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SUMMARY

Human brain organoid models have emerged as a promising tool
for studying human brain development and function. These
models preserve human genetics and recapitulate some aspects
of human brain development, while facilitating manipulation in
an in vitro setting. Despite their potential to transform biology
and medicine, concerns persist about their fidelity. To fully harness
their potential, it is imperative to establish reliable analytic
methods, ensuring rigor and reproducibility. Here, we review cur-
rent analytical platforms used to characterize human forebrain
cortical organoids, highlight challenges, and propose recommen-
dations for future studies to achieve greater precision and unifor-
mity across laboratories.

INTRODUCTION

Human brain development precisely orchestrates the for-
mation of numerous functionally distinct cell types, re-
gions, and connections, underpinning our unique social,
cognitive, and sensory-motor abilities. This complex pro-
cess is governed by intricate molecular mechanisms, the
understanding of which is essential for developing effec-
tive treatments for various brain disorders. The challenge,
however, lies in the inaccessibility of human brain tissues,
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especially from prenatal stages, and the limitations of
direct experimentation, thus necessitating reliance on ani-
mal models. Yet, mounting evidence underscores substan-
tial differences in developmental processes between hu-
mans, mice, and other model organisms (Sousa et al.,
2017). Furthermore, human neuronal and glial popula-
tions exhibit greater cellular diversity than their rodent
counterparts, and the uniqueness of many aspects of hu-
man metabolism, including drug metabolism, adds
another layer of complexity. Consequently, gaining in-
sights into the intricacies of the developing human brain
necessitates the use of human models.

Human brain organoid models have surfaced as an
appealing platform for studying human brain develop-
ment and function. Derived from human pluripotent
stem cells (hPSCs), these organoids can self-organize or be
patterned to form highly enriched neural cell aggregates
thatresemble diverse regions of the central nervous system,
including the cerebral cortex (Kadoshima et al., 2013; Lan-
caster et al., 2013, 2017; Renner et al., 2017), midbrain (Jo
etal., 2016; Smits et al., 2019), striatum (Chen et al., 2022),
hippocampus (Sakaguchi et al., 2015), cerebellum (Ata-
mian et al.,, 2024; Chen et al., 2023; Muguruma et al.,
2015), spinal cord (Lee et al., 2022), thalamus (Kiral et al.,
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Figure 1. The number of publications on human brain orga-
noids in PubMed

2023), hypothalamus (Huang et al.,, 2021), brain-stem
(Eura et al., 2020), choroid plexus (Pellegrini et al., 2020),
and retina (Zhong et al, 2014). In addition, various
research groups have pioneered the fusion of region-spe-
cific organoids to create assembloids, which emulate the
functional relationships between distinct brain regions as
observed in the developing human brain. Regional combi-
nations include dorsal-ventral forebrain, cortex-striatum,
cortex-thalamus, hypothalamus-pituitary, and cortico-mo-
tor assembloids (Andersen et al., 2020; Bagley et al., 2017;
Birey et al., 2017; Kasai et al., 2020; Miura et al., 2020;
Xiang et al., 2017, 2019), among others. Moreover, brain
organoids can also be generated to include cell types with
diverse embryonic lineages generated through separate dif-
ferentiation protocols, such as microglia (Abud et al., 2017;
Lin et al., 2018; Nzou et al., 2018; Ormel et al., 2018; Shi
et al., 2020; Song et al., 2019) and endothelial cells (Ham
etal., 2020; Pham et al., 2018). They exhibit network activ-
ities akin to in vivo multi-frequency oscillations (Trujillo
et al., 2019), further confirming that brain organoids pre-
serve aspects of human development both spatially and
temporally in an in vitro setting (Dolmetsch and Gesch-
wind, 2011). Thus, brain organoids have become invalu-
able for investigating both normal development (Bagley
et al, 2017) and pathological conditions (Marton and
Pasca, 2020; Sloan et al., 2018), including autism spectrum
disorders (Villa et al., 2022), Down syndrome (Xu et al.,
2019), Rett Syndrome (Gomes et al., 2020), and fragile X
syndrome (Kang et al., 2021), showcasing their potential
for disease modeling.

