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A B S T R A C T   

The pathogenic cascade of Alzheimer’s disease (AD) characterized by amyloid-β protein accumulation is still 
poorly understood, partially owing to the limitations of relevant models without in vivo neural tissue microen
vironment to recapitulate cell–cell interactions. To better mimic neural tissue microenvironment, three- 
dimensional (3D) core-shell AD model constructs containing human neural progenitor cells (NSCs) with 2% 
matrigel as core bioink and 2% alginate as shell bioink have been bioprinted by a co-axial bioprinter, with a 
suitable shell thickness for nutrient exchange and barrier-free cell interaction cores. These constructs exhibit cell 
self-clustering and -assembling properties and engineered reproducibility with long-term cell viability and self- 
renewal, and a higher differentiation level compared to 2D and 3D MIX models. The different effects of 3D 
bioprinted, 2D, and MIX microenvironments on the growth of NSCs are mainly related to biosynthesis of amino 
acids and glyoxylate and dicarboxylate metabolism on day 2 and ribosome, biosynthesis of amino acids and 
proteasome on day 14. Particularly, the model constructs demonstrated Aβ aggregation and higher expression of 
Aβ and tau isoform genes compared to 2D and MIX controls. AD model constructs will provide a promising 
strategy to facilitate the development of a 3D in vitro AD model for neurodegeneration research.   

1. Introduction 

Alzheimer’s disease (AD), a type of age-related neurodegenerative 
disease, accounts for 50–70% of all dementia cases with mixed brain 
pathologies [1,2]. It is reported that approximately 35.6 million de
mentia cases occurred in 2010, particularly among very old people [3]. 
If therapy for dementia is not improved, it is estimated that there will be 
115.4 million people with dementia worldwide by 2050 [4], making 
dementia a global concern. With the aging of populations, the incidences 
of dementia and AD are increasing exponentially [5]. Therefore, AD has 
resulted in serious social and economic burdens worldwide. However, 
there is still no cure in the pathogenic cascade of AD [6], and recent 
understanding of the mechanisms underlying AD pathogenesis repre
sents a gap in the recent failures of anti-Aβ therapies. This is because 
drug therapies based on AD amyloid-β precursor proteins (APP) mouse 
models are not only expensive and time-consuming but also exhibit no 

effectiveness in human clinical studies [7,8]. It is an urgent challenge to 
construct a reliable pathological model for effective drug development 
to reveal AD pathology and drug screening. 

Recent advancements in in vitro brain AD models allow the study of 
AD pathological hallmarks, including extracellular aggregates of amy
loid-β proteins (Aβ), Aβ-induced pathological tau aggregation, and 
complex neuroinflammatory [9–11]. However, there are still some 
limitations in the current in vitro three-dimensional (3D) AD models. For 
instance, a neural stem cell-encapsulated hydrogel mixer in a well was 
used as the 3D AD culture model and it exhibited two specific proteins, 
Aβ and tau, for the pathological study of AD [11]; however, cells in this 
mixer 3D model remained in the originally implanted position, and it 
was difficult for cell-encapsulated hydrogel mixer 3D model to achieve 
such high cell density in in vivo brain cortical regions (1––10 × 108 cells 
mL− 1) [12]. Since hydrogel biomaterial was used as supporting func
tional material in the cell-encapsulated hydrogel mixer 3D model, this 
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biomaterial would take up much space in mixer system. Therefore, a 
cell-encapsulated hydrogel mixer could not hold such large amounts of 
stem cells in the certain volumetric unit, and many cells could also often 
leak out from hydrogel mixer system. Paşca and the colleagues demon
strated that a laminated cerebral cortex–like structure, named human 
cortical spheroids containing neural cell, were generated by cell prolif
eration in low-attachment plates for a detailed interrogation of human 
cortical disease [13]. However, it is challenging to generate homoge
neous and reproducible systems. 

3D bioprinting is a promising technique for fabricating biomimetic 
structures for complex composite human-scale living tissues and various 
human models for biomedical development with the help of recent ad
vancements in 3D printing technology, cell biology, and materials sci
ence [14–16]. Co-axial bioprinting based on 3D extrusion bioprinting is 
used to bioprint core-shell fiber constructs [17,18], exhibiting good cell 
proliferation [19,20] and significant potential for neural tissue engi
neering applications [21]. This potential could result from several 
mechanisms based on our previous study [22,23]: (1) The core part is 
barrier-free for cells with high density (>108 mL− 1), and cell interaction 
is not limited to developing cell self-assembling and organizing prop
erties to generate complex regeneration tissue structures; (2) the bio
printed engineered biomimetic structures provide fiber-shaped 
reconstruction of functional tissues that mimic muscle fibers or nerve 
networks in vivo [18]. Therefore, 3D co-axial bioprinting may be 
considered an effective and promising strategy for 3D in vitro AD neu
rodegeneration models. 

In this study, 3D co-axial bioprinting was used to bioprint AD model 
constructs. Our bioprinted constructs were fiber-shaped core-shell 
structures in which a barrier-free core part could improve human neural 
progenitor cells (NSCs) on cell self-assembling clusters and cell devel
opment to form complex AD neural structures without the limitation of 
solid hydrogel materials. And biocompatible alginate was used for outer- 
layer supporting shell to maintain the integrity of fiber-shaped core-shell 
structures. To construct a bioprinted in vitro AD model, we developed 
APP-NSCs with familial Alzheimer’s disease (FAD) mutation, charac
terized the core-shell constructs for nutrient exchange, and evaluated 
the effect of bioprinting processes on cell viability and growth. The cell 
self-clustering growth and neural differentiation of NSCs underlying the 
role of different microenvironments were observed and compared. 
Moreover, we explored the pathway mechanisms of the effects of 
different microenvironments on the fate of NSCs. Furthermore, this new 

bioprinted in vitro AD model construct demonstrated Aβ aggregation and 
higher expression of Aβ and tau isoform genes compared to 2D and 3D 
MIX control groups (Fig. 1). 

2. Materials and methods 

2.1. Cell culture 

Human ReNcell VM neural progenitor cells (NSCs) were purchased 
from EMD Millipore (Temecula, CA). The cells were cultured on BD 
Matrigel (BD Biosciences, San Jose, CA)-coated T25 and T75 cell-culture 
flasks (BD Biosciences, San Jose, CA) in DMEM/F12 (Gibco) media 
supplemented with 2 μg mL− 1 heparin (StemCell Technologies, Van
couver, Canada), 2% (v/v) B27 neural supplement (Life Technologies, 
Grand Island, NY, USA), 20 ng mL− 1 EGF, 20 ng mL− 1 bFGF and 1% (v/ 
v) penicillin/streptomycin solution in a CO2 cell-culture incubator. Cell- 
culture media were changed every 3 d until cells were confluent. 

