
R E S E A R C H Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​
v​e​c​​o​m​m​​o​n​s​.​​o​r​​g​/​l​​i​c​e​​n​s​e​s​​/​b​​y​-​n​​c​-​n​​d​/​4​.​​0​/​.

Mello et al. Stem Cell Research & Therapy          (2025) 16:417 
https://doi.org/10.1186/s13287-025-04547-4

Stem Cell Research & Therapy

Eleonora Mello and Stefano Sorrentino are co-first authors.

Alessandro Polini and Pamela Mozetic are co-last authors.

*Correspondence:
Pamela Mozetic
pamela.mozetic@nanotec.cnr.it

Full list of author information is available at the end of the article

Abstract
Background  Neuronal spheroids represent an easy and versatile solution to model neuronal tissue in vitro. 
Conventional approaches to generate spheroids lack accurate size control, scalability, and customizability. This is even 
more exacerbated in case of pluripotent stem cell (PSC) derived spheroids, which remain challenging to standardize. 
Microwell devices address these limitations, providing an optimal balance between accessibility and scalability. 
With the aim of optimizing culture conditions, we parametrically investigated the role of microwell geometry on the 
formation and maturation of iPSC-derived motor neuron precursor (MNP) spheroids.

Methods  We developed a customizable mold device using Digital Light Processing (DLP) 3D printing to 
fabricate agarose microwell arrays with distinct aspect ratios for culturing hiPSC-derived MNP spheroids with high 
reproducibility. We generated nine different pyramidal microwell array geometries for culturing size-controlled 
spheroids in the 40–140 μm diameter range. We then evaluated the differential expression of genes related to cell 
proliferation and motor-neuron differentiation as function of microwell geometry and spheroid size.

Results  Our results indicate that spheroid size is significantly influenced by the microwell geometry, reliably due to 
cell partitioning at the seeding stage. Expression of proliferation and differentiation markers, such as motor neuron 
and pancreas homeobox 1 (MNX1) and Islet-1 (ISL1) transcription factors, is also dependent on microwell geometry 
and spheroid morphological descriptors.

Conclusion  Our approach enables the scalable production of size-controlled MNP spheroids and underscores the 
effect of geometrical confinement on regulating motor neuron differentiation.
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Introduction
The human nervous system (NS) is organized in a hier-
archical complex architecture where neurons and glial 
cells are connected in intricate functional networks. This 
makes the NS extremely difficult to model in vitro and 
only slightly reproducible with classic two-dimensional 
(2D) cell cultures [1]. The NS multicellular heterogeneity 
and the challenging accessibility and scalability of human 
primary cell cultures have always represented an obstacle 
to NS modelling redirecting the efforts on animal models 
for both physiological and pathological studies [2].

The advent of human induced pluripotent stem cells 
(hiPSCs) three-dimensional (3D) neuronal platforms, 
such as organoids [3], organ-on-chip [4], 3D bioprinted 
models [5], scaffold-based [6] and scaffold-free [7] cell 
cultures has marked a fundamental improvement in neu-
robiology [8]. The remarkable neuronal differentiative 
potential of iPSCs [9] combined with their almost unlim-
ited renewal capability and non-invasive derivability from 
patients, has offered a new horizon for a more personal-
ized medicine approach [10]. The 3D configuration is 
more effective in mimicking the brain tissue architecture, 
promoting more accurate cell-to-cell and cell-to-matrix 
interactions, and a better fluidic dynamic exchange for 
nutrients, oxygen, and drugs than standard 2D cultures 
[11, 12].

Among 3D neuronal models, spheroids appear as an 
easy and versatile solution [13] to better model neuronal 
tissue in vitro. Spheroids are self-assembled cell clusters 
formed by spontaneous or forced aggregation in either 
scaffold or scaffold-free environment [14]. Spheroids 
have been used to recapitulate the fundamental features 
of brain tissues in terms of self-organization, cell differ-
entiation [15] electrophysiology, and neural networking 
in 3D [16]. Neuronal spheroids have also demonstrated 
useful models in the field of neurodegenerative disor-
ders such as Alzheimer’s disease [17, 18] or Amyotrophic 
Lateral Sclerosis [19, 20] making them suitable for high 
throughput [21, 22] and drug screening purposes [23, 24]. 
Such translational applications require high reproduc-
ibility, scalability, and adaptability, which are currently 
lacking in spheroids culturing methods. Conventional 
approaches, such as hanging drop and low-attachment 
cultures rely on physical stimuli, e.g., gravity or surface 
tension. Despite being easily accessible and reproducible, 
these methods give scarce control over spheroid size and 
can lead to heterogeneous or merged spheroids. More 
advanced techniques, which include microfluidic plat-
forms, bioreactors, and magnetic manipulation involve 
external forces, tools, and strategies for precise control 
of the aggregation process [25]. While enabling more 
refined control and automation on spheroids develop-
ment, they show limitations in terms of scalability and are 
difficult to be translated to non-specialized laboratories.

