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Abstract
Neurogenesis plays a major role in neuroplasticity and memory. In adult human 
and mouse brains, neural stem cells (NSCs) are mainly distributed in two extensively 
characterized neurogenic niches: the subgranular zone (SGZ) of the hippocampus and 
the subventricular zone (SVZ) of the lateral ventricles. Impaired neurogenesis is one 
of the consequences of Alzheimer’s disease (AD), contributing to cognitive decline 
and progressive memory loss. Developing new in vitro models that resemble this 
three-dimensional (3D) structure is fundamental for enhancing our understanding 
of the SVZ neurogenic niche dynamics in AD. Herein, we produced and characterized 
a 3D-bioprinted model of the adult SVZ neurogenic niche containing amyloid β 
(Aβ) oligomers, mimicking the NSC microenvironment in AD. In this model, Aβ 
oligomers induce oxidative stress and reduce the proliferative potential of NSCs, 
while stimulating neuronal differentiation. We hypothesize that these events are an 
early attempt of adult NSCs to compensate for neuronal death in AD pathogenesis. 
Our 3D model simulates the NSC niche physiology, reproducing an early response of 
NSCs in AD, strengthening the importance of studying the potential of neurogenesis 
in neurodegeneration.

Keywords: Bioprinting; Neurogenic niche; Alzheimer’s disease; Amyloid beta;  
Neural stem cells; Subventricular zone 

1. Introduction
Neurogenesis is defined as the process of generating neurons from neural stem cells 
(NSCs). In the adult brain, neurogenesis confers plasticity and neuronal replacement 
and occurs primarily in specialized regions known as neurogenic niches. The two main 
neurogenic niches of human and mouse brains are located in the subgranular zone 
(SGZ) of the hippocampus and the subventricular zone (SVZ) of lateral ventricles. As 
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the hippocampus is involved in memory and learning,1 
most studies involving neurogenesis in Alzheimer’s 
disease (AD) primarily focus on this niche,2–5 noting that 
neurogenesis decreases mainly due to amyloid beta (Aβ) 
aggregation and senile plaque formation. 

However, recent studies have demonstrated that 
alterations in adult SVZ neurogenesis also play a crucial 
role in AD.6–10 Transplantation of SVZ-derived newborn 
neurons can restore impaired neural circuits, which 
compensates for the reduced neuronal population found 
in AD,11 playing a pivotal role in cognitive function and 
disease pathogenesis. Moreover, by undefined pathways, 
neurogenesis in the SVZ may be regulated and stimulated 
by Aβ in young adult animals.12 Despite all evidence, 
there is a lack of studies focusing on the role of adult SVZ 
neurogenesis in AD.

The contribution of Aβ to AD initiation and 
progression is highly complex; it participates in different 
cellular events depending on the peptide’s aggregation 
state, concentration, and the brain’s developmental stage. 
Aβ can either impair the brain’s homeostatic balance, 
as in AD, or play a role in normal brain development, 
by inducing NSC self-renewal and differentiation into 
neurons, astrocytes, and oligodendrocytes.13 Aβ peptides 
are generated by enzymatic cleavage of amyloid precursor 
protein (APP) in the plasma membrane of neurons and 
glial cells. Two distinct pathways lead to APP cleavage: 
(i) the non-amyloidogenic pathway that results in the 
formation of a soluble form of APP (sAPPα), and (ii) the 
amyloidogenic pathway, which results in the formation of 
Aβ peptides that can form insoluble aggregates, a hallmark 
of AD. In the amyloidogenic pathway, APP is cleaved in 
distinct positions by two secretases (β and γ), producing 
different sizes of Aβ (Aβ40 and Aβ42), where Aβ42 has 
more significant aggregation potential, resulting in senile 
plaques. Consequently, oxidative stress is observed during 
the formation of these plaques, inducing inflammatory 
responses, which enhances the aggregation of Aβ peptides 
and impairs synaptic plasticity. 

As the brain is distinctly dynamic, the complexity of 
NSCs and Aβ oligomer interactions demands investigating 
AD using novel strategic models. Biotechnology and 
bioengineering have much to contribute, especially 
providing tools to develop biomaterials that may increase 
knowledge of pathophysiological mechanisms of the 
disease, in addition to reducing the number of animals 
used and highlighting specific pathways to be studied. 
Recently, valuable attention has been directed toward 3D 
models,14–16 which create dynamic microenvironments 
that mimic the complexity of various tissues, including the 
brain. 

Bioprinting has emerged as a highly promising tool 
for neurobiology, offering a technological approach to 
tailor 3D constructs effectively.17–19 Moreover, bioprinting 
enables the creation of volumetric, biomimetic 
microenvironments that can emulate specific events 
of the central nervous system (CNS).20 By designing 
specific combinations of cells and hydrogel that mimic the 
extracellular matrix environment, neurogenic niches, and 
other areas of the brain, specific microstructures can be 
potentially bioprinted.17,21–25

Therefore, bioprinting is at the forefront of elucidating 
NSC behavior by studying distinct areas, such as retina 
recreation by stem cell transplantation;26 toxicological 
performance of compounds, such as cannabidiol, on 
neuroprogenitor cells;27 modeling neural tissue using 
induced pluripotent stem cells (iPSCs) and iPSC-
derived NSCs;28 evaluation of neural regeneration;29 and 
recapitulating areas of damaged CNS tissue.30

Although this technological tool is very promising, 
there is a lack of studies involving modeling and 
bioprinting neurodegenerative conditions, especially 
reproducing and biomimicking NSCs in AD. In this study, 
we developed and characterized a 3D model of the adult 
SVZ-NSC environment in AD by bioprinting NSC-derived 
neurospheres from six-week-old wild-type mice in a bioink 
containing Aβ oligomers. The biomaterial we produced and 
standardized may serve as a platform to further develop 
novel therapeutic strategies, also contributing to providing 
greater insights into underlying disease mechanisms.

2. Materials and methods
2.1. Study design
This study was designed to develop a 3D model of the adult 
SVZ-NSC microenvironment, representing a brain area, 
aside from the hippocampus, that can be a target for early 
events of neurodegeneration in AD. Briefly, SVZ-derived 
NSCs were isolated from six-week-old C57BL/6 mice, 
cultured as neurospheres, and bioprinted with or without 
Aβ1–42 oligomers in the bioink composition. The constructs’ 
physicochemical properties were characterized; the 
neurosphere areas were measured; and cell proliferation, 
oxidative stress, and cell differentiation were quantified.

2.2. Reagents and equipment
All reagents and equipment used in this work are described 
in Table 1.

2.3. Preparation of the hydrogel
The hydrogel (the polymeric base of the bioink) was 
composed of a homogenized combination of low-viscosity 
sodium alginate (ALG; molecular weight [MW]: 30–100 
kDa) and gelatin (GEL; MW: ~ 50–100 kDa; type A from 
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Table 1. Reagents and equipment.

