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Cortical organoids derived from human induced pluripotent stem cells (hiPSCs) represent a powerful in vitro
experimental system to investigate human brain development and disease, often inaccessible to direct experi-
mentation. However, despite steady progress in organoid technology, several limitations remain, including high
cost and variability, use of hiPSCs derived from tissues harvested invasively, unexplored three-dimensional (3D)
structural features and neuronal connectivity. Here, using a cost-effective and reproducible protocol as well as
conventional two-dimensional (2D) immunostaining, we show that cortical organoids generated from hiPSCs
obtained by reprogramming stem cells from human exfoliated deciduous teeth (SHED) recapitulate key aspects of
human corticogenesis, such as polarized organization of neural progenitor zones with the presence of outer radial
glial stem cells, and differentiation of superficial- and deep-layer cortical neurons and glial cells. We also show
that 3D bioprinting and magnetic resonance imaging of intact cortical organoids are alternative and comple-
mentary approaches to unravel critical features of the 3D architecture of organoids. Finally, extracellular elec-
trical recordings in whole organoids showed functional neuronal networks. Together, our findings suggest that
SHED-derived cortical organoids constitute an attractive model of human neurodevelopment, and support the
notion that a combination of 2D and 3D techniques to analyze organoid structure and function may help improve
this promising technology.

1. Introduction

The expansion in size and complexity of the human cerebral cortex is
thought to have enabled the evolutionary development of human
cognition and language (Rakic 2009; Lui et al., 2011). However, this
complexity might have also increased the vulnerability of the human
brain to neuropsychiatric disorders that have their roots in neuro-
development. Although studies using human fetal brain tissue and
model organisms, especially rodents, have advanced our current
knowledge of brain development and disease (Hirotsune et al., 1998;

Pollen et al., 2015; Eze et al., 2021; Di Bella et al., 2021), there is an
outstanding demand for experimental systems that closely mimic human
cortical development and are also accessible and ethically appropriate
(Zhao and Bhattacharyya, 2018).

Human induced pluripotent stem cell (hiPSC)-derived brain orga-
noids have emerged as a powerful experimental platform to uncover the
complex process of human brain development (Di Lullo and Kriegstein,
2017; Kelley and Pasca, 2022). It has been shown that organoids can
reproduce early human brain organogenesis in terms of developmental
trajectories, cellular composition, architectural features, transcriptional
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and epigenetic profiles, and electrical activity (Pasca et al., 2015; Camp
et al., 2015; Luo et al., 2016; Birey et al., 2017; Quadrato et al., 2017;
Trujillo et al., 2019; Velasco et al., 2019; Trevino et al., 2020; Uzquiano
et al., 2022). In addition, as hiPSC-derived brain organoids maintain the
human genomic context, they have been applied to capture the patho-
genesis of several genetic and environmentally related brain disorders
(Lancaster et al., 2013; Mariani et al., 2015; Li et al., 2017; Velasco et al.,
2020; Paulsen et al., 2022; Dwivedi et al., 2023).

Over the past few years, a variety of protocols have been described
and refined for the generation of brain organoids (Di Lullo and Krieg-
stein, 2017). Although most studies have focused on modeling cortical
development (Pasca et al., 2015; Mariani et al., 2015; Qian et al., 2016;
Velasco et al., 2019), a number of other region-specific brain organoids
(Zhong et al., 2014; Sakaguchi et al., 2015; Qian et al., 2016; Monzel
etal., 2017; Birey et al., 2017) and assembloids (Birey et al., 2017; Xiang
etal., 2017; Bagley et al., 2017; Sloan et al., 2018) have been described.
Despite these advances, there are still many methodological challenges
to be addressed, including costs and reproducibility, generation of brain
organoids from hiPSCs obtained from easily accessible tissues, and 3D
structural analysis and measurements of neuronal activity.

