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ABSTRACT

Animal models, especially rodents, used to study neurodevelopment have significantly advanced our comprehension of cellular and
molecular mechanisms. Nevertheless, differences in species-specific structures, gestation periods, and interneuronal connections limit animal
models’ ability to represent human neurodevelopment accurately. The unique characteristics of primate neural progenitor cells (NPCs) enable
cortex expansion with gyrus formation, which does not occur in lissencephalic animals, like rodents. Therefore, there is a need for novel
in vitro models using human cells that recapitulate the complexity of human brain development. Along with organoids, 3D bioprinting offers
a platform for creating more complex in vitro models. We developed, extensively characterized, and successfully used a GeltrexTM/GelMA
hydrogel blend to bioprint human induced pluripotent stem cells-derived NPCs (hNPCs). We show that 3D bioprinted hNPCs can self-
organize, revealing key features of a neurogenic niche, including proliferation, differentiation, and migration, remaining viable for over
110 days. Within the first 20 days, bioprinted constructs showed the formation of positive cell clusters for the neurogenic niche cell markers
FABP7, NESTIN, and GFAP. Clusters were interconnected by process bundles supporting cell migration. The cells proliferated within the
clusters, and over time, NPCs originated TUBB3þ neurons with long axonal tracts, prominent around the clusters. We propose this as a 4D
model to study neurogenic niches’ key cellular and molecular features in a 3D bioprinted scaffold, adding time as the fourth dimension.
Neuronal maturation in this dynamic model recapitulates key neurogenic niche properties, making it suitable for neurodevelopmental disease
modeling and drug screening.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0276704

BACKGROUND AND AIM

Much information about human neurogenesis, the process of
generating neurons from neural progenitor cells (NPCs), has been
gathered from animal models, postmortem or surgically removed
human brain tissue, and cell cultures. While animal models provide
valuable insights into the cellular and molecular mechanisms that drive
neurogenesis, they often fail to fully recapitulate human-specific neu-
rodevelopment, disease pathology, and gene regulation, raising

concerns about their translational relevance (Zhang et al., 2023; Zhao
and Bhattacharyya, 2018). Additionally, the increasing emphasis on
reducing animal use in research presents a challenge in developing
alternative models that more accurately mimic the complexity of
human neural tissue.

New in vitro models and platforms are currently being employed
to mimic and study neurogenic niches, including tridimensional (3D)
structures such as cortical organoids, neurospheres, and 3D bioprinted
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hydrogels, as well as traditional bidimensional (2D) cell cultures
(Ioannidis et al., 2021; Lee and Sun, 2022). While the cellular compo-
nents are critical, acellular elements also play a fundamental role in
regulating neurogenic environments. When using bio-based biomate-
rials, such as hydrogels, to model the 3D architecture of the native
brain tissue, material characteristics, such as stiffness and topography,
play a key role in supporting cell survival and growth (Gradisnik et al.,
2021). The combination of hydrogels and soluble factors provides
extracellular cues by activating mechanoreceptors and adhesion recep-
tors, actively modulating cell behavior (Bao et al., 2018).

Cortical organoids, 3D self-organizing cellular structures gener-
ated from induced pluripotent stem cells (iPSCs), replicate early brain
development and have emerged as one of the most relevant tools for
understanding that stage of development (Bektas et al., 2025;
Tarricone et al., 2022). Although organoids closely mimic the structure
and function of neural tissue, the model’s challenges include limited
maturation despite prolonged cultivation and absence of vasculariza-
tion, resulting in insufficient nutrient delivery and waste removal,
reducing cell survival (de la Vega et al., 2019). Additionally, organoids
may present variable cellular organization, lower cell diversity than the
brain, and high variability between batches (Andrews and Kriegstein,
2022; Bose et al., 2021; de Jongh et al., 2022; Hofer and Lutolf, 2021;
and Kim et al., 2020).

Conversely, 3D bioprinting provides a more controlled approach
to generating neural-like structures that can better reproduce neuro-
genic niches and other neural structures. Bioinks, a combination of
hydrogel and cells, can be accurately deposited to form tissue-like
geometries and optimal 3D microenvironments. At the same time, the
hydrogel composition can be tailored to provide biochemical, biophys-
ical, and mechanical cues essential for regulating stem cell fate and
directing cells toward specific phenotypes (Bektas et al., 2025; de Groot
et al., 2020; and de la Vega et al., 2019). By manipulating the mechani-
cal and structural characteristics of the hydrogel, bioinks can exhibit
proper porosity and degradability, which enhances the diffusion of
gases, ions, and nutrients within the 3D construct, supporting cell via-
bility and simulating the exchange of signals and nutrients (Orr et al.,
2025; Salaris and Rosa, 2019).

The main advantages of 3D bioprinting over bulk hydrogels
include greater reproducibility, spatial control, and the potential to
replicate specific brain structures. Although current 3D bioprinting
technologies still face challenges in precisely placing cells at defined
locations, ongoing advances are expected to improve resolution and
accuracy. A promising application of 3D bioprinting is the reconstruc-
tion of lost neural tissue guided by neuroimaging, with the potential to
create personalized implants that fit into lesions in the brain or spinal
cord. Moreover, 3D bioprinting enables the precise arrangement of
multiple cell types—for example, printing neurons and astrocytes in
distinct locations—and allows for the incorporation of acellular hydro-
gel layers to establish gradients of soluble factors or varied extracellular
matrix (ECM) components.

Beyond structural advantages, 3D bioprinting human-induced
pluripotent stem cells (hiPSCs) provides translationally relevant mod-
els of human neural tissue. These systems can offer a powerful plat-
form for studying neurodevelopment and disease progression and can
be used for potential regenerative therapies and drug screening (Salaris
and Rosa, 2019; Orr et al., 2025; and Soman and Vijayavenkataraman,
2020). Considering these aspects, we aimed to create a 3D bioprinted

model of the human neurogenic niche microenvironment employing a
hydrogel composition that provides biochemical and mechanical stim-
uli necessary for cellular growth and differentiation. Thus, in this
study, we successfully bioprinted human NPCs (hNPCs) derived from
hiPSCs using a hydrogel composed of GeltrexTM and gelatin methacry-
late (8% GelMA). We investigated the structural and mechanical prop-
erties of the construct, which enabled the self-organization and
survival of hNPCs for more than 100days, uncovering critical charac-
teristics of a neurogenic niche, including cell proliferation, differentia-
tion, and motility.

RESULTS
Structural andmechanical characterization of the
hydrogel for 3D bioprinting hNPCs

Assessing the structural and mechanical properties of the hydro-
gel is essential when creating 3D bioprinted models, particularly when
attempting to mimic a specific microenvironment such as the neuro-
genic niche. The composition of the hydrogel allows the replication of
extracellular matrix (ECM) characteristics, such as mechanical cues
that govern cellular fate and behavior via cell–ECMmechanotransduc-
tion (Kothapalli et al., 2020). As previously described by our group
(Cruz et al., 2023), adding GeltrexTM into GelMA-based hydrogel
compositions is vital for ensuring a bioink that promotes cellular via-
bility and supports neuronal differentiation of 3D bioprinted hNPCs.

The GeltrexTM/GelMA blend (8%GelMA; 1:1, v/v) (Table I lists
the reagents used in this study) [Fig. 1(a)] yielded a hydrogel that ful-
filled several key requirements for practical application in 3D
extrusion-based bioprinting for neural tissue modeling. The hydrogel
characteristics include printability, in situ gelation, viscoelastic proper-
ties, consistent degradability, diffusion of nutrients, and proper
mechanical strength and integrity (Figs. 1 and 2). Additionally, the
hydrogel presented stiffness that is compatible with maintaining the
3D structure for a defined period while supporting cell viability, migra-
tion, proliferation, neuronal differentiation, and neural network
formation.