Microwell devices provide an optimal balance between 
accessibility, control outcomes, and scalability. A 
microwell device consists of hundreds of micrometer-
sized pocket arrays capable of trapping individual cells 
without external force [26]. The use of microwells for 
tissue engineering has found increasing popularity for 
culturing PSC-derived spheroids with controllable size, 
shape, and homogeneity [27–29]. Interestingly, spatial 
and geometrical confinement of cells within the pocket 
array constitutes a regulatory stimulus for spheroid 
development [30–32]. While there is a relatively well-
established understanding of the effect of soluble factors 
on spheroid formation, the contribution of mechanobio-
logical clues remains uncertain. The influence of shape 
and force on cell proliferation [33], differentiation, and 
tissue patterning [34] has been thoroughly investigated 
in embryonic tissues [35]. It has been shown that differ-
ential gene expression patterns are regulated not only by 
morphogens but also by spatial and mechanotransduc-
tion stimuli. Considering the significant role of spatial 
cues in directing human embryonic development and 
hPSC differentiation, we hypothesized that the microw-
ell shape might also affect spheroid development, with 
these changes reflected in differential gene expression. To 
assess the impact of geometric confinement on spheroid 
development, we sought to explore a parametric study to 
address the effect of microwell geometrical cues on the 
resulting MNP spheroid formation and differentiation.

Materials and methods
Materials
The complete list of chemicals, culture media and PCR 
primer assays used in this study is reported in Supple-
mentary Information (Tables S1-S5).

Mold device design and fabrication
The mold design was generated using Rhinoceros soft-
ware (v. 6.0, Robert McNeel & Associates). Briefly, 
truncated pyramids with a major base edge of 150, 400, 
or 800 μm, a minor base edge of 50 μm and a height of 
150, 400, or 800  μm, were generated as a square array 
laid into a circular pocket with a diameter of 15 mm (to 
fit the wells of a 24-well plate) and a depth of 0.6  mm 
(Fig.  1A). The complete list of geometries (from g1 to 
g9) is reported in Table  1. Molds were fabricated by 
Digital Light Processing (DLP) 3D printing (MAX X27 
UV, Asiga, Australia). A biocompatible resin (GR-10, 
Pro3Dure, Germany) was used for mold fabrication 
(resin details are reported in Table S2). DLP parameters 
were set following a previously optimized protocol [36] 
and the layer thickness was set at 25  μm. To character-
ize the pyramid geometries, a test specimen containing 
all 9 geometries was printed with the same DLP print-
ing parameters and observed under a Field Emission 
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Scanning Electron Microscope (FE-SEM, Sigma 300VP, 
Zeiss Microscopy, Germany). Prior to SEM investigation, 
the sample was coated with a 10-nm sputtered gold layer 
(CCU-010 LV, Safematic GmbH, Switzerland).

Negative mold processing was used to fabricate the 
microwell devices using sterile ultrapure agarose hydro-
gel (Fig.  1B-D). Specifically, 1  g of agarose (Sigma) was 

dissolved in 50 mL of PBS at 90 °C and cooled to 60 °C. 
Then, the agarose solution was poured into the resin 
mold and covered with a glass slide, to avoid air bubbles 
on the surface and to level the solution during solidifica-
tion. Detachment of the agarose replicas was performed 
after complete solidification with the aid of a compressed 
air jet. The agarose microwells were then inserted in 

Fig. 1  Microwell inserts. A) Layout of the 3D printed mold (see Table 1). B) Schematic representation of the manufacturing process of the agarose inserts 
via replica molding. C, D) Agarose inserts are easily manipulated and transferred into multiwell plates. E) Cell seeding and scaffold-free spheroid aggrega-
tion. F) Brightfield micrograph of MNP spheroids cultured on 800 × 800 μm (width × depth) microwell insert
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24-well plates and UV-sterilized. Microwells were stored 
at 4 °C in PBS supplemented with 1% penicillin/strepto-
mycin solution.

Human iPS cell culture and differentiation in MNP 
spheroids
Human iPS cells (line WTSli095-A) were purchased 
from the European Bank for Induced Pluripotent Stem 
Cells (EBiSC, Oxford, UK). Human iPS cells were grown 
and expanded as single cells on Matrigel-coated plates 
at a density of 2.0 × 105 cells/cm2 in mTeSR1 complete 
medium. To generate motor neuron progenitor (MNP) 
spheroids, the protocol disclosed by Du et al. [37] was 
slightly modified at the spheroid culture step (Fig.  2). 
Briefly, hiPSCs were dissociated by incubation in dispase 
solution (1 U/mL, Sigma) for 5 minutes and split (1:6) on 
Matrigel-coated tissue culture plates in mTeSR1 medium. 
On the following days, neuroepithelial progenitors (NEP) 
differentiation was induced by replacing the cell culture 
medium with neural culture medium I (NCM-I, Table 
S3). NCM-I was replaced every other day. On day 6, NEP 
cells were dissociated with dispase solution (1 U/mL) 
and split again 1:6 in neural culture medium II (NCM-II, 
Table S3). NEPs were cultured for 6 days and differenti-
ated into OLIG2+ MNPs. MNP cells were then expanded 

in neural culture medium III (NCM-III, Table S3). Start-
ing from MNP cultures, cells were dissociated with dis-
pase solution and cultured in the previously described 
agarose microwells in neural culture medium IV (NCM-
IV, Table S3) as follows. Once dissociated, MNPs were 
resuspended in NCM-IV at the density of 1.8 × 105 cells/
mL. 500 µL of cell suspension was added to each well of 
a 24-well plate hosting the microwell devices (Fig. 1E-F) 
and centrifuged at 300 × g for 5 minutes using a micro-
plate swinging bucket rotor (Megafuge ST1, Thermo 
Scientific) to confine cells in the microwells. NCM-IV 
was refreshed every other day, by changing 75% of the 
medium, and cells were cultured as spheroids for 7 days.