In this study, using a relatively simple guided protocol, we aimed to
generate cortical organoids from hiPSCs obtained by reprogramming
stem cells from human exfoliated deciduous teeth (SHED), a readily
accessible source of children’s cells shown to be suitable for neuro-
developmental disease modeling using 2D cultures (Russo et al., 2018;
Sanchez-Sanchez et al., 2018; Griesi-Oliveira et al., 2021; Teles e Silva
et al., 2022), and investigate the effectiveness of alternative methods to
analyze the structure of the entire organoids, such as 3D bioprinting and
magnetic resonance imaging. Also, we performed extracellular re-
cordings of spontaneous electrical activity from wholemount organoids
using multielectrode arrays.

2. Materials and methods
2.1. Generation of cortical organoids

The hiPSC line used in the present study has been previously
generated from SHED derived from a neurotypical male child (referred
to as F5541-1) through retroviral transduction of vectors containing
SOX2, ¢-MYC, OCT4, and KLF4, and has been reported to express
pluripotency-associated markers, differentiate into cells of the three
germ layers in vitro, and to successfully generate neural progenitor cells
and neurons in 2D cultures (Griesi-Oliveira et al., 2021). It is also
noteworthy that our experience demonstrates that cryostorage of both
SHED and SHED-derived hiPSC lines for long periods has no major
negative effect on stem cell quality and potency (Griesi-Oliveira et al.,
2015; Suzuki et al., 2015; Griesi-Oliveira et al., 2018; Sanchez-Sanchez
et al., 2018; Griesi-Oliveira et al., 2021; Teles e Silva et al., 2022).

To produce cortical organoids from this SHED-derived hiPSC line, we
used the protocol described in (Sloan et al., 2018) with slight modifi-
cations, which we have recently adopted to produce well-structured
dorsal forebrain organoids from urine-derived hiPSCs (Teles e Silva
et al., 2023). This protocol allows sustained 3D suspension culture in
standard incubators without embedding into extracellular matrices or
the use of rotating bioreactors, which may provide accessible and
affordable technology for brain organoid construction. Briefly, hiPSCs
were grown on 60 mm culture dishes coated with vitronectin (0.5
pg/cm?) until the colonies reached ~2.5 mm in diameter. Intact colonies
were then lifted from the plates using dispase and transferred to
ultra-low attachment 6-well plates to form neural spheroids (~7-10
spheroids per well, total of ~150 spheroids) and cultured in neural in-
duction medium (NIM) supplemented with the two SMAD inhibitors
dorsomorphin (5 pM) and SB-4321542 (10 pM), and the ROCK inhibitor
Y-27632 (10 pM) (Day 0). From day 2 to day 5, neural spheroids were
grown in NIM with dorsomorphin and SB-4321542, with daily medium
changes. On day 6, the medium was replaced by neural differentiation
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medium (NDM) supplemented with bFGF (20 ng/ml) and EGF (20
ng/ml) until day 24, with medium changes every other day. Also, from
day 6 onwards an orbital shaker was used to enhance nutrient and ox-
ygen diffusion. From day 25 to day 43, cortical organoids were grown in
NDM with BDNF (20 ng/ml) and NT3 (20 ng/ml), with medium changes
every 2-3 days. From day 44 onwards, the medium was replaced by
NDM without any growth factor, with medium changes every four days
until cortical organoids were collected for analysis. Two independent
rounds of organoid differentiation were performed. Experiments were
conducted separately on batch 1 and/or batch 2 organoids as described
in the Figure legends.

The Ethics Committee of the Hospital Israelita Albert Einstein
approved all phases of this study, and written informed consent was
obtained from the participant and his parents/legal guardians.

2.2. Bioink preparation and 3D bioprinting of cortical organoids

Bioink preparation, bioprinting, and crosslinking were prepared
based on the protocol described in (Cruz et al., 2023). Briefly, a com-
bination of sodium alginate (Alg) (Sigma-Aldrich) and gelatin from pork
skin (Gel) (Sigma-Aldrich) was used for the bioink composition. Both
Alg (6% w/v) and Gel (4% w/v) were dissolved in sterile
phosphate-buffered saline (PBS), at 72 °C. On the 6th day of culture,
neural spheroids (n = 3) were mixed with 1 ml of the bioink, transferred
to a 5 ml syringe with a 22-gauge blunt needle, and placed in the
printhead of a 3D bioprinter (Educational Starter Printer, 3D Biotech-
nology Solutions, 3DBS Brazil). Bioprinting was performed at room
temperature, under G-code control, using an extrusion code. The bio-
printed constructs were then carefully transferred to a petri dish and
maintained under rotation in NDM supplemented with bFGF and EGF
until day 25, with medium changes every other day, to promote the
proliferation of neural progenitors and initiate corticogenesis.

