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ABSTRACT

Journal homepage: https://www.organelles.org

Brain organoids, as 3D cell culture models simulating human brain development and structure, have made significant pro-
gress in neuroscience research in recent years. This review systematically summarizes the current research status of brain
organoids, including their construction methods-specifically patient-derived brain tumor tissues and iPSC induced brain
organoids. It further discusses the applications of brain organoids (alone or in combination with microfluidic technology) in
disease model construction, mechanism research, and drug screening. Additionally, the technical limitations and challenges
inherent to this model system are discussed. Finally, the future development directions of brain organoids are prospected,
with the aim of providing a comprehensive reference for related research fields.
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INTRODUCTION

The brain, acknowledged as the most complex organ in the human
body, presents significant challenges in studying its structural func-
tions and in development treatment for related diseases. Among
neurological disorders, glioblastoma multiforme (GBM) is the most
common primary brain tumor in adults, accounting for 45.2% of
primary malignant tumors in the brain and central nervous system,
with a median survival period of only 15 months [1,2]. Another
major public health challenge, Alzheimer’s disease (AD), increases
sharply with age. It is estimated that by 2036, the global number of
AD patients will reach 19.117 million, as current medications are
unable to repair damaged neurons or reverse the progression of the
disease [3]. These neurological diseases, characterized by high dis-
ability rates and low cure rates, pose a significant long-term challenge
for modern medicine [4]. Traditional research methodologies relying
on animal models and 2D cell cultures face limitations: the former
fails to accurately reflect human brain pathology due to interspecies
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differences, while the latter cannot recapitulate the intricate cell-
cell interactions within a 3D microenvironment [4,5]. Consequently,
the development of in vitro models capable of simulating the
complex physiological processes of human organs is critically
important.

In 2009, Sato et al. [6] first demonstrated that Lgr5-expressing
mouse intestinal stem cells could be cultured in vitro to form micro-
tissues exhibiting crypt-villus structures, marking the initiation of
organoid technology. In 2013, Lancaster et al. [7] successfully gen-
erated brain organoids in vitro from induced pluripotent stem cells
(iPSCs) derived from both healthy individuals and microcephaly
patients. This breakthrough provided the first iPSC-based three-
dimensional model for studying developmental neurobiology, cat-
alyzing the rapid advancement of brain organoid technology. Brain
organoid construction techniques involve the directed differentia-
tion of iPSCs or ESCs, or the direct use of patient-derived brain
tumor tissues [8,9]. These techniques generate miniature organs
in culture dishes that replicate key structural and functional charac-
teristics of human brain or tumor tissue, thereby providing a revolu-
tionary platform for investigating brain development and disease
pathogenesis [10,11]. This “in vitro brain model” not only simulates
physiological processes such as cortical layering and neural circuit
formation but also facilitates the investigation of cellular and molec-
ular mechanisms underlying disease pathogenesis, as well as the mod-
eling of tumor microenvironments under controlled conditions [7].
Consequently, it is widely considered to be a critical bridge connecting
fundamental research with clinical applications.

Currently, research on brain organoids has advanced in three signif-
icant directions. First, to tackle the challenge of brain tumor heteroge-
neity, researchers are constructing brain tumor organoids using either
primary tumor cells extracted from patients or induced pluripotent
stem cell iPSC-derived tumor cells. This approach offers an ex vivo
model for developing personalized anticancer drugs [12]; Secondly,
individualized brain organoids derived from iPSC technology have
made significant advancements. By reprogramming patients’ somatic
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cells into iPSCs followed by directed differentiation, researchers have
constructed organoids containing gene mutations associated with fam-
ilial AD, Huntington’s disease, and other disorders, these models suc-
cessfully recapitulate patient-specific phenotypes of neurological
disorders in vitro [13].Thirdly, the interdisciplinary convergence
of organoid and microfluidic technologies is enhancing the repro-
duction of human physiological structures and functions through
model systems, microfluidic chips enable precise modulation of fluid
shear stress, nutrient gradients, and oxygen tension, effectively address-
ing the issue of hypoxia-induced core necrosis commonly observed in
conventional organoid cultures [14,15]. More importantly, these inte-
grated systems can create functional in vitro blood-brain barrier (BBB)
models that replicate dynamic barrier functionality, thereby offering a
novel platform for investigating neuro-immune crosstalk and conduct-
ing high-throughput drug permeability screening for brain-targeted
therapeutics [14].

This review highlights recent advances in brain organoid mod-
eling related to disease mechanisms and applications while also
addressing some of the challenges associated with organoids. It
thereby offers a comprehensive reference for the current state of
organoid technology.