The topography, porosity, and microstructure of the 3D con-
struct, along with cellular morphology and attachment, were assessed
using scanning electron microscopy (SEM) analysis of hNPCs bio-
printed constructs cultivated for 36 days in neural maturation medium
(NMM; Table II) [Figs. 1(d)–1(g)]. The acellular and cell-containing
constructs presented a smooth and uniform surface [Figs. 1(d)–1(g)].
After 36 days in culture, cellular protrusions, clusters, and agglomer-
ates emerged throughout the construct, creating a dense and extensive
network inside the hydrogel [Figs. 1(d)–1(f)]. Furthermore, the surface
morphology of the samples evolved from an initially smooth texture to
a more complex and wavy structure.

The hydrogel degradation was followed for 28days using acellular
constructs submerged in phosphate-buffered saline (PBS) (pH 7.4,
10mM) at 37 �C. On the day of printing (Day 0, D0), the samples
exhibited a circular and well-defined 3D structure [Fig. 1(b)]. At D28,
the constructs suffered significant weight and 3D integrity loss and
became challenging to manipulate [Fig. 1(c)]. In the absence of cells,
the rate of degradation reached 50% at D2 [Fig. 1(h)] and constructs
lost weight over time, reaching nearly 100% loss at D28. From D0 to
D28, the acellular constructs exhibited an increasing swelling rate
[Fig. 1(i)], although the values were negative up to D2 due to a sub-
stantial initial weight loss (�50% degradation rate). Despite further
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swelling, the ultimate wet weight remained lower than the dry weight,
yielding a negative value. The wet weight increased as time progressed,
indicating that the samples swelled in response to PBS absorption.
This suggests that while the hydrogel degrades over time, it simulta-
neously absorbs water, potentially enhancing the diffusion of nutrients
and gases within the 3D construct.

To assess the hydrogel hydrophilicity or hydrophobicity, we eval-
uated its wettability properties by measuring the contact angle between
the surfaces of the construct and a liquid droplet (Naghieh and Chen,
2021; Sun et al., 2018). A wettable hydrogel is hydrophilic, which may
support cellular viability, proliferation, and migration due to the mate-
rial’s adhesion properties (Naghieh and Chen, 2021; Tuft et al., 2014).
The acellular constructs exhibited an initial contact angle of around

20�, which diminished to around 18� after 10min [Figs. 1(k)–1(o)].
Contact angles ranging from 0� to 90� indicate a wettable, hydrophilic
surface, whereas angles between 90� and 180� denote a non-wettable,
hydrophobic surface (Rodriguez-Rego et al., 2023).

A contact angle <30� indicates a bioink with low surface tension
(Naghieh and Chen, 2021). Low surface tension can cause deformation
during the layer-by-layer printing process, mixing or fusing the extruded
filaments. Hence, high wettability may not be ideal for 3D bioprinting if
high shape fidelity is required (Chen et al., 2023; Naghieh and Chen,
2021). Nonetheless, additional mechanical characteristics can also
enhance the extrudability and printability, including the flow behavior
of the bioink. The high wettability of the GeltrexTM/GelMA hydrogel,
based on the contact angle of 18–20 �C, may improve cell adhesion

TABLE I. Reagents.

Category Reagent Catalogue # Company Country

Bioprinting GeltrexTM A1413302 Gibco USA
Gelatin from porcine skin G2500 Sigma-Aldrich USA
Methacrylic anhydride 276685 Sigma-Aldrich USA

Irgacure 2959 Sigma-Aldrich USA
Cell culture Penicillin/streptomycin 15140122 Gibco USA

DMEM/F12 12500-062 Gibco USA
Essential E8 medium A15169-01 Gibco USA
Neurobasal medium 21103-049 Gibco USA

B27 without vitamin A 12587-010 Gibco USA
N2 supplement 17502-048 Gibco USA

Glutamax 3505-061 Gibco USA
SMAD inhibitor LDN193189 SML0559 Sigma-Aldrich USA
SMAD inhibitor SB431542 S4317 Sigma-Aldrich USA

StemPro Accutase A11105-01 Gibco USA
EGF E9644-2MG Sigma-Aldrich USA
bFGF PHG0026 Gibco USA

Ascorbic acid A4403 Sigma-Aldrich USA
db-cAMP D0627 Sigma-Aldrich USA
BDNF B3775 Sigma-Aldrich USA
GDNF G1777 Sigma-Aldrich USA

Viability and proliferation assays LIVE/DEADTM Cell Imaging Kit R37601 Sigma-Aldrich USA
Resazurin R7017 Sigma-Aldrich USA

RT-qPCR TRIzolTM 15596026 Thermo Fisher USA
SuperScriptTM III First-Strand Synthesis SuperMix 18080400 Thermo Fisher USA

Fast SYBRTM Green Master Mix 4385612 Thermo Fisher USA
Immunofluorescence Goat serum S26–100ml Merck Millipore USA

Rabbit anti-FABP7 PA5-24949 Thermo Fisher USA
Rabbit anti-NESTIN MA5-32272 Thermo Fisher USA
Chicken anti-GFAP ab5541 Merck Millipore USA
Mouse anti-TUBB3 MA1-118 Thermo Fisher USA
Mouse anti-Ki67 14-5698-82 Thermo Fisher USA

AlexaFluor 488-conjugated chicken anti-rabbit A21441 Invitrogen USA
AlexaFluor 594-conjugated donkey anti-mouse A21203 Invitrogen USA
AlexaFluor 647-conjugated goat anti-chicken A21449 Invitrogen USA

DAPI 62248 Sigma-Aldrich USA
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FIG. 1. Physical properties of the hydrogel. (a) GeltrexTM/GelMA hydrogel at room temperature before the printing process. (b) Acellular construct immediately after chemical
gelation on Day 0 (D0) of the degradation test. (c) Acellular construct on Day 28 (D28) of the degradation test. (d)–(f) Scanning electron microscopy (SEM) analysis of hiPSC-
derived NPCs (hNPCs) bioprinted constructs at D36 cultured in neural maturation medium (NMM). (d) Scale bar¼ 50 lm, (e) scale bar¼ 5 lm, (f) scale bar¼ 50 lm. (g)
SEM analysis of the acellular construct, scale bar¼ 5lm. (h) Degradation rate of acellular constructs in PBS at 37 �C, up to 28 days (n¼ 9 per time point) (�p< 0.5;
��p< 0.01; ����p< 0.0001, groups compared to the group immediately before by Bonferroni’s post hoc test). (i) Swelling rate of acellular constructs in PBS at 37 �C, up to
28 days (n¼ 9 per time point) (�p< 0.5, groups compared to the group immediately before by Bonferroni’s post hoc test). (k) Contact angle analysis before adding a water
droplet to the acellular construct surface, (l) where the droplet was immediately absorbed. (m) Water droplet on acellular construct in the first min and (n) after 40 min. (o)
Contact angle and wettability periodic scheme of acellular constructs (n¼ 3 per group).

FIG. 2. Rheological properties of the GeltrexTM/GelMA hydrogel. (a) Flow behavior displaying minimal thixotropy. Filled symbols indicate an upward curve; empty symbols indi-
cate a downward curve. (b) Viscosity as a function of increasing shear rate reveals the shear-thinning behavior of the hydrogel. (c) Loss factor (tan d) as a function of oscillatory
strain at 25 �C and constant frequency of 1 Hz for both the hydrogel and the acellular construct. (d) and (e) Storage modulus (G0; filled symbols) and loss modulus (G00; empty
symbols) obtained from an amplitude sweep test (d) and a frequency sweep test (e) demonstrated the hydrogel’s viscoelastic behavior. (f) Storage modulus (G0 ; square filled
symbols), loss modulus (G00; square empty symbols), and tan d (triangle filled symbols) vs oscillatory temperature sweep under a constant strain of 1% and frequency of 1 Hz.
(g) The storage modulus of both hydrogel and the acellular construct at a frequency¼ 1 Hz and strain¼ 1%. All rheological measurements, apart from the oscillatory tempera-
ture sweep, were conducted at 25 �C. Data are plotted as the mean values from three replicates.
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properties by providing cell protein–surface interactions, promoting cell
adhesion, proliferation, and survival after the bioprinting process.