2.3. Immunocytochemistry staining

Immunocytochemistry staining of sectioned organoid samples at
days 30, 60, and 90 of differentiation (n = 2-3 organoids for each time
point) was performed as described in (Teles e Silva et al., 2023). Briefly,
whole organoids were fixed with 4% paraformaldehyde in PBS at 4 °C,
submerged in 30% sucrose until they sink, transferred to cryogenic
molds, embedded in OCT, and stored at —80 °C. Frozen organoids were
sliced into 15 pm sections using a cryostat. For immunostaining, orga-
noid sections were permeabilized/blocked in 5% donkey serum and 1%
triton in PBS at room temperature for 1 h and then incubated with
primary antibodies overnight at 4 °C. After PBS washings, organoid
sections were incubated at room temperature for 1 h with secondary
antibodies conjugated with AlexaFluor 594 or AlexaFluor 488. Nuclei
were counter-stained with DAPI. Fluorescence images were obtained
using a Zeiss LSM 710 confocal microscope system. For wholemount
immunostaining of the bioprinted organoids at day 25 of differentiation
(n = 3), wholemount organoids were immersed in 4% para-
formaldehyde solution in PBS for 40 min at room temperature, washed
with PBS to remove the bioink, and then the immunostaining procedure
was conducted as described above. See the list of antibodies and their
information in Table S1.

2.4. Measurements of organoid size, cellular density, and number of
ventricular zone-like regions

The overall morphology of the non-printed and bioprinted organoids
was assessed through bright-field image analysis (EVOS M5000 Imaging
System), and the 2D surface area of the organoids was measured using
ImageJ macro-toolsets (National Institutes of Health, USA, http:
//imagej.nih.gov/ij) (n = 20-150 organoids for each time point). To
measure the cellular density within the cryosectioned organoids at day
30 of differentiation (n = 2 organoids, 3-4 VZ-/PP-like regions for each
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organoid), DAPI-stained nuclei were counted using ImageJ Cell Counter
plugin. Ventricular zone (VZ)-like structures were defined by polarized
neuroepithelium-like formations arranged around a central lumen and
the outer preplate-like layer was defined by the area outside of the VZ to
the organoid edge. The DAPI channel was also used to manually count
the number of VZ-like structures per organoid slice for each time point
(n = 6 slices from 2 to 3 organoids for each time point).

2.5. Western blot analyses

Western blot analysis was performed as described in (Teles e Silva
et al., 2023) using extracts from intact organoid samples at days 30, 60,
and 90 of organoid differentiation (n = 2-3 organoids for each time
point). Briefly, total protein extracts from whole organoids were ob-
tained using RIPA Buffer and then were sonicated. The protein con-
centration of each lysate was determined using the Pierce BCA protein
assay, and the Glomax® Discover Microplate Reader. For immunoblot-
ting, total proteins (10-20 pg) were separated by SDS-PAGE (8-10%)
and transferred to nitrocellulose membranes, which were then blocked
and incubated overnight at 4 °C with primary antibodies (Table S1).
Detection was performed using horseradish peroxidase-coupled
anti-rabbit or anti-mouse secondary antibodies, ECL substrate, and the
ChemiDoc MP Imaging System.