Dimensional analysis and shape factors
Micrographs of the obtained MNP spheroids inside their 
microwells were collected on a widefield automated opti-
cal microscope (Evos M7000, Thermo Fisher Scientific). 
Images were collected at the final time point of differen-
tiation (day 7). Image collection was performed in a semi-
automatic way as shown in the workflow of Figure S2A, 
allowing to gather and analyze thousands of images. The 
original dataset was cleaned from micrographs contain-
ing artifacts (e.g., broadly off-target images) via image 
classification built in Orange 3.0 ​(​​​h​t​t​p​s​:​/​/​o​r​a​n​g​e​d​a​t​a​m​i​n​
i​n​g​.​c​o​m​​​​​) [38], according to the scheme reported in Fig-
ure S2B. To further proceed with a quantitative analy-
sis, a DL-assisted segmentation software (Arivis Cloud, 
Zeiss Microscopy) was used to perform a semantic seg-
mentation of the dataset images, using a training set 
of 100 manually annotated images (Figure S2C) [39]. 
These annotations were used to train a deep neural net-
work which model was then used to perform a seman-
tic segmentation of the dataset images. Starting from the 
area, the equivalent diameter (d) was calculated using 
Eq.  1 assuming the approximation of a perfectly circu-
lar sphere. Two shape factors were also calculated, the 
Aspect Ratio (AR), calculated using Eq. 2 and the solid-
ity (S) calculated by Eq.  3, where dmax is the maximum 
diameter, dmin the minimum diameter, A the total area, 

Table 1  Definition of the 9 microwell geometries used to 
generate the devices, including the number of microwell for 
each device
Geometry Base (µm) Height (µm) Microwells per 

24-well plate
Lay-
ers

1 150 150 5503 6
2 150 400 5506 16
3 150 800 5501 32
4 400 150 906 6
5 400 400 906 16
6 400 800 906 32
7 800 150 228 6
8 800 400 228 16
9 800 800 228 32

Fig. 2  Timeline and sequential steps of hiPSCs differentiation into MNP spheroids. Neuroepithelial progenitors (NEP), neural culture medium (NCM), 
motor neuron progenitors (MNP), and motor neurons (MN)
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and Aconvex the area of the convex hull. Only features with 
a solidity value S > 0.8 were included in the analysis, thus 
excluding objects with pronounced concavities/convexi-
ties, which are reliably associated to artifacts.

	 d = 2
√

A/π � (1)

	 AR = dmax/dmin� (2)

	 S = A/Aconvex� (3)

Response surface method
Microwell geometries were chosen to perform a further 
statistical analysis, namely Response Surface Method 
(RSM). The entire statistical analysis was performed 
using the programming language R (v. 4.3.1) [40] follow-
ing the statistical strategy described in previous works 
[41–43]. Two geometrical factors (A–the microwell side 
and B– the microwell depth) were considered, each hav-
ing 3 levels. Then, a model was built by selecting the 
significantly relevant factors and tested by analysis of 
variance (ANOVA). The significance level was assigned 
as follows: p ≤ 0.1 (.), p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 
(***). The complete model is shown in Eq. 6. It should be 
noted that not all the terms must be present in the model. 
Only terms with p ≤ 0.1 were included, while the model 
was considered significant with a p ≤ 0.05. To evaluate the 
goodness of fit of the model, the coefficient of determina-
tion (R2) was calculated.

	 Y = c0 + c1A + c2B + cAB + c4B2� (6)

Immunofluorescence staining
Immunofluorescence staining was performed on cells 
at different stages of differentiation (hiPSCs, NEPs and 
MNPs) into Matrigel-coated Ibidi µ-dishes and on NMP 
spheroids grown in microwell devices.

At the end of each differentiation step, cells were 
washed with PBS and fixed with 4% PFA in PBS for 
10  min at room temperature (RT). MNP spheroids (at 
day 7) cultured inside microwell devices were washed 
with PBS and incubated with 4% PFA for 10 min at RT. 
To facilitate spheroid harvesting and collection, agarose 
devices were transferred upside down in a clean 24-well 
plate containing 500 µL of PBS and centrifuged at 300 × 
g for 10 min. The agarose devices were gently removed, 
and spheroids were easily collected from the bottom of 
the well into 1.5 mL vials for further processing.

Both adherent cells and spheroids were permeabilized 
with permeabilization solution (0.2% TritonX-100 in 
PBS) for 10 min at RT, incubated with blocking solution 
(1% BSA in PBS) for 30 min at RT, incubated overnight at 

4 °C with primary antibodies as detailed in Table S4 and 
revealed with secondary antibodies in blocking solution 
for 1  h at RT. Cytoskeletal actin and nuclei were coun-
terstained with AlexaFluor-555 Phalloidin and DAPI, 
respectively. Specimens were imaged either with a Leica 
TCS SP8 or with a Zeiss LSM 980 laser scanning confocal 
microscope.