In addition to understanding how the structural and physical
properties of the hydrogel affect both the bioprinting process and the
microenvironment essential for cellular growth and function, we con-
ducted rheological tests to characterize the mechanical properties of
the GeltrexTM/GelMA hydrogel and of the acellular constructs. Our
goal was to investigate how the hydrogel stiffness and viscoelastic pro-
file influence parameters such as extrudability and printing accuracy,
as well as its impact on the mechanical strength and network structure
of the 3D microenvironment.

We examined the hydrogel’s flow behavior and apparent viscosity
under continuous shear rate sweep by assessing the correlation
between shear stress and shear rate. This experiment enabled us to
simulate the hydrogel’s deformation as it passes through the nozzle,
changing from a bulk resting state to a high shear condition and its
subsequent behavior once it reaches the print bed. Under applied
stresses, the GeltrexTM/GelMA hydrogel behaved as a non-Newtonian
fluid with minimal thixotropy [Fig. 2(a)]. The apparent viscosity rheo-
gram [Fig. 2(b)] revealed pseudoplastic behavior (typical of shear-
thinning materials) and indicated the presence of yield stress, implying
that the bioink remains stationary unless subjected to specific stress
(e.g., pressing the syringe plunger) that exceeds the yield stress (Cooke
and Rosenzweig, 2021). These features make the GeltrexTM/GelMA
composition suited for 3D bioprinting because pseudoplastic fluids
exhibit reduced viscosity with increasing shear rates (i.e., during extru-
sion). Subsequently, post-extrusion, the hydrogel will quickly recover
its original structure upon resting on the print bed instead of continu-
ing to flow and spread due to its minimal thixotropy and a narrow hys-
teresis loop (Ferreira et al., 2024).

We conducted an amplitude sweep for both the hydrogel and the
3D acellular construct [Fig. 2(d)] to set the linear viscoelastic region
limit (LVE region), which establishes the range in which the test may
be performed without compromising the integrity of the sample at a
specified frequency (Herrada-Manchon et al., 2023; Stojkov et al.,
2021). At 1Hz, none of the samples exhibited a crossover point
between the storage modulus (G0) and the loss modulus (G00). The
constant dominance of the storage modulus (G0) over the loss modulus
(G00) (i.e., G0 >G00) implies that the samples display a gel-like or solid-
like structure, defining them as viscoelastic solid materials

(Herrada-Manchon et al., 2023). Subsequently, the oscillatory fre-
quency sweeps revealed that G0 and G00 are dependent on the oscilla-
tion frequency [Fig. 2(e)]. At lower frequencies, the hydrogel exhibited
solid-like behavior (G0 >G00), characteristic of elastic materials; con-
versely, at higher frequencies, it presented liquid-like behavior
(G00 >G0), qualifying it as a viscous material due to its fluid structure.

We employed G0 values to assess the stiffness of the hydrogel
before and after chemical gelation. Figure 2(g) illustrates the G0 values
acquired at a frequency of 1Hz and a strain of 1%. Upon comparison
of both samples, it is evident that, despite the hydrogel and the acellu-
lar 3D construct exhibiting elastic behavior, the photocrosslinking pro-
cedure promoted the formation of a more rigid/stiffer 3D architecture,
with G0 values exceeding those of the uncrosslinked hydrogel by more
than tenfold (100Pa).

Finally, due to the thermoresponsive nature of the hydrogel used,
which consists of GelMA that solidifies at 10 �C and GeltrexTM at
37 �C, we conducted a temperature ramp sweep to evaluate the hydro-
gel’s behavior across a temperature range of 4–37 �C, aiming to iden-
tify the optimal printability window. Figure 2(f) illustrates that, up to
25 �C, the GeltrexTM/GelMA blend exhibits elastic behavior; however,
between 25 and 30 �C, the storage modulus declines while the loss
modulus rises, nearing a point of crossing. Beyond 30 �C, the bioink
restores its elastic properties as G0 values grow. Similarly, the loss factor
depended on temperature, with values surpassing 1 (tan d> 1) from
23 to 27 �C, supporting the idea that the hydrogel functions as a
viscous material in this range. Therefore, we suggest that the ideal
printability range for this GeltrexTM/GelMA composition is between
25 and 30 �C.

In addition to providing optimal mechanical strength for a 3D
microenvironment, hydrogels used to mimic neural tissue must pos-
sess electrical conductivity, as a conductive matrix promotes cell
proliferation and stimulation, potentially influencing neural network
organization and neuronal morphology (Zhu et al., 2019). The
hydrogel we propose displays an electrical conductivity of 16.58mS/
cm at room temperature (data not shown), without the incorpora-
tion of metallic nanoparticles or other nanomaterials (Liang et al.,
2023), potentially facilitating neurite outgrowth and the differentia-
tion and maturation of neural stem cells (NSCs) while also
influencing their phenotypic orientation toward either neuronal or
glial lineage.

TABLE II. Media composition.

Medium Supplement Growth/neurotrophic factors Other

Neural induction medium
(NIM)

Neurobasal:DMEM/
F12 (1:1)

B27 w/o vitamin A
N2

1mM Glutamax

SMAD inhibitors
(0.1 lM LDN193189
and 10 lM SB431542)

Neural expansion medium
(NEM)

Neurobasal:DMEM/
F12 (1:1)

B27 w/o vitamin A
N2

1mM Glutamax

Epidermal growth factor
(EGF; 10 ng/ml)

Basic fibroblast growth factor
(bFGF/FGF2; 10 ng/ml)

Neural maturation
medium (NMM)

Neurobasal:DMEM/
F12 (1:1)

B27 w/o vitamin A
N2

1mM Glutamax
Ascorbic acid (80 lM)
db-cAMP (50 lM)

Brain-derived neurotrophic
factor (BDNF; 10 ng/ml)
Glial-derived neurotrophic
factor (GDNF; 10 ng/ml)
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Three-D bioprinted neurogenic niche-like structure:
Cellular viability

After characterizing the physical and mechanical properties of
the bioink, we conducted biological assays to investigate cellular viabil-
ity, morphology, proliferation, differentiation, and motility within the
3D microenvironment of the bioprinted constructs. hNPCs were
added to the hydrogel, bioprinted, and cultured in either neural expan-
sion media (NEM; Table II) or NMM for up to 100days (Fig. 3). The
long-term culture shows that the GeltrexTM/GelMA hydrogel holds
chemical and mechanical properties to support key cellular events,
such as survival and proliferation.

Because we were interested in generating a model mimicking the
early development neurogenic niche, we focused on the first 40days
post-printing (dpp). We examined the 3D bioprinted neurogenic niche-
like structure in three distinct periods: an early stage, corresponding to
constructs from 5 to 10dpp; an intermediate stage, from 17 to 23dpp;
and an advanced stage, from 28 to 36dpp. The selected time frames
were determined by periods in which self-organization was markedly

different from previous stages. In the intermediate stage, we observed
the formation of rosette-like structures [18dpp, Fig. 4(a); 27 dpp,
Fig. 4(b)], and in the advanced stage, we observed larger clusters [Figs.
4(c) and 4(d)] that were evident to the naked eye [Figs. 4(e) and 4(h)].

Over 30days of post printing culture, there was an increase in cell
proliferation and viability maintenance [Figs. 4(f) and 4(g)]. Although
Alamar Blue measures cell viability, the increase in fluorescence inten-
sity can also be interpreted as an increase in cell number due to prolifer-
ation. The distribution of live cells in the 3D constructs using the LIVE/
DEAD assay shows a uniform pattern of viable cells (green), with a
minimal presence of non-viable cells (red) [Fig. 4(g)]. These findings
indicate that the printing process did not induce cell death over 30days.