2.6. Magnetic resonance imaging (MRI)

To avoid movement during MRI data acquisition, organoids at days
30 and 90 (n = 4 organoids for each time point) were embedded in the
bioink described above, transferred to a petri dish, and statically incu-
bated for 6 h in NDM supplemented with bFGF and EGF. Organoid MR
images were acquired over a period of 7.5 h on a Siemens Magnetom
Prisma-Fit 3T MRI scanner equipped with a 64-channel head coil (soft-
ware NUMARIS/4, version syngo MR E11). The images were obtained
using 3D turbo spin-echo T1-weighted imaging sequences with gener-
alized autocalibrating partially parallel acquisition (GRAPPA - factor PE
of 2) under the following parameters: interleaved multi-slice mode,
voxel size = 0.3 x 0.3 x 0.3 mm, slice thickness = 0.24 mm, TR = 1500
ms, TE = 123 ms, averages = 32, echo spacing = 12.3 ms, field of view
(FOV) = 90 mm, echo trains per slice = 14, turbo factor = 15; flip angle
= 120°, bandwidth = 220 Hz/Px, and acquisition time = 7.5 h. The
assessment of organoid volume was performed using the Vitrea
Advanced Visualization 7.14.4 Vital Canon. To measure the cellular
density within the organoids after the MRI scans, whole organoids were
fixed and washed to remove the bioink, cryosectioned, stained with
DAPI, and analyzed using Image J, as described above (n = 2 organoids,
3-4 VZ-/PP-like regions for each organoid).

2.7. Microelectrode array (MEA)

Spontaneous extracellular field potentials in wholemount cortical
organoids at day 90 of differentiation (n = 3) were acquired with a
Multichannel MEA-2100 System for 120 electrodes, and data acquisition
were performed using the Multi-Channel Suite package (Multi Channels
Systems MCS GmbH). The analysis of MEA data was performed using
MATLAB software and the toolbox MEA-ToolBox v1.151 (https://gith
ub.com/mirandarobbins/MEA-toolbox), based on the following pa-
rameters: High Pass Butterworth Filter (cutoff frequency, Hz) = 200,
Filter Order (n) = 2, Sampling Frequency, Hz) = 20000), Baseline Noise
Detection (baseline noise time window, ms) = 50, Pure Noise Time
Window (s) = 2, Spike Detection (min. spike interval, ms) = 0, Min.
Spike Amplitude (us) = 0, Spike Detection Threshold (rms) = 5, Burst
Detection (max interval) (start interval, s) = 0.17, Spike Number (n) =
10, Inter Burst Interval (s) = 0.3, Intra Burst Interval (s) = 0.2, Min.
Burst Duration (s) = 0.01.
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2.8. Statistical analysis

The results represent the mean + SD of replicate determinations
from one representative experiment of two independent experiments.
Statistical analysis was performed using Graphpad Prism V8. The one-
way ANOVA test and the Mann-Whitney U test were used to measure
statistical significance. p values < 0.05 were considered statistically
significant.

3. Results

3.1. Generation of cortical organoids from SHED-derived hiPSCs and
characterization using 2D histological analysis

First, we examined whether SHED-derived hiPSCs could generate
cortical organoids that recapitulate essential features of the human
developing dorsal cerebral cortex using a guided, matrix- and spinning
bioreactor-free protocol that enables efficient neuroectoderm formation
and subsequent differentiation into various cell types that populate the
neocortical layers (Sloan et al., 2018; Teles e Silva et al., 2023). We
observed that the SHED-derived cortical organoids progressively grew in
size during the first 8 weeks until they reach an average 2D surface area
of ~4 mm? (Fig. 1A). By using conventional immunocytochemistry
staining of cryosectioned organoids, we observed at the beginning of
differentiation (day 30) an abundance of proliferative neural progenitor
cells (NPCs) expressing SOX2, FOXG1l, Nestin, and Ki67 that
self-organized into polarized neuroepithelium-like structures, or ven-
tricular zone (VZ)-like structures, resembling neural tubes. These
structures were surrounded by a layer containing TBR2+ intermediate
progenitors and MAP2+/SYN1-negative immature neurons reminiscent
of the preplate (Fig. 1B-E). Notably, at this stage of organoid differen-
tiation, the density of cells in the preplate-like layer was significantly
smaller than in the VZ-like areas, where nuclei are elongated, densely
packed, and radially aligned (Fig. 1C). Progressively (days 60 and 90),
we observed a significant reduction of the VZ-like formations (Fig. 1D),
and an increase in the proportion of MAP2+/SYN1+ mature neurons,
and of lower TBR1+/CTIP2+ and upper SATB2+ cortical layer neurons
(Fig. 1B-E). Also, we detected a population of SOX2+ HOPX + outer
radial glial cells (0ORGCs) above the VZ-like structures, a hallmark of
embryonic human cerebral cortex primarily located in the outer sub-
ventricular zone (SVZ) (Pollen et al., 2015) (Fig. 1B-S1). At these stages,
we also observed an increase in the proportion of CD44" and GFAP +
astrocytes (Fig. 1B). It is also noteworthy that GABAergic parvalbumin
+ interneurons, which originate from ventral forebrain progenitors,
were absent in organoids at day 90, further suggesting the dorsal fore-
brain identity of the organoids (data not shown). Finally, the spatio-
temporal cellular composition of the cortical organoids generated from
SHED-derived hiPSCs is comparable to those of cortical organoids pro-
duced through similar protocols from fibroblast-derived hiPSCs (Pasca
et al., 2015; Sloan et al., 2018), the conventionally used starting mate-
rial to produce brain organoids, and from urine-derived hiPSCs, another
noninvasive source of somatic cells suitable for generating cortical
organoids (Teles e Silva et al., 2023). These findings, therefore, suggest
that the SHED-derived cortical organoids recapitulate some funda-
mental features of early human corticogenesis and represent a novel
more accessible system to examine mechanisms of human brain
development.