2.2. Hydrogel material preparation 

Sodium alginate was purchased from Aladdin (Aladdin, China). It 
was used as the outer shell material in bioprinted 3D co-axial core-shell 
constructs. The bioprinted shell bioink was prepared by dissolving 2% 
alginate in 0.9% sodium chloride (NaCl) solution (Kelun, China), fol
lowed by heat sterilization. Reduced growth factor BD Matrigel pur
chased from BD Biosciences was added into cell suspension as 
supplementary and used as the inner core component. Calcium chloride 
(CaCl2), sodium citrate and EDTA were purchased from Sigma-Aldrich 
(Sigma-Aldrich, Shanghai, China). For crosslinking of alginate con
structs, CaCl2 was dissolved into deionized water at a final concentration 
of 3% (w/v) and filtered through 0.45 μm syringe filters (Thermo Sci
entific). For de-crosslinking of alginate, 55 mM sodium citrate and 20 
mM EDTA in 0.9% NaCl solution was prepared [24]. 

2.3. Lentiviral gene vector packaging and infection of NSCs 

The mutagenesis determination and packaging of the lentiviral gene 
vector construct encoding full-length human β-amyloid precursor pro
tein (APP) with the V642I (London) and K595 N/M596L (Swedish) 
mutations were performed by Genechem Co., Ltd (Genechem, Shanghai, 
China). To transduce the NSCs with the lentiviral vectors, 50–100 μL 

Fig. 1. Schematic of the potential of 3D bioprinted Alzheimer’s model. NSCs indicate human neural progenitor cells, APP indicates amyloid-β precursor proteins, Aβ 
indicates amyloid-β proteins, AD indicates Alzheimer’s disease. 
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viral solution (1 × 108 TU mL− 1, MOI = 100) were added to 20–30% 
confluent proliferating NSCs in 6-well plate, incubated for 18–24 h, and 
exchanged with fresh medium three times to stop the infection. After the 
transfected NSCs were developed in fresh medium for 48–72 h, the 
expression of the infected genes could be confirmed by GFP expression 
by fluorescence microscopy and western blot analysis. To enrich the 
transfected NSCs, the cell screening was applied by culturing with using 
medium containing puromycin. 

2.4. 3D co-axial core-shell bioprinting 

3D concentric circle core-shell structures were bioprinted with a 
customized computer-aided co-axial extruding bioprinting device (Liv
print, Medprin, China). Firstly, the customized concentric print head 
with two chambers and nozzles was fabricated. Outer chamber was used 
for shell structure, and inner chamber for core structure. Then outer 
chamber was connected to a 10 mL syringe containing 2% sodium 
alginate (w/v) dissolved in 0.9% NaCl solution (w/v) which were 
printed to form shell. And the inner chamber was connected to another 
10 mL syringe consisted of cell suspension (1 × 108 cells mL− 1) bioink 
with the additive of 2% Matrigel (v/v) which were printed to form core 
part. Two syringes were independently controlled by different pumps. 
The extrusion bioprinting speed was set as 15 mL h− 1 for shell structure 
and 5 mL h− 1 for core part. During bioprinting, co-axial structures were 
bioprinted on the receiving crosslinking platform which was a tank 
containing 3% CaCl2 solution. After printing, core-shell structures were 
washed with 0.9% NaCl solution for three times to remove remaining 
calcium ions, and then placed in the fresh medium. The same cross
linking and washing procedures were performed for mixed control 
groups consisted of 2% sodium alginate (w/v) and cell suspension (1 ×
108 cells mL− 1) bioink with the additive of 2% Matrigel (v/v). 

2.5. Cell viability assay 

Cell viability was assessed using a live/dead assay kit (KeyGEN 
BioTECH, Nanjing, China) according to the manufacturer’s instructions. 
Briefly, 8 μM propidium iodide (PI) and 2 μM Calcein-AM were mixed 
with 10 mL 0.9% NaCl solution. The bioprinted constructs were incu
bated in the staining assay solution in dark at room temperature for 15 
min. After gentle washing with 0.9% NaCl solution, live and dead cells 
were imaged using fluorescence microscope (Eclipse Ti2, Nikon, Japan). 
The number of live cells (green) and dead cells (red) were counted in at 
least five random sights under 100× magnification, and cell viability 
(%) was calculated (n = 3). 

2.6. 3D cell cultures of NSCs 

Before 3D cultures of bioprinted core-shell constructs, shell width 
was measured by microscope. The bioprinted NSC-laden constructs were 
incubated for 10–14 days depending on the experiments; proliferation 
media was changed every 2–3 days. Cell proliferation was evaluated via 
Alamar Blue Kit (MAIBIO, Shanghai, China) according to the manufac
turer’s instructions. Briefly, cell-laden core-shell constructs were 
washed with 0.9% NaCl solution three times and incubated in 6-well 
plates with 2 mL working solution (Alamar Blue: Fresh medium =
1:10) at 37 ◦C for 3 h in dark incubator. After incubation, 100 μL solution 
from each sample were transferred to a 96-well plate, and the optical 
density (OD) value was measured at wavelength of 570 nm and 630 nm 
by microplate reader (BioTek ELX800, VT, USA). This procedure was 
repeated every other day for 9 days and performed on the 2D and mixed 
control groups as well. The OD of all three groups were normalized to 
day 1 for plotting and statistics. 

2.7. Proteomics mass spectrometry analysis 

Proteomics of conditional medium from 3D bioprinted core-shell 

constructs, and 2D and mixed control groups, were analyzed by label- 
free quantitative proteomics mass spectrometry. The medium samples 
from different conditional culture (3D, MIX (non-printed) and 2D 
environment) at two time points including day 2 and day 14 were 
collected and sent for the proteomics detection with LC-MS and Max
Quant software (1.6.2.10) analysis (BiotechPack scientific, Beijing, 
China). To prepare the medium samples for proteomics mass spec
trometry analysis, fresh media for cells in 3D, MIX (non-printed) and 2D 
environment were replaced every 2 days. 

2.8. Scanning electron microscopy (SEM) analysis 

The surface observation of outer shell and inner core constructs was 
performed by SEM. After being cultured for 10 days, the bioprinted 
constructs were washed by PBS and fixed in 2.5% glutaraldehyde for 1 h 
at room temperature, and dehydrated with a series of ethanol solutions 
(70%, 80%, 90%, 95%, 100%, 100%) for 20 min in each solution, and 
then frozen at − 80 ◦C overnight. The samples were then lyophilised 
using a freeze-drier (LyoQuest-85 PLUS, Telstar, Spain). Hydrogel con
structs were cut using a sharp scalpel for various views and sputter- 
coated with gold, images were acquired from SEM (Phenom, China). 

