinnability, stability, and reproducibility in generating controlled fiber morphologies, that enabled us to isolate the effects of topography on SH-SY5Y cell behaviour. While this ensured experimental control and comparability with prior studies, it limits direct translational relevance. Nevertheless, the insights gained regarding fiber alignment and morphology are likely transferable to other biodegradable polymers, such as PLGA or natural blends with faster degradation rates. Second, subtle differences in fiber diameter between the aligned and random scaffolds were not further titrated. These dimensional variations may have acted as confounding factors and could have contributed to the observed cellular responses. Furthermore, we did not examine exosomal release or perform mechanical testing of cell–scaffold interactions. Previous work shows that PCL elasticity is direction-dependent, with increased stiffness when pulled parallel to fiber alignment (Delaine-Smith et al., 2021; Doustgani et al., 2011). Future studies should investigate how these properties influence scaffold–cell integration. Moreover, while we observed stronger cluster retention on aligned fibers following the prolonged Triton X-100 permeabilization, we did not quantitatively measure cell–scaffold adhesion strength. This qualitative observation merits further investigation, especially in the context of incorporating decellularized matrices into bioengineered scaffolds to enhance anchorage and remodeling potential.
Another limitation is that this study did not assess critical aspects of neuronal maturation, such as late neuronal differentiation or axonal outgrowth. While we addressed early neuronal and adhesion-related markers (DCX, βIII-tubulin, and NCAM) and found their expression modulated by scaffold topography, our data do not directly capture axonal extension. Also, we did not perform migration assays or other functional experiments to contextualize the expression of nestin and doublecortin. While we interpret them as markers of early neuronal lineage and cytoskeletal remodeling, they may also be influenced by stress or dedifferentiation. Similarly, the marked upregulation of connexin 43 observed on random fibers could reflect hypoxic signaling or stress responses in dense clusters, in addition to our proposed compensatory signaling mechanism. We employed SH-SY5Y cells, a neuroblastoma-derived line widely used in neural research. Although their use is practical and well characterized, they do not fully recapitulate primary or stem-cell-derived neurons and may limit the generalizability of our findings. Future studies can address this, employing human embryonic stem cell–or IPSC- based neuronal differentiation models on the scaffolds. Additionally, the application of advanced methods, such as spatial transcriptomics, could systematically map how fiber alignment and morphology influence differentiation trajectories and neuronal architecture.
In this study, we intentionally employed a high initial seeding density to mimic later stages of wound healing, aiming to facilitate extensive cell–cell interactions and paracrine signaling. While this setup may have masked subtle topography-dependent effects on initial attachment or very early differentiation, it enabled the robust formation of pseudospheroids.
Hereby, we report the characterization of neural, scaffold-anchored, high-density multicellular pseudospheroids, distinct from conventional suspension spheroids. This also highlights a unique tissue-engineering paradigm; unlike suspension spheroids, which lack a structural anchor, scaffold-attached aggregates can integrate topographical and material-derived cues to promote tissue-like organization. Our findings further show that high-density seeding induced rapid pseudospheroid formation and distinct differentiation trajectories depending on fiber alignment. Random fibers supported efficient surface coverage, migration, and intercellular communication, whereas aligned fibers promoted deeper anchorage, expression of neuronal lineage markers, and more mature-like phenotypes. These results suggest that fiber alignment not only directs cell organization but may also influence the balance between early cell network behaviour and progression toward neuronal maturation.
A promising future strategy may lie in the design of hierarchical or composite scaffolds that integrate both random and aligned fiber domains. Such hybrid architectures could combine the rapid surface colonization and communication enabled by random fibers with the axonal alignment, anchorage, and maturation promoted by aligned fibers. These hybrid approaches could be adapted to neural tissue repair systems and may provide a powerful platform to coordinate scaffold coverage with functional differentiation, ultimately advancing scaffold-based strategies for neural tissue reconstruction. Further research should investigate how material-derived cues and dynamic spatiotemporal signaling coordinate the reconstruction and functional restoration of neural tissues and networks following injury.
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