Despite their transformative potential, as evidenced by
the proliferation of published data on organoids since their
inception (Figure 1), major challenges remain in terms of
fidelity and reproducibility of these models. As a starting
point, the quality of hPSC lines used to generate the orga-
noids and their cultivation conditions significantly impact

the quality of organoids and the outcome of organoid
models (Glass et al., 2023; Watanabe et al., 2022). Adher-
ence to stringent standards for hPSC maintenance,
including regular testing for pluripotency, the presence of
pathogens, and genetic integrity, as recommended by the
International Society for Stem Cell Research (ISSCR) (Lud-
wig et al., 2023), is imperative. Once generated, organoids
must be quantitatively analyzed using precise methods
and reported in sufficient detail for rigor and reproduc-
ibility. However, quantitative analysis of cellular pheno-
types within organoids is highly challenging. This diffi-
culty is underscored by the lack of standardized and clear
guidelines for distinguishing between technical and bio-
logical replicates, leading to misleading statistical analyses
if these variables are not factored into the analysis.

To fully harness the potential of brain organoids as exper-
imental models that bridge animal models and human
brain development, it is thus critical to develop reliable
and standardized methods for phenotypic analysis,
ensuring rigor and reproducibility. This review provides a
comprehensive overview of the current quantitative ana-
lyses of cortical organoids, the most commonly used orga-
noid type, from cellular to molecular and functional ana-
lyses, offering guidelines to bolster the reliability and
reproducibility of research within this burgeoning field.

CELLULAR ANALYSES OF ORGANOIDS

Brain organoids serve as pivotal models for understanding
the three-dimensional development of the human brain,
necessitating precise evaluation of both their architectural
features and the spatial distribution of different cell types.
Although histological analyses of cell lineage markers
indicate that organoids roughly resemble the complex hu-
man brain cytoarchitecture (Kadoshima et al., 2013; Lan-
caster et al., 2013; Pasca et al., 2015; Qian et al., 2016,
2020), the availability and consistency of quantitative
data on these aspects remain limited. Here, we provide
an overview of the current methodologies employed for
quantifying cell types in cortical organoids generated us-
ing directed differentiation protocols (e.g., Birey et al.,
2017; Kadoshima et al., 2013; Qian et al., 2016). Further-
more, recognizing the critical need for standardization in
this emerging field, we propose a unified reporting frame-
work to enhance rigor and reproducibility of brain orga-
noid measurements.

Quantitative analysis of three-dimensional (3D)
architecture and cell types

Several cell type-specific markers developed for in vivo brain
analyses can be used for cellular and architectural compar-
isons between the developing human brain and brain
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Figure 2. Morphological analyses that have been used for or-
ganoids

(A) Morphological analyses of organoids include organoid volume,
organoid neural rosette number, diameter, perimeter, lumen area,
ventricular zone area, ventricular zone + lumen area, length of basal
membrane, and length of apical membrane.

(B) Cellular architectural analyses of organoids include the mea-
surements of thickness of cellular layers resembling cortical layers
in the brain as identified by common developmental markers. The
thicknesses of cell layers were obtained by three measurements
equally distanced by 45°.

organoid models (Table S1). These gene markers, including
PAX6 (Thakurela et al., 2016) and SOX2 (Zhang and Cui,
2014) for the ventricular zone (VZ), EOMES and PPP1R17
for the apical subventricular zone (SVZ), HOPX for the
outer subventricular zone (0SVZ), and RBFOX3/NeuN,
TUBB3, and MAP2 for neurons in the cortical plate (CP)
(Anastasaki et al., 2022), enable researchers to map orga-
noid development with precision. Additional markers
such as TBR1 (layer 6); BCL11B/CTIP2 (layer S); SATB2
(layer 4); POU3F2/BRN2, CUX1, CUX2, and SATB2 (layers
2 and 3); and RELN (layer 1) are used to identify specific
neuronal layers, while ALDH1L1, S100B, OLIG2, and
MBP distinguish non-neuronal cells such as astrocytes
and oligodendrocytes (Fleming and Coutts, 1988; Voulga-
ris et al., 2022). Notably, each cortical layer contains multi-
ple cell types (Ma et al