2.9. Paraffin embedding and sectioning of core-shell 3D constructs 

For paraffin embedding, core-shell 3D constructs were fixed in 4% 
paraformaldehyde (PFA) at room temperature. The PFA-fixed 3D con
structs were sent for paraffin embedding (Servicebio, Wuhan, China). 
The paraffin blocks were then cut into 3 μm thick sections via a micro
tome (SLEE, Germany), mounted on polylysine-coated glass slides 
(Thermo Scientific), and incubated at 45 ◦C overnight. The sections were 
deparaffinized by two changes of xylene for 5 min each and then serially 
transferred to 100%, 90%, 70% ethanol solution for 3 min each. The 
sections were then rinsed with distilled water for 5 min three times. The 
same procedures were performed for mixed control groups. 

2.10. Histological and immunohistochemical (IHC) staining 

For cell observation, the sections of core-shell 3D constructs were 
stained with H&E according to routine histology protocols. To analysis 
the specific protein deposition, the IHC procedures for the sections were 
also performed according to routine protocols. Briefly, the sections were 
permeabilized and blocked by using the blocking solution at 4 ◦C for 12 
h. After blocking endogenous peroxidase activities with 3% (v/v) H2O2 
solution in TBS for 5 min at room temperature, the core-shell 3D 
construct sections were washed with TBST three times and then incu
bated with the blocking solution at room temperature for 2 h. Finally, 
the core-shell 3D construct sections were incubated with the primary 
antibody solutions at 4 ◦C overnight, washed five times with TBST, and 
incubated with second antibody solutions for 30–60 min, washed five 
times for 10 min each with TBST and developed by chromogenic sub
strate. The same procedures were performed for mixed control groups. 
The primary antibodies used in this study included anti-Aβ 1–16 anti
body (803015, Biolegend, China) and anti-p-tau antibody (MN1020, 
Invitrogen, USA). 

2.11. Immunofluorescence analysis 

To identify the biomarkers of cells in core-shell 3D constructs, 
immunofluorescence analysis was performed. The intact bioprinted 
core-shell 3D constructs were fixed with 4% PFA at room temperature 
for 1 h. The fixed cells in constructs were then permeabilized by using 
0.1% Triton X-100 at room temperature for 4 h, and blocked by incu
bating with a blocking solution (KeyGEN BioTECH, China) at 4 ◦C 
overnight. After being washed with TBST solution (Solarbio, China), the 
core-shell 3D constructs were incubated with primary antibodies in the 
diluted solution (KeyGEN BioTECH, China) at 4 ◦C overnight. After 
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being washed three times with TBST, the core-shell 3D constructs were 
then incubated AlexaFluor secondary antibodies (Abcam, USA) at room 
temperature for 4 h. After being washed three times with TBST, cell 
nucleus was stained by using 4′,6-diamidino-2-phenylindole (DAPI, 
Solarbio, China) at room temperature for 10 min. To avoid fluorescence 
quenching, a drop of anti-fade solution (Solarbio, China) was added on 
the stained the core-shell 3D constructs before imaging. The fluores
cence images for expression of cell surface markers was captured with a 
confocal laser scanning microscope (C2+/C2si+, Nikon, Japan), and the 
image analysis and 3D reconstitution were performed with using soft
ware provided with the microscope. The primary antibodies used in this 
study included anti-Nestin antibody (ab22035, Abcam); anti-SOX2 
antibody (ab93689, Abcam); anti-β-tubulin type III (Tuj1, ab78078, 
Abcam); anti-MAP2 antibody (ab32454, Abcam); anti-GFAP antibody 
(ab10062, Abcam); anti-ALDH1L1 antibody (ab190298, Abcam); anti- 
Synaptophysin antibody (ab32127, Abcam); anti-Aβ 1–42 antibody 
(D9A3A, Cell Signaling Technology). The secondary antibodies included 
AlexaFluor 488 anti-mouse and-rabbit secondary antibodies (ab150113 
and ab150077, Abcam) and AlexaFluor 568 anti-mouse and-rabbit 
secondary antibodies (ab175473 and ab175471, Abcam). 

2.12. Alginate shell removal 

After being cultured for 10 days, to obtain cells in the biprinted 
constructs, the core-shell 3D constructs were soaked into PBS containing 
55 mM sodium citrate and 20 mM EDTA (Sigma Aldrich, Shanghai, 
China) for 10 min to remove the alginate shell. 

2.13. Quantitative real time PCR (qRT-PCR) analysis 

To analyze gene expression levels of stemness, differentiation and 
specific proteins of Alzheimer’s disease, qRT-PCR was conducted with 
several kits according to the manufacturer’s instructions. The bioprinted 
3D co-axial cells were extracted by dissociation solution as described 
above. Total RNA was isolated and extracted by total RNA extraction kit 
(Takara). The quantity and purity of RNA was assessed using a Nano
Drop Spectrophotometer (Thermo Scientific). RNA was reversely tran
scribed into cDNA with reverse transcription kit (Beyotime 
Biotechnology) according to the protocol. For qRT-PCR, pairing primer 
sequences were used (Table S1), including Nestin, Tubulin (TUJ1), glial 
fibrillary acidic protein (GFAP), APP, 3-repeat and 4-repeat tau 
(3R4RTau), 3-repeat tau (3RTau), 4-repeat tau (4RTau) and β-actin 
(ACTB). PCR amplification was performed using SYBR Green qPCR 
SuperMix (C11733046, Invitrogen) with an ABI PRISM® 7500 Sequence 
Detection System with the procedure of 95 ◦C 2 min; 95 ◦C 15 s, 60 ◦C 30 
s, reading plate, 40 cycles. Each sample was repeated 3 times. Relative 
gene expression was calculated using the 2− ΔΔCt method. The same 
procedures were performed for 2D and mixed control groups. 

2.14. Western blotting analysis 

The cells were harvested from the shell-core constructs as described 
above and lysed on ice with 150 μL RIPA lysate (KeyGEN BioTECH, 
China). The lysed cells were centrifuged at 10,000×g for 20 min at 4 ◦C. 
The concentration of total protein was measured using BCA assay kit 
(KeyGEN BioTECH, China). 20–30 μg of protein were resolved on 10% 
SDS-PAGE gels and the proteins were transferred to nylon membranes 
(Bio-Rad). After being blocked with 5% skim milk solution for 2 h at 
room temperature, the proteins on nylon membranes were incubated 
with primary antibodies at 4 ◦C overnight. After being washed with 
TBST three times for 10 min, the proteins on nylon membranes were 
then stained with horseradish peroxidase-conjugated secondary anti
body for 1 h at room temperature. Western blot images were visualized 
by enhanced chemiluminescence (ECL) solution (Beyotime Biotech
nology, China) and captured by using BioMax film (GelView 6000 M, 
BLT PHOTO TECHNOLOGY, China). The protein images were 

quantitated by Image J software (Rawak Software, Inc., Germany), and 
the expression of target protein was normalized with the expression of 
internal reference GAPDH for plotting and statistics. The primary anti
bodies used in this study included anti-Aβ (6E10, 803014, BioLegend); 
anti-DDDDK tag (ab205606, Abcam); anti-GAPDH (HC301, TRANS). 
The secondary antibodies included Goat Anti-mouse IgG (HRP) 
(ab205719, Abcam) and Goat Anti-Rabbit IgG (HRP) (ab6721, Abcam). 
The same procedures were performed for 2D and mixed control groups. 