Reagent Or Resource Source Identifier

Reagents, antibodies, supplements, and other chemicals

Accutase Gibco, USA A1110501

Alexa Fluor 488 Goat anti-Rabbit Invitrogen, USA A11008

Alexa Fluor 647 Goat anti-Chicken Invitrogen, USA A21449

Aβ-protein (Human, Aβ1-42) Peptide Institute, INC, Japan 4349-v

B-27 Supplement Minus Vitamin A Gibco, USA 12587010

Calcium Chloride (CaCl2) Synth, Brazil C201301AH

CellROX (Green Reagent) Invitrogen, USA C10444

DAPI Sigma-Aldrich, USA 62248

Dimethyl sulfoxide (DMSO) Sigma-Aldrich, USA 1003246030

Dulbecco’s modified eagle medium/Nutrient  
mixture F-12 (DMEM/F12) 

Gibco, USA 12400024

Fetal Bovine Serum (FBS) Gibco, USA 12657-029

Gelatin from porcine skin (GEL) Sigma-Aldrich, USA G2500, 9000-70-8

Bovine sodium heparin Kin Master, Brazil 50.1000.01

Human FGF-basic (FGF-2/bFGF) Gibco, USA PHG0026

L-glutamine MP Biomedicals, USA 101806

LIVE/DEAD assay (Cell Imaging Kit 488/570) Invitrogen, USA R37601

Penicillin/streptomycin Gibco, USA 15140-122

Phalloidin Sigma-Aldrich, USA 49409

poly (2-hydroxyethylmethacrylate) (poly-hema) Sigma-Aldrich, USA P3932

Primary MAP-2 Antibody (Rb X MAP2) Sigma-Aldrich, USA ab5622

Primary Nestin Antibody (Chk pAb to Nestin) Abcam, USA ab134017

Recombinant Human EGF Protein R&D System, USA 236-EG-01M

Resazurin powder Sigma-Aldrich, USA R7017

Sodium alginate (ALG, Alginic acid sodium salt  
from brown algae)

Sigma-Aldrich, Norway A1112

Triton X-100 Sigma-Aldrich, USA 9002-93-1

Trypsin Gibco, USA 15090046
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Reagent Or Resource Source Identifier

Plastics and other non-perishable materials

Cell culture dishes (100 mm) Biofil, Brazil TCD 000100

Cell culture flasks (25 cm2 and 75 cm2) Corning, USA 430168 

Cell culture plates (24 well) Costar, USA 3524

Cell strainer (40µm nylon) Falcon, USA 352340

Needles (25x0.70/0.60 22 G 1) Injex, Brazil 25x0.70/0.60 22 G 1

Polypropylene conical tubes (15 mL and 50 mL)     Falcon, USA 352070 and 352095

Serological pipettes (1, 5, 10, and 25 mL) Biofil, Brazil GSP-010-005

Syringes (5 mL)     Descarpack, Brazil

Equipment and Softwares

3D Bioprinter 3D Biotechnology Solutions, Brazil (3DBS) 
Educational Starter, Brazil

http://www.3dbiotechnologiessolutions.com/
educacional-starter/

ATR-FTIR spectrophotometer Perkin Elmer FTIR Imaging System, USA Spotlight-400

Centrifuge Eppendorf, Germany 5702

Conductivity meter Lactea, Brazil

Confocal laser scanning microscope Leica, Germany TCS SP8 

Electronic digital scale Shimadzu, Brazil AY220

Goniometer KRUSS, Germany EasyDrop DSA 100S

Hot plate magnetic stirrer Kasvi, Brazil

Humidifier incubator Thermo Scientific, USA Series 3 Water Jacketed

Microplate reader  Molecular Devices, USA SpectraMax® M3 

Microscope (Inverted fluorescent and phase 
contrast)

Olympus, USA IX51 TH4-100

pHmeter Kasvi, Brazil K39-1420A

Pronterface software Printrun, USA Graphical User Interface host from Printrun

Rheometer Thermo Scientific, Germany Haake MARS 40/60

Scanning electron microscope Zeiss, USA EVO MA-10

Water bath Novatecnica, Brazil N1030T

https://doi.org/10.36922/ijb.xxxx
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porcine skin; and gel strength: ~300 g bloom). GEL (4% 
w/v) was first dissolved in sterile phosphate-buffered 
saline (PBS) on a hot plate magnetic stirrer at 72°C under 
constant agitation of 3 rcf. Once the powder was completely 
dissolved, ALG (6% w/v) was added to the solution and 
stirred for 30 min. The final solution was exposed to 
ultraviolet (UV) light for 30 min before printing.

2.4. Bioprinting and crosslinking the hydrogel
For bioprinting, 2 mL of the hydrogel was maintained in 
a water bath at 37°C, transferred to a 5 mL syringe with 
a 22-gauge blunt needle, and placed in the printhead 
of the 3D bioprinter. The bioprinting speed was set at 
300 mm/min, at room temperature, and under G-code 
control, using two different extrusion codes in Pronterface 
software. The resulting constructs consisted of four 
deposited layers of cell-laden bioink (6 × 6 × 0.6 mm; 
Code 1) or six layers (6 × 6 × 1 mm; Code 2), as described 
in Table 2. Each construct was printed and deposited in a 
well of a 24-well plate, and the hydrogel was crosslinked 
in calcium chloride (CaCl2) solution (2% w/v, diluted in 
distilled water, dH2O) for 5–7 min. 

2.5. Swelling degree 
Constructs were weighed immediately after they were 
printed and crosslinked, before incubation in dH2O or 
Dulbecco’s modified eagle medium/nutrient mixture F-12 
(DMEM/F12) (pH 7.2) at 37°C and 5% CO2. They were 
weighed at different time points (0, 1, 2, 7, 14, 21, and 28 
days). The percentage of swelling was calculated using 
Equation I:

	 Swelling
W Wd

Wd
xf o

o

%( ) =
−

100 � (I)

where Wf is the final wet weight and Wdo is the initial 
dry weight of constructs. Four constructs were weighed at 
each time point. 

2.6. Degradation rate
The degradation rate of the constructs was determined by 
quantifying the weight loss of dry constructs. The printed 
constructs were weighed immediately after they were 
printed and crosslinked. They were then incubated in dH2O 
or DMEM/F12 (pH 7.2) at 37°C and 5% CO2. At different 
time points (0, 1, 2, 7, 14, 21, and 28 days), constructs were 
carefully blotted with filter paper to remove the excess 
liquid, maintained in a dry oven at 37°C for 20 min, and 
reweighed. The degradation percentage was calculated 
using Equation II:

Degradation
Wd Wd

Wd
xo f

o

%( ) =
−

100 � (II)

where Wdo is the initial dry weight and Wdf is the final 
dry weight of constructs. Four constructs were weighed at 
each time point. 

2.7. Wettability 
The wetting of aqueous drops on the surface of constructs 
was characterized using a goniometer. Contact-angle 
measurements were based on the sessile drop method 
using aqueous drops at a volume of 5 μL placed on the 
top of the construct. Briefly, images of a single drop of 
deionized water deposited on the construct’s surface were 
periodically acquired (every 2 min) by a custom setup with 
a charged-coupled device (CCD) camera. The first contact 
angle was measured 5  s after drop-casting to ensure the 
droplet reached equilibrium. Images were collected in 
triplicate, using different constructs, and contact angle 
values were measured. All measurements were conducted 
at a controlled temperature (25 ± 3°C) and humidified 
atmosphere (50 ± 10%). 