Total RNA isolation and RT-qPCR analysis
Expression levels of stemness and neuronal differentia-
tion genes were evaluated by RT-qPCR on both adherent 
cells and spheroids at specific differentiation time points. 
Total RNA was extracted and isolated using Aurum Total 
RNA Mini Kit (Bio-Rad). Extracted RNA was quanti-
fied spectrophotometrically (Nanodrop, Thermo Fisher 
Scientific). 1  µg of total RNA was reverse-transcribed 
using iScript Adv cDNA Synthesis Kit for RT-qPCR (Bio-
Rad) according to the manufacturer’s protocol. Quan-
titative PCR analysis was performed on 10 ng of cDNA 
in a total reaction volume of 10 µL, using SsoAdvanced 
Universal SYBR Green Supermix (Bio-Rad) and primers 
(PrimePCR Assay, Bio-Rad) for the genes listed in Table 
S5. To identify the best housekeeping gene, an analy-
sis of the expression level of several candidate reference 
genes (Table S5) was performed using geNorm v.3.5. All 
experiments were performed in triplicate. Gene expres-
sion levels were referred to those of control hiPSCs. The 
significance levels were assigned as follows: * p < 0.05, 
** p < 0.01, *** p < 0.001, **** p < 0.0001. Then, a 2-way 
ANOVA was performed on gene expression datasets to 
determine to which extent the two factors (i.e., microw-
ell width and depth) impact on gene regulation of NMP 
spheroids. Finally, to evaluate the dependence of gene 
regulation upon spheroid morphological parameters 
(diameter, aspect ratio and solidity), a Pearson’s correla-
tion matrix was calculated, reporting the Pearson’s corre-
lation coefficient (r) and the corresponding p-value. Two 
variables were considered significantly correlated if two 
conditions were satisfied:|r| ≥ 0.4 and p < 0.05.

Results
Mold morphology
To qualify the manufacturing process, a sample for each 
of the nine pyramidal geometries was observed by SEM 
(Fig.  3). SEM micrographs clearly showed that DLP 
structures were characterized by a stepped geometry, 
which is characteristic of this layer-by-layer fabrication 
process. The height of these steps is fixed by the printing 
parameters to be 25 𝜇m, the number of layers is reported 
in Table 1. In order to quantitatively assess the adherence 
of the printed mold to the CAD design, 30 pyramids for 
each experimental condition were measured by image 
analysis and the percentage difference with the nomi-
nal dimension was calculated. As reported in Table  2, 
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the percentage difference between the samples and the 
design was always lower than 6%, which should be con-
sidered acceptable.

HiPSC differentiation into MNPs
MNP spheroids were generated starting from 2D cul-
tures of MNPs, which were obtained following a series 
of developmental steps. First, hiPSCs were differentiated 
into NEP cells following the dual SMAD inhibition proto-
col for feeder-free neural induction in adherent cultures. 
hiPSCs exhibited typical characteristics of stem cells (i.e., 

large nucleus and multiple, prominent nucleoli; growth as 
round colonies) and they expressed typical pluripotency 
markers as SOX2 and NANOG (Fig. 4, top). hiPSCs were 
differentiated into NEP, forming a confluent cell mono-
layer characterized by clustering of dense opaque cellular 
aggregates (Fig.  4, bottom) expressing NK6 homeobox 
1 (NKX6.1) (67.8 ± 5.5% positive nuclei), a transcription 
factor involved in ventral neural patterning and control-
ling the lineage specification of both neurons and glia 
during spinal cord development. Additionally, NEP were 
found to be positive for an epithelial marker, Occludin, 

Fig. 3  SEM micrographs of the 9 pyramidal geometries obtained by DLP printing, viewed from top (0°) and under a 20° tilt angle. The stepped geometry 
is characteristic of DLP processing and is conditioned by the z-step of the layer-by-layer fabrication
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known to be involved in the early stages of neurogen-
esis [44]. NEPs were differentiated in MNPs recognized 
by dense-core rosette structures surrounded by radially 
oriented single cells (Fig. 5). At this stage, immunofluo-
rescence confirmed positivity to Oligodendrocyte Tran-
scription Factor 2 (OLIG2), a basic Helix-Loop-Helix 
(bHLH) transcription factor identified as a motor neuron 
progenitor marker (72.4 ± 5.9% positive nuclei) [45], indi-
cating the successful ventralization of NEP into MNPs. 

MNP were also moderately positive to Neuronal Differ-
entiation 1 (NEUROD1, 32.8 ± 13.3% positive nuclei) and 
Neurogenin 2 (NEUROG2, 19.5 ± 2.9% positive nuclei), 
two bHLH transcription factors important during neuro-
genesis and governing the transition of neural progenitor 
cells to neurons.

Differentiation was also confirmed at the mRNA level 
using RT-qPCR for neuronal markers specific to the NEP 
and MNP stages (Fig.  6A-B). Specifically, NKX6.1 levels 
were significantly upregulated during differentiation of 
hiPSCs into NEPs, and the transcription factors OLIG2, 
NEUROD1 and NEUROG2 were significantly upregu-
lated following differentiation into MNPs.