3.2. Alternative approaches to analyze the 3D structure of entire
organoids

Next, we sought to verify the advantages and limitations and po-
tential applications of alternative methods to analyze the 3D spatial
information of intact organoids. As 3D bioprinting has emerged as a
promising approach that enables the construction of precisely controlled
3D tissue structures (Murphy et al., 2020; Banerjee et al., 2022), we
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Fig. 1. Cortical organoids from SHED-derived hiPSCs recapitulate key aspects of human cortical development. (A) Graph showing the growth of cortical
organoids (based on the average surface area, mm?) at different stages of in vitro culture: days (d) 6, 30, 60, and 90 of differentiation. Data are presented as mean +
SEM (n = 20-150 organoids for each time point). The graph also shows the average surface area (mm?) of bioprinted organoids at day 25 of differentiation (n = 3)
(see section 3.2). Representative brightfield images of organoids taken at each time point are also presented. Scale bars, 2 mm. (B) Representative immunostainings
of cortical organoids at days 30, 60, and 90 of differentiation (n = 2-3 organoids for each time point). At day 30, the organoids are composed of proliferating NPCs
(SOX2, FOXG1, Nestin, and Ki67) self-organized into VZ-like structures surrounded by intermediate progenitors (TBR2) and immature neurons (MAP2). At days 60
and 90, the organoids exhibit mature neurons (MAP2 and SYN1), lower (TBR1 and CTIP2) and upper (SATB2) cortical layer neurons, and glial cells (CD44 and
GFAP). At these stages, the organoids also exhibit a layer of outer radial glial cells (SOX2 and HOPX) above the VZ-like structures (SOX2). Nuclei are stained with
DAPI (blue). Scale bars, 50 pm. While large necrotic cores were not observed in most high-quality slices of organoids that were selected for immunocytochemistry
staining, the possibility of the formation of necrotic zones in the central part of some organoids as they grow in size was not analyzed and cannot be excluded. (C)
Graph showing the cell density (cells/10 pm2) in the VZ- and preplate-like (PP) regions of cortical organoids at day 30. Data are presented as mean + SEM (n = 2
organoids, 3-4 VZ-/PP-like regions for each organoid). A representative image of DAPI-stained nuclei in the VZ-/PP-like regions of an organoid at day 30 is also
presented. Dashed lines indicate the borders of VZ-like structures. Scale bars, 50 pm. (D) Graph showing the number of VZ-like structures per organoid slice. Data are
presented as mean + SEM (n = 6 slices from 2 to 3 organoids for each time point). Representative images of SOX2-stained NPCs of cortical organoids at days 30, 60,
and 90 showing the reduction in VZ-like structure size during culture time are also presented. Nuclei are stained with DAPI (blue). Dashed lines indicate the borders
of VZ-like structures. Scale bars, 25 pm. (E) Representative immunoblot images showing the expression patterns of neural progenitor (SOX2) and neuron (SYN1)
markers over the course of cortical organoid development. Graphs show mean SOX2 and SYN1 expression levels (:=SEM) (n = 3 organoids for each time point). p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Experiments were conducted separately on batch 1 and batch 2 organoids and similar results were obtained. The
data presented are from one representative batch of differentiation. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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assessed the ability of bioprinted cortical organoids to maintain
cytoarchitectural features resembling the early developing cortex. Using
a bioink formulation composed of sodium alginate and gelatin,
SHED-derived neural spheroids on the 6th day of culture were bio-
printed, transferred to a petri dish, and maintained under rotation in
neural differentiation medium until the 25th day of culture (Fig. 2A). We
observed that the sphere-shaped bioprinted organoids exhibited signif-
icantly reduced growth compared to non-printed organoids at the same
stage of differentiation (Fig. 1A), which could be attributed to me-
chanical properties of the bioink, such as stiffness and porosity, and also
a shortage of nutrients and oxygen. Despite this, wholemount immu-
nostaining of bioprinted organoids allowed simultaneous visualization
of several well-defined VZ-like structures with packed SOX2+ NPCs
surrounded by MAP2+ neurons (Fig. 2B). Therefore, these results sug-
gest that this bioink composition provides a suitable environment for
early neurogenesis with defined organization, and also that immuno-
staining of whole bioprinted organoids allows the analysis of the 3D
spatial distribution of VZ-like areas and adjacent neuronal layers at the
organoid surface. These initial findings have the potential to pave the
way for construction of more complex organoid structures.