2.8. Scanning electron microscopy 
The surface observation of the constructs was performed 
by scanning electron microscopy (SEM). Right after 
crosslinking (day 0) and 14 days after dH2O or DMEM/
F12 incubation at 37°C and 5% CO2, bioprinted constructs 
were dehydrated with a crescent sequence of acetone 
(30, 50, 70, and 100%) for 5 min in each solution. After 
that, samples were immersed in a 1:1 ratio of acetone: 
hexamethyldisilazane  (HMDS) for 5 min, and finally in 
HMDS alone until the solution evaporated. Constructs 
were dried, sputter-coated with a thin layer of gold, and 
observed under a scanning electron microscope.

2.9. Attenuated total reflectance-Fourier transform 
infrared spectroscopy
The chemical structures of ALG, GEL, CaCl2, crosslinked 
and non-crosslinked hydrogel, Aβ oligomers, and 
constructs with neurospheres (with and without Aβ 
oligomers) were analyzed using an attenuated total 
reflectance-Fourier transform infrared ATR-FTIR 
spectrophotometer at a range of 400–4000 cm−1 in 
transmittance mode. 

Table 2. Bioprinting parameters.

Parameter Code

1 2

Dimension (mm)

  X-axis 6 6

  Y-axis 6 6

  Z-axis 0.6 1

Number of layers 4 6

Individual layer height (mm) 0.2 0.2 
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2.10. Rheological characterization
The mechanical properties of the hydrogel were studied 
through rheological assessment using a stress-controlled 
rheometer with a parallel plate configuration (25 mm 
diameter; 200 µm gap). To determine the hydrogel’s flow 
behavior and viscosity profile, samples were subjected to 
shear rates ranging from 0.01 to 100 s−1 and back with an 
interval of 30 s between curves. Next, oscillatory analyses 
were conducted to evaluate the viscoelastic properties of 
the hydrogels and constructs. Through amplitude sweep (1 
Hz frequency; 0.1–100% strain) and frequency sweep (1% 
strain; 0.1–10 Hz) measurements, the values for storage 
modulus (G’), loss modulus (G”), and loss tangent (tan δ) 
were obtained. All measurements were performed at 25°C 
(room temperature), and each experiment was conducted 
in triplicate to ensure consistency. The rheograms are 
plotted based on the average of three replicates.

2.11. Electrical conductivity
The electrical conductivity of 5 mL of the hydrogel was 
determined using a conductivity meter.

2.12. Animals
All experiments using animals and their respective 
extracted cells were conducted with the approval of 
the Ethics Committee on the Use of Animals from the 
Universidade Federal de São Paulo (authorization number 
CEUA 2428100423). C57BL/6 wild-type male mice were 
dissected at six weeks of age. In detail, mice were divided 
into two groups and housed in standard cages (hardwood 
bedding) in a conventional animal facility (12 h light/dark 
cycle). Mice were monitored for health and welfare for the 
whole duration of the experiments. Only mice without 
signs of stress or discomfort (including hair loss and 
stereotype behaviors) were included in the study.

2.13. Neural stem cell extraction and 
neurosphere culture
Briefly, six-week-old mice were euthanized by decapitation, 
and their brains were removed. The SVZ was dissected, and 
cells were dissociated mechanically and enzymatically with 
0.5% trypsin for 5 min at 37°C. After dissociation, cells 
were strained in a 40 μm mesh cell strainer and cultured 
in poly(2-hydroxyethylmethacrylate) (polyHEMA) pre-
coated flasks, seeded in a complete medium (DMEM/
F12 supplemented with 2% B-27 without vitamin 
A supplement, 20 ng/mL epidermal growth factor 
(EGF), 20 ng/mL fibroblast growth factor 2 (FGF2), 1% 
l-glutamine, 1% penicillin/streptomycin, and 5 μg/mL 
heparin) and maintained in a humidified incubator at 37°C 
and 5% CO2 for three weeks. For propagation, neurospheres 
(100–200 μm in diameter) were subcultured by mechanical 
and enzymatic dissociation (described below), and the 

procedure was repeated on newly formed neurospheres. 
Half of the medium volume was replaced every 2–3 days. 

2.14. Dissociation of neurospheres
Once the neurospheres reached approximately 100–200 
μm in diameter, they were dissociated as follows. Briefly, 
cells were centrifuged at 200×g for 4 min and suspended 
in Accutase. Dissociation was performed mechanically 
and enzymatically with repeated up-and-down pipetting 
of neurospheres in Accutase. Then, the solution was 
incubated at 37°C for 10 min, and DMEM/F12 was added 
to the solution, which was then centrifuged at 200×g 
for 5 min. After discarding the supernatant, dissociated 
neurospheres were resuspended in the complete medium. 
Four days after dissociation, neurospheres were immersed 
into the hydrogel and bioprinted as described below.

2.15. Bioprinting the NSC microenvironment 
The bioink was composed of 2 × 104 neurospheres mixed 
with 1 mL of the hydrogel with or without 1 µM Aβ 
oligomers. The bioink was transferred to a 5 mL syringe. 
Bioprinting and crosslinking were performed as described 
in Section 2.4. Thereafter, the constructs were transferred 
to 24-well plates and cultured with the complete medium 
at 37°C and 5% CO2. The medium was changed every 
2–3 days. Constructs were evaluated 2, 3, or 8 days after 
bioprinting. 

2.16. Cellular proliferation and viability
The resazurin assay was used to assess cell proliferation at 
different time points (2, 3, and 8 days after bioprinting). 
Briefly, 24 h before the determined time point, the medium 
was substituted by 10% resazurin solution diluted in a 
complete medium. Samples were incubated at 37°C and 5% 
CO2 for 24 h. Subsequently, the solution of each sample was 
transferred to a new plate for fluorescence measurement 
using a microplate reader (bottom-reading; excitation: 544 
nm; emission: 590 nm). As a negative control, cell-free 
10% resazurin solution was incubated for the same period 
under the same conditions. The results are presented as a 
percentage of the control.

To observe the distribution and localization of live 
and dead cells within the neurospheres cultured in the 
construct, viability was assessed using a Live/Dead assay 
kit two days after bioprinting. Constructs were incubated 
with a homogenized solution of calcein AM and ethidium 
homodimer-1 at room temperature for 15 min. Stained 
cells were imaged using a confocal laser scanning 
microscope. 

2.17. Neurosphere area
On a phase contrast microscope, constructs were imaged 
on days 0, 1, 2, 3, 4, 7, and 8 after bioprinting. The area 
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of neurospheres in the constructs was measured using 
ImageJ software.

2.18. Morphological aspects
On day 2 after bioprinting, constructs without Aβ oligomers 
were fixed in 4% paraformaldehyde (PFA) and diluted 
in dH2O for 40 min at room temperature. Samples were 
stained with phalloidin and 4′,6-diamino-2-phenylindole 
(DAPI) overnight and imaged using a confocal microscope 
to evaluate the shape and morphology of cells within 
the construct.