Three-D bioprinted neurogenic niche-like structure:
Cellular differentiation

Interconnected clusters became apparent at the early stage
(10–15dpp), and the number and size of the clusters subsequently

FIG. 3. 3D bioprinted hNPCs constructs after 50 days up to 101 days. Rows do not necessarily represent the same construct over time. Scale bar¼ 100lm.
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increased. We hypothesized that each cluster represents a neuro-
genic niche-like structure in an early developmental stage and
should have cells in different stages of differentiation, from prolifer-
ative hNPC/NSCs to neurons and astrocytes. The immunofluores-
cence assays showed cells expressing three specific markers for
proliferation, neurons, and radial glial cells (Ki67, TUBB3, and
FABP7, respectively) (Fig. 5) in constructs fixed at the three
stages—although their spatial organization varied. Initially, cells
were distributed across the construct without any discernible group-
ing or organization [Fig. 5(a) column]. During the transition to the
intermediate stage, distinct clusters of FABP7þ cells appeared, coin-
ciding with denser regions of Ki67þ cells surrounded by TUBB3þ

cells [Fig. 5(b) column].
When the constructs reached the advanced stage (>28dpp), we

observed organized structures connecting the clusters that could be
visualized by light microscopy [Figs. 6(a) and 6(b); orange arrow in A].
We observed that the structures were formed mainly by processes
from TUBB3þ cells [Figs. 6(c) and 6(d)]. These structures will be
referred to as “process bundles.”

Upon closer examination of the cellular arrangements in the
intermediate stage (21 dpp), it became evident that Ki67þ proliferating
cells were not exclusively confined to FAPB7þ clusters (Fig. 7). We
observed a difference in the structures formed at the construct’s surface
compared to those situated deeper within the construct’s core. While
cells in the top layers exhibit elongated processes connecting clusters,
those closer to the core of the constructs, in deeper layers, were

restricted to spherical formations composed of FABP7þ/Ki67þ cells
and devoid of TUBB3þ cells, suggesting the formation of proliferative
centers [Fig. 7(d) column].

Three-D bioprinted constructs cultured in NMM and NEM
exhibited variations in the formation of cellular structures. In con-
structs maintained in NEM, NESTINþ cells were located in the
periphery, while GFAPþ cells were distributed throughout the
whole construct [Figs. 8(a) and 8(b)]. NMM favored the forma-
tion of cell clusters with a limited presence of GFAPþ cells [Figs.
8(c) and 8(d); supplementary material Fig. 1]. The main difference
between NEM and NMM is the addition of growth and neurotro-
phic factors; NEM has epidermal growth factor (EGF) and basic
fibroblast growth factor (bFGF), whereas NMM has brain-derived
neurotrophic factor (BDNF) and glial-derived neurotrophic factor
(GDNF).

Constructs cultured in NMM were analyzed for the expression of
genes associated with maturation and critical neuronal development
markers, MAP2 and FOXG1, and both genes were expressed through-
out the 30 days (supplementary material Fig. 2).

Three-D bioprinted neurogenic niche-like structure:
Cell migration

The presence of cell bodies throughout the process bundles, evi-
denced by immunofluorescence, suggested their potential role in sup-
porting cell migration. In an initial time-lapse, we successfully

FIG. 4. Formation of a neurogenic niche-like structure by 3D bioprinted hNPCs. (a) Light microscope images of neural rosettes at 18 dpp. (b) Neural rosettes surrounded by
neuron-like cells at 27 dpp. (c) and (d) Construct filled with cell clusters at 111 dpp in different magnifications. (e) Schematic illustration of the spatial distribution and intercon-
nections of neurogenic niche-like structures within the 3D bioprinted construct. (f) LIVE/DEAD images of the whole construct (using the TileScan tool) at 1, 6, 17, and 28 dpp
where green labels live cells and red the dead ones. Scale bar¼ 100 lm. (g) Proliferation analysis by Alamar Blue assay. Bars indicate median and 95% confidence intervals
on fluorescence values. (h) Constructs in a 24-well plate at 60 dpp. Larger cell clusters are visible macroscopically as white dots.
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recorded the migration of an individual cell body, analogous to how
the radial glia process facilitates neuroblast migration (supplementary
material Fig. 3 and supplementary material Video 1). Subsequent
investigation showed that cell mobility was not restricted to the inter-
mediate stage or the process bundles as the cells crossed the construct
independently of assistance from other structures (supplementary
material Video 2). The movement persisted until 50dpp, the final time
point analyzed in this study (Fig. 9).

DISCUSSION

The human brain is a complex 3D structure comprising many
cell types embedded within an ECM, significantly influencing their

spatial distribution and function (Tarricone et al., 2022). Challenges
in investigating neural development in vitro include replicating the
microenvironment and 3D architecture with a biomaterial that offers
the physicochemical properties of the ECM, as well as scaffold prop-
erties that facilitate cell–environment interactions. These characteris-
tics are crucial for achieving a functionality that 2D models lack, as
their simplicity fails to adequately represent the intricate structure of
the brain tissue, including how cells interact with physical and
mechanical cues as signals and signaling modulators (Kitana et al.,
2024; Theus et al., 2020). Concerning in vitro models of neurogenic
niches, another critical factor during neural development is time,
often regarded as the fourth dimension (4D) (Gao et al., 2018; Theus
et al., 2020). In this study, we aimed to develop a 3D bioprinted
structure that could be used to explore the early stages of human
neurodevelopment in vitro.

We started this study by characterizing the GeltrexTM/GelMA
blend, which exhibits a desired behavior for creating hydrogels for 3D
bioprinting. The rheological study identified the hydrogel as a visco-
elastic solid that does not flow unless a deforming force is applied
(shear-thinning behavior) but has a stiff consistency at rest (Figs. 1
and 2). Under this force, however, it flows as a liquid-like fluid because
its viscosity decreases until it is at rest again, regaining its solid-like
characteristics and its original shape and structure. The observed
behavior is ideal for a bioink, as the hydrogel flows solely during the
extrusion-based printing process when it passes through the bioprinter
nozzle, likely due to the breakdown of physical crosslinks and the
alignment of polymeric chains in the flow direction, thereby prevent-
ing any chain entanglements that could clog the nozzle (Chu et al.,
2023). Once it reaches the print bed, its internal structure is immedi-
ately reconstructed. The 3D architecture is maintained and reinforced
by the chemical gelation process using UV photo cross-linking, ensur-
ing it endures for extended periods of cell culture.

In addition to its impact on the bioprinting process, the physical
and mechanical properties of the hydrogel also affect cellular survival
and behavior. Optimal printability and gelation capacity are critical
factors for bioinks intended for neural tissue culture, as the shear stress
during extrusion can lead to cellular deformation, which is regarded as
the primary contributor to cellular damage and death in 3D bioprint-
ing. Although high-viscosity bioinks can help achieve shape fidelity,
they also demand more pressure during printing, which increases
shear stress. Consequently, low-viscosity materials that exhibit shear
thinning behavior are essential for enhancing cell viability (Bercea,
2023; Gao et al., 2018; Kitana et al., 2024; Soltan et al., 2019; and
Theus et al., 2020).

The hydrogel we developed also demonstrated positive outcomes
regarding mechanically matching brain tissue characteristics. The
brain is one of the softest tissues in the body, with an elastic modulus
between 0.1 and 1 kPa (Sun et al., 2018). Using G0 values for compari-
son, oscillatory tests indicated that our hydrogel exhibited storage
modulus values within this range as a 3D model (�100Pa). This
means the bioprinted constructs provided cells with a substrate with
enough softness for growth and process extension while maintaining
sufficient rigidity to preserve the 3D microenvironment essential for
network formation and spatial distribution. Substrate stiffness is a key
cell fate determinant, influencing survival, proliferation, and differenti-
ation. A softer matrix (<1 kPa) favors neuronal differentiation,
whereas astrocytes prefer stiffer substrates and respond differently to

FIG. 5. Neurogenic niche-like structure formation on NMM at 6, 18, and 28 dpp.
Immunofluorescence for Ki67, TUBB3, and FABP7 markers for proliferation, neu-
rons, and radial glial cells, respectively. Column A: 6 dpp; Column B: 18 dpp;
Column C: 28 dpp. Scale bar¼ 50 lm.
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variations in tissue mechanics (Engler et al., 2006; Benincasa et al.,
2024; and Saha et al., 2008).