1. PATIENT-DERIVED ORGANOIDS

Brain tumors, encompassing both primary and metastatic types, present
a significant threat to human survival due to limited treatment options
and poor prognoses [ 16]. Patient-derived tumor organoids (PDTOs), as
emerging research tools, retain the cellular heterogeneity, genetic char-
acteristics, and spatial organization of the original tumor, allowing
them to accurately mimic tumor growth, invasion, and response to
treatment [16]. The procedure for establishing PDTOs is shown in
Figure 1. In summary, tumor tissues are aseptically obtained during
surgery and processed within two hours to maintain their viability.
Necrosis-free, dense tumor regions are meticulously dissected into
0.5-1 mm pieces and cultured in a growth factor-enriched medium

Detection and applications

Figure 1. Schematic of Tumor Organoid Biobanking: Construction and Applications (Figure created with BioRender).
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under dynamic conditions (using rotating bioreactors or shakers), the for-
mation of organoids is evaluated after 1-2 weeks. Subculturing and bio-
banking begin approximately four weeks post-establishment [17,18].

High-grade gliomas have become a significant challenge in clini-
cal treatment due to their infiltrative growth and a recurrence rate
exceeding 90%, the development of high-fidelity in vitro models is
essential for overcoming this treatment dilemma [19]. In 2016,
Hubert et al. [20] pioneered direct culture GBM tumor organoids
from patient samples, replicating the hypoxic gradient-driven spatial
heterogeneity of tumor stem cells, which is a hallmark of in vivo
microenvironments. This innovative approach established an effective
platform for oncology drug screening. Logun et al. [21] employed
glioblastoma organoids (GBOs) to replicate the responses to CAR-T
therapy, demonstrating that tumor cytolysis was directly correlated
with the levels of CAR-T engraftment in patient cerebrospinal fluid;
and the cytokine release kinetics were consistent with in vivo profiles.
Similarly, Zhai et al. [22] demonstrated that patient-derived autolo-
gous Tanl-T28-A7R CAR-T cells exhibit potent anti-tumor activity
and favorable safety profiles in GBM models, these findings are con-
sistent with results validated in patient-derived glioma stem cells
(GSCs), orthotopic xenograft models, and patient-derived xenograft
(PDX) models. A study collected tumor tissues from 241 patients
with different glioma subtypes, including isocitrate dehydrogenasel
(IDH1) mutation, EGFR amplification and other molecular subtypes,
and successfully established over 160 organoids and 40 patient-derived
orthotopic xenografts (PDOX) models to validate the efficacy of temo-
zolomide (TMZ) and VAL-083, providing an excellent platform for
high-throughput drug screening [23]. Beyond drug screening applica-
tions, tumor organoids have proven instrumental in revealing novel
molecular features and tumorigenic mechanisms. Researchers estab-
lished PDTOs from low- and high-grade IDH-mutant gliomas, propos-
ing that IDH-mutant gliomas form when oligodendrocyte precursor
cell (OPC) transform into slow-growing OPC-like malignant cells,
driven by DNA hypermethylation-related epigenetic changes, and indi-
cating that tumor progression is related to a switch from epigenetic to
genetic drivers [24]. Olga Kim et al. [25] used samples from the
same patient with IDH1 R132H mutant glioma to simultaneously
establish low-grade glioma and high-grade glioma organoid models,
dynamically modeling tumor progression. This revealed critical roles
of epithelial-mesenchymal transition (EMT) and Notch signaling in
malignant transformation, along with metabolic reprogramming links
(such as glutamine dependency, activated fatty acid metabolism) to
malignant progression, providing novel insights into aggressive mech-
anisms in IDH-mutant gliomas [25]. Using organoids derived from
adamantinomatous craniopharyngiomas in conjunction with single-
cell sequencing and spatial transcriptomics, Chen et al. [26] revealed
aberrant activation of the PROS1/GAS6-AXL signaling axis between
cancer-associated fibroblasts and tumor epithelial cells in the tumor
microenvironment, and further demonstrated that the AXL inhibitor
bemcentinib effectively blocks tumor progression, providing multi-
omics evidence for the clinical translation of AXL inhibitor combined
with immunotherapy.