Magnetic resonance imaging (MRI) is a 3D imaging technique that
has been extensively used to non-invasively examine the anatomy and
pathology of the brain in vivo (Talos et al., 2006; Lerch et al., 2017).
However, its application to brain organoid studies is still largely unex-
plored. Therefore, we next analyzed the feasibility and utility of MRI to
explore structural features of the SHED-derived cortical organoids at
early (30 days) and late (90 days) stages of development. For MRI data
acquisition, organoids were encapsulated in the sodium alginate-gelatin
bioink to reduce movement and scanned over 7.5 h using a 3T MRI
machine (Fig. 3A). Representative T1-weighted images are shown in
Fig. 3B, and the fifth image of each panel was then selected for further
structural description. We observed that the organoid at day 30 (with a
volume of 2.88 mm®) showed hypointense areas highlighted with green
as well as hyperintense regions highlighted with yellow-orange, and the
organoid at day 90 (with a volume of 17.11 mm3) exhibited almost

A)
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exclusively hypointense blue-green areas. Importantly, while the
hyperintense signals appeared to correlate with areas of higher cellu-
larity, such as VZ-like structures, the hypointense signals appeared to
indicate decreased cellularity, revealed by DAPI nuclear staining of the
same sectioned organoids (Fig. 3B-D). These results highlight the po-
tential of using MRI to unravel some aspects of the 3D architecture of
cortical organoids.