Segmentation results
One representative micrograph for each microwell 
geometry is reported in Fig.  7A as an example of the 
spheroid segmentation procedure. Spheroids were cor-
rectly segmented, as it can be observed by the color mask 
indicating the individuated features superimposed to 
the brightfield microscopies. From a visual inspection, 
spheroid dimensions increased with increasing the base 
side, while the height of the pyramids had a smaller influ-
ence. We could observe that control cells cultivated in a 
Petri dish resulted in non-uniform spheroids of different 
shapes and sizes (Fig.  7B). The box plot in Fig.  7C con-
firmed this initial analysis for the diameter. Microwells 

Table 2  Shape fidelity of 3D printed structures. Measured side 
(from SEM micrograph) of the pyramid structures with different 
nominal dimensions. The percentage difference between the 
measured side value and its nominal value is below 6% for all the 
experimental groups
Nominal side 
(µm)

Nominal 
height (µm)

Measured side (µm) Dif-
fer-
ence 
(%)

Mean StD

150 150 148.22 4.64 -1.19
150 400 157.11 9.52 4.74
150 800 152.60 2.96 1.73
400 150 378.63 8.54 -5.34
400 400 382.45 3.79 -4.38
400 800 403.53 17.58 0.88
800 150 793.26 31.19 -0.84
800 400 764.97 20.26 -4.37
800 800 802.13 17.42 0.27

Fig. 4  hiPSC differentiation into NEP. Top) Phase contrast micrographs of hiPSC colonies and immunofluorescence micrographs for iPS markers SOX2 and 
NANOG. Scale bar = 50 μm. Bottom) Phase contrast micrographs of NEP confluent layer and immunofluorescence micrographs for NEP markers NKX6.1 
and Occludin. Scale bar = 50 μm
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with a depth of 150 μm did not give uniform spheroids, 
which also tended to detach from their pocket (Figure 
S3). For this reason, only microwells with a depth of 
400 and 800  μm were included in the following analy-
ses. Spheroids had a mean diameter in the 38–160  μm 
range, which was shown to increase with increasing the 
microwell side. In the case of cells cultivated on low-
adherence Petri dishes, the mean value resulted to be 
almost 45  μm with a wide distribution, which resulted 
in a maximum diameter of almost 260 μm. Interestingly, 
the size distributions obtained by the microwell devices 
(grey and red boxes) resulted to be Gaussian-like, while 
in the case of the Petri dishes (blue boxes), the distribu-
tions resulted to be skewed towards the lower values and 
heavy-tailed indicating the presence of large aggregates 
of cells. This result was also confirmed numerically by 
the values of skewness (that indicates how distant is the 
distribution from normality that has a skewness of 0) and 
kurtosis (that indicates how “thick” the distribution tail 

Fig. 6  Expression levels of differentiative markers. Analysis of the mRNA 
levels for NEP markers (NES and NKX6.1) (A) and MNP markers (OLIG2, NEU-
ROD1, and NEUROG2) (B) normalized to the levels of hiPSC controls. Results 
were analyzed by ANOVA followed by post hoc testing. The significance 
levels were assigned as follows: ** p < 0.01, *** p < 0.001, **** p < 0.0001

 

Fig. 5  Differentiation into MNP. Phase contrast and immunofluorescence micrographs of MNP rosettes stained for OLIG2, NEUROD1 and NEUROG2 
markers. Scale bar = 50 μm
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Fig. 7  Dimensional and shape analysis from brightfield image segmentation of MNP spheroids. A) Segmented micrographs of spheroids formed into the 
microwell arrays. B) Brightfield micrographs of spheroids formed on a Petri dish. C-E) Box plot of the distribution of mean diameter, aspect ratio (AR) and 
solidity for the different experimental groups as extracted from segmented images. An AR value close to 1 indicates a shape close to a sphere. A solidity 
value close to 0 indicates the presence of pronounced convexities or concavities. F) The contour plot of the RSM model for mean diameter reveals that 
the spheroid diameter is dictated by the microwell width
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compared to the normal distribution, the kurtosis for a 
normal distribution is 0) reported in Table 3. Both values 
resulted in the highest among the ones calculated for the 
area and diameter distributions. Two additional shape 
factors were examined: the spheroid aspect ratio (AR, 
Fig. 7D), which is the ratio among the major and minor 
axes and has a minimum value of 1, and the solidity 
(Fig. 7E), which is the ratio among the total area and the 
total area of the convex hulls (if present) with a maximum 
value of 1 indicating a solid object. The mean value of AR 
was always slightly higher than 1, and to some extent 
decreased with increasing the microwell side, resulting in 
a minimum value of about 1.20 in the case of the largest 
wells (800 μm). The highest value was obtained for spher-
oids grown on low-adherence Petri dishes, which gave an 
AR of almost 1.48. The mean values of the solidity for the 
different distributions were all above 0.9 with the high-
est value obtained by the cells cultivated on Petri dishes 
(~ 0.95).

The RMS models of the mean diameter (Fig. 7F) con-
firmed the non-statistical relevance of the microwell 
depth on the resulting spheroid diameter. The equation 
for the mean spheroid diameter ( d̂) is reported below:

	 d̂ = 1.32 • 101 + 0.16 ∗ W � (7)

indicating a linear dependence of the spheroid diameter 
on the sole microwell width (further details in Tables 
S6-S8).