Although PDTOs offer significant advantages in mimicking tumor
heterogeneity and facilitating personalized treatment, they encounter
several limitations in the clinical translation process, such as the re-
stricted availability of samples, the success rate of culture being influ-
enced by multiple factors, and the challenge of accurately replicating
the invasiveness and metastatic capabilities of in vivo tumors [16].
iPSC-derived organoids in combination with tumor organoids are
expected to overcome these limitations.
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2. IPSC-DERIVED BRAIN ORGANOIDS

2.1. Construction of brain organoids

iPSCs can be generated through the reprogramming of somatic cells
from patients (such as dermal fibroblasts, peripheral blood mononu-
clear cells, etc.) via the introduction of specific transcription factors
(including Oct3/4, Sox2, KlIf4, c-Myc, etc.) [27,28]. Lancaster et al. [7]
pioneered the establishment of brain organoids using iPSCs derived
from healthy donors and microcephaly patients. In 2014, the protocol
for constructing brain organoids was published (Figure 2, Top panel)
and this protocol employed unguided methods, which rely entirely on
the spontaneous morphogenesis and intrinsic differentiation capabil-
ities within iPSC aggregates then form mixed and unorganized brain
regions that mimic the complexity of whole-brain development [29].
However, organoids generated with this method show greater ran-
domness, significant batch-to-batch variation, and standardization
challenges [16,30,31]. The alternative approach employs guided dif-
ferentiation protocols, which utilize external patterning factors to
induce region-specific organoids and precisely control developmen-
tal signaling pathways, this minimizes stochasticity while enhancing
regional specificity and reproducibility, with the process typically
segmented into three phases: an initial induction phase, a differentia-
tion induction phase involving region-specific patterning, and neuron
maturation phase for functional development [10,32]. Forebrain
organoid construction typically involves dual SMAD inhibition
during early neural induction to promote forebrain neuroecto-
derm formation, followed by telencephalic patterning via specific
factors such as WNT pathway inhibitors and transforming growth
factor-f (TGF-P) inhibitors in the culture medium [11]. Forebrain
organoids can simulate processes such as neurogenesis, neuronal
migration, and synapse formation in the forebrain, and have signif-
icant value in the study of neurodevelopmental disorders and neu-
rodegenerative diseases [33]. The addition of SMAD inhibitors and
WNT activators during the neuroectodermal development stage, fol-
lowed by treatment with factors such as sonic hedgehog homology
(SHH) and fibroblast growth factor 8 (FGF8) during the patterning
stage, promotes the differentiation of midbrain dopaminergic neu-
rons [11,34]. iPSC-derived midbrain organoids contain electrophy-
siologically active, mature dopaminergic neurons and generate
structures similar to human substantia nigra neuromelanin granules,
these organoids are valuable models for studying dopaminergic
neuron development, function and related disease mechanisms
[35]. Retinoic acid (RA) is a key factor in hindbrain development, and
its signaling plays a central role in patterning the hindbrain’s anteropos-
terior (A-P) axis [11]. Hindbrain organoids model cerebellum and
brainstem development, providing platforms to investigate cerebellar
developmental disorders such as ataxia and brainstem dysfunction
[36]. In addition to the dual SMAD inhibition, which is added during
the initial induction phase, the cytokines required for region-specific
patterning differentiation are shown in Table 1.

2.2. Modeling Human Neurological Disorders with Brain Organoids
Brain tumors: iPSC-derived brain organoids serve as a transforma-
tive platform for brain tumor research by mimicking the tumor
microenvironment, preserving spatial heterogeneity, and predicting
clinical drug responses [43—45]. Researchers used gene-editing tech-
nology to introduce oncogenic mutations in brain organoids. By test-
ing 18 single-gene mutations/amplifications and 15 distinct mutation
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Figure 2. iPSC-Derived brain organoid development and applications (Figure created with BioRender).

combinations derived from The Cancer Genome Atlas (TCGA),
involving GBM, pediatric central nervous system primitive neuroecto-
dermal tumor, atypical teratoid/rhabdoid tumor, and medulloblastoma,
they discovered that specific mutation combinations could induce the
formation of GBM-like and CNS-PNET-like tumors [46]. Similarly,
through knockout of key GBM tumor suppressor genes (including
various combinations of PTEN, TP53, CDKN2A, CDKN2B, and
NF1) integrated with multi-omics analysis, this study revealed how
genotypes determine the molecular characteristics and functionality of
tumors, identified genetic heterogeneity-particularly NF1 mutations-as
a central driver of molecular and functional heterogeneity in GBM
(notably the mesenchymal phenotype), and established the pivotal
role of glycerolipid metabolism in brain tumors [47]. Peng et al. [12]
developed individualized patient tumor organoids (IPTO), a novel
brain tumor model created by implanting fresh patient tumor tissue
blocks directly into human iPSC-derived brain organoids, this model
accurately replicates patient-specific brain tumors’ cellular ecosystem
(including tumor heterogeneity and microenvironment/TME) and mo-
lecular pathology. IPTO features rapid 10-day generation, high success
rates, and broad applicability. In clinical trials, it successfully predicted
patient responses to chemotherapy (temozolomide) and targeted ther-
apy (osimertinib), enabling precision oncology [12]. The Hi-Q plat-
form innovatively achieves high-throughput, high-homogeneity, low-
stress, and cryopreservable production of brain organoids, enabling
medium-throughput screening of therapeutic agents for glioma [48].