On day 3 after bioprinting, constructs were fixed in 4% 
PFA and diluted in dH2O for 40 min at room temperature. 
Samples were dehydrated, sputter-coated with a thin 
layer of gold, and observed under a scanning electron 
microscope, as described in Section 2.7.

2.19. Oxidative stress
To evaluate the induction of oxidative stress, cytochemical 
analysis was performed using CellROX®. On days 2 and 3 
after bioprinting, constructs were incubated with 5  μM 
CellROX® Green Reagent for 30 min at 37°C and 5% CO2. 
Green fluorescent neurospheres were imaged using an 
inverted confocal laser scanning microscope. Fluorescence 
intensity quantification was performed with ImageJ 
software. 

2.20. Cell differentiation
The differentiation of NSCs into neurons was investigated. 
Constructs were fixed in 4% PFA, diluted in dH2O, and 
permeabilized with dH2O-0.1% Triton X (dH2O-T) for 5 
min. After three washes, cells were incubated with blocking 
solution (5% fetal bovine serum in dH2O-T) for 1 h at room 
temperature, followed by overnight incubation with anti-
Nestin (1:250) and anti-microtubule-associated protein 2 
(MAP-2) (1:500) and diluted in blocking solution at 4°C. 
Constructs were then washed with dH2O and incubated 
overnight at 4°C with the corresponding secondary 
antibodies and fluorescence nuclear counterstain DAPI. 
Samples were imaged under an inverted confocal laser 
scanning microscope. Fluorescence intensity quantification 
was performed using ImageJ software.

2.21. Statistical analyses 
Data are expressed as mean ± standard deviation. 
Statistical significance between groups was evaluated 
using one-way analysis of variance (ANOVA), followed by 
Bonferroni post hoc test for multiple comparisons using 
GraphPad Prism 5.0 (GraphPad Inc., USA). Statistical 
significance was set at *p < 0.05, **p < 0.01, ***p < 0.001, 
and ****p < 0.0001. Graphs were plotted in OriginPro 9 
(OriginLab Corp, USA).

3. Results and discussion
Traditionally, 2D in vitro models cannot capture the 
complexity of the dynamic brain microenvironment. 
Therefore, 3D bioprinting offers an innovative platform 
to emulate the intricate cellular interactions within the 
NSC niche. NSCs cultured in a non-adherent condition 
proliferate and form clonal neurospheres that mimic the 
spatial arrangement and architecture of a neurogenic 
niche.22,31 Here, we demonstrate that bioprinted NSCs-
derived neurospheres from six-week-old C57BL/6 mice 
with 1 µM Aβ1–42 oligomers could mimic the environmental 
conditions and cellular organization of neurogenic niche, 
establishing an innovative model to study SVZ-derived 
NSCs in AD. 

3.1. Biomaterial production and characterization
Previous studies in the literature demonstrate the 
efficiency of ALG and GEL as a base for biomaterials21,32–34 
and bioprinting processes.35,36 We tested several hydrogel 
compositions before selecting the one used in this study, 
including different concentrations of ALG-GEL, as well 
as adding agarose, GeltrexTM, poly-L-lysine, and laminin 
(data not disclosed). The printability of the selected 
hydrogel composition was the most suitable for this study, 
promoting neurosphere encapsulation, survival, and 
growth, as well as retention of Aβ. Laminin, one of the 
main components of GeltrexTM and a potential component 
to facilitate cell spreading, is known to interact with Aβ37–39, 
moreover, photocrosslinking with UV light could damage 
both cells and Aβ aggregates, consequently, we decided not 
to use them to produce our constructs.40–42

GEL, a collagen-derived protein, changes from 
gel to liquid state at 35–40°C, losing its ability to gel 
above such temperatures. It has attracted tremendous 
attention in bioprinting due to its high biocompatibility 
and hydrophilicity,43 especially when mixed with other 
biomaterials to form double-network constructs with 
improved printability and cell functions. 

In contrast, ALG, a biocompatible, biodegradable, and 
non-toxic polysaccharide, has better mechanical properties 
and represents the most commonly bioprinted material.44 
It is easily gelled when crosslinked with a divalent cation, 
e.g., Ca2+, forming rigid hydrogels, ensuring long-term 
morphological stability and water retention. However, ALG 
alone has limited biological inertness, low cell attachment, 
adhesion properties, and biological activity.45,46

Since GEL solutions have desirable viscosity and tunable 
properties at temperatures lower than 25°C (depending on 
the polymer concentration and bloom value), blending 
GEL with ALG, a more viscous polymer, makes it possible 
to generate hydrogels with good flow and shape-retention 
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characteristics.47,48 The presence of GEL facilitates rapid 
gelation of the construct during the bioprinting process 
at room temperature (compared to ALG-crosslinked 
with Ca2+ alone) and strengthens the ALG structure in a 
thermoresponsive manner, consequently improving the 
initial stability of the hydrogel.36 Therefore, considering 
that the optimal polymeric concentration of a hydrogel 
should range from 10 to 20%,49 our formulation consisted 
of 6% ALG + 4% GEL, leveraging the advantages of both 
polymers and displaying great promise for modeling the 
NSC environment (Figure S1, Supporting Information; 
Videos S1–S4, Supporting Information).28,33

Figures 1–3 present the characterization of both the 
hydrogel and the bioprinted construct. The polymeric 
blend was first printed without cells to determine the 
best design for printability and to measure wettability, 
surface roughness/porosity, degradation, and swelling 
rates. Furthermore, the mechanical and structural 
characteristics, as well as the electrical conductivity, were 
evaluated accordingly.

Code 2 (Figure 1A) was designed for the characterization 
assays. The wettability profile of the bioprinted hydrogel 
(crosslinked or not) is presented in Figure 1B, displaying 
snapshots and contact angle measurements every 2 
min until complete absorption of a drop of water into 
the samples. The initial contact angle of the crosslinked 
hydrogel was 55.3 ± 0.2°, while that of the non-crosslinked 
hydrogel was 30.4 ± 0.4°. The crosslinked hydrogel fully 
absorbed the water droplet after 38 min, while the non-
crosslinked hydrogel took less than 2 min, indicating 
that crosslinking is essential to harden the material while 
maintaining its hydrophilicity.

 Hydrogel degradation was monitored for 28 days, with 
constructs immersed in dH2O or DMEM/F12 at 37°C and 
5% CO2 (Figure 1E). In both conditions, the constructs 
maintained approximately 50% of their initial weight (49.6 
± 4.6% in DMEM/F12; 46.9 ± 4.2% in dH2O) (p < 0.001 
relative to their respective initial weight), suggesting that, 
despite the high degradability rate, constructs preserved 
their 3D structure for nearly a month. The sustained 
degradation over time might increase the construct’s 
porosity and promote essential biological functions, as cells 
are more prone to migrate, proliferate, and differentiate 
when the surrounding network structure is less dense.50

Several factors may have influenced the degradability 
rate of the hydrogel, such as the concentration and duration 
of CaCl2 crosslinking, the MW of ALG, the concentration 
of both polymers, and the swelling rate35,45,50–53. Freeman 
and Kelly51 reported that low-MW ALG hydrogels (3.5%) 
had significant degradation over 21 days in culture, while 
high-MW ALG hydrogels (3.5%) displayed little to no 

degradation. Additionally, Sonaye et al.53 demonstrated 
that higher concentrations of ALG (8–12%) compared to 
GEL (6%), along with high crosslinking concentrations of 
CaCl2 (300–500 mM), enhanced the swelling capacity and 
decreased the breakdown rate of hydrogels. 