3.3. Microelectrode array (MEA) to analyze the functionality of entire
organoids

Characterizing the electrophysiological activity of human cortical
organoids is key to ensure their relevance in physiological and patho-
logical processes. Therefore, in addition to the analysis of the structure
of the SHED-derived organoids, we interrogated the presence of spon-
taneous network activity in these organoids at a late developmental time
point, day 90 of differentiation, by using a 120-channel MEA platform.
We found that the majority of the channels containing organoids
exhibited spontaneous electrical activity which could be measured by
biocomputational analysis over different time intervals (Fig. S2).
Representative recordings from a MEA channel are shown in Fig. 4. We
observed high-frequency sequences of action potentials (spike trains)
grouped in bursts (Fig. 4A). We observed high-frequency sequences of
action potentials (spike trains) grouped in bursts (Fig. 4A). A detailed
analysis of the burst activity over a 0.1-s interval showed organized
temporal spike-train patterns (Fig. 4B) with relatively regular intervals
between bursts (Fig. 4C), suggesting the presence of synchronized
electrical activity (Pasquale et al., 2010). In addition, the interspike
interval (ISI) analysis, which measure the period of inactivity between
pikes, showed that the distribution of ISIs ranged from 0.01 to 0.05 s
(Fig. 4D), also supporting the presence of non-random spiking dynamics.
Finally, the single-channel burst (SCB) analysis over a 0.1-s interval also
revealed that the organoid exhibited a collection of consecutive spikes
with small ISIs (Fig. 4E). These data indicate that the SHED-derived
organoids show intrinsic neuronal network activity, an important
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Fig. 3. Magnetic resonance imaging of SHED-derived cortical organoids reveals aspects of the 3D architecture of organoids. (A) Schematic diagram
illustrating the major steps for MRI of cortical organoids. (B) Representative T1-weighted images of organoids at days 30 and 90 (n = 4 organoids for each time
point). The fifth image of each panel was magnified for further description. The organoids, with volumes of 2.88 mm® and 17.11 mm?® respectively, exhibit
hypointense signals (blue-green) which appear to correlate with areas of decreased cellularity, and hyperintense signals (yellow-orange) which appear to correlate
with regions of higher cellularity, such as VZ-like structures, revealed by DAPI nuclear staining of the same sectioned organoids (in grayscale). Dashed lines indicate
the borders of areas with high cell density within the organoid at day 30 and borders of areas with low cell density within the organoid at day 90. (C) Graph showing
the cell density (cells/10 pm2) in the VZ- and preplate-like (PP) regions of cortical organoids at day 30 and cortical plate-like (CP) regions of cortical organoids at day
90 after the MRI. Data are presented as mean + SEM (n = 2 organoids for each time point, 3-4 VZ-/PP-/CP-like regions for each organoid). (D) Graph showing the
cell density (cells/100 pm2) outside the VZ- and PP-/CP-like regions of cortical organoids at days 30 and 90 after the MRI. Data are presented as mean & SEM (n = 2
organoids for each time point). ****p < 0.0001. Experiments were conducted separately on batch 1 and batch 2 organoids and similar results were obtained. The data
presented are from one representative batch of differentiation. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 4. Cortical organoids from SHED-derived hiPSCs show functional neuronal networks. (A) Schematic illustration of electrophysiological recordings of
intact organoids at day 90 with the MEA-2100 System. (B) Representative MEA recordings (MEA channel G2) showing a 60-s interval of spiking activity across the
organoid (n = 3 organoids from one batch). (C) Detailed analysis of the burst activity over a 0.1-s interval (channel G2, interval 18.6-18.7 s) showing the distribution
of spikes within the bursts. The arrow indicates a single burst (channel G2, interval 18.640-18.641 s). (D) Spike raster plot depicting electrical activities derived from
the organoid (channel G2, interval 18.6-18.7 s). Bursts are represented by thin vertical lines. (E) Histogram showing the number of interspike intervals (ISI) falling
into each time bin (channel G2). The distribution of ISIs ranged from 0.01 to 0.05 s. (F) Single-channel burst (SCB) analysis showing a collection of consecutive spikes

with small ISIs (channel G2, interval 18.6-18.7 s).

characteristic feature of the developing cortex.
4. Discussion

In this study, using a relatively simple and reproducible protocol as
well as conventional 2D histology, we show that SHED-derived hiPSCs
can reliably generate cortical organoids with similar developmental
trajectories of the embryonic human cortex. Specially, these organoids
exhibit well-structured VZ- and SVZ-like formations with a distinct
human-specific outer radial glial cell layer, neuronal subtypes found in
upper- and lower cortical layers, and also glial cells. SHED comprises a
population of postnatal stem cells capable of extensive proliferation and
multilineage differentiation that can be easily and noninvasively
collected from children (Miura et al., 2003; Victor and Reiter, 2017).
Previous studies using both undifferentiated SHED and SHED-derived
neuronal and glial cells in 2D cultures have proven their suitability for
modeling neurodevelopmental disorders, such as autism spectrum dis-
order (Griesi-Oliveira et al., 2015; Suzuki et al., 2015; Russo et al., 2018;
Griesi-Oliveira et al., 2018; Sanchez-Sanchez et al., 2018; Griesi-Oliveira
et al., 2021; Teles e Silva et al., 2022), Angelman syndrome (Urraca
et al., 2018), 15q duplication syndrome (Dunaway et al., 2017; Urraca
et al., 2018), Rett syndrome (Hirofuji et al., 2018), and Down syndrome
(Pham et al., 2018; Sun et al., 2022). Thus, the SHED-derived cortical

organoids reported here constitute an easily accessible platform to
investigate molecular and cellular processes underlying early human
brain development and dysfunction in a more physiologically 3D rele-
vant context.

