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ABSTRACT

Human induced pluripotent stem cell (iPSC)-derived cortical organoids have
emerged as transformative in vitro models for studying human neurodevelopment
due to their remarkable ability to recapitulate early stages of corticogenesis in
a three-dimensional environment. Unlike two-dimensional cultures, cortical
organoids exhibit self-organizing properties that enable the formation of
neuroepithelial regions, neuronal populations, and glial networks resembling the
developing human cerebral cortex. In this study, we established a standardized
and reproducible protocol for generating human cortical organoids from
iPSCs and performed multiscale structural characterization using confocal
microscopy, scanning electron microscopy (SEM), and transmission electron
microscopy (TEM). Human iPSCs were cultured under feeder-free conditions and
differentiated through embryoid body formation followed by neural induction
and cortical differentiation. Mature organoids were analyzed to evaluate cellular
organization, tissue morphology, and ultrastructural maturation. Confocal
microscopy demonstrated well-organized cortical-like architecture characterized
by uniform nuclear distribution, extensive GFAP-positive astroglial networks,
and distinct neuronal cell bodies identified by NeuroTrace staining. SEM analysis
revealed spherical organoids with dense and highly organized surface topology,
neuroepithelial folding, and neurite-like projections suggestive of progressive
neuronal connectivity and tissue remodeling. TEM confirmed neuronal maturation
through the identification of well-defined neuronal cell bodies, intercellular
junctions, and myelin sheath-like structure surrounding neuronal processes. These
findings demonstrate that the generated cortical organoids successfully reproduce
essential structural features of early human brain development.
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The integration of multimodal imaging techniques provides robust validation
of organoid architecture and maturation, establishing this platform as a reliable
and biologically relevant model for studying neurodevelopment and neurological
disease mechanisms. This work further contributes toward the standardization
of cortical organoid generation and characterization protocols for translational

neuroscience research.
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INTRODUCTION

The human cerebral cortex is one of the
most structurally and functionally complex
tissues in the body, responsible for higher
cognitive  functions including memory,
perception, language, and decision-making."
Cortical development involves a tightly
regulated sequence of events including
neural induction, neuroepithelial expansion,
radial glial proliferation, neuronal migration,
and layer-specific differentiation.
Understanding these developmental processes
is essential for elucidating the pathogenesis of
neurodevelopmental and neurodegenerative
disorders.’” However, direct investigation of
human brain development remains limited
due to restricted accessibility to living neural
tissue and the inherent differences between
animal models and the human brain.®

Traditional two-dimensional (2D) neural
cultures have provided important insights
into cellular behavior, but they fail to replicate
the three-dimensional cytoarchitecture, spatial
organization, and cellular heterogeneity of
the developing brain. As a result, these

systems often lack the physiological
relevance required to accurately model
human  neurodevelopmental = processes.

Recent advances in stem cell biology have
led to the emergence of induced pluripotent
stem cell (iPSC)-derived brain organoids,
which represent a major breakthrough in
developmental neuroscience® Brain organoids
are self-organizing three-dimensional cellular
structures generated from pluripotent stem
cells that recapitulate several hallmarks of
early brain development, including ventricular
zone-like structures, neuroepithelial
organization, neuronal differentiation, and
cortical layer formation.® Lancaster and
colleagues first demonstrated that cerebral

organoids could mimic early human brain
development and model microcephaly,
establishing organoid technology as a
powerful tool for neuroscience research.®
Since then, organoid systems have rapidly
evolved and have been widely used for
studying neurodevelopmental disorders,
neurodegeneration, viral neuropathogenesis,
and therapeutic responses.

Among various brain organoid models,
cortical organoids are particularly valuable
because they closely resemble the developing
human cerebral cortex. These organoids
exhibit region-specific differentiation, radial
glial organization, and neuronal maturation
patterns similar to those observed during
human corticogenesis.” Furthermore, cortical
organoids have demonstrated the ability
to generate diverse neuronal subtypes and
complex neural networks, making them
increasingly relevant for modeling higher-
order brain functions and disease states.?

Despite these advancements, reproducibility
and structural consistency remain major
challenges in organoid research. Variability
in organoid size, cellular composition,
and maturation can significantly affect
experimental outcomes and limit translational
applicability.® Additionally, comprehensive
structural ~ validation using multimodal
imaging approaches is essential to confirm
successful  cortical  differentiation  and
maturation. Previous studies have emphasized
the importance of combining histological
and ultrastructural techniques to accurately
characterize organoid organization and
developmental progression.®?