2.15. Statistical analysis 

Each experiment was repeated at least 3 times and results are pre
sented as mean ± S.D. Comparison between multiple groups was per
formed using one-way or two-way analysis of variance (ANOVA). 
Statistical significance was attained at p < 0.05 (*), p < 0.01 (**), p <
0.001 (***), p < 0.0001 (****). Comparison between two groups was 
performed using the paired t-test. Statistical significance was attained as 
asterisk (*). The results were analyzed and exported using GraphPad 
Prism 8.0 or Image J software. 

3. Results 

3.1. Generation of NSCs with FAD mutation using lentiviral infection 

To produce neural cells that overexpress high levels of neurotoxic Aβ, 
NSCs derived from a human fetal brain were infected with lentiviral 
constructs (Fig. 2). These viral vector constructs were designed to 
overexpress human APP with V642I (London) and K595 N/M596L 
(Swedish) mutations and transfected into NSCs (Fig. 2A). Cells infected 
with GFP and puromycin were enriched using the conditional medium 
containing the suitable puromycin solution and confirmed based on GFP 
using fluorescence imaging (Fig. 2A–D). Moreover, to test whether the 
enriched cells could successfully produce Aβ, western blot (WB) analysis 
demonstrated that high expression of APP fragments in these NSCs with 
FAD mutations was detected using Anti-Aβ 1–16 and anti-DDDDK tag for 
fusion protein of APP and flag (Fig. 2E and F). The molecular weight of 
the fusion protein was approximately 120 kDa, which was greater than 
that of full-length APP (Fig. 2E and F). 

3.2. Bioprinting of 3D cell-laden co-axial core-shell AD constructs 

3D cell-laden coaxial core-shell AD constructs were bioprinted using 
a coaxial 3D bioprinter, with alginate as the shell and a high-density cell 
suspension (1 × 108 cells mL− 1) containing the addition of low Matrigel 
as the core (Fig. 3A–C). In this study, we set proper extrusion parameters 
to print core-shell scaffolds with nutrition-permeabilized shell thickness 
and structural integrity (Fig. 3B and C). When the extrusion speed rates 
of the alginate shell and cell suspension core were set as 15 mL h− 1 and 
5 mL h− 1, respectively, the outer shell thickness was 253.56 ± 50.75 μm 
(Fig. S1). The bioprinted constructs were cultured under fresh media for 
10–14 days depending on the experiments. And the media was changed 
every 2–3 days. The same incubation procedures were performed in the 
MIX control groups which were fabricated by mixing the same number 
of cells, the same amount of alginate and matrigel as 3D bioprinted 
constructs with syringe. 

Cell viability and proliferation were detected in bioprinted NSCs to 
evaluate the effect of the bioprinting process on cell survival. Live and 
dead staining assays were performed immediately after bioprinting, and 
the results demonstrated that most of the cells in the core part were 
green and few were red (Fig. 3D), indicating that the cell survival rate 
was high (90.03 ± 2.97%) and the bioprinting process did not influence 
the cell viability. Moreover, cell proliferation for 9 days was assessed 
using the Alamar Blue assay to further explore cell survival. The relative 
proliferation rate of the 3D co-axial constructs maintained positive 
growth for a long time compared to the first day, and those of 2D and 
MIX control groups were lower than that on the first day (Fig. 3E), 
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indicating that 3D co-axial constructs had favorable cell survival for a 
large number of cells for a long time, and the potential for tissue 
regeneration required a long-term in vitro culture. 

3.3. Different growth morphologies among 3D co-axial AD constructs and 
control groups 

To characterize the growth behavior of NSCs with high cell survival, 
microscopic observation, scanning electron microscopy (SEM) imaging, 

Fig. 2. Generation of NSCs with FAD mutation. A: Diagrams showing lentiviral vector constructs and infection. B–D: Culture observation and green fluorescence 
signals confirming the successful viral gene infection and expression. E–F: Images of western blotting of fusion protein of APP and flag showing the successful 
establishment and expression of the lentiviral vector; NSC-APP indicated the transfected cells with APP lentiviral vector constructs; NSC-NC indicated the transfected 
cells with negative control lentiviral vector constructs; NSC-C indicated normal NSCs. Scale bar (B–D): 100 μm. 

Fig. 3. 3D co-axial bioprinting. A: Schematic illustrating the processes of 3D co-axial bioprinting for 3D culture and differentiation. B, C: Images of 3D bioprinted co- 
axial AD constructs. D: Live & dead staining for cell viability after bioprinting. E: Proliferation evaluation after bioprinting for 9 days compared to cells in 2D and 
mixed control groups. 
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and H&E, staining of 3D co-axial AD constructs was performed 
compared to the control groups. The 2-day culture microscopic obser
vation showed that NSCs in co-axial constructs grew and clustered 
without space barriers, but NSCs in the MIX group maintained single 
cells and cells in 2D were crowded and floating because of lack of space 
(Fig. 4A). The 7-day culture observation further demonstrated that NSCs 
in co-axial constructs gathered more and larger clusters and the clusters 
mixed compared to the MIX group with a material barrier, and more 
cells in 2D were floating than before (Fig. 4B). After a 14-day culture, 
SEM imaging of 3D co-axial constructs characterized the thin alginate 
shell, cell clusters, and favorable growth in the core (Fig. 4C). However, 
SEM imaging of the MIX group revealed that NSCs almost remained 
single without cell proliferation (Fig. 4D). Simultaneous H&E staining of 
3D co-axial constructs and MIX group was consistent with the above 

results (Fig. 4E and F). These results demonstrate that barrier-free NSC 
cores in 3D co-axial constructs provided a more favorable 3D microen
vironment for NSC growth than the material barrier of the MIX group. 

3.4. 3D bioprinted co-axial AD constructs natively induced NSCs 
proliferation and differentiation 

To demonstrate favorable proliferation and differentiation of NSCs in 
3D co-axial cultures, in situ cells within 3D co-axial AD constructs were 
analyzed by immunofluorescence (IF) for the presence of neural stem
ness as well as neuronal and astrocyte biomarkers. After a 14-day culture 
in 3D co-axial constructs, in situ NSCs expressed stemness markers of 
Nestin and SRY-related high-mobility-group (HMG)-box protein-2 
(SOX2), indicating self-renewal for proliferation (Fig. 5A), neuronal 

Fig. 4. Observation of bioprinted constructs. Images of the morphology of NSCs in 3D co-axial constructs, and 2D and mixed control groups, for 2-day (A) and 7-day 
cultures (B), respectively. SEM images of 3D co-axial constructs (C) and mixed control (D) for a 10-day culture. H&E staining images of 3D co-axial constructs (E) and 
mixed control (F) for the 10-day culture. 
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marker of class III beta-tubulin (Tuj1) (Fig. 5B), glial markers of glial 
fibrillary acidic protein (GFAP) and negligible aldehyde dehydrogenase 
1 family, member L1 (ALDH1L1) (Fig. 5C), and synaptogenesis marker 
of presynaptic protein synaptophysin (Fig. 5D), showing cell differen
tiation for a complex neural network compared to NSCs in 2D culture 
(Figs. S2 and S3). 