MNP spheroids characterization
MNP cells, obtained and characterized as previously 
described, were dissociated and cultured on six distinct 
agarose microwells geometries in neural culture medium 
IV (NCM-IV, Table S3). MNP spheroids were allowed 
to grow and differentiate in the agarose microwells for 
7 days and subsequently analyzed for the positivity to 
motor neuron differentiation markers. Immunofluores-
cence showed the marked expression of ISL1 and MNX1 

Table 3  Descriptive statistics of the dimensional parameters studied in the segmentation process (Diameter, aspect ratio, Solidity) 
of the MNP spheroids. For each parameter, the mean, the standard deviation (StD), the skewness (Skew), the kurtosis (Kurt), the 
minimum value (Min), the first quartile (Q1), the median, the third quartile (Q3), the maximum value (Max), and the interquartile range 
(IQR = Q3-Q1) associated to each microwell geometry (depth, D and width, W) have been reported
SPHEROID DIAMETER (d)
W
(µm)

D
(µm)

Mean
(µm)

StD
(µm)

Skew Kurt Min (µm) Q1
(µm)

Median
(µm)

Q3
(µm)

Max (µm) IQR
(µm)

150 400 41.61 15.16 0.16 0.24 3.68 31.69 41.80 51.10 110.44 19.41
800 38.44 15.72 0.00 0.14 3.62 27.88 39.53 48.97 118.57 21.09

400 400 77.44 13.10 -0.10 -0.50 50.12 68.18 78.60 86.71 111.64 18.53
800 79.21 15.56 0.15 -0.37 51.58 66.39 79.39 90.37 143.87 23.98

800 400 159.81 26.46 0.34 -0.84 118.60 138.67 155.28 181.66 215.61 42.99
800 122.66 12.44 0.80 0.84 101.01 114.00 120.48 130.46 167.38 16.47

Petri 44.30 28.89 2.58 8.67 17.61 27.06 32.81 50.00 257.29 22.95
SPHEROID ASPECT RATIO (AR)
W
(µm)

D
(µm)

Mean StD Skew Kurt Min Q1 Median Q3 Max IQR

150 400 1.45 0.43 3.25 17.85 1.01 1.20 1.34 1.56 6.75 0.36
800 1.43 0.46 5.11 53.03 1.01 1.18 1.30 1.51 9.57 0.33

400 400 1.42 0.58 7.03 82.53 1.01 1.14 1.26 1.49 9.38 0.35
800 1.38 0.36 2.15 6.04 1.01 1.14 1.24 1.50 3.37 0.36

800 400 1.16 0.12 1.66 2.99 1.01 1.09 1.12 1.18 1.53 0.10
800 1.23 0.22 3.85 21.95 1.02 1.11 1.19 1.29 2.67 0.18

Petri 1.48 0.36 10.00 155.87 1.08 1.35 1.42 1.51 8.97 0.16
SPHEROID SOLIDITY (S)
W
(µm)

D
(µm)

Mean StD Skew Kurt Min Q1 Median Q3 Max IQR

150 400 0.91 0.04 -0.71 -0.26 0.80 0.88 0.92 0.94 0.98 0.06
800 0.91 0.05 -0.43 -0.72 0.80 0.87 0.91 0.94 0.98 0.07

400 400 0.93 0.04 -1.19 0.96 0.80 0.91 0.94 0.96 0.98 0.05
800 0.90 0.04 -0.52 -0.59 0.80 0.87 0.90 0.93 0.97 0.06

800 400 0.90 0.04 -0.17 -0.79 0.83 0.88 0.91 0.93 0.96 0.06
800 0.89 0.04 -0.49 -0.84 0.80 0.86 0.90 0.92 0.96 0.06

Petri 0.94 0.05 -1.11 2.69 0.58 0.91 0.94 0.98 1.04 0.06
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(which are both required for the maturation of functional 
pluripotent stem cell-derived MNs [45, 46]) in all the 
experimental groups (Fig.  8). Additionally, MNP spher-
oids were assayed for SOX2 (a neural progenitor marker 
[47]) and for proliferation marker protein Ki-67 (Fig. 9). 
These results were also quantified at the mRNA level by 
RT-qPCR analysis (Fig. 10). All groups showed increased 
mRNA levels of ISL1 and MNX1 compared to hiPSCs. A 
two-way ANOVA test was used to further elucidate the 
effects of the two factors (microwell width and depth) on 
the resulting gene regulation. ISL1 mRNA levels show a 
consistent and extremely significant interaction (24.8% 
of total variance, p < 0.0001), thus implying that the 
effects of each factor differ as a function of the level of 
the other factor. The (positive) main effect of microwell 
width (70.1% of the total variance, p < 0.0001) was much 
stronger than that of depth (3.74% of the total variance, 
p < 0.0001). Concerning MNX1, we report a moderate 
but highly significant “cross-over” interaction (10.9% of 
total variance, p = 0.0099) with a positive main effect of 
microwell width (79% of total variance, p < 0.0001), while 
the effect of depth (0.73% of total variance, p = 0.35) was 
not significant. SOX2 showed a general upregulation 
trend for all the spheroid conditions compared to hiPSCs, 

in line with recent evidence suggesting that the gene is 
involved not only in the maintenance of pluripotency, 
but also in the differentiation and development of motor 
neurons [48]. Following two-way ANOVA, we report 
a strong and highly significant cross-over interaction 
(37.5% of the total variance, p < 0.0001), which hampers 
the interpretation of main effects. As a general consid-
eration, we can observe a strongly enhanced expression 
for the largest microwell geometry (width 800 μm, depth 
800 μm).

Concerning MKI67, we report a strong and extremely 
significant cross-over interaction (45.56% of the total 
variance, p < 0.0001).