Confocal laser scanning microscopy enables
detailed visualization of cellular organization
and spatial distribution of neuronal and glial
populations within organoids. Scanning
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electron microscopy (SEM) provides high-
resolution analysis of three-dimensional
surface morphology and tissue architecture,
while transmission electron microscopy (TEM)
offers ultrastructural insights into organelle
organization, intercellular junctions, and
neuronal maturation. The integration of these
imaging modalities allows for comprehensive
evaluation of organoid development across
multiple spatial scales.

In the present study, we established a
standardized and reproducible protocol for
generating human iPSC-derived cortical
organoids and performed extensive structural
characterization using confocal microscopy,
SEM, and TEM. Our objective was to validate
the formation of cortical-like architecture
and evaluate neuronal maturation through
multiscale imaging analysis. By combining
cellular, morphological, and ultrastructural
assessments, this study aims to providearobust
framework for cortical organoid generation
and characterization, thereby contributing to
the advancement of organoid-based models
in neuroscience research and translational
medicine.

MATERIALS AND METHODS

Human iPSC Culture and Maintenance

Human iPSCs were cultured under feeder-
free conditions to ensure reproducibility and
minimize variability associated with feeder
layers. Cells were maintained on Geltrex-
coated culture plates in StemFlex™ medium,
which supports pluripotency and robust
proliferation. Cultures were incubated at
37°C in a humidified atmosphere containing
5% CO,. Medium was replenished daily to
maintain optimal nutrient levels and remove
metabolic waste.

Cells were passaged every 3-4 days using a
non-enzymatic dissociation method (0.5 mM
EDTA) to preserve cell integrity and minimize
stress-induced differentiation. Only iPSCs
cultures with consistent morphology and
confirmed genomic stability were used for
downstream applications, ensuring reliability
of organoid formation.

Generation of Cortical Organoids

Cortical organoids were generated using
a stepwise differentiation protocol designed
to mimic early human neurodevelopment.
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Briefly, iPSCs were dissociated into single-
cell suspensions using Accutase and seeded
into low-attachment 96-well plates to promote
the formation of embryoid bodies (EBs). The
use of low-attachment conditions facilitated
spontaneous aggregation and self-organization
of cells.

Neural induction was initiated using dual-
SMAD inhibition, a well-established method
to suppress mesodermal and endodermal
lineage differentiation while promoting
neuroectodermal fate. Within 24-48 hours,
compact EBs formed and began to exhibit early
neural characteristics.

Subsequently, EBs were transitioned into
cortical differentiation medium (CDM),
supplemented with B27, N2, GlutaMAX, and
ascorbic acid, to support neuronal lineage
commitment and maturation. The developing
organoids were then transferred to non-
adherent culture dishes and maintained under
continuous orbital shaking. This dynamic
culture condition enhanced oxygen and
nutrient diffusion, reducing the formation of
necrotic cores and promoting uniform growth.

Media were refreshed regularly, and
organoids were cultured over extended
periods until they developed into mature,
spherical structures with defined cortical-like
regions. This protocol ensured reproducibility
and consistent structural development across
batches.

Sample Preparation for Imaging

Organoids designated for imaging were
fixed using 4% paraformaldehyde to preserve
cellular architecture. For confocal microscopy,
samples were cryoprotected in sucrose,
embedded in optimal cutting temperature
(OCT) compound, and sectioned at 20-30
pum thickness using a cryostat. Sections were
mounted on glass slides for staining and
imaging.

Confocal Laser Scanning Microscopy

For immunofluorescence analysis, organoid
sections were permeabilized wusing PBS
containing Triton X-100 and incubated with
primary antibodies against glial fibrillary acidic
protein (GFAP) to identify astroglial cells.
Following overnightincubation at 4°C, sections
were treated with Alexa Fluor-conjugated
secondary antibodies. Nuclear staining was
performed using DAPI, while neuronal cell
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bodies were visualized wusing NeuroTrace
fluorescent Nissl stain. After washing, sections
were mounted using antifade mounting medium
and imaged using a confocal laser scanning
microscope (Leica SP8). Z-stack imaging was
performed to capture three-dimensional cellular
organization within the organoids.