Neurodevelopmental disorders: Neurodevelopmental disorders
(NDDs) are a complex group of disorders characterized by impairments

in the growth and development of the brain or central nervous system,
resulting in deficits in cognitive, emotional, physical, and social func-
tioning [49]. For a long time, research on NDDs has faced challenges
due to difficulties in accessing the developing human brain, ethical
constraints, and inadequate reproduction of human-specific processes
in traditional models, however, significant progress has been made
through brain-like organoid technology [50,51]. For example, iPSC-
derived brain organoids from Miller-Dieker syndrome (MDS) patients
successfully mimicked the cellular features of lissencephalic malfor-
mations, revealed a delayed mitosis phenotype in outer radial glia, and
reproduced increased apoptosis and defective spindle orientation
due to deletion of the LISI/YWHAE gene in the organoids [52].
Researchers used isogenic FMR1-KO iPSCs in 2D/3D models to dem-
onstrate for the first time that FMRP deficiency causes neural develop-
mental imbalance, including astrocytic hyperplasia and excitatory
synaptic dysfunction-a core feature of Fragile X syndrome (FXS). This
method overcomes species limitations in animal models and offers
a new platform for drug screening and mechanistic studies [53].
Samarasinghe et al. [54] used Rett syndrome (RTT) patient-derived
iPSCs to create fused cortical-ganglionic eminence brain organoids,
these organoids modeled key pathological features of human neural
networks, including excitation/inhibition imbalance and epileptiform
high-frequency oscillations. The study identified impaired inhibitory
neuron function as the core disease mechanism and showed that
Pifithrin-o partially reversed these defects, demonstrating the utility of
organoid platforms for studying neurological diseases and drug devel-
opment [54]. In autism spectrum disorder (ASD), Li et al. [55] devel-
oped the CHOOSE system (CRISPR-human organoids-single-cell
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Table 1. Cytokines required for region-specific pattern differentiation in brain organoids.

Inducing factors Function Ref.
Forebrain
Cortex WNT inhibitor + TGF-f inhibitor Neuroepithelial extension, maintain forebrain properties [10,37]
Hippocampus ~ WNT activator + BMP activator/SHH inhibitor Activate dorsal nerve precursors, Blocking ventral lateralization signals [38]
Striatum BMP inhibitor + TGF- inhibitor + Lateral ganglion bulge induction, strengthen the ventralization signal,induce [39]
WNT inhibitor + activin A + RXR specialization of striatum interneurons and MSNs
Hypothalamus BMP inhibitor + TGF-f inhibitor + Ventral forebrain specialization, hypothalamic nuclei regionalization [40]
WNT activator/inhibitior + SHH + FGF
Midbrain BMP inhibitor + TGF-f inhibitor + Neural precursor proliferation and establishment of the midbrain-hindbrain [10,40]
WNT activator + SHH + FGF8 boundary, Ventral lateralization and dopaminergic neuron fate determination
Hindbrain
Brainstem BMP inhibitor + TGF- inhibitor + RA + Induction of the midbrain, portions of the peripheral brainstem and neural crest  [41]
bFGF + EGF + Insulin + Transferrin + regions behind it for neuronal stem/progenitor cell expansion
Progesterone
Cerebellum TGF-p inhibitor + BMP inhibitor + Designation of the midbrain-hindbrain boundary and inhibition of midbrain [36]
Insulin + Wnt activator + FGF8b + SDFla fate, Support for precursor cell expansion, forms organized laminar layering,
and develops functional neurons
Spinal Cord TGF-p inhibitor + WNT activator + FGF + Induction of dorsal spinal cord and sensory interneurons [42]
BMP4 + RA
TGF-p inhibitor + WNT activator + FGF + Induction of ventral spinal cord and motor neuron production
RA + SHH