To understand if the regulation of gene expression 
was dependent on the spheroid physical parameters 
(size, aspect ratio and solidity), we computed the corre-
lation matrix (Fig. 11A) and the corresponding p-values 
(Fig. 11B). Pearson’s correlation coefficient indicates if a 
linear correlation exists between the two variables, con-
sidering values of + 1 or -1 as representative of a perfect 
linear correlation (direct and inverse, respectively) and 
values between − 0.4 and 0.4 as not correlated.

The expression of differentiation markers ISL1 and 
MNX1 was found to be inversely correlated to the aspect 

Fig. 8  Immunostaining for ISL1 and MNX. Confocal micrographs of whole-mount immunostaining for MNX1 (A) and ISL1 (B) on MNP spheroids after 
7 days of culture in agarose microwells of different sizes. Cytoskeletal actin and nuclei are counterstained with AlexaFluor 555 phalloidin (red) and DAPI 
(blue), respectively. Scale bar = 50 μm
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ratio (r =– 0.87, p = 0.02; r =– 0.9, p = 0.01). A similar 
trend was observed also for SOX2 and MKI67, but cor-
relation failed to reach significance (r =– 0.9, p = 0.05; r 
=– 0.63, p = 0.19).

MNX1 mRNA levels also showed a direct correlation 
with the spheroid diameter (r = 0.83, p = 0.03) which, 
in turn, was shown to be linearly dependent from the 
microwell width according to the RSM model.

Discussion
During the past decade, several 3D neuronal platforms 
have been proposed to model the human brain in vitro, 
with the aim to fill the gap between preclinical and clini-
cal research [23, 49]. Among these, human spheroids 
have emerged for their simplicity and scalability, mak-
ing them a preferred choice for high-throughput drug 
screening assays. Many research efforts have been spent 
to identify the most suitable techniques to drive spher-
oids formation, growth and maturation. The current 
study offers a preliminary analysis focused on assessing 
the impact of geometric confinement on motor neuron 
spheroid differentiation.

We adopted a negative mold technique to fabricate 
microwell arrays according to a parametric design for 

culturing of hiPSC-derived MNP spheroids with high 
scalability and reproducibility at different levels of geo-
metrical confinement. Square pyramid microwells were 
chosen among the geometries reported in the literature 
[50, 51] for their unitary packing factor to facilitate cell 
deposition and organization during sphere formation. 
Our system allowed culturing a large number of spher-
oids in a reliable and reproducible way, which is very 
attractive in experimental settings where high through-
put applications are required. The thin layer of agarose 
arrays has been designed to fit the bottom of cell culture 
plates, enabling seeded cells to be partitioned into the 
microwells by mild centrifuging. The multiwell array con-
figuration also allowed single-step media change with-
out the risk of aspirating the samples, which is one of the 
main spheroids culturing-related issues.

The use of microwell arrays has been previously 
described in the literature [52, 53]. However, many fab-
rication approaches require expensive equipment, labori-
ous manufacturing strategies, and specialized expertise. 
The use of DLP 3D printing overcomes these limita-
tions. Simplicity and affordable costs have made DLP 
more accessible and very popular even among the gen-
eral audience. In response to the increase in demand and 

Fig. 9  Immunostaining for SOX2 and MKI67. Confocal micrographs of whole-mount immunostainings for MKI67 (A) and SOX2 (B) on MNP spheroids 
after 7 days of culture in agarose microwells of different sizes. Cytoskeletal actin and nuclei are counterstained with AlexaFluor 555 phalloidin (red) and 
DAPI (blue), respectively. Scale bar = 50 μm
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Fig. 10  Analysis of gene expression on MNP spheroids. Bar charts of the mRNA levels for MNX1 (A), ISL1 (B), SOX2 (C) and MKI67 (D) genes normalized 
to hiPSC controls. Significance levels were assigned as follows: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. In (C, D) a two-fold change threshold is 
represented with a dotted line. For each gene, an interaction plot is reported to visually determine the relative impact of the two factors (microwell width 
and depth) on the gene expression levels
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popularity, high-resolution low-cost 3D printers are now 
available, while rapid technological advances promise a 
further performance increase in the near future [54, 55].

Several microwell systems for spheroid generation 
have also been proposed [50, 56], some of them even 
integrating functional read-outs or monitoring systems 
(e.g., MEA electrodes). However, these systems are typi-
cally restricted to the manufacturer’s design, both for 
the microwell geometry and for the materials adopted. 
Since it is known that both substrate chemical compo-
sition [57] and microwell geometry [58] may play a role 
in determining cell fate, in the present work we chose 
to parametrically explore a set of microwell geometries 
for their effect on the differentiation of MNP spheroids. 
Specifically, by replicating DLP-produced master molds 
with a hydrogel material, we were able to produce arrays 
of pyramidal microwells with distinct geometries char-
acterized by different width and depth levels. We used 
agarose as an economic and efficient solution to provide 
cells with a non-adhesive substrate, which would indeed 
drive the formation of spheroids. We then took advan-
tage of automated microscopy and AI-based segmenta-
tion and analysis to characterize spheroids in terms of 
distribution of relevant morphological parameters (i.e., 
equivalent diameter, aspect ratio and solidity). For the 
equivalent diameter, in particular, a RSM model has been 
used to express it as a function of microwell geometri-
cal features (i.e., microwell width and depth). The mean 
spheroid diameter was found to be a linear function of 
the microwell width, while the contribution of depth was 
not significant. This can be readily explained in terms of 

cell partitioning at the seeding stage, as larger microwells 
are expected to gather a larger number of cells.