Considering the swelling profile (Figure 1F), when 
constructs were incubated in DMEM/F12 or dH2O, the 
percentage of wet mass on day 2 was approximately 40% 
greater than the dry mass on day 0, demonstrating that 
constructs are easily tumefied by medium (or dH2O) 
absorption. Over time, the swelling rate gradually 
decreased, as the structures degraded. Sonaye et al.53 
reported a similar phenomenon with their ALG-GEL 
hydrogels. Scaffolds with a greater ALG concentration 
swelled by 70%, peaking at day 4 to a saturation point, 
and started to disintegrate on day 8. As a result, their 3D 
model completely degraded within 14 days of incubation 
in DMEM. Kaliampakou and colleagues50 also tested 
multiple blends of ALG-GEL hydrogels with varying 
CaCl2 concentrations and crosslinking durations. They 
described that the best configuration (8% ALG+ 4% GEL; 
248 mM CaCl2; 15 min crosslinking) resulted in a hydrogel 
degradation time of ~20 days with a swelling ratio of 50%.

Unlike the constructs generated in the present study, 
none of the aforementioned materials was able to maintain 
their structure for the achieved benchmark duration of 
28 days. Thus, the 6% ALG+ 4% GEL hydrogel produced 
constructs capable of retaining cell culture medium while 
also facilitating the diffusion of soluble components for 
supporting cellular growth within the core without entirely 
degrading the 3D structure in a short period.

The construct’s morphology, analyzed by SEM, 
maintained a smooth and uniform surface for up to 14 
days (Figure 1C). Polymeric homogeneity represents an 
important attribute of the hydrogel because heterogeneity 
in its structure can jeopardize cellular adhesion and 
survival due to the formation of polymeric clumps and 
cytotoxic aggregates.54

The size loss displayed in Figure 1D could be attributable 
to GEL thermal stability, as it can liquefy and release from 
the construct when incubated at 37°C.52,55 Despite this, 
our hydrogel lasted longer than any ALG-GEL blend cited 
in this section, indicating that this composition delayed 
GEL release from the scaffolds by trapping it within the 
crosslinked ALG blocks.55

Rheological analysis was performed to investigate 
the fluidity and viscoelastic behavior of the hydrogel, as 
well as its viscosity under constant shear stress and strain 
(Figure 2). These assessments can provide key information 
about the printability of the hydrogel, the impact of forces 
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Figure 1. Characterization of the materials. (A) Codes 1 and 2 are designed by G-code and printed: macroscopic view of the bioprinting process, 
constructs, and G-code design. (B) Contact angle and wettability periodic scheme of crosslinked and non-crosslinked constructs (n = 3 per group). (C) 
SEM micrographs of the constructs immediately after printing and 14 days after immersion in dH2O or DMEM/F12, respectively. (D) Macrographs of 
dried constructs after immersion in dH2O or DMEM/F12 for 1 and 28 days, respectively. (E) Degradation rate of crosslinked constructs immersed in dH2O 
or DMEM/F12 for up to 28 days (n = 4 per group, per period) (*p < 0.5; ***p < 0.001; ****p < 0.0001; ##p < 0.1; ###p < 0.001; and ####p < 0.0001, compared to the 
individual mass of the constructs after printing at day 0) (F) Swelling rate of crosslinked constructs immersed in dH2O or DMEM/F12 for up to 28 days. 
Scale bars: 2µm (A); 10 µm (E); and 500 µm (F). Abbreviations: dH2O: Distilled water; DMEM/F12: Dulbecco’s modified eagle medium/nutrient mixture 
F-12; and SEM: scanning electron microscopy.
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required for extrusion on its structure, and its ability to 
recover post-extrusion, maintaining the original shape of 
the 3D-bioprinted material.56 Mechanical and rheological 
characterizations are also fundamental for understanding 
the influence of hydrogel network structures on the 
biological properties in the 3D-bioprinted model.56,57 
Nevertheless, according to a systematic review,58 only 12.1% 
out of the 118 analyzed papers performed rheological 
characterization or detailed the viscosity of the hydrogels 
developed for 3D bioprinting. 

A continuous shear rate sweep was performed to simulate 
the shear stress that the bioink undergoes in a 3D extrusion 
bioprinting process as it passes through the nozzle. The 
flow behavior and viscosity of the hydrogel obtained in this 
analysis are plotted as rheograms (Figure 2A and B). The 
ALG-GEL hydrogel behaved as a non-Newtonian fluid with 
pseudoplastic behavior and thixotropy. A pseudoplastic 
fluid (also called a shear-thinning material) exhibits a 
decrease in viscosity when the shear rate increases59,60 which 
is crucial for 3D printing since the viscosity of the hydrogel 
decreases during extrusion. This viscosity reduction avoids 
excessive extrusion pressures that can negatively affect cell 
viability during the printing process.61 The hydrogel also 
displayed minimal thixotropy with a narrow hysteresis 
loop, indicating that after extrusion, the hydrogel will 
recover its original structure at rest rather than continuing 
to flow as a fluid.62

The presence of yield stress, as depicted in Figure 2B, 
is another important component. Hydrogels composed 
of materials with solid-like properties typically have 
yield stress, making them promising candidates for 3D 
bioprinting.63 The hydrogel behaves like a solid when it is 
at rest, e.g., when the bioink containing the cell suspension 
is in the syringe. It will not flow unless it is subjected to 
a specific stress, such as pressing the syringe plunger, 
that surpasses the yield stress. This behavior enables the 
hydrogel to be extruded in a controlled manner and rapidly 
recover its solid-like characteristics after the applied force 
is removed, right before crosslinking.56,64

Although the hydrogel demonstrated flow behavior 
and a viscosity profile that are critical for 3D bioprinting, 
the oscillatory studies yielded unexpected results.  
Figure 2D and E illustrates that the hydrogel behaves 
as a viscous material (G˝ > Gʹ) across a wide range of 
frequencies and strains. In both oscillatory sweeps, the 
loss modulus (G˝) was greater than the storage modulus 
(G’), indicating that the hydrogel has a fluid structure and 
may be classified as a viscoelastic liquid.65 Figure 2E also 
depicts the phase angle or loss tangent (tan δ = G˝/Gʹ), 
which confirms these results, where tan δ < 1 indicates a 
solid-like state of the hydrogel, and tan δ > 1 indicates a 

liquid-like state.65,66 At low oscillatory strain, the ALG-GEL 
hydrogel reported tan δ > 3, which reduced with increasing 
strain stress but remained greater than 1. As the tan δ value 
approached 1 (upon 60% strain), the hydrogel complex 
viscosity increased, indicating a potential transition from a 
liquid-like to a solid-like state (where Gʹ dominates G˝ and 
tan δ < 1) (Figure 2F).