Scanning Electron Microscopy (SEM)

For SEM analysis, organoids were fixed in
2.5% glutaraldehyde, followed by washing in
0.1M phosphate buffer (pH 7.4). Samples were
dehydrated through a graded ethanol series
and subjected to critical point drying. Dried
samples were mounted onto aluminum stubs
and sputter-coated with a thin layer of gold-
palladium to enhance conductivity. Imaging
was performed at various magnifications
to assess surface topology and structural
organization, under an EVO18 scanning
electron microscope (Zeiss).

Transmission Electron Microscopy (TEM)

For ultrastructural analysis, organoids
were fixed with 2.5% glutaraldehyde and 2%
paraformaldehyde in 0.1 M phosphate buffer,
followed by post-fixation in 1% osmium
tetroxide for 1 hour. Samples were dehydrated
in acetone, embedded in Araldite CY 212 epoxy
resin, polymerized at 60° C and sectioned into

A
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IPSC cell culture

Day 25

Figure 1: Generation and morphological progression of human iPSC-derived cortical organoids

Day 7

ultrathin slices (60-70 nm). Sections were
stained with uranyl acetate and lead citrate
to enhance contrast and examined using
a transmission electron microscope (Talos
F200S, Thermo Fisher Scientific, WA, USA) at
200 kV at a primary magnification of 2500X to
5500X. This allowed detailed visualization of
intracellular structures, including organelles
and membrane specializations.

RESULTS

Generation and Morphological Development
of Human Cortical Organoids

Human iPSC-derived cortical organoids
were successfully generated using a stepwise
differentiation and self-organization protocol.
During the early stages of culture, single-
cell iPSC aggregates rapidly formed compact
embryoid bodies (EBs) under low-attachment
conditions. Following neural induction and
transition into cortical differentiation medium,
the developing organoids progressively
increased in size and complexity. Over time,
the organoids acquired a distinct spherical
morphology with smooth external boundaries
and dense cellular organization, indicating
successful tissue compaction and structural
maturation (Figure 1).

Day 5

Representative bright-field images illustrating sequential stages of cortical organoid formation from human induced
pluripotent stem cells (iPSCs). Unditferentiated iPSC colonies were dissociated to generate embryoid bodies (Day 1), which

and the appearance of a smooth neuroepithelial surface 3]
maturation at Day 7. By Day 25, mature cortical organoids

progressively compacted into uniform spheroidal agfgregates by De;y 2. Continued neural induction resulted in enlargement
5, fo

llowed by increased tissue organization and structural

exhibited a well-defined spherical morphology with increased

tissue density, indicating successful cortical differentiation and organoid maturation. Scale bars = 100 pm.
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The mature cortical organoids exhibited
translucent peripheral regions suggestive
of neuroepithelial organization and active
cellular  differentiation. = The organoids
maintained structural integrity throughout
prolonged culture conditions, demonstrating
the reproducibility and stability of the
differentiation protocol. Morphologically, the
organoids closely resembled early developing
neural tissue, displaying characteristics
associated with primitive cortical organization
and tissue self-patterning.

Confocal Microscopy Reveals Organized
Cortical-like Cellular Architecture

Confocal microscopy analysis demonstrated
a highly organized and spatially coordinated

cellular architecture within the human
iPSC-derived cortical organoids (Figure
2). Immunofluorescence imaging using

GFAP staining revealed extensive astroglial
differentiation distributed throughout the
organoid structure. GFAP-positive cells
formed interconnected astroglial networks

that appeared continuous across multiple
regions of the organoid, suggesting
the establishment of a supportive glial
microenvironment. The widespread
distribution of astrocytic components indicates
successful lineage specification and maturation
of glial populations alongside neuronal
differentiation.

DAPI nuclear staining revealed dense
and uniformly distributed nuclei arranged
in organized spatial patterns resembling
early cortical layering. The nuclei appeared
intact and evenly dispersed without
evidence of fragmentation, condensation, or
disorganization, indicating preserved cellular
viability and tissue integrity. Distinct regions
of increased nuclear density were observed,
suggestive of localized proliferative zones
analogous to ventricular-like neuroepithelial
regions seen during early corticogenesis.
The radial arrangement of  nuclei
further  reflected  coordinated  tissue

organization and cellular patterning within
the organoid.