Analyzing the mRNA levels of genes of interest for 
MNP spheroid maturation, we found a significant inter-
action of the two factors (microwell width and depth), 
indicating that the outcome of each factor was condi-
tioned by the level of the other factor. A strong interac-
tion may indeed hamper the explanation of the main 
effects. However, as a general trend, the main effect of the 
microwell width was larger (accounted for a larger per-
centage of the total variance) than that of the microwell 
depth.

MNX1 is a specific spinal motor neuron marker and 
its inactivation in developing MNs can induce a switch 
toward interneuron fate [59]. ISL1 is a member of the 
LIM/homeodomain family of transcription factors, it is 
expressed in all MN subtypes, and it has been demon-
strated to promote MN differentiation and suppress the 
interneuron fate [46, 60]. Lee and colleagues [61] showed 
that the use of larger microwell arrays (≥ 150  μm) pro-
motes the differentiation of a higher number of ISL1/2-
positive MNs on neurospheres cultured in a 3D GelMA 
hydrogel. Our results confirm these findings and cor-
roborate the impact of microwell customization on hiP-
SCs-derived MN differentiation by increasing ISL1 and 
MNX1 mRNA expression in MNP spheroids. Likewise, a 
general upregulation trend vs. hiPSCs could be observed 
for SOX2, which plays a crucial role in the cell differen-
tiation of the central nervous system. Conversely, MKI67, 
related to cell proliferative capacity, showed contrasting 
results for the different microwell geometries.

Fig. 11  Correlation matrix. A, B) Correlation matrix calculated using Pearson’s method (A) and corresponding significance levels (B) of dimensional/
shape descriptors and mRNA levels for MNP spheroids cultured on microwell arrays. Variables with|r| ≥ 0.4 and a p-value < 0.05 should be considered as 
significantly correlated
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The potential relationship between gene regulation and 
spheroid morphological parameters was analyzed by the 
calculation of a Pearson’s coefficient matrix. Although 
this represents a simplified approach, which neglects 
potential higher order effects, it still gives an overall out-
look on correlation trends. The spheroid AR was found 
as the most relevant morphological descriptor correlated 
to the expression of transcriptional factors related to the 
MN development.

Our data shows the possibility to scale-up the culture 
of size-controlled spheroids up to 160  μm in diameter, 
which can be considered a reasonable upper threshold to 
avoid the occurrence of a necrotic core with prolonged 
culturing time [62]. As already reported by Hwang et al. 
[31], lineage differentiation of embryonic stem cells could 
be influenced by the size of the embryo bodies, thanks 
to the differential gene expression of the WNT pathway. 
Furthermore, differentiation capacity of hiPSCs is also 
affected by the initial cell number seeding [63], i.e., iPSC 
spheroids with a higher cell number show a lower differ-
entiation capability, presumably due to the insufficient 
supply of growth factors [64].

While our study successfully demonstrates the impact 
of microwell geometry on spheroid development, this 
extends to the precursor stage only, restricting further 
applications in studies requiring mature MNs, such as 
neurodegenerative disease models. Although our work 
does not address final MN maturation, this step has been 
extensively described in the literature [37, 45], where dis-
sociating MNP spheroids into single cells and further 
culturing them with Compound E results in functionally 
mature MNs. While our study is not designed to fully 
elucidate the molecular mechanisms linking geometrical 
confinement to spheroid development, it highlights the 
association between microwell shape and MNX1/ISL1 
mRNA expression—key regulators of MN maturation. 
Further investigation will be needed to uncover novel 
mechanobiological pathways involved in cell fate deter-
mination. Additionally, while our approach focuses solely 
on neuronal progenitor cells, co-culturing with other cell 
types, such as glial or muscle cells, could enhance the 
physiological relevance of the model. Regarding DLP 3D 
printing, a key limitation is the stair-stepping artefacts on 
printed surfaces, which may affect cell attachment and 
organization. Future studies could explore alternative 
fabrication techniques, such as two-photon polymeriza-
tion or hybrid manufacturing approaches, to improve 
surface smoothness and reproducibility, widening the 
range of printable materials. Overall, our approach allows 
the customization of microwell devices for the scalability 
of size-controlled motor neuron spheroid addressing cul-
ture issues affecting conventional cell culture approaches 
and underscores the effect of geometry and shape on reg-
ulating motor neuron differentiation.

Conclusion
Given the importance of spatial confinement in driving 
the neuronal fate acquisition of pluripotent stem cells, 
in this work we investigated the influence of microw-
ell dimensions on spheroid growth and maturation. We 
exploited DLP 3D printing for the replica molding of 
agarose pyramidal microwells with distinct parametrized 
geometries, which were used for the culture of hiPSC-
derived motor neuron progenitors into spheroids. Our 
results indicate that the microwell geometry significantly 
influences the spheroid size and other morphologi-
cal descriptors (aspect ratio and solidity), as well as the 
expression of early motor neuron markers such as MNX1 
and ISL1, which are essential for the maturation of func-
tional MNs.

Overall, our results shed new light on the geometrical 
regulation of stem cell fate and the proposed platform 
may result in an easily scalable tool for basic research 
applications in the field of precision medicine.
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