Saha and colleagues created a hydrogel culture system composed
of interpenetrating polymer networks to assess the impact of substrate
stiffness on adult rat NSCs’ behavior (Saha et al., 2008). The authors
reported that, in serum-free media, scaffolds with stiffness closely
resembling the physiological stiffness of the brain (500Pa) promoted
the differentiation of NSCs into neurons, characterized by elevated
expression of the neuronal marker TUBB3. In mixed medium differen-
tiation settings using serum, softer gels (about 100–500Pa) signifi-
cantly benefited neuronal cultures, while stiffer gels (approximately
1–10 kPa) enhanced glial differentiation (Saha et al., 2008). Similarly,
Banerjee et al. investigated the impact of 3D alginate hydrogels, with
elastic moduli ranging from 0.18 to 20kPa, on the proliferation and
differentiation of adult rat NSCs. The authors observed that the prolif-
eration rate of NSCs diminished as the stiffness of the hydrogels
increased. Furthermore, TUBB3 was significantly upregulated in the
softest hydrogels (�180Pa) with a comparable elastic modulus of the
brain (Banerjee et al., 2009).

Surface topography, particularly the presence of grooves or
microgrooves, has also been shown to enhance cell adhesion, regulate
morphology, accelerate migration, and promote neuronal differentia-
tion (Cui et al., 2021; Jahani Kadousaraei et al., 2025; Lu et al., 2016;
and Sthanam et al., 2019). Although the bioink did not exhibit porosity
on SEM analysis, we observed that the presence of cells shifted its
smooth surface into a complex, undulating structure, suggesting the
substitution of the hydrogel components by cell-produced ECM. The
fact that the acellular constructs lasted 28dpp, whereas the cell-laden

bioprinted constructs maintained their 3D structure for more than
100 dpp, indicates that the biomaterial is substituted by the ECM pro-
duced by the cells over time, promoting remodeling and maintenance
of the 3D microenvironment as previously described by other works
(Khetan et al., 2013; Warren et al., 2021). Acellular constructs are
more susceptible to pH, temperature, and ionic composition than con-
structs containing cells (Lu et al., 2024).

Madl and colleagues developed several hydrogels composed of
elastin-like proteins with varying stiffness and degradability to deter-
mine how these parameters influenced the maintenance of adult
murine NPCs stemness (Madl et al., 2017). They discovered that,
throughout a physiologically relevant stiffness range of approximately
0.5–50 kPa, the stemness of NPCs was independent of gel stiffness but
substantially linked with hydrogel degradability. Degradability pro-
moted cell-mediated ECM remodeling, thus enhancing the self-
renewal and potency of the NPCs (Madl et al., 2017).

According to the literature, GelMA and alginate are two of the
most used hydrogels for 3D extrusion-based bioprinting, with alginate
being predominantly utilized for 3D bioprinted neural models derived
from hiPSCs (Fang et al., 2023; Warren et al., 2021). Both biomaterials
exhibit good biodegradability and biocompatibility, with highly tun-
able physical and mechanical properties that may be modified by vary-
ing the concentrations of biopolymers and cross-linking agents, as well
as their molecular weight, degree of substitution, and printing temper-
atures (Li et al., 2024; Vorwald et al., 2020). Their main distinction is
that, although GelMA hydrogels usually have poor printability at low
concentrations (<5%) for extrusion-based 3D printing, they offer
advantageous biochemical features that are absent from alginate

FIG. 6. Process bundles in bright-field
and immunofluorescence microscopy of
constructs cultured in NMM. Bright-field
photos of constructs at 28 dpp (a) and (b).
Immunofluorescence was performed in
constructs at 36 dpp for NESTIN (white),
GFAP (green), and TUBB3 (red) (c) and
(d). Yellow arrows indicate process bun-
dles. Bright-field scale bar¼ 100 lm;
immunofluorescence scale bar¼ 50 lm.
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hydrogels, including matrix–metalloproteinase (MMP)-sensitive deg-
radation sites and cell attachment-promoting properties due to the
presence of the cell-binding tripeptide Arg-Gly-Asp (RGD) sequence
(Fu et al., 2024; Li et al., 2024). The use of GeltrexTM for 3D brain
modeling is uncommon; rather, MatrigelV

R

(another commercial ECM
mixture), is the most employed natural ECM extract for 3D bioprint-
ing and organoid generation (Chen et al., 2023). However, because of
its thermoresponsive properties, a hydrogel composed solely of
MatrigelV

R

is more challenging to bioprint without regulating the pro-
cess temperature, as it is liquid at 4 �C and becomes a gel at 37 �C.
Consequently, it has been utilized with polymers that exhibit adjust-
able mechanical properties (Alave Reyes-Furrer et al., 2021; Xiaorui
et al., 2023).

Considering these data, the GeltrexTM/GelMA blend we devel-
oped effectively minimizes the limitations of using either biomaterial
independently. The hydrogel composition enabled us to 3D bioprint
constructs that sustained hNPC survival, proliferation, and differentia-
tion over extended periods (Fig. 3). We also observed cell mobility
(Fig. 9; supplementary material Fig. 2 and Videos 1 and 2), neurite
extension, and self-organization across cells with distinct phenotypic
profiles (Figs. 4–8).

Regarding the factors that influence cell viability in 3D printing
(e.g., timing, biomaterial composition, cell type, cell density) (Warren
et al., 2021), studies have reported bioprinting-related methods that
sustained hNPCs and/or cells matured from hNPCs from 4 to 40days
(Bilkic et al., 2022; Joung et al., 2018; Sharma et al., 2020; and

FIG. 7. Neural niche-like structure formation
on NEM at 21 dpp. Immunofluorescence
for Ki67, TUBB3, and FABP7 markers for
proliferation, neurons, and radial glial
cells, respectively. Cells on superficial
layers of the construct form cell clusters
interconnected by process bundles and
can differentiate into neurons and form
neural rosettes (a) and (b). In some
regions, it is possible to see cells at the
surface (a and b rows) and cells closer to
the construct0s core (c) and (d) simulta-
neously. Different focuses in the Z-axis
favor cells at the construct core in greater
magnification, and they remain spherical
with no neurites or surrounding neurons
(d). Illustration in Fig. 4(e) shows “surface”
and “center” locations in the construct.
Scale bar¼ 50 lm.
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Yan et al., 2024). The GeltrexTM/GelMA blend could sustain the vari-
ous cellular events for 111 days. However, we limited most of our anal-
ysis to the first 36days. During that time, cells survived the printing
protocol and remained viable, as shown in the LIVE/DEAD assays

(Fig. 4). The mean values obtained from the proliferation analysis sug-
gest a difference between the timepoints analyzed, although not statis-
tically significant, likely due to variability and heterogeneity among
constructs, highlighting the need for a larger sample size. Even so, cell

FIG. 8. Immunofluorescence at 36 dpp of
3D bioprinted hNPCs cultured in neural
expansion medium (NEM) (a) and (b) or
maturation medium (NMM) (c) and (d).
NESTIN (white) and GFAP (green) are
hNPC markers, and TUBB3 (red) is a
marker for mature neurons. Scale
bar¼ 50 lm.

FIG. 9. Time-lapse confocal microscopy analysis. Cell movement was observed with CellTrackerTM Red CMTPX Dye and Hoechst nuclei staining at 50 dpp with captures taken
in 15-min intervals. Scale bar¼ 100 lm. After Drift Correction (Fiji plugin) nuclear migration was analyzed using the TrackMate plugin in Fiji/ImageJ, employing a Laplacian of
Gaussian (LoG) detector and Linear Assignment Problem (LAP) tracker. The plot shows the confinement ratio for individual tracks: values close to 0 represent confined or ran-
dom movement, while values approaching 1 indicate directed motion along a consistent orientation.
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proliferation support of this bioink was observed by light microscopy
and immunofluorescence as cell clusters were formed, continuously
grew, cells spread out over the construct0s area, and were positively
stained for Ki67 (Fig. 5).