Figure 2: Confocal fluorescence characterization of human iPSC-derived cortical organoids. Representative confocal fluorescence

images of mature human iPSC-derived cortical organoids demonstrating neuronal and glial organization.

(A) NeuroTrace fluorescent Nissl staining (red) highlighting neuronal cell bodies distributed throughout the
organoid, (B) GFAP immunofluorescence (green) showing astrocytic networks within the cortical organoid, (C) DAPI
nuclear staining (blue) demonstrating the overall cellular distribution and tissue architecture, (D) Merged image
illustrating the spatial organization of NeuroTrace-positive neurons, GFAP-positive astrocytes, and DAPI-stained
nuclei, confirming the establishment of a multicellular cortical-like structure. Scale bars = 100 pm.
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NeuroTrace fluorescent Nissl staining
demonstrated clearly identifiable neuronal
cell bodies distributed throughout the
organoid sections. The neuronal populations
appeared integrated within the surrounding
tissue architecture, supporting the
formation of complex neuronal assemblies.
Neuronal cells exhibited organized spatial
orientation rather than random distribution,
indicating  progressive neural network
formation.

Merged fluorescence images demonstrated
coordinated co-localization of neuronal
and astroglial populations within the same
structural framework. This integrated cellular
organization strongly supports the emergence
of cortical-like tissue architecture and
indicates successful recapitulation of critical
aspects of early human cortical development.
Overall, confocal microscopy confirmed the
presence of structurally organized neural
tissue with distinct neuronal and glial
populations, validating effective cortical
differentiation within the organoids.

D fet
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Figure 3: Scanning electron microscopy (SEM) characterization of human iPSC-derived cortical organoids.

SEM Demonstrates Complex Three-Dimensional
Surface Topology and Neuroepithelial Folding

SEM provided detailed insights into the
external morphology and three-dimensional
microarchitecture of the cortical organoids
(Fig. 3). At lower magnifications, the organoids
displayed a well-defined spherical morphology
with  compact and highly organized
external surfaces. The surface architecture
appeared dense and structurally cohesive,
indicating effective cellular compaction and
tissue stability during maturation. Higher
magnification imaging revealed intricate
neuroepithelial folding patterns distributed
across the organoid surface. These folds
formed complex three-dimensional structures
resembling early cortical morphogenetic
organization. The neuroepithelial regions
appeared as tightly packed cellular clusters
arranged in layered and folded conformations,
suggesting active tissue remodeling and self-
organization processes. Such folding patterns
are characteristic of early neurodevelopmental
events and indicate progressive structural
maturation within the organoids.

Representative SEM images illustrating the surface morphology and ultrastructural organization of mature human iPSC-derived cortical
organoids at increasing magnifications, (A) Low-magnification view showing the overall three-dimensional spheroidal architecture of the
cortical organoid, (B) Higher-magnification image demonstrating densely packed cellular aggregates and a compact tissue surface, (C)
Well-defined neuroepithelial folding and multilayered cellular organization, resembling early cortical tissue morphogenesis, (D) High-
magnification view showing elongated neurite-like projections and closely apposed cellular processes suggestive of developing neuronal
connectivity, (E) Ultrastructural image revealing prominent neuroepithelial folds, interconnected cellular networks, and extensive cell-cell
interactions, consistent with progressive cortical organoid maturation. Scale bars: (A) 100 pm; (B) 5 pmy; (C) 4 pmy; (D) 3 py; (E) 4 pm.
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The organoid surfaces also exhibited
numerous neurite-like projections extending
between adjacent cellular regions. These
projections formed interconnected mesh-
like networks across the surface, suggesting
the establishment of cellular connectivity
and communication pathways. The presence
of these elongated projections indicates
advancing neuronal differentiation and
structural organization. In addition, the
surface topology displayed varying elevations
and interconnected ridges, contributing to the
overall complexity of the tissue architecture.
The dense cellular interactions observed across
the organoid surface suggest coordinated
growth dynamics and active extracellular
structural organization. Collectively, SEM
analysis demonstrated that the cortical
organoids developed advanced three-

dimensional organization with neuroepithelial
folding and neuronal connectivity patterns
resembling early cortical tissue formation.