To assess the mechanical strength of the hydrogel 
composition before and after crosslinking with 2% CaCl2 
solution (construct), the storage modulus and phase angle 
of the hydrogel and the construct were determined at 1 
Hz frequency and 1% strain, respectively. Figure 2G and 
H indicates that constructs had G’ values nearly tenfold 
higher than the hydrogel (10 kPa), suggesting that the 
presence of an ionic crosslinker promoted the formation 
of a harder/stiffer structure with elastic character (tan δ < 
1), most likely due to interactions between Ca2+ ions and 
ALG chains.67 Although the presence of GEL may enhance 
the biological and physicochemical properties of ALG 
due to the tripeptide Arg-Gly-Asp (RGD) sequence that 
facilitates cell attachment,68,69 the uncrosslinked hydrogel 
did not present viscoelastic solid-gel behavior (G’ < 10 Pa; 
tan δ > 1), possibly due to weak internal chemical bonds 
between the two biopolymers.

The hydrogel developed in the present study exhibited 
viscoelastic characteristics (Gʹ < G˝ tan δ > 1) that differ 
from other ALG-GEL hydrogels reported in the literature. 
Several studies characterize these hydrogels as having gel-
like behavior and elastic mechanical characteristics.70–73 
However, when comparing these results, various aspects 
must be considered, the most important of which is the GEL: 
ALG ratio. Blending GEL with ALG boosts the hydrogel’s 
viscosity and elastic behavior, as the ideal mechanical 
characteristics of ALG hydrogels are heavily influenced 
by the polymer’s molecular weight and concentration, 
as well as the ionic crosslinker used.72,74,75 Furthermore, 
some researchers noted that cooling the hydrogels before 
printing could result in overall gel properties that are 
more suitable for higher print resolution due to GEL’s 
thermoresponsive qualities.76

Chung et al.76 described that GEL hydrogels with low 
ALG concentration (2%) behave like fluids (G˝ > Gʹ) at 
room temperature (25°C) or higher, consistent with our 
findings. Maihemuti et al.77 demonstrated that when fish 
GEL is blended with ALG, the printability is determined 
by the concentration of ALG rather than the GEL itself, 
the finding of which supports our results. In their study, 
hydrogels were only printable and stable when they 
included 6% ALG, which kept the viscosity within a 
printable range that was neither too high to extrude nor 
too low to maintain the shape.
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Figure 2. Rheological characterization of the materials. (A) Flow curves of the hydrogel display minimal thixotropy. Filled symbols indicate an upward 
curve; empty symbols indicate a downward curve. (B) Viscosity as a function of increasing shear rate reveals the shear-thinning behavior of the hydrogel. 
(C) Complex viscosity vs. frequency. (D and E) Storage modulus (G’; filled symbols) and loss modulus (G”; empty symbols) obtained from a frequency 
sweep test (D) and an amplitude sweep test (E) demonstrated the hydrogel’s viscous behavior. (E) Oscillatory analysis also revealed that, upon increasing 
strain stress, the loss factor (tan δ) declined but remained greater than one (tan δ > 1), emphasizing how the hydrogel behaves as a viscous liquid. (F) On 
the other hand, the complex viscosity rose. (G and H) The storage modulus (G) and loss factor (H) of both hydrogel and construct at frequency = 1 Hz and 
strain = 1%. All rheological measurements were performed at 25°C. Data are plotted as the mean values from three replicates.
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Given that GEL liquefies at 37°C, a hydrogel containing 
more GEL than ALG would gradually deteriorate 
during incubation and disintegrate within a few days, 
shortening the time for cell culture. Therefore, we utilized 
a hydrogel with greater ALG content to prevent such 
drawbacks. Although our hydrogel exhibited viscoelastic-
liquid behavior throughout our oscillatory rheological 
measurements, it could still be printed and maintain its 
original shape post-extrusion, indicating a promising 
profile for use as a bioink for cellular culture in a 3D 
environment. 

The chemical structure composition of the bioprinted 
hydrogel (crosslinked or not), the crosslink agent CaCl2, 
and the polymeric components of the hydrogel, ALG, and 
GEL, were analyzed by ATR-FTIR spectroscopy (Figure 
3A). In the ALG spectrum, the transmission bands at 1600 
and 1410 cm−1 represent the asymmetric and symmetric 
vibrations of COO–, respectively, while the bands at 1090 
and 1030 cm−1 are attributed to C-O and C-O-C bonds.78,79 
In GEL, the bands observed at 1630, 1543, and 1238 cm−1 
are attributed to the amide I, II, and III vibration peaks, 
respectively. The crosslinked hydrogel exhibited all the 
bands mentioned above. However, the amide I band of 
GEL is obscured by the strong absorption band at 1600 
cm−1 of ALG, attributed to the asymmetric stretching 
of the COO– vibration, and shifted to a discretely lower 
wavelength, suggesting that there was an interaction 
between the positive charges of the amino group of GEL 
and the negative charges of the terminal COO– groups of 
ALG. Additionally, as there was more ALG than GEL in 
the hydrogel, the characteristic bands of GEL diffused with 
reducing chain order. Notably, crosslinking with CaCl2 did 
not modify the main structures of the hydrogel. 

As our primary goal is to develop a 3D model for AD, 
we investigated whether the presence of Aβ in the hydrogel 
composition would affect its structure. In Figure 3B and C, 
we present the characterization of the Aβ structure alone 
and the structure after incorporation into the hydrogel 
with neurospheres as oligomeric/fibrillary structures. The 
main amide I band (1700–1600 cm−1) of the Aβ peptide 
backbone is correlated with oligomer size, where larger 
oligomers are associated with lower wavenumbers.80 The 
amide I band of Aβ was at 1625 cm−1, representing Aβ 
oligomeric arrangement.81–83 This is an important feature 
once monomeric Aβ is found in healthy brains. However, 
oligomers and fibrils are toxic and are the components 
of amyloid plaques, one of the AD hallmarks.12,84,85 The 
amyloid or senile plaques are responsible for increasing 
oxidative stress, contributing to neuronal dysfunction, 
disruption of synaptic function, compromising 
neuroplasticity, decreasing memory formation, and 
inducing neuroinflammation.