In our previous publication (Cruz et al., 2023), we demonstrated
that the model presented in this paper enables cells to exhibit their
expected behaviors, including the acquisition of NPC-like morphology,
positive staining for GFAP and NESTIN, the extension of processes,
and the ability to self-organize. In the present study, we identified by
immunofluorescence that the cell clusters were predominantly positive
for GFAP, NESTIN, and FABP7 (Fig. 7). Notably, the spatial distribu-
tion of the cells is not homogeneous, where there were regions and
cells seemingly positive for none, one, and even all the markers, dis-
playing diverse cellular profiles. Heterogeneity might reveal the
dynamic and temporal aspects of development, an essential dimension
of neurodevelopment (Giachino et al., 2014; Liour et al., 2006). This
change in the staining pattern was observed in the constructs over
time during this study. Around 20 dpp, cell clusters were formed and
had a noticeable concentration of Ki67þ cells, a known proliferation
marker. In many constructs, neural rosettes were present. At 36 dpp,
constructs cultured in both NEM and NMM had positive cells for the
progenitor markers; neural rosettes were still observable in some con-
structs (Fig. 4), but the staining pattern was distinct.

The presence or absence of GFAP in NESTINþ cells indicates
how close the cells are to an NSC identity or to a more advanced status
in maturation, where NESTINþ/GFAP þ cells are early progenitors
that become less present in the adult neurogenic niche (Fukuda et al.,
2003). We observed that the constructs cultured on NEM displayed
abundant NESTINþ/GFAPþ cells by 36 dpp, suggesting the presence
of early progenitors. Constructs maintained in NMM displayed fewer
NESTINþ/GFAPþ cells, limited to cell clusters. In contrast, the rest of
the construct contained cells positive for late progenitors (NESTINþ/
GFAP�) and neurons (TUBB3þ), indicating a maturation process.
Thus, constructs maintained in NEM had more NESTINþ co-stained
with GFAP, while NMM showed minimal GFAP co-staining, corrobo-
rating the possibility of the cells being at different maturation stages
(Fig. 8).

Much of cell behavior in the neurogenic niche is regulated by the
uptake or release of soluble factors in the microenvironment (e.g.,
FGF, BNDF, GNDF), some of which are produced by the cells in the
niche (Andreotti et al., 2019; Willis et al., 2022). The two components
of NEM that are not present in NMM are EGF and basic fibroblast
growth factor (bFGF), which stimulate survival, proliferation, mainte-
nance of differentiation potential, and migration of NPCs (Li et al.,
2022; Regalado-Santiago et al., 2016; Supeno et al., 2013; Sutterlin
et al., 2013; and Douet et al., 2013). EGF increases cell proliferation of
the heterogeneous population of FABP7þ NSCs in postnatal and adult
neurogenic niches (Giachino et al., 2014). The combination of EGF
and bFGF could explain the presence of early progenitors in constructs
cultured in NEM. Interestingly, cells across the surface of all constructs
expressed TUBB3, a microtubule protein expressed by mature neu-
rons. TUBB3þ neurons were generated when the constructs were cul-
tured in NEM, suggesting the induction of neuronal maturation. EGF
and FGF behave differently in vivo and have been associated with pro-
moting neural differentiation in neurogenic niches in vivo and
explants, suggesting that our model may also display some of the
in vivo characteristics (Kuhn et al., 1997; Lamus et al., 2020; and

Li et al., 2022). BNDF and GDNF are neurotrophins that promote
neuronal differentiation, branching, neurite formation, and synapse
maturation (Khazaei et al., 2020; Wu et al., 2016; and Wakeman et al.,
2014). Signs of maturation of cells in constructs cultured in NMM
were observed by immunofluorescence. In addition, we analyzed the
gene expression of MAP2 and FOXG1, markers for mature neurons
and associated with telencephalon/forebrain patterning, respectively
(supplementary material Fig. 1). FOXG1 is expressed in neurogenic
niches during neurodevelopment and in adult neurogenic niches
(Schaffner et al., 2023). The early detection of MAP2 at 5 dpp reinfor-
ces the heterogeneity of the constructs, suggesting the presence of cells
simultaneously at different stages of maturation. While it is expected
MAP2 to increase over maturation and FOXG1 to increase during
NPCs induction from hiPSC but decrease during maturation (Hettige
et al., 2022, 2023; Vagaska et al., 2020; and Yan et al., 2024), over the
period analyzed, the expression of both genes was detected; however,
no statistically significant changes were observed. Some possible rea-
sons for that are the continuous growth of the progenitor clusters and
the heterogeneous population at different stages of maturation com-
bined with the variation amongst constructs. The heterogeneity may
mask the increase in gene expression of maturation markers. Also, it is
difficult to detect differences through bulk RNA extraction and quanti-
tative PCR (qPCR) analysis. Techniques such as single-cell or single-
nucleus RNAseq would be more sensitive. However, optimizing those
protocols in 3D constructs has been challenging (Wang et al., 2018).
These features demonstrate how this proposed model may be used for
multiple purposes by favoring different characteristics when respond-
ing to the specific soluble factors and morphogens added to the media.

Conventional 2D and 3D culture methods may allow for the for-
mation of cell–cell networks and facilitate neurite growth, but are lim-
ited in reproducing the connections by process bundles. A few
examples in the literature are the use of a complex hemicylindrical
microchannel array system, in which fetal rat cortical NPCs could
form neural spheroids that secreted ECM and were interconnected by
TUBB3þ process bundles (Jeong et al., 2015) and hNSC cultured in a
MatrigelV

R

and collagen 3D scaffold that clustered and created a net-
work of TUBB3þ processes (Vagaska et al., 2020). In the 3D bio-
printed model we developed, long TUBB3þ process bundles emerged
from the self-organized hNPCs clusters, creating a network that sup-
ports cell migration and communication among clusters. TUBB3 was
not limited to the process bundles, also known as axonal tracks; indi-
vidual TUBB3þ neurons increasingly populated the construct and
extended their processes (Figs. 6 and 8).

During neurodevelopment and in adult neurogenic niches,
immature neurons (neuroblasts) migrate away from their birthplace.
In embryonic development, neuroblasts use radial glia as a scaffold to
reach their cortical position, and in the subventricular zone neurogenic
niche in adults, neuroblasts migrate toward the olfactory bulb using
chain migration in which they use each other as support following a
glial tube as guidance (Jinnou et al., 2018; Nadarajah et al., 2001; and
Paredes et al., 2016). In our model, we observed cells migrating on the
surface of the process bundles that serve as support and cells migrating
without using the processes as support (Fig. 9; supplementary material
Fig. 2; supplementary material Videos 1 and 2).

The current approaches used to recapitulate characteristics of
neurogenic niches are transwell co-cultures, cortical organoids, and 3D
bioprinting. Transwell offers a variety of options for seeding different
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cell types with customizable materials, such as membranes made from
various materials and a range of pore sizes. Vascularized NSC niche
models have been produced, but due to structure limitations, they can-
not recapitulate the spatial complexity of a 3D environment as other
models (Shin et al., 2014; Wang et al., 2017). Cortical organoids allow
cells to self-organize in a complex 3D manner with variable region-
specific identities, migration, neurogenesis, laminar formation, and
many human-specific neurodevelopmental features (Andrews et al.,
2020, 2022; Huang et al., 2021; and Kadoshima et al., 2013). Some of
the difficulties regarding this approach are the long time required,
reproducibility, lack of vascularization that promotes cell death as the
organoid grows. Some aspects of cell behavior (e.g., migration) are bet-
ter studied with more complex techniques such as assembloids, fusion,
connection, and polarization (Huang et al., 2021; Jensen and Little,
2023; and Lee and Sun, 2022). For 3D bioprinting, hydrogels provide
versatility to better mimic region-specific ECM, particularly in tuning
mechanical and rheological properties to match tissue-specific require-
ments. Hydrogels can be tunable for specific applications by promot-
ing different cell behaviors (Xu et al., 2021; Lo et al., 2000). Printing is
fast, low-cost, and widely available. Still, each biomaterial requires a
different printing technique, which can cause undesirable effects on
the cells, such as high compression that can damage the cell membrane
during printing. Additionally, depending on the material and printing
method, the resolution is limited, making it difficult for cell positioning
(Kacarevic et al., 2018). Studies combining techniques to mitigate
shortcomings and optimizing qualities such as speed, definition, tun-
ability, and scalability, leading to the formation of complex structures,
shall overcome the present difficulties.