Figure 4:. Transmission electron microscopy (TEM)

TEM Confirms Ultrastructural Maturation
and Neuronal Differentiation

TEM enabled high-resolution visualization
of intracellular and ultrastructural features
within the cortical organoids, providing
definitive evidence of neuronal maturation
(Figure 4). Distinct neuronal cell bodies with
well-preserved cellular architecture were
clearly observed throughout the tissue. The
cells exhibited defined nuclear and cytoplasmic
boundaries, indicating intact membrane
integrity and cellular preservation during
tissue processing.

The nuclei appeared structurally organized
with uniform chromatin distribution, while
the surrounding cytoplasm demonstrated
organized intracellular composition. Neuronal
processes extending from the cell bodies were
visible within several regions of the organoid,
suggesting active neuronal differentiation and
structural connectivity.

Representative TEM images demonstrating the ultrastructural features of mature human iPSC-derived cortical
organoids, (A-C) Low-magnification images showing neuronal cell bodies with prominent nuclei and cytoplasm,
extensive cell-cell contacts, and organized cellular architecture (arrows), (D) Higher-magnification image illustrating
a mature neuronal cell body with a well-defined nucleus, cytoplasmic organelles, and adjacent neuronal processes
(arrow), (E) TEM image showing closely apposed neuronal cells with distinct plasma membranes and intercellular
junctions (arrow), indicative of tissue organization, (F) Ultrastructural view demonstrating a myelin sheath-like
structure surrounding a neuronal process (arrow), together with surrounding neuropil, consistent with advanced
structural maturation of the cortical organoid.

Anotablefinding was the presence of prominent
myelin sheath-like structures surrounding
neuronal projections. These structures suggest
the initiation of axonal organization and early
insulating mechanisms associated with neuronal

IJNNS / Volume 18, Number 2 / May - August 2026

maturation. Although complete myelination is
generally associated with later developmental
stages, the identification of these membrane-
associated  structures indicates significant
progression toward mature neural architecture.
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TEM imaging also revealed organized
intercellularinteractionsand clearlyidentifiable
membrane boundaries between adjacent
cells. The presence of intercellular contacts
and closely associated cellular arrangements
indicates coordinated tissue assembly and
structural cohesion within the organoid.
These features support the development
of a complex and interconnected neural
microenvironment.

The ultrastructural organization observed
in the cortical organoids collectively confirms
successful neuronal differentiation, tissue
maturation, and establishment of cortical-
like cellular architecture. The preservation of
intracellular detail and membrane organization
further validates the robustness of the organoid
generation and fixation protocols used in this
study.

Integrated Structural Validation Across

Imaging Modalities

Collectively, the findings obtained through
confocal microscopy, SEM, and TEM
demonstrate a high degree of structural and
cellular organization within the human iPSC-
derived cortical organoids. Confocal imaging
validated the presence of organized neuronal
and astroglial populations, SEM revealed
advanced three-dimensional tissue topology
and neuroepithelial folding, and TEM
confirmed ultrastructural maturation and
neuronal differentiation.

The concordance of findings across these
complementary imaging modalities strongly
supports the successful generation of cortical
organoids that recapitulate essential features
of early human brain development. These
results establish the organoids as structurally
robust and biologically relevant in vitro
models suitable for neurodevelopmental
studies, disease modeling, and translational
neuroscience research.

DISCUSSION

The present study demonstrates the
successful generation and multiscale structural
characterization of human iPSC-derived
cortical organoids, highlighting their capacity
to recapitulate key morphological and cellular
features of early human brain development.
By integrating confocal microscopy, SEM and
TEM, this work provides a comprehensive
and hierarchical evaluation of organoid

organization, spanning from tissue-level
architecture to subcellular ultrastructure.
Such a multimodal approach is essential for
validating organoid systems, as it enables
cross-confirmation of structural features across
different spatial resolutions and is widely
adopted in organoid research.®

At the cellular level, confocal microscopy
revealed a highly organized arrangement of
neuronal and astroglial populations within
the organoids. The presence of GFAP-positive
astroglial networks distributed throughout
the structure indicates successful glial
differentiation, which is a critical hallmark
of advancing neural maturation. Astrocytes
play essential roles in synaptic modulation,
metabolic support, and maintenance of
extracellular homeostasis, and their early
emergence within  organoids  suggests
the establishment of a supportive neural
microenvironment.® Furthermore, the
organized nuclear distribution observed
with DAPI staining reflects coordinated
cellular proliferation and spatial patterning.
The apparent layering and density gradients
resemble early cortical plate formation
and ventricular zone-like organization,
suggesting that the developmental trajectory
of these organoids closely parallels in vivo
corticogenesis.”)