Currently, conventional immunostaining against cell-type-specific
markers on cryosectioned brain organoids has been the mainly
employed methodology to explore the structural organization of orga-
noids (Pasca et al., 2015; Mariani et al., 2015; Qian et al., 2016), and
only a few studies have assessed the 3D spatial information of intact
organoids (Albanese et al., 2020; Ma et al., 2022; Yildirim et al., 2022).
Therefore, alternative strategies for 3D analysis of entire brain organoids
are needed to help improving their characterization and applications.
Here, we show the ability of 3D bioprinted hiPSC-derived neural
spheroids to generate cortical organoids with multiple VZ-like structures
whose superficial localization can be visualized by whole-mount
immunofluorescence staining of organoids. Although the bioink used
for organoid bioprinting inhibited organoid growth over time and re-
quires improvements, it may mimic mechanical forces arising from the
extracellular matrix that are important for proper brain development
(Javier-Torrent et al.,, 2021). Also, we observed that its
alginate-gelatin-based composition maintained organoid sphericity and
supported VZ organization and neurogenesis within organoids. In
agreement with these findings, previous studies have shown that bioinks
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with alginate, a naturally occurring polysaccharide, maintain human
NPC stemness and also enable their differentiation into neurons, with
neuronal cell clusters interconnected by neurites (Gu et al., 2016; Cruz
et al., 2023). The application of 3D bioprinting to NPCs and brain
organoids is a field in its infancy and can facilitate the fabrication of
reproducible brain-like tissue constructs with precise biomechanical
properties and spatial architecture.

We also provide initial evidence that 3T MRI, a radiation-free pro-
cedure that uses magnets and radio waves to provide noninvasive and
nondestructive anatomical images of soft tissues and organs in vivo, can
also be a suitable approach to unravel some structural features of entire
cortical organoids in vitro. While the images obtained needed higher
resolution, they provided information on organoid volume and cellular
density. Notably, some VZ-like structures, which host a dense popula-
tion of progenitor cells, seem to appear as areas of high signal intensity
in the organoids at day 30 of differentiation. Interestingly, a recent study
has applied a 7T MRI scanner, which provides images with greater
resolution than the routine 3T MRI scanners, to successfully monitor the
graft position, growth, and volume of hiPSC-derived cortical organoids
transplanted into the somatosensory cortex of newborn immunocom-
promised rats (Revah et al., 2022). It would be important to verify
whether this approach is useful for detecting additional information on
the organoid 3D organization.

Several studies measuring the electrophysiological properties of
brain organoids have performed recordings from individual neurons
(Pasca et al., 2015; Birey et al., 2017; Quadrato et al., 2017), which
sacrifice functional information at the network level. By analyzing
extracellular potentials from a relatively large array of electrodes
simultaneously, MEAs have been increasingly adopted to examine the
electrophysiological and neural network features of brain organoids,
which can provide insights into the maturation and healthiness of
organoids (Trujillo et al., 2019; Fair et al., 2020; Kathuria et al., 2020).
Here, using a 120-channel MEA system, we show that SHED-derived
cortical organoids exhibit spontaneous spike-firing and coordinated
neuronal bursting activity, suggesting that these organoids are capable
of forming organized neuronal networks. Interestingly, the patterns of
electrical activity in the SHED-derived cortical organoids resemble those
from a previous study that reported similarities between the electro-
physiological properties of human fibroblast-derived cortical organoids
and human preterm neonatal electroencephalogram (Trujillo et al.,
2019).

Taken altogether, our results demonstrate the suitability of SHED-
derived cortical organoids for structural and functional modeling of
early stages of human brain development, as well as the utility of 2D and
3D techniques to analyze organoid properties, which may help address
human-specific features of neurodevelopmental diseases.
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