RNA sequencing) to study 36 high-risk ASD genes, revealing their
roles in cell fate determination, and they verified in patient-derived
organoids that ARID1B mutations in the BAF complex lead to differ-
entiation defects in oligodendrocyte and interneuron precursor cells.
Brain organoids derived from schizophrenia patients with NRXNI1
deletions exhibit aberrant developmental trajectories in early neural
progenitor cells (NPC) and are significantly enriched for risk genes
associated with schizophrenia and ASD [56]. A study demonstrates
that low-intensity ultrasound promotes neural progenitor cell prolifera-
tion, neuronal maturation, and synaptogenesis in human brain organo-
ids by activating the YAP signaling pathway, it enhances structural
and functional connectivity of transplanted organoids in injured brains
and rescues neurodevelopmental defects in microcephaly models,
offering a non-invasive treatment for neurodevelopmental disorders
and cortical injuries [57]. Another study generates human telence-
phalic brain organoids from stem cell-derived single neural rosettes
(SNRs), which can stably produce structured tissues containing dorsal
(cortical) and ventral (striatal) neural progenitor cells, excitatory and
inhibitory neurons, as well as astrocytes, oligodendrocytes [58,59].
Using SNR-derived organoids, we demonstrated that SHANK3
deficiency leads to abnormal intrinsic neuronal excitability, excita-
tory synaptic deficits, and significant downregulation of clustered
protocadherins, providing novel molecular insights into the patho-
logical mechanisms of ASD [60].

Neurodegenerative diseases: Alzheimer’s disease (AD) is a progres-
sive neurodegenerative disorder characterized by cognitive decline.
Core pathological features include amyloid-beta plaques, neurofibril-
lary tangles (NFTs), neuronal loss, and brain atrophy, which collec-
tively disrupt neural networks and exacerbate impairment [61]. A
study describes a rapid and reproducible method to recapitulate tau
pathology within three weeks, by exposing human iPSC-derived
neurons to human tau oligomers and co-culturing them with iPSC-
derived astrocytes to form 3D assembloids [62]. Another study over-
comes the limitation of slow astrocyte differentiation in conventional
brain organoids by constructing chimeric organoids-induced by
mixing iPSCs expressing NFIB/SOX9 and APOE3/APOE4-with

functional astrocytes detected as early as 45 days [63]. Chen et
al. [64] modeled Sporadic AD BBB breakdown using serum-
exposed hiPSC brain organoids, demonstrating B-Amyloid (AB)
aggregation, phosphorylated tau (p-tau), synaptic loss, and neural
impairment, and that serum exposure exacerbated pathology by
upregulating BACE and GSK3a/f expression. Researchers have
developed a novel human-derived AD brain organoid model by
knocking in three familial APP mutations into iPSCs harboring
the APOE3 Christchurch variant and differentiating them into
forebrain organoids, this comprehensively demonstrates that the
rare APOE3ch mutation confers robust protection against A
deposition, tau pathology, gliosis, as well as neuronal apoptosis
and necroptosis [65]. Zhao et al. [66] also confirmed that iso-
genic conversion of APOE4 to APOE3 reversed most AD-related
phenotypes in AD brain organoids. Using iPSC-derived brain
organoids from PSEN1 M139V fAD patients, Wang et al. [67] dis-
covered that G3BP2 inhibits Tau aggregation by masking its
microtubule-binding region, this identifies G3BP2 as a natural neu-
ronal defense against tau pathology and a potential early therapeutic
target for tauopathies. Hong et al. [68] generated amyotrophic lat-
eral sclerosis (ALS)-parkinsonism dementia complex (PDC)
brain organoids from patient-derived iPSCs, establishing a micro-
glia-containing brain organoid platform, they demonstrated that
IFN-y supplementation restores M2 microglia levels and enhan-
ces B-amyloid uptake in ALS-PDC-affected organoids. The study
of these organoids will help to gain insight into the pathogenesis of
AD and identify new therapeutic targets.

Midbrain organoids for parkinson’s disease (PD) can recapitulate
pathological processes such as progressive degeneration of dopaminer-
gic neurons and a-synuclein aggregation observed in PD patients [69].
A study constructed 3D organoids by mixing iPSC-differentiated
astrocytes with human fibroblasts reprogrammed using FUW-Ascll,
Pitx3, Nurrl, and Lmxla. Mature dopaminergic neuronal markers
were observed at 20 days, with increased neuromelanin-containing
cells at 30 days, more faithfully recapitulating the aged human mid-
brain milieu [70]. Another research successfully generated 3D
midbrain-like organoids using human embryonic stem cells (hESCs), in
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which TH™ neurons exhibited biochemical and electrophysiological
properties of mature functional dopaminergic neurons, these neurons
produced neuromelanin-like granules and formed functional neuro-
nal networks, demonstrating the organoids’ potential for studying
synaptic connectivity and neuronal function [35]. Transplantation
of hiPSC-derived midbrain organoids into the striatum of PD mouse
models enables effective survival and differentiation into functional
dopaminergic neurons. These neurons establish bidirectional neural
connections within the host brain, including axonal projections to
the substantia nigra and cortex, and significantly ameliorate motor
dysfunction, demonstrating robust neural integration and functional
recovery [71]. The ventral midbrain-striatum-cortex assembloids suc-
cessfully models the long-distance functional projections of dopami-
nergic neurons from the ventral midbrain to the striatum and cortex in
vivo, serving as a novel in vitro dopaminergic system model, particu-
larly applicable to cell therapy for PD and research on neural circuit
mechanisms underlying addictive disorders [72]. DNAJC6-mutant
hESCs, differentiated into midbrain organoids and dopaminergic neu-
rons, revealed early ventral patterning defects, DNAJC6 deficiency
impaired clathrin-mediated endocytosis, disrupting the WNT-LMX1A
feedback loop and causing sustained suppression of midbrain develop-
mental genes, thereby recapitulating the full DNAJC6-linked PD
phenotype [73]. An et al. [74] developed a novel mesoporous Au
nanodot-patterned 3D concave electrode for drug evaluation in PD
patient-derived midbrain organoids.