Meanwhile, gene expression of stemness (Nestin), neuronal 
(Tubulin), and glial (GFAP) markers in 3D co-axial construct NSCs for 
the 14-day culture were quantified via quantitative real time PCR (RT- 
PCR) analysis (Fig. 5E). RT-PCR results for Nestin, Tubulin, and GFAP 
markers revealed that self-renewal proliferation as well as neuronal and 
astrocyte differentiation of NSCs were promoted in 3D co-axial con
structs compared to 2D and MIX control groups. Particularly, gene 
expression of stemness Nestin and neuronal Tubulin markers was 
significantly increased by 16.4-fold and 9.4-fold, respectively, in 3D co- 
axial constructs compared to the 2D control group. Nestin gene 
expression in the mixed 3D group was significantly different from that in 
the conventional 2D culture (two-way ANOVA, Fig. 5E). These 

differences may indicate the potential of a favorable 3D microenviron
ment for NSCs to improve the proliferation and differentiation (or 
maturation) of NSCs. 

3.5. 3D co-axial microenvironment influenced the fate of NSCs 

To further explore the effect of the microenvironment on the 
development of NSCs, secreted protein content by 3D co-axial AD con
structs, MIX hydrogel, and 2D culture on day 2 and day 14 was detected 
using liquid chromatography–mass spectrometry. In our study, the 
number of total identified proteins on day 14 (443 types) increased 
dramatically as compared to total enriched proteins on day 2 (96 types). 
Meanwhile, the metabolic secretory proteins in each 14-day sample 
from different 3D (271 types), MIX (70 types), and 2D (217 types) cul
tures were more abundant than those in each 2-day sample from 3D (28 
types), MIX (45 types), and 2D (60 types) cultures, respectively (Figs. 6A 
and 7A, Tables S2 and S3). The dramatically increased proteins in 3D 
bioprinted microenvironment indicated the validity of our bioprinted 

Fig. 5. Immunofluorescence analysis and gene expression of FAD NSCs encapsulated within bioprinted core-shell constructs and control groups. The fluorescence 
images of cells (Within co-axial constructs, 14-day post-printing) stained with DAPI and expressing NSC markers of Nestin and SOX2 (A), neuronal marker of Tubulin 
(B), astrocyte marker of GFAP and negligible ALDH1L1 (C), and synaptogenesis marker of presynaptic protein synaptophysin (D). (E) Comparative gene expression of 
cells after removal of the shell among 3D bioprinted NSC and control groups. Relative gene expression was normalized to ACTB and compared to 2D. Mean ± S.D.; n 
= 3. Two-way ANOVA. **p < 0.01; ****p < 0.0001. 
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constructs for AD model during a long time period and showed 3D co- 
axial microenvironment had the potential to influence the develop
ment of NSCs compared to 2D and MIX control groups [22]. Further
more, unique and sharing proteins between different samples were 
compared and analyzed to demonstrate the validity and potential of our 
bioprinted AD model constructs (Figs. 6A and 7A). The comparison 
indicated that cells in 3D bioprinted microenvironment represented 
more complex metabolic development for long time culture due to itself 
increased abundant unique protein content (from 11 to 181 types) and 
had well-regulated growth environment through producing lots of the 
sharing proteins with conventional 2D culture (from 17 to 86 types) 

from day 2 to day 14 as compared to cells in MIX and 2D cultures. And 
the relative few unique (from 25 to 42 types) and sharing proteins (from 
20 to 28 types) in MIX 3D hydrogel culture reflected the limitation of 
non-bioprinted 3D microenvironment from day 2 to day 14. Compared 
to the results of specific proteins of 2-day samples, amyloid beta protein, 
neuronal cell adhesion molecule (NrCAM), VGF and proliferating cell 
nuclear antigen (PCNA) were expressed in 3D bioprinted AD model 
constructs on Day 14, and both tubulin beta chain and glial fibrillary 
acidic protein were produced in 3D bioprinted and 2D cultures on Day 
14 (Figs. 6A and 7A, Tables S2 and S3). These results confirmed the 
validity and potential of our bioprinted AD model constructs on the fate 

Fig. 6. Detection of proteomics in a 2-day medium of 3D bioprinted FAD NSCs and control groups. Venn diagram of proteins found in 3D and control groups (A). 
Gene ontology (GO), Kyoto encyclopedia of genes and genomes (KEGG), and protein–protein interaction network (PPI) analysis of the differences of proteins between 
2D and 3D (B), 3D and MIX (C), and 2D and MIX (D). GO analysis listed 10 significant enrichment categories in a biological process, cellular component, and 
molecular function (P-values set to 0.05). KEGG analysis also listed the 10 most significant pathway entries. 
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and development of NSCs. 
Next, based on the significantly different proteins between different 

culture methods, we systematically elucidated the related pathways 
underlying the role of microenvironment affecting the proliferation and 
development of NSCs by gene ontology (GO), Kyoto encyclopedia of 
genes and genomes (KEGG), and protein–protein interaction network 
(PPI) analysis. The day 2 results showed that when metabolic pathways 
between 3D bioprinted and 3D MIX cultures were compared to those 
between 3D bioprinted and 2D cultures, there was a distinct difference 
except similar enrichment categories in the cellular component, indi
cating that 3D MIX microenvironment provided markedly different 

stimuli to AD NSCs compared to the 2D environment. Meanwhile, the 
functional pathway analysis between 3D MIX and 2D culture exhibited 
high similarity to that between 3D bioprinted and 2D cultures, and there 
were just some alterations. For example, KEGG analysis revealed that 
the 10 most significant pathway entries based on the differentially 
expressed proteins/genes were similar to those between 3D and 2D, 
except for tight junctions as well as glyoxylate and dicarboxylate 
metabolism, rather than regulation of actin cytoskeleton and HIF-1 
signaling pathway. These results demonstrated that 3D microenviron
ments between 3D and MIX produced some same induction and stimulus 
on day 2, but different bio-fabrication strategies between 3D bioprinted 