Limitations of this study

Although the GeltrexTM/GelMA blend increased swelling rates
over time, which indicated it absorbs culture media and diffuses
nutrients throughout the construct, it also demonstrated high hydro-
philicity, which gave the gel minimal surface tension. These features
and the hydrogel’s softness (storage modulus ranging from 10 to
100Pa for the hydrogel and bioink, respectively) enabled us to simulate
a brain-like microenvironment, albeit with the difficulty of maintain-
ing an accurate 3D design.

Concerning cellular behavior within the construct, cells nearer to
the surface exhibited increased proliferation (as indicated by Ki67
staining) and more neural projections than those in the construct’s
core. One alternative to overcome these obstacles is to modify the
hydrogel’s mechanical strength and stiffness by changing its composi-
tion or the concentration of photoinitiator. However, since those alter-
ations may affect the bioink’s properties, a new characterization will be
required.

Our model does not enable orientation for maturing neurons as
it relies on self-organization. All constructs exhibited similar overall
characteristics over time, but variation was observed among them. We
hypothesize that the variation was the leading cause for the lack of sta-
tistical significance in the proliferation assay and qPCR analysis.
Additionally, the increase in clusters may favor detecting genes from
more proliferative cells, which are in higher numbers, masking the
genes expressed by cells in advanced maturation stages when analyzing
bulk RNA. Single-cell RNAseq might be more appropriate for analyz-
ing gene expression profiles, but recovering single cells from the con-
structs is still challenging.

CONCLUSION

Our results show that the GeltrexTM/GelMA blend created a
dynamic environment that can recapitulate aspects of neurodevelop-
ment. Our findings indicate that the bioink provides a suitable micro-
environment for cell survival, proliferation, differentiation, and
migration. The complexity of the structures formed resemble neuro-
genic niches, and this was possible because cells were viable for more
extended periods than other reported 3D bioprinting protocols, reach-
ing more than three months in culture. The clusters predominantly
comprise proliferating hNPCs, with radial glia being a key component.
The hNPCs proliferated within the clusters, and cells could move using
the process bundles as scaffolds or migrate without the support of the
bundles. Simultaneously, cells matured and differentiated into
TUBB3þ neurons, displaying the temporal aspect of neural develop-
ment. We propose this as a 4D model to study the key cellular and
molecular features of neurogenic niches, including time as the fourth
dimension.

METHODS
Human-induced pluripotent stem cell (hiPSC) culture
and differentiation into neural progenitor cell (hNPC)

The human-induced pluripotent stem cells (hiPSCs) were kindly
provided by Professor Lygia V. Pereira from the National Embryonic
Stem Cell Laboratory (LaNCE), in S~ao Paulo, Brazil. Blood erythro-
blasts were reprogrammed by episomal factors containing the
Yamanaka factors Oct3/4, Sox2, cMyc, and Klf-4. Their karyotype was
analyzed, and no abnormalities were found. The iPSCs were cultured
in a six-well plate coated with GeltrexTM in Essential 8 (E8) medium,
which was changed daily. Cells were passed when they reached
approximately 80% confluence using 0.5M EDTA solution, until they
were subjected to the neural progenitor cell (NPC) differentiation
protocol.

At passages 18 and 23 dual SMAD inhibition was used to gener-
ate the hiPSC-derived NPC (Andrews and Kriegstein, 2022; Bose et al.,
2021; Chambers et al., 2009; de Jongh et al., 2022; de la Vega et al.,
2019; Hofer and Lutolf, 2021; and Kim et al., 2020). Cells were
detached when the confluency was high enough so that they would
reach 100% confluency the next day and seeded onto GeltrexTM-
coated wells. In the next day, E8 was replaced by neural induction
media (NIM; Table II) consisting of 50% Neurobasal Medium and
50% DMEM/F12 supplemented with B27 without vitamin A, N2,
1mM Glutamax, 0.1% PS, SMAD LDN193189 (0.1lM) and
SB431542 (10lM). Medium was changed daily until Day 14, when
cells were passaged with StemPro Accutase onto six-well GeltrexTM-
coated plates. Then, cells were cultured with neural expansion media
(NEM; Table II), similar to NIM however without the SMAD inhibi-
tors and with the addition of non-essential amino acids and growth
factors, 10ng/ml of epidermal growth factor (EGF), and 10ng/ml basic
fibroblast growth factor (bFGF). NEM was changed every other day,
and cells were passaged when needed with StemPro Accutase.

The hiPSC-derived NPCs were successfully generated and con-
firmed by the increase in expression and presence of hNPC-related
markers by immunofluorescence and qRT-PCR and a decrease in
pluripotent-related markers, as described in a previous publication
from our group (Cruz et al., 2023).
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Hydrogel preparation

The bioink composition and preparation were also previously
described by our group (Cruz et al., 2023). Briefly, gelatin methacrylate
(GelMA) was synthesized via the direct reaction of gelatin (MW: �50
to 100 kDa; Type A, porcine skin; gel strength: �300g Bloom) with
methacrylic anhydride in phosphate-buffered saline (PBS, pH 7.4), fol-
lowing the protocol previously established by our group (de Melo
et al., 2021). An 8% (w/v) GelMA solution was prepared in PBS, and
0.5% (w/v) of the photoinitiator Irgacure was added, yielding a final
concentration of 0.25% after mixing with GeltrexTM.

The solution was incubated overnight at 37 �C, protected from
light. If not used within 24 h, it was stored at 4 �C for up to 7 days.
Before use, the solution was incubated at 37 �C until fully liquefied and
homogeneous, then filtered through a 0.22-lm polypropylene filter.
Finally, the 8% GelMA solution was mixed at a 1:1 volume ratio with
GeltrexTM—a reduced growth factor basement membrane matrix, sim-
ilar in composition to MatrigelTM, but with different proportions of
constituents—resulting in a 4% GelMA-based bioink.

3D bioprinting of hNPCs andmaturation

The 3D bioprinting protocol was adapted from a previous study
by our group (Cruz et al., 2023), with minor modifications, based on
the method previously described (de Melo et al., 2021). Bioprinting
was performed using a 3DBS Educational Starter Printer with G-code
commands. The bioink was extruded from a 5ml syringe at an average
printing speed of 3.3mm/s, using a 22G needle (25mm length, 7mm
outer diameter, 0.413mm inner diameter). Before printing, UV light
(0.69mW/cm2) was activated for at least 5min to ensure optimal
cross-linking conditions. hiPSC-derived neural progenitor cells
(hNPCs) were resuspended in the bioink at a density of 12–
15� 106 cells/ml. Constructs (measuring 4� 4� 0.6mm) were bio-
printed in a culture dish placed on top of a recyclable ice pack to pro-
mote physical gelation. Following the printing process, the constructs
underwent exposure to UV light for 5min at room temperature to
finalize the chemical gelation through the photocrosslinking process.
Subsequently, the constructs were placed onto 24-well culture plates
and maintained in either NEM or neural maturation medium (NMM;
Table II) at 37 �C with 5% CO2. The NMM formulation consisted of
50% Neurobasal and 50% DMEM/F12, supplemented with B27 with-
out vitamin A, N2, 2mM Glutamax, 0.1% penicillin–streptomycin
(PS), ascorbic acid (80lM), db-cAMP (50lM), 20 ng/ml brain-
derived neurotrophic factor (BDNF), and 10ng/ml glial-derived neu-
rotrophic factor (GDNF). Medium changes were performed every two
days for NEM and every three days for NMM.