ALS and frontotemporal dementia (FTD) share core pathologies
of neuron death, glial activation, and aberrant TDP-43 aggregation,
with ~20% of patients having COORF72 mutations (30-50% in fam-
ilial cases) and ~15% exhibiting ALS-FTD syndrome [75]. A novel
biohybrid motor neuron spheroid, incorporating reduced graphene
oxide, human umbilical vein endothelial cells (HUVECs), and iPSCs
from ALS patients, mitigates core necrosis and enhances neurogene-
sis in 3D neural models, thereby improving electrophysiological out-
comes, when integrated with muscle bundles, this spheroid forms a
neuromuscular junction model for simulating ALS pathology and
conducting drug screening [76]. Furthermore, the researchers devel-
oped a mature brain organoid model using human iPSCs and were
able to spontaneously replicate TDP-43 protein dysfunction in vitro
in the absence of granulin precursor gene (GRN) dysfunction. This
included TDP-43 mislocalization, hyperphosphorylation, loss of func-
tion, and aberrant splicing of STMN2, effectively addressing the long-
standing challenge of simulating TDP-43 protein lesions in vitro [77].
Furthermore, a study demonstrates at the 3D organoid level that
the COORF72 mutation induces mitochondrial dysfunction by
promoting the accumulation of astrocyte-specific mitochondrial
DNA mutations [78].

Huntington’s disease (HD), an autosomal dominant neurodegener-
ative disorder caused by abnormal CAG trinucleotide repeat expan-
sion in the HTT gene, manifests core pathology through selective
degeneration of striatal and cortical neurons, which clinically presents
as motor impairments (including choreiform movements), cognitive
decline, and neuropsychiatric abnormalities [79]. Currently, no cure
exists for this disease. Research indicates that healthy cells, through
direct contact, can rescue key HD phenotypes-including developmen-
tal defects, transcriptional abnormalities, maturation trajectories, syn-
aptic density, and communication pathways-in human telencephalic
organoids via non-cell autonomous mechanisms, which is predomi-
nantly observed in ventral lineages whereas HD cells exert minimal
influence on healthy counterparts, these findings strongly support ther-
apeutic strategies that employ cell replacement or gene silencing [80].
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Another study successfully modeled neuronal projection defects using
assembloids composed of striatal-like organoids and midbrain substan-
tia nigra-like organoids, which exhibit a higher proportion of medium
spiny neurons (MSNs) and dopaminergic neurons, thereby enhancing
their similarity to the human brain in vitro [81]. Using gene-edited
iPSCs to generate brain organoids with different HTT genotypes
(biallelic 70Q, monoallelic mutations, poly-Q-free controls), mutant
HTT was shown to cause neurodevelopmental toxicity before neu-
rodegeneration in human organoids, this revealed the CHCHD2-
mISR axis as a critical pathogenic pathway [82]; inhibiting its effec-
tor ADAMI10 rescued early phenotypes in vitro, improving neuronal
differentiation [79]. Furthermore, cortico-striatal assembloid models
have revealed that the ARF1/Golgi pathway-whose dysregulation
disrupts Golgi-mediated protein trafficking and neuronal matura-
tion-constitutes a potential therapeutic target for neurodevelopmen-
tal impairments in HD [83].