The electrical conductivity of the hydrogel was also 
evaluated. This parameter is essential for understanding 
the physicochemical relationship between biological and 
artificial systems,86 mimicking physiological electrical 
processes. In vivo, electrical conductivity facilitates 
neuronal communication87,88 and directs NSC maturation 
into functional neuronal networks.89 Even without 
externally applied electric fields, conductive hydrogels 
promote neurite outgrowth and NSC differentiation, 
efficiently contributing to the native CNS support for 
neural cells.90 At room temperature, the hydrogel we 
produced has an electrical conductivity of 27.46  mS/
cm. Conductivity measurements for native CNS tissues 
(matrix and cells) ranged from 2 to 7 mS/cm,89 indicating a 
closer conductivity of the bioink to the brain tissue. High-
conductive biomaterials for neural applications could reach 
up to 17 S/cm91 to specifically electro-stimulate NSCs and 
up to 7500 S/cm for further biomedical applications.92

3.2. Aβ oligomers incorporated into the bioink 
induce a decrease in cell viability and an increase in 
oxidative stress
Neurospheres are free-floating populations derived 
from neural stem and progenitor cells isolated from the 
neurogenic niches (dentate gyrus of the hippocampus 
or the SVZ).93 In the constructs we produced, Aβ was 
incorporated into the bioink rather than inside the 
neurospheres, aiming at mimicking senile plaques 
distributed within the neurogenic niches and in the brain 
parenchyma of AD patients as extracellular deposits. 
The neurosphere structure was maintained in the bioink, 
and Aβ oligomers were retained within the hydrogel, 
simulating one of the pathological features of AD, i.e., the 
deposition and accumulation of Aβ in the extracellular 
microenvironment. 

Simpson et al.94 demonstrated that Aβ aggregates more 
readily in a 3D environment of collagen hydrogel than in 
2D, suggesting that a 3D environment may increase Aβ-
Aβ interactions, accelerating aggregation and shifting Aβ 
organization from oligomers to fibril. According to the 
authors, Aβ aggregation kinetics is fundamentally different 
in 3D structures compared to a 2D environment.

A critical issue in modeling the neural tissue is 
optimizing cell density to ensure that they will be properly 
preserved within the construct and viable after printing.95 
Moreover, to achieve optimal printability and provide 
a proper 3D matrix, cells must be compatible with the 
hydrogel to proliferate and/or differentiate within it. It is 
recognized that cytoviability can be reduced by extrusion-
based bioprinting due to the high shear force exerted on the 
cells by the printing nozzles.96 Using code 1 (Table 2; Figure 
1A), we demonstrate that the total area of the neurospheres 
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Figure 3. Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra of (A) constructs crosslinked (magenta) and non-crosslinked 
(green) with CaCl2, CaCl2 alone (red), and hydrogel components sodium alginate (ALG; blue) and gelatin (GEL; black); (B) oligomerized amyloid β (Aβ); 
and (C) constructs with neurospheres with and without Aβ oligomers.
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bioprinted in the absence of Aβ oligomers increased up to 
eight days after bioprinting (p < 0.0001; day 8 vs. day 0 
[immediately after bioprinting]) (Figure 4A and B). This 
growth in the neurosphere area corresponded to increased 
cell proliferation (379.8 ± 7.7%) on day 8 compared to day 0  
(p < 0.0001; immediately after bioprinting) (Figure 4C). 

Although a recent study has emphasized the great 
potential of neurospheres from transgenic animals for 
evaluating familial AD,97 in this study, we prioritized the 
Aβ extracellular oligomers in the 3D model in the NSC 
environment. This decision was based on the fact that over 

95% of AD cases are sporadic instead of familial,98,99 and in 
vitro models for this form of AD are scarce. 

The area of the neurospheres bioprinted in the hydrogel 
containing Aβ oligomers did not increase over time 
(Figure 4B). Although there were smaller neurospheres on 
day 8 compared to day 0 (Figure 4A), the average size did 
not statistically change. A pronounced negative effect on 
cell proliferation/viability was observed in neurospheres 
bioprinted in the hydrogel containing Aβ oligomers 
(52.7 ± 16.5% for day 3; 8.02 ± 3.1% for day 8; p < 0.0001, 
compared with constructs bioprinted in the hydrogel 

Figure 4. Amyloid β (Aβ) oligomers impact neurosphere area and proliferation in the 3D constructs. (A) Light microscope micrographs of constructs 
with neurospheres from the subventricular zone (SVZ) of six-week-old C57bl/6 mice, bioprinted with or without 1 µM Aβ oligomers. The black arrow 
indicates the well-delimited and spheroidal surface of the neurosphere, even eight days after bioprinting. The red arrow demonstrates the necrotic core and 
small neurospheres three days after bioprinting. Scale bars: 100 μm. (B) Area of neurospheres in constructs with and without Aβ oligomers (****p < 0.0001, 
compared with neurospheres area from day 0). (C) Cell proliferation in constructs with and without Aβ oligomers (****p < 0.0001; and ns: non-significant).
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without Aβ oligomers and cultured for the same periods) 
(Figure 4C). These results corroborate a recent study by 
Esteve et al., which demonstrated that an Aβ-induced 
increase in reactive oxygen species (ROS) levels led to DNA 
damage and subsequently induced cell cycle arrest with an 
increase in cadherin-1 (Cdh1) and a decrease in cyclin B1 
and cyclin-dependent kinase 5  (Cdk5)/p35 expression.100 
Moreover, it was demonstrated that exposing neurospheres 
from prenatal rat cerebral cortical regions to Aβ decreases 
cell viability and induces degeneration of neurites and 
apoptosis.101 Bernabeu-Zornoza et al.102 reported that 1 µM 
Aβ40, the same concentration we used, induced cell death 
in the human NSC cell line hNS1. 

As the neurosphere area and proliferative assay 
demonstrated small and lowly proliferative cells on day 
8 in constructs with Aβ oligomers, the following assays 
were performed 2–3 days after bioprinting. On day 2 after 
bioprinting, the live/dead assay demonstrated that cells 
in the neurospheres within the constructs are viable, and 
phalloidin staining revealed that the neurospheres have a 
well-structured spheroid shape and a complex and dense 
cytoskeleton arrangement (Figure 5A).

Oxidative stress is one of the main pathological 
events in AD, causing damage to biomolecules, such 
as neuronal membrane proteins and lipids, affecting 
their integrity, contributing to neuronal death, and 
directly impairing NSC proliferation and survival.103 Aβ 
oligomers may trigger the generation of ROS, which 
impairs neurogenesis. There is a vicious cycle whereby 
Aβ oligomers induce increased ROS levels and oxidative 
stress, consequently raising Aβ production and leading 
to AD.104,105 ROS can cause DNA damage, leading to 
genomic instability in NSCs. As displayed in Figure 
5B and C, oxidative stress significantly increased in 
constructs containing Aβ oligomers in the bioink as early 
as 2 days after bioprinting. The same increase in oxidative 
stress in NSCs exposed to Aβ oligomers was observed by 
Chiang et al.105, and the oxidative stress also increased the 
expression of pro-inflammatory cytokines TNF-α and 
IL-1β. Consequently, the ability of NSCs to proliferate 
and generate functional neurons may be compromised, 
contributing to cognitive decline.

Interestingly, oxidative stress can be transiently 
generated by neurogenesis,106,107 which could explain the 
increased ROS production and enhanced neurogenesis in 
constructs containing Aβ oligomers (Figures 5 and 6). Some 
evidence indicates that NSCs are well-adapted to protect 
their host environment from oxidative stress,108 leading to a 
synergistic effect between ROS and neurogenesis when the 
brain is trying to protect or compensate for neuronal loss.