The identification of neuronal populations
through NeuroTrace staining further supports
the successful differentiation of iPSCs into
functional neural lineages. Importantly, the
spatial integration of neurons and astrocytes
observed in merged images indicates the
formation of a coordinated cellular network
rather than isolated populations. This level
of organization is critical for modeling
neurodevelopmental processes, as neuron-
glia interactions are fundamental for synapse
formation and neural circuit establishment.™

At the tissue level, SEM analysis provided
important insights into the three-dimensional
organization and surface morphology of the
organoids. The observed spherical morphology
with a dense and organized surface network
reflectsuniformgrowthand structuralintegrity,
key indicators of reproducibility in organoid
cultures. The presence of neuroepithelial-
like folding is particularly significant, as it
mirrors early morphogenetic events during
cortical development, where tissue folding
contributes to expansion of surface area and
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cellular compartmentalization.'® These folds
likely represent zones of active proliferation
and differentiation, analogous to neurogenic
niches in the developing brain.

The detection of neurite-like projections
extending across the organoid surface further
indicates progressive neuronal maturation
and connectivity. These projections suggest
the initiation of intercellular communication
and network formation, which are essential for
functional neural activity.® Similar structural
features have been reported in advanced
organoid systems demonstrating neuronal
diversity and network dynamics .

At the ultrastructural level, TEM provided
definitive evidence of neuronal differentiation
and maturation. The presence of well-defined
neuronal cell bodies with clear nuclear and
cytoplasmic boundaries confirms cellular
integrity and differentiation. The observation
of myelin sheath-like structures surrounding
neuronal processes is particularly noteworthy,
asitsuggestsearlystagesofaxonalorganization.
While complete myelination occurs later
in development, early myelin-like features
have been described in organoid models
undergoing maturation.® Additionally, the
identification of intact membrane boundaries
and intercellular junctions highlights the
establishment of cohesive tissue architecture
and cellular communication pathways.
These ultrastructural features are consistent
with previous reports describing synaptic
organization and neuronal maturation in
cerebral organoids.® When considered
collectively, the findings from confocal
microscopy, SEM, and TEM demonstrate a high
degree of concordance, reinforcing the validity
of the organoid system. The ability to observe
consistent structural features across multiple
imaging modalities strengthens confidence in
the reproducibility and biological relevance
of the model. This integrative validation
approach addresses a major limitation in
organoid research—variability in structure
and maturation—and contributes toward
standardization of protocols.®”

Despite these promising results, certain
limitations should be acknowledged. One of
the primary challenges in organoid systems
is the lack of vascularization, which can lead
to diffusion limitations and restrict long-term
growth and maturation. This limitation has
been widely discussed in the literature and
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remains a major area of ongoing research."
Additionally, while structural maturation is
clearly demonstrated, functional validation
through electrophysiological studies would
further strengthen the findings.

Future directions may involve incorporation
of vascular-like systems, co-culture with
microglia, and bioengineering approaches to
improve physiological relevance. Advanced
techniques such as single-cell RNA sequencing
and electrophysiological recordings could
further elucidate the functional maturity of
these organoids. Such approaches have already
begun to reveal complex neuronal activity and
circuit formation in organoid systems.®

In conclusion, this study provides robust
evidence that human iPSC-derived cortical
organoids can faithfully recapitulate key
structural features of early brain development.
The integration of multiscale imaging
techniques not only validates the organoid
model but also underscores its potential
as a powerful platform for advancing our
understanding of human neurodevelopment,
disease modeling, and regenerative
neuroscience.

CONCLUSION

This study establishes an effective method
for generating and characterizing cortical
organoids from human iPSCs. Through light
microscopy, DAPI-based confocal imaging,
SEM, and TEM, we demonstrated successful
structural maturation and organization
resembling early human cortical development.
Light microscopy revealed neuroepithelial
organization; confocal Microscopy
confirmed nuclear integrity and spatial
layering; SEM visualized surface networks
and cellular interconnectivity and TEM
confirmed subcellular maturation, including
mitochondria and synaptic vesicles. These
findings validate the organoids as a reliable,
reproducible in vitro model for studying
cortical development, cell architecture, and
neurobiological mechanisms relevant to
human brain physiology and pathology.
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