3. BRAIN ORGANOIDS-ON-A-CHIP WITH MICROFLUIDIC
INTEGRATION

The complex functions of the human brain critically rely on its precise
3D architecture and dynamic microenvironment, wherein an efficient
vascular network and functional BBB are essential for neuronal sur-
vival, synaptic connectivity, and overall neural circuit operation [84].
Conventional 2D cultures and non-vascularized 3D brain organoids,
which lack functional vascularization and a BBB, develop necrotic
cores due to inadequate nutrient/oxygen diffusion and metabolic waste
accumulation, thereby fundamentally restricting their capacity to model
neurovascular interactions, drug penetration dynamics, and neurodege-
nerative disease mechanisms [85]. Organ-on-a-Chip technology, partic-
ularly Brain Organoid-on-a-Chip integrated with microfluidic systems,
provides a revolutionary platform to address key challenges-such as
vascular absence, necrotic core formation, and functional immaturity-
while advancing vascularization research in brain organoids [15,86].
Saberi et al. [87] engineered a microporous PDMS chip with dual cul-
ture chambers separated by an 8-pum membrane-a configuration that
permits axonal penetration to establish functional neural networks
while preserving tissue compartmentalization-and thereby recapitu-
lated epilepsy’s core pathology of transregionally propagating abnor-
mal discharges in a 3D in vitro model (Figure 3A). Based on the
current research advancements in microfluidic technology, simple 2D
and 3D model chips have been developed to simulate the BBB and
human microenvironment, which typically incorporate organoids,
neurons, human HUVECs, and glial cells to mimic key physiologi-
cal processes in blood circulation such as shear stress and nutrient
exchange (Figure 3B-D) [88-91]. A microfluidic chip that employs
microcontact printing to create Geltrex adhesive islands within its
central channel facilitates the formation of tubular structures from
hPSCs, which achieves 3D spatial patterning of the human neural
tube along both rostral-caudal and dorsal-ventral axes in vitro for the
first time, recapitulates key embryonic nervous system developmental
processes [92]. Consequently, it provides an in vitro platform that
closely simulates the in vivo microenvironment (Figure 3E). Quintard
et al. [93] designed a four-chamber organ-on-a-chip that incorporates
two circuits, a ’surrogate blood circuit” whose channel dimensions
were scaled to human physiology, and an ’excretory circuit’ with the
specific organ combination selected to enable research evaluating com-
pound absorption, distribution, metabolism, and excretion profiles and
personalized drug screening (Figure 3G). The PDMS material exhibits
certain limitations in hydrophobic compound compatibility and small



Jing et al. Organelle (2025) 3:7 Page 7 of 11

-+ Blood Channel
®® @ - Brain Channel

-+— Medium Channel

Brain Channel

o%® 4 > }
° oy ifferentiati ‘m
o9 ,}2‘ l Differentiation ..; I
Coverslip 7
Top channel

= | support posts
Patterning region
Human PS cell colony
Central channel

EB formation Cortical organoid

E . ;

- 99

G Neuranal Intestine hledium? .
|§“e:ral:|a,.q @™ equivalent [ glomerular Neuronal Intestine Medlurn
uivalent equivalent eqelvalent eq:nvalent reservoir il

¥ ]

£ N
ei —
£o \/\ Blood
25 { 1 micropump

/ x\ /1

Renal tubular Liver

.................. Porous equivalent equivalent
membrane

Pre-gel e’ ) i
L’ tFlow --> == --> -—> ! i
! & (3 ( i '
| y (3 NE) @ ( .
' . \ i = i ‘
| 3 : & (@ -
! { 22 3 5 . 1 H
| el D Gl | (@ @
) >hiPSC o o ! . . i i
i 2 e H . i :
1 '3 1 B i :
' B ! v . ! ;
i 1 5 1 \
i 1 A4 1 !
E : B

Figure 3. Brain Organoids-on-a-Chip with Microfluidic Integration.

A. Device that simulates the propagation of epileptiform discharges between brain organoids [87]. B. Schematic diagram of a dual-channel microengineered brain organoids-on-
a-chip modeling the nigrostriatal pathway [88]. C. 2D BBB chip consisting of three channels [89,90]. D. Schematic of a perfusable brain organoids-on-a-chip featuring dual culture
medium channels separated by micropost arrays, with permeable channels enabling nutrient/oxygen exchange [91]. E. Dorsal-ventral patterned microfluidic forebrain-like struc-
tures with spatially segregated dorsal and ventral regions and layered apicobasal cellular organizations that mimic development of the human forebrain pallium and subpallium,
respectively [92]. F. Chips with micropillars to generate EBs and brain of consistent size and morphology [95]. G. Physiologically inspired model of the four-organ-chip [93].
H. Perfusable organoid vascularization chip [14]. I. Finalization of formed brain assembloids using electrospray technology and microfluidics [96].