Fig. 7. Detection of proteomics in a 14-day medium of 3D bioprinted FAD NSCs and control groups. Venn diagram of proteins found in 3D and control groups (A). 
Gene ontology (GO), Kyoto encyclopedia of genes and genomes (KEGG), and protein–protein interaction network (PPI) analysis of the differences of proteins between 
2D and 3D (B), 3D and MIX (C), and 2D and MIX (D). GO analysis listed 10 significant enrichment categories in a biological process, cellular component, and 
molecular function (P-values set to 0.05). KEGG analysis also listed the 10 most significant pathway entries. 
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and 3D MIX needed further exploration to demonstrate different effect 
in the cell fate of growth and differentiation. And the detail results were 
shown in Fig. 6, Table S2. On day 2, by analyzing the characteristics of 
the differentially expressed proteins between two different culture en
vironments and the relationship of multiple biological pathways 
involved in NSC growth and development via functional pathway 
analysis, we found that the pathway of metabolism of amino acid 
biosynthesis consisting of abundant proteins with a high p-value and 
rich factor mainly contributed to the different effects on the develop
ment of NSCs between 3D and 2D culture environments or between MIX 
and 2D cultures. This pathway mainly involved aldolase A (ALDOA), 
reduced glyceraldehyde-phosphate dehydrogenase (GAPDH), cGMP- 

dependent protein kinase 1 (PKG1), transketolase (TKT), tri
osephosphate isomerase (TPI1), and phosphoglycerate mutase M iso
zymes (PGAM2) proteins/genes (Fig. 6B and D). Moreover, the different 
effects of 3D bioprinted and 3D MIX microenvironments on NSC growth 
and differentiation were related to glyoxylate and dicarboxylate meta
bolism involving catalase (CAT) and malate dehydrogenase (MDH2), 
which represented a high p-value (Red in KEGG analysis) and rich factor 
(Fig. 6C). 

Furthermore, to understand the regulation of our bioprinted AD 
model constructs on the fate and development of NSCs after a longer 
time period, the related pathways on day 14 were also analyzed. The 
results showed the functional metabolic pathway between different two 

Fig. 8. Evaluation of amyloid-β and p-tau levels in 3D bioprinted FAD NSCs. A: Immunofluorescence (IF) analysis of Aβ (red) with a paraffin section. B: Immu
nohistochemical (IHC) staining of Aβ plaques (brown) with a paraffin section. C: Comparative APP-related gene expression of cells after removal of the shell among 
3D bioprinted NSC constructs (APP-3D-P) and control groups (APP-MIX-P and APP-2D-P). Relative gene expression was normalized to ACTB and compared to 2D. 
Mean ± S.D.; n = 3. Two-way ANOVA. *p < 0.05; **p < 0.01; ****p < 0.0001. D: Different expression of fusion protein of APP and flag was detected via western 
blotting (WB) analysis among 3D bioprinted NSC constructs (3D-P) and control groups (MIX-P and 2D-P). E: Comparative protein relative expression analysis based 
on the results of WB among 3D bioprinted NSC constructs (3D-P) and control groups (MIX-P and 2D-P). The relative value was normalized to GAPDH and compared 
to 2D with ImageJ and Prism 8 software. Mean ± S.D.; n = 3. One-way ANOVA. ****p < 0.0001. 
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cultures represented distinct difference, such as the regulation of nega
tive regulation of biological process in GO analysis and splicesome 
KEGG pathway between 3D bioprinted and 2D cultures, the effect of 
response to stress and cadherin binding process in GO analysis between 
3D MIX and 2D cultures (See details in Fig. 7, Table S3). The difference 
results reflected the different effects of 3D bioprinted, 3D MIX, and 2D 
environments on the fate and development of NSCs after a longer time 
period. Moreover, compared to day 2 results, we found that the effects of 
different environments on metabolic pathways of NSCs resulted from 
totally different reasons, suggesting complex regulation of environment 
for 14-day culture. The results revealed that the pathway of metabolism 
of ribosome involving 60S acidic ribosomal protein (RPLP), 60S ribo
somal protein (RPL), and 40S ribosomal protein (RPS) mainly effected 
the different development of NSCs between 3D and 2D culture envi
ronments, because of abundant genes, a high p-value and rich factor in 
this pathway (Fig. 7B). Similarly, the different effects on NSC growth 
were mainly regulated by biosynthesis of amino acids involving ALDOA, 
GAPDH, TPI1, MDH2, and pyruvate kinase (PKM) between 3D bio
printed and 3D MIX microenvironments (Fig. 7C), and the metabolic 
pathway of proteasome involving proteasome subunit alpha (PSMA) and 
proteasome subunit beta (PSMB) between MIX and 2D cultures 
(Fig. 7D). 

3.6. Increased Aβ and gene expression of Aβ and tau in the 3D bioprinted 
co-axial AD model constructs 

To determine whether our 3D bioprinted co-axial AD model con
structs promoted Aβ expression and accelerated Aβ accumulation, a 
pathological hallmark of AD [6], we compared the level of Aβ in the 3D 
bioprinted AD culture models with 2D and 3D MIX control groups for the 
14-day normal culture by using various molecular analyses. Aβ expres
sion in NSCs in 3D bioprinted AD cultures was evaluated via IF analysis 
for the presence of Aβ markers. Fixed NSCs robustly expressed 42-ami
no-acid amyloid-β isoforms (Aβ 1–42) on day 14 (Fig. 8A). To further 
explore pathology development in 3D bioprinted co-axial AD model 
constructs, Aβ accumulation plaques by 3D bioprinted AD NSCs, 3D 
MIX, and 2D AD NSCs were detected via immunohistochemical (IHC) 
analysis. The presence of Aβ plaques in 3D bioprinted AD constructs was 
also confirmed by IHC staining using the Aβ 1–16 antibody 6E10, but not 
in the 3D MIX control group (Fig. 8B). 

Moreover, Aβ expression was quantified using RT-PCR and WB as
says. RT-PCR analysis of APP gene expression revealed that the level in 
3D bioprinted AD constructs was higher than that in 3D MIX or 2D AD 
cultures. The expression level of NSCs in 3D bioprinted AD constructs 
significantly increased by 8.2-fold in 14-day culture compared to 2D AD 
control (p < 0.05, Fig. 8C). Our WB analysis also demonstrated the 
higher expression of Aβ in 3D bioprinted AD constructs compared to 3D 
MIX and 2D AD control cells (Fig. 8D). Therefore, based on WB results, 
we found that 3D bioprinted AD constructs exhibited 3.0-fold and 1.6- 
fold more Aβ expression in extracted cells than in 3D MIX and 2D AD 
cultures, respectively (Fig. 8E). These results indicated accelerated Aβ 
accumulation in 3D bioprinted co-axial AD constructs for the 14-day 
culture, but insufficient secretion in 3D MIX and 2D AD cultures. 

Increased tau level alteration was also demonstrated via RT-PCR 
analysis with elevated p-tau gene expression. Our WB results demon
strated that NSCs in 3D bioprinted co-axial AD constructs exhibited a 
dramatic increase in mature human 4-repeat tau isoform (4Rtau) 
expression, which may play an important role in reconstituting tauop
athy, compared to the other two control groups. Meanwhile, the level of 
3-repeat tau isoforms (3Rtau) also exhibited significant enhancement in 
3D bioprinted co-axial AD constructs compared to 2D culture (Fig. 8C). 
These data suggest that tauopathy is positively related to the excessive 
accumulation of Aβ in our 3D bioprinted co-axial AD model constructs. 