3.3. Exposing cells to Aβ oligomers induces 
morphological changes and neurogenesis
Three days after bioprinting, an evident morphological 
change was observed on the surface of constructs with and 
without Aβ oligomers (Figure 5D). SEM images revealed 
that constructs without neurotoxic aggregates presented a 
homogeneous and smooth surface, whereas adding 1 µM 
Aβ oligomers made the constructs’ surface rougher.

A reduction of NSCs (Figure 6; Nestin+ cells, stained 
in red) and an increase of mature neurons (Figure 6; 
MAP-2+ cells, stained in green) within the neurospheres 
in constructs with Aβ oligomers is presented in Figure 
6C (p < 0.0001, compared with constructs without Aβ 
oligomers). The 3D reconstitution of a stained neurosphere 
displays more mature neurons in the constructs with Aβ 
oligomers than NSCs, compared to constructs without 
Aβ oligomers (Figure 6A and B). Nestin+ cells represent 
42.4 ± 9.9% of the total stained area of neurospheres in 
constructs without Aβ oligomers, while in the presence 
of the aggregates, the percentage decreases to 26.8 ± 9.6% 
(Figure 6C). Conversely, mature neurons correspond to 
14.8 ± 8.6% of the stained area of constructs without Aβ 
aggregates, while in constructs with Aβ oligomers, mature 
neurons represent 29.6 ± 9.3% (Figure 6C).

 It is important to emphasize that NSCs in the 
neurospheres were not stimulated to differentiate by 
adding a differentiation medium, which can also modulate 
neurogenesis and neurosphere morphology (Figures S2 
and S3, Supporting Information). Neurogenesis observed 
in Figure 6 is mainly induced by the 3D bioink environment 
or the presence of Aβ. In vivo, as AD progresses, the 
neurotoxicity of Aβ increases, and when coupled with 
other elements, such as glucose uptake imbalance9 and 
dysregulated insulin signaling, adult neurogenesis is 
increasingly inhibited. Notably, bioprinting Aβ oligomers 
instead of incorporating them into the neurospheres 
allowed our model to mimic the extracellular deposit of 
Aβ aggregates that surround the neurogenic niches in the 
brain of patients with AD.

Neurospheres used in this study are derived from six-
week-old mice, representing adult but not aged conditions. 
In adults, Aβ oligomers distributed in the 3D environment 
may stimulate neuronal differentiation as a mechanism 
to overcome future impairment in AD progression. By 
increasing oxidative stress, autophagy is induced to meet 
high energy demands.109,110 Consequently, neurogenesis is 
increased as a response to NSC impairment caused by the 
disease. Another hypothesis is that in earlier stages of AD, 
Aβ oligomers can activate a compensatory mechanism to 
replace lost or damaged cells by increasing the differentiation 
of neuronal progenitors into new neurons. However, as 
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Figure 5. Amyloid β (Aβ) oligomers modify the morphological aspects and induce oxidative stress in the 3D constructs. (A) Montage of stained 
Z-projection, followed by 3D-plot reconstitution of one representative neurosphere stained with phalloidin/DAPI and LIVE/DEAD kit assay, respectively, 
two days after bioprinting. (B) Oxidative stress assay in the neurospheres, using the CellROX reagent, on days 2 and 3 after bioprinting. (C) Quantification 
of reactive oxygen species (ROS) in the neurospheres of the constructs, on days 2 and 3 after bioprinting (*p < 0.5; ***p < 0.001). (D) Scanning electron 
microscopy (SEM) micrographs of the surface morphology of constructs without and with Aβ oligomers three days after printing. Black arrows indicate 
neurospheres immersed in a smooth construct surface. Red arrows indicate neurospheres within a rough construct under Aβ oligomers exposure. Scale 
bars: 20 µm.
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Figure 6. Amyloid β (Aβ) oligomers in 3D constructs induce neural stem cell (NSC) differentiation three days after bioprinting. (A) Construct with 
neurospheres. (B) Construct with neurospheres + Aβ oligomers. The micrographs indicate a sequence of neurosphere staining, where blue: DAPI (nuclei), 
green: MAP-2+ (mature neurons), and red: Nestin+ (NSCs), followed by a Z-projection of MAP-2+ and Nestin+ cells. Scale bars: 20 μm. The 3D plots 
reconstitute the surface of the constructs, where stained cell distribution can be observed from a 3D perspective. (C) Quantification of Nestin+ and MAP-2+ 
cells in constructs with and without Aβ oligomers (****p < 0.0001; × indicates maximum or minimum values; and ם indicates the mean).
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time passes and senile plaques are formed, the imbalance 
creates an increasingly neurotoxic environment.111

Studies in the literature corroborated the effects 
of Aβs in promoting gliogenesis112 or neurogenesis102 
in human NSCs and NSCs from rat hippocampus,111 
impairing NSC proliferation and stimulating microglial 
proliferation.8–10,12,113 Another in vitro study demonstrated 
that exosomes secreted from NSCs, but not mature 
neurons, may confer resistance to the dysfunctional impact 
of Aβ oligomers,114 indicating the possible neuroprotective 
potential of NSCs.115

Once incorporated into the 3D microenvironment 
of our bioprinted neurospheres, Aβ oligomers and other 
secreted factors may be effectively retained within the 
matrix environment, mimicking the NSCs environment. 
Our findings are in accordance with previous reports 
which indicate that Aβ oligomers promote neurogenesis 
and neuronal differentiation85,111 even in the hippocampus 
of humans with AD.116 Sotthibundhu et al.12 also observed 
that Aβ stimulates adult neurogenesis in neurospheres 
derived from NSCs extracted from the SVZ of 
two-month-old mice.

Although it has been demonstrated that higher levels 
of Aβ monomers, oligomers, and fibrils in the brain 
microenvironment of individuals with amyloidosis-
β-induced oxidative stress have a negative effect on 
endogenous neurogenesis,117 AD is a progressive and 
dynamic disease. It is plausible that an increase in neuronal 
differentiation is followed by an overall decline as Aβ 
aggregates and loses its neurogenic-inducer functions.109 
Consequently, neurogenesis is differentially regulated 
throughout the disease, possibly contributing to its 
progression. 

While most AD studies focus on hippocampal 
neurogenesis in older mice (2–10 months) with AD 
genotype and demonstrate impaired neurogenesis,3 it is 
essential to explore diverse brain regions. In this regard, 
engineering adult NSCs niche is a valuable tool.118 Here, we 
fabricated a 3D model of the adult SVZ-NSCs environment 
in AD. Although cell viability is impaired and oxidative 
stress is raised, NSCs differentiate more into neurons when 
exposed to Aβ oligomers, and we presume this could be a 
compensatory mechanism of the neurogenic niche, which 
can be further investigated and tested using the bioprinted 
model we developed. 

4. Conclusion
The constructs we fabricated and characterized 
successfully reproduced the NSC environment of AD 
with Aβ oligomer modulation, subsequently decreasing 

cell viability, increasing oxidative stress, and inducing 
neuronal differentiation of NSCs. We explored the 
application of 3D bioprinting to engineer a physiologically 
relevant model that mimics the cellular composition and 
dynamic interactions observed in the adult neurogenic 
niche, highlighting the different pathways of AD.
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