Microstructure analysis

The bioprinted constructs were examined using scanning electron
microscopy (SEM) Zeiss, USA, EVO MA-10, operating at a voltage of
20 kV. Samples were observed after 36 days in culture with NMM at
37 �C with 5% CO2. To prepare for SEM, the constructs were dehy-
drated using a sequential series of acetone solutions (30%, 50%, 70%,
and 100%) for 5min each. Subsequently, they were immersed in a
mixture of acetone and hexamethyldisilazane (HMDS) in a 1:1 ratio
for 5min, followed by HMDS alone until complete evaporation. The
dried constructs were then sputter-coated with a thin layer of gold
prior to SEM observation.

Wettability

The wettability of the hydrogel, defined as its capacity to sustain
contact at a specific contact angle with solid surfaces such as the nozzle
and print bed, was assessed using the sessile drop method with 3ll
water droplets applied to the surface of the construct. Wettability, degra-
dation, swelling, and rheological experiments were performed using
acellular constructs, circular 3D hydrogels created by depositing bioink
into circular molds and photocrosslinking for 5min at room tempera-
ture. Images of a single de-ionized water droplet on the construct’s sur-
face were captured at 2-min intervals using a Goniometer (KRUSS,
Germany, EasyDrop DSA 100S) equipped with a charge-coupled device
(CCD) camera. The initial contact angle was measured 5 s after drop
deposition to allow the droplet to reach equilibrium. Measurements
were performed in triplicate on different constructs. All experiments
were conducted under controlled conditions, maintaining a temperature
of 256 3 �C and a humidity level of 50%6 10%. Contact angle calcula-
tions were performed using the open-source software ADVANCE.

Hydrogel degradation rate

The degradation rate was evaluated to determine the material’s
stability following its chemical gelation. To do this, immediately after
photocrosslinking, the acellular constructs were weighed (initial dry
weight,Wd0) and submerged in PBS (pH 7.4, 10mM) at 37 �C for var-
ious time points: 1, 2, 7, 18, and 28days. After each period, the samples
were weighed (final wet weight, Wf), gently placed on filter paper for
10min at room temperature and reweighed with a scale accurate to
0.0001 g (final dry weight, Wdf). Nine samples were analyzed for each
timepoint. Mass loss at different timepoints was determined using the
following equation:

Degradation %ð Þ ¼ Wd0 �Wdf
Wd0

� 100:

Hydrogel swelling degree

Similarly to the degradation test, the acellular constructs were
weighed immediately after the chemical gelation process. Then, they
were incubated in PBS (pH 7.4, 10mM) at 37 �C for 1, 2, 7, 18 and
28days. At each timepoint, nine samples were weighed as described
previously. Swelling percentage was calculated using equation, as
follows:

Swelling %ð Þ ¼ Wf �Wd0
Wd0

� 100:

Hydrogel rheological characterization

The mechanical properties of both the bioink and acellular con-
structs, also referred to as the 3D model, were evaluated through rheo-
logical measurements on a stress-controlled rheometer equipped with
a parallel-plate setup (25mm diameter, 200lm gap). Flow behavior
and viscosity were assessed by applying shear rates from 0.01 to 100/s
and back, allowing a 30-s interval between each set of measurements.
Subsequently, oscillatory tests were performed to determine the visco-
elastic properties of the hydrogels and constructs. During amplitude
sweeps (1Hz, 0.1%–100% strain) and frequency sweeps (1% strain,
0.1–10Hz), the storage modulus (G0), loss modulus (G00), and loss
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tangent (tan d) were recorded. Unless otherwise indicated, all experi-
ments were conducted at 25 �C in triplicate, and the rheograms pre-
sented represent the mean of these three measurements.

Hydrogel electrical conductivity measurements

Electric conductivity was assessed using a conductivity meter
(LACTEA BRAZIL). Both 8% GelMA solution and pure GeltrexTM

were measured individually, and the GeltrexTM/GelMA hydrogel.

Cell viability and proliferation in bioink

Cell viability was assessed using the LIVE/DEADTM Cell Imaging
Kit, according to the manufacturer’s instructions. A construct was
selected and incubated for 20min at room temperature in a 1:1 ratio of
the Live/Dead solution and maturation medium. Photos were acquired
using the tiles that function in the Leica DMI6000 or confocal Zeiss
LSM 780 microscope.

Proliferation was assessed by the Resazurin assay according to the
manufacturer’s instructions. Three bioprinted constructs for each
timepoint were moved to a well of a 24-well plate containing 500ll of
a 10% Resazurin solution diluted in maturation medium. Samples
were incubated in the dark for 4 h at 37 �C and 5% CO2. A single cell-
free construct per time point without cells was simultaneously incu-
bated in Resazurin solution (negative control). Subsequently, 100ll of
the solution of each sample was transferred to a new 96-well plate for
fluorescence measurement using the plate reader SpectraMaxV

R

M3
(Molecular Devices, USA).

Immunofluorescence analysis

For immunofluorescence analysis, the constructs were washed
with PBS, 10mM, pH¼ 7.4, for 5min and then fixed with 4% parafor-
maldehyde for 40min. They were washed three times with PBS for
5min each once more, followed by an incubation with 0.1M glycine
solution for 15min. After repeating the three washes, samples were
blocked for 1 h with 5% (v/v) normal goat serum in PBS containing
0.1% Triton X-100. Then, they were incubated with the following pri-
mary antibodies overnight: FABP7, NESTIN, GFAP, TUBB3, or Ki67.
Samples were then washed with PBS three times and then incubated
with DAPI and the following secondary antibodies (1:500) for 2 h:
AlexaFluor 488, AlexaFluor 594, or AlexaFluor 647. The samples were
analyzed using confocal microscopy (Confocal Zeiss LSM 780 and
Leica TCS SP8 CARS).

RT-qPCR analysis

RNA extraction was carried out utilizing TRIzolTM reagent, while
cDNA synthesis was obtained by the Super-ScriptTM III First-Strand
Synthesis Super-Mix, following the manufacturer’s instructions. The

primer sequences are detailed in the following table (Table III).
Quantitative PCR (qPCR) analysis utilized Fast SYBRTM Green Master
Mix. Relative expression levels were determined using the 2�DDCt

method, employing the geometric mean of two endogenous genes
(beta-actin and GAPDH) as internal reference controls.

Cell movement analysis

Cell movement capability post-printing was evaluated through
time-lapse confocal microscopy analysis. The constructs were incu-
bated with CellTrackerTM Red CMTPX Dye and NucBlueTM Live
ReadyProbesTM Reagent (Hoechst 33342) for 45min, washed 3� in
DMEM, and imaged in the Confocal Zeiss LSM 780 microscope. Cell
movement was observed for a maximum of 48 h, with captures taken
in 15-min intervals.

Directionality was evaluated using the Trackmate plugin in Fiji/
ImageJ. The confinement ratio tells how “efficient” was a displacement
in getting far away from its starting point. It is defined as the net-
displacement divided by the total distance. The net-displacement is
given by the “track displacement” feature, and the total distance
is given by the “total distance traveled” feature. The confinement ratio
is a unitless value that ranges from 0 to 1. Values close to 0 indicate a
confined movement, where the particle (cell) stays close to its starting
point. Values close to 1 indicate that the particle (cell) travels along a
line with a constant orientation.

Statistical analysis

The data were analyzed using GraphPad Prism 9.0 (GraphPad
Software, San Diego, CA, USA) and depicted as means with standard
deviation (SD). Treatment groups were assessed via one-way analysis of
variance (ANOVA), supplemented, if specified, by Bonferroni’s post hoc
test. For all analyses, the significance was p< 0.05, indicating a notewor-
thy distinction between groups. The groups were assessed and depicted
for proliferation analysis via median and 95% Confidence Intervals
(C.I.). Graphs were plotted in OriginPro 9 (OriginLab Corp, USA).

SUPPLEMENTAL MATERIAL

See the supplementary material for the additional immunofluores-
cence images of 3D bioprinted hNPCs cultured in NEM and NMM are
presented, showing cells expressing NESTIN, GFAP, and TUBB3 (Fig. 1).
Quantitative PCR (qPCR) analysis shows the expression of FOXG1 and
MAP2 by bioprinted hNPCs over time (Fig. 2). Cell migration within the
constructs is illustrated in Fig. 3 and captured in Videos 1 and 2.
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