4. Discussion 

Favorable in vitro models of human AD brain for the study platforms 
of AD mechanisms and drug application must have the ability to reca
pitulate complex brain structures where multiple brain cell types are 
present, and to generate homogeneous and reproducible disease model 
systems [25,26]. However, most of the currently relevant in vitro AD 
disease models, including engineered 3D cell culture [11] and 
self-assembling brain organoid models [26], do not meet the above re
quirements simultaneously. To overcome these limitations, we fabri
cated a bioprinted 3D co-axial model construct that can provide a 
nerve-fiber-like 3D microenvironment to simultaneously develop cell 
renewal and differentiation and accelerate Aβ accumulation. Our bio
printed core-shell co-axial in vitro human AD culture model in which the 
core was barrier-free for cell suspension growth, could utilize the 
self-assembly and self-organizing properties to provide an engineered 
platform for complex mechanistic studies and drug screening. 

Derived from 3D extrusion bioprinting platforms, which is promising 
for meeting the requirements of constructing complex composite tissue 
constructs [16], our bioprinted 3D co-axial constructs depended on two 
key factors, cell resource and structure design, to achieve the successful 
establishment of an in vitro AD model. In the native brain of patients with 
AD, where neurons and astrocytes are present, human neurons have 
exhibited elevated levels of toxic Aβ species and phosphorylated tau; 
thus, it is important to construct suitable cell resources. Similar to 
transgenic mice overexpressing APP with FAD mutations, which have 
been used as the standard AD model for basic mechanistic studies and 
drug discovery [27], we successfully generated human AD APP NSCs 
harboring FAD mutations by lentiviral infection. Moreover, the differ
entiation potential of NSCs has made it possible to obtain human AD 
neurons and astrocytes [28,29]. The nutrient transport of media and the 
mechanical integrity based on the engineered structure of the in vitro AD 
model should also be considered [30]. In this study, core-shell scaffolds 
with structural integrity and nutrition-permeabilized shell thickness 
were bioprinted successfully, with an outer shell thickness of 240.79 ±
28.41 μm. The shell thickness was approximately 200 μm, which is the 
hydrogel diffusion limit distance; therefore, the integrated bioprinted 
constructs were theoretically allowed to provide sufficient nutrient 
transport from the media [31]. Our results on cell viability and prolif
eration demonstrated the fitness of our bioprinted co-axial constructs for 
the in vitro AD model. 

The bioprinted co-axial constructs exhibited a more physiologically 
relevant microenvironment for NSCs characterized by self-clustering 
and -assembling cell interactions. Our results demonstrated that NSCs 
in co-axial AD constructs gathered and formed several large clusters and 
the clusters mixed together compared to the MIX group with a material 
barrier, and several cells in 2D were floating during culturing. We 
speculated that the barrier-free 3D microenvironment in the core part of 
the co-axial constructs provided a large space for growth and differen
tiation, and co-axial fiber constructs mimicked nerve networks in vivo for 
the reconstruction of fiber-shaped functional tissues [18]. However, 3D 
MIX hydrogel separated cell–cell interactions and limited nutrient 
transport into deep inner parts [32]. Our lab’s previous research results 
also showed that neural cells were completely separated by hydrogel in 
printed cell-encapsulated structures and mixed groups, and tended to 
maintain stemness states. However, in co-axial core-shell fiber-shaped 
constructs, cells were connected with neighboring cells in all di
rections and had a strong differentiation tendency [22]. Meanwhile, our 
lab previous study found that different cells would form multicellular 
self-assembled heterogeneous tumor tissue and cell-cell interactions 
demonstrated by CRE-LOXP switch gene system in co-axial core-shell 
fiber-shaped constructs [23]. Therefore, favorable constructs for neural 
tissue needed a favorable 3D microenvironment to improve proliferation 
and differentiation (or maturation) of NSCs [21,33]. NSCs in our bio
printed co-axial AD model constructs presented not only self-renewal 
characterized by expression of stemness (Nestin, SOX2) markers and 
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significant gene expression (Nestin) but also stem cell differentiation 
with expression of neuronal (Tubulin) and astrocyte (GFAP, ALDH1L1) 
markers as well as higher Tubulin and GFAP gene expression compared 
to 2D and MIX control groups. These results demonstrate that the 3D 
co-axial microenvironment provided a barrier-free core part for cell 
self-assembling growth and differentiation, consistent with previous 
reports [34]. However, MAP2, another neuronal marker, did not be 
detected by IF analysis. As known, TuJ1 has been a marker of neurons in 
the central and peripheral nervous systems from the early stage of 
neuronal morphologic differentiation [35]. And since MAP2 is largely 
located in neuronal cell dendrites where it is mainly associated with 
microtubules and serves as substrates for most of protein kinases and 
phosphatases present in neurons, MAP2 has been proposed to play 
important roles in the outgrowth of neuronal processes [36]. Therefore, 
we indicated that after 14-day culture, neurons differentiated from 
neural stem cells in our bioprinted constructs might be at the early stage 
of neural differentiation, and these neurons did not express MAP2 until 
further development of neuronal processes. 

The role of the microenvironment in the self-renewal and differen
tiation of AD NSCs in an in vitro AD model is not fully understood. To 
explore the effects of 3D bioprinted, 3D MIX, and conventional 2D cul
ture microenvironments on the related pathways of protein metabolic 
processes, we analyzed cell-secreted proteomics in conditional media on 
day 2 and day 14 using label-free quantitative proteomics mass spec
trometry. We found that most of enriched proteins were identified as 
unique proteins existing only one culture environment in not only day 2 
samples (78.1%) but also day 14 samples (79.25), exhibiting a signifi
cantly different expression robustly and the effects of in vivo-like 
microenvironment for guiding the differentiation of NSCs [37]. Suc
cessful 3D brain disease cell culture models must have the ability to 
recapitulate various aspects of the human neural physiology in vitro to 
replicate basic disease processes of AD [38] and this complex interaction 
in physiology was supported with the dramatical increase of the number 
of total identified proteins and unique proteins in each sample after 14 
days culture as compared to day 2 results. Particularly, NSCs in 3D 
bioprinted AD model constructs showed a faster increase of unique 
protein content from day 2 to day 14 than cells in MIX and 2D cultures, 
suggesting the improvement of our bioprinted AD constructs on the 
complex interactions of AD in physiology for a long time. This 
improvement could be demonstrated by the enriched expression of 
unique proteins of the day 14 sample from 3D bioprinted AD model 
constructs, including amyloid beta protein, and neural development 
factors, such as NrCAM [39], VGF [40], and PCNA [41]. Especially 
amyloid beta protein which was only identified in day 14 sample from 
our AD model constructs had a distinct role in AD pathogenic cascade 
[42]. And abundant tubulin beta chain and glial fibrillary acidic protein 
in 3D bioprinted constructs on day 14 also confirmed our lab previous 
findings that co-axial core-shell fiber-shaped constructs had an impor
tant role in differentiation tendency for neural stem cells [22]. These 
results reflected the NSC fate of growth and differentiation induced by 
hydrogel environmental factors [43]. 