molecule absorption. In contrast, chips manufactured with cyclic olefin  and endothelialization protocols (Figure 3H). Additionally, chips fabri-
copolymer (COC) demonstrate long-term stability, suitability for large-  cated from other materials exist, such as a photocurable resin chip
scale production, excellent optical properties, and low chemical absorp- ~ composed of functional acrylic ester-based monomers, photoini-
tion [94]. Quintard et al. [14] developed a COC-based organ-on-a-chip  tiators, and crosslinkers, which comprises a top layer with chan-
that incorporated 10 parallel microchannels, each featuring a U-shaped  nels for cell injection/fluid flow and a bottom layer containing
cup-like trap structure for precise organoid positioning, through which ~ four independent chambers embedded with micropillar arrays;
functional vascularization and perfusion of multiple organoid types these chambers enable precise control over embryoid body dimen-
were successfully achieved using advanced hydrogel encapsulation — sions to prevent organoid fusion while the four independent chambers
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supports parallel drug screening [95] (Figure 3F). Zhu et al. [96]
encapsulated hiPSCs in sodium alginate-carboxymethyl cellulose core-
shell microcapsules using microfluidic electrospray, which functioned
as 3D culture scaffolds to protect cells from mechanical stress, enable
nutrient exchange, and promote self-organization into uniform embry-
oid bodies (EBs), which were subsequently differentiated into region-
specific brain organoids (Figure 3I). Additionally, Szebényi et al. [97]
pioneered a human brain organoid slice model that resolves hypoxia
in conventional organoids. By sectioning 50-day-old cerebral organo-
ids into 300-pm slices for air-liquid interface culture, they extended
viability to 240 days and recapitulated early COORF72-linked
ALS/FTD pathology.

In summary, microfluidic systems not only provide a more physio-
logically relevant culture environment for brain organoids but also es-
tablish the physical foundation for subsequent on-chip induction and
integration of vascular networks. Simultaneously, they hold immense
potential for applications including screening blood-brain barrier per-
meability of drugs, assessing neurotoxicity, investigating neurovas-
cular coupling mechanisms, and studying the pathogenesis of brain
disorders.

4. CURRENT LIMITATIONS AND FUTURE PERSPECTIVES

Brain organoids, which are self-organizing 3D tissues derived from
human pluripotent stem cells, can replicate the structure and function
of the human brain. The methods for generating these organoids have
been continuously optimized, resulting in the successful development
of vascularized organoids [14,30]. When combined with immunostain-
ing and single-cell sequencing technologies, these organoids effectively
model the dynamic spatiotemporal processes of early neural develop-
ment [13]. Additionally, they provide valuable models for a variety of
brain diseases, including GBM, AD and PD, thereby offering a novel
preclinical platform for investigating pathogenesis and conducting
drug screening [13]. However, the current advancements in organoid
technology continue to face several challenges and limitations.

Firstly, the lack of internationally standardized protocols for orga-
noid construction, quality assessment, and drug evaluation signifi-
cantly limits data comparability and reproducibility across research
platforms, while mass production of organoids has been achieved
via electrospray technology and the Hi-Q platform, their inadequate
structural and functional maturity impedes accurate simulation of
the highly intricate architecture of native organs (particularly the
brain) and the characteristics of adult tissues [48,96]. Furthermore,
this field is limited by excessively high production costs and techni-
cal complexities, which involve resource-intensive processes such
as the induction of pluripotent stem cells, the optimization of 3D
culture systems, and high-throughput analysis [98]. These factors
hinder the potential for large-scale applications. While vascularized
organoids and microfluidic systems have significantly mitigated issues
related to vascular deficiency-induced necrosis through dynamic per-
fusion and engineered designs that preliminarily simulate multi-organ
interactions, challenges concerning the deep integration of functional
vascular networks, neuro-immune co-simulation, and scalable produc-
tion remain unresolved [99]. The potential development of conscious-
ness in brain organoids, driven by advances in organoid technology,
underscores the imperative for ethical norms and guidelines to miti-
gate associated risks [99]. To address these challenges, we propose
leveraging multi-omics integration to imultaneously acquire transcrip-
tomic, proteomic, metabolomic, and electrophysiological data at
single-cell and spatial resolutions [100]. Furthermore, by incorporating

Jing et al. Organelle (2025) 3:7

machine learning techniques, we can identify key factors influencing
cellular development, which will enable the optimization of culture
conditions, enhance overall organoid maturity, and improve consis-
tency across experimental batches [100,101].

In summary, this review discusses the construction of cerebral
organoids and their applications in disease modeling. It also high-
lights the ongoing challenges in organoid technology, including drug
evaluation, functional simulation, cost efficiency, and vascularization.
Future advancements, particularly breakthroughs in vascularization,
immunomodulation, and systematization, expected to enhance the util-
ity of organoids. At the same time, the establishment of standardized
protocols and ethical frameworks is a crucial prerequisite for translat-
ing organoid technology from laboratories to clinical practice.
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