Furthermore, we found that on day 2, the mainly related pathway 
underlying the role of microenvironment affecting the proliferation and 
development of NSCs between 3D and 2D culture environments or be
tween MIX and 2D cultures was metabolism of amino acid biosynthesis 
involving ALDOA, GAPDH, TKT, PGAM2 and PKG1 proteins/genes. 
ALDOA [44], GAPDH [45], TKT [46] and PGAM2 [47] as functional 
factors are associated with the regulation of cell proliferation and they 
are usually overexpressed in tumor cells. PKG1 is present and func
tionally important in intrinsic primary afferent neurons [48]. Particu
larly, TPI deficiency has also been shown to lead to neurological 
symptoms [49]. GAPDH has been shown to interact with neurodegen
erative disease-associated proteins, including the amyloid-beta protein 
precursor [50,51]. These proteins were significantly upregulated in 2D 
culture, indicating wild proliferation, which may lead to cell death 
because of the leakage of space and the impairment of cell crowding. 

However, TPI- and GAPDH-related neurologic symptoms exhibited mild 
expression levels in 3D bioprinted or 3D MIX microenvironment, indi
cating that the in vivo-like 3D microenvironment not only promotes cell 
self-renewal but also induces NSC differentiation into neurons. 

Moreover, the different effects on NSC growth and differentiation 
between 3D bioprinted and 3D MIX microenvironments were mainly 
related to glyoxylate and dicarboxylate metabolism involving CAT and 
MDH2. CAT, an enzyme for reactive oxygen species, was upregulated in 
3D bioprinted co-axial constructs to increase cell viability and lifespan 
[52]. However, a novel tumor suppressor gene, MDH2, which is asso
ciated with paraganglioma development [53], was downregulated in 3D 
bioprinted co-axial constructs. The aforementioned results were 
consistent with the long-term viability and higher level of differentiation 
into neurons and astrocytes in 3D bioprinted co-axial constructs 
compared to the MIX culture. 

However, due to the complex interactions of neural physiology for 
AD after 14-day development, the related pathways for the regulation on 
the fate and development of NSCs were changed between different two 
cultures. We found the ribosome involving RPLP, RPL and RPS mainly 
affected the different development of NSCs between 3D and 2D culture 
environments. The different expression of these ribosomal proteins be
tween 3D and 2D cultures showed different effects of culture environ
ment on cells since the expression of ribosome biogenesis was regulated 
by the response to environmental conditions to control cell growth [54]. 
And the mainly related pathway for the different effects on NSC growth 
between 3D bioprinted and 3D MIX microenvironments was changed 
into biosynthesis of amino acids and similar to the pathway on day 2 
between 3D and 2D culture environments or between MIX and 2D cul
tures. The above results showed biosynthesis of amino acids was 
involved in cell proliferation and proliferation, indicating that 3D 
core-shell constructs could have particularly different effects on the 
development of NSCs as compared to 2D culture environment. Mean
while, the metabolic pathway of proteasome involving PSMA and PSMB 
mainly influenced the different growth of cells between MIX and 2D 
cultures. Proteasome regulates protein degradation which plays major 
roles in cell life and death [55] and had higher expression in 2D than 
that in MIX culture, suggesting that the inactivity of cells in MIX culture 
[56]. 

Our results indicate a favorable microenvironment with nutrient 
exchange and barrier-free cell development in 3D bioprinted co-axial 
construct culture conditions, and diffusion of Aβ into the media in 2D 
cultures and 3D in vitro co-axial constructs for the AD model were bio
printed. The amyloid hypothesis of AD supposes that the excessive 
accumulation of amyloid-β peptide may lead to neurodegeneration with 
memory deficits in the brain [57]. Our results demonstrated that Aβ 
deposition was associated with increased Aβ expression and accumula
tion. The higher level of AD neuron-derived Aβ was quantified using 
RT-PCR and WB techniques compared to 2D and MIX cultures. More
over, the gene expression of 4Rtau and 3Rtau proteins was significantly 
improved. The six tau isoforms in a rat FAD model were found to be 
related to some aspects of tauopathy [58]. Therefore, our 3D bioprinted 
in vitro co-axial constructs provided an effective and promising strategy 
for the establishment of a 3D in vitro AD model. 

However, this study has several limitations. Recent advancements in 
stem cells have made induced pluripotent stem cells (iPSCs) from spe
cific AD patients available to be studied for AD pathology [59]. iPSCs 
carrying the identical genetic information of patients with AD can 
directly be used to study the mechanisms of AD and potential drug 
screening without the overexpression of key genes. iPSC technology 
allows investigators to identify and validate new pathways of the AD 
pathogenic cascade in a human-brain-like environment. Further studies 
should take advantage of patient-derived iPSCs for personalized medi
cine applications. Another limitation is the lack of exploration of neu
roinflammation in the AD brain, which is a key component of 
neurodegenerative disorders in AD. Neuroinflammation is commonly 
induced through the activation of microglia and astrocytes [42]. 
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Importantly, the in vitro AD model could not include the study of similar 
consciousness effects of animal models and the response to external 
stimuli such as drug discovery [25]. In the future, we plan to use 3D 
bioprinting for small circular core-shell constructs with injectability, 
where there are neural stem cells in the core and microglial cells in the 
shell, and current co-axial core-shell AD model constructs to engineering 
application. 

5. Conclusions 

Our 3D bioprinted in vitro AD model constructs based on 3D co-axial 
bioprinting were successfully established with the advantages of 
nutrient exchange and barrier-free structure. 3D bioprinted co-axial AD 
model constructs exhibited improvement in self-clustering and -assem
bling cells, and they engineered reproducibility via core-shell extrusion 
bioprinting. Our model could maintain long-term cell viability and self- 
renewal, and it represents a higher level of differentiation than 2D and 
3D MIX (non-printed) models. We revealed the different effects of 3D 
bioprinted co-axial, 2D, and 3D MIX microenvironments on the growth 
and development of NSCs by mainly regulating the biosynthesis of 
amino acids as well as glyoxylate and dicarboxylate metabolism on day 
2 and ribosome, biosynthesis of amino acids and proteasome on day 14., 
indicating that 3D bioprinted co-axial in vivo-like microenvironment not 
only promotes cell self-renewal but also induces NSC differentiation into 
neurons for long life spans. Moreover, our 3D bioprinted in vitro co-axial 
constructs demonstrated increased Aβ expression and Aβ accumulation, 
and an effective and promising strategy for the establishment of a 3D in 
vitro AD model for AD neurodegeneration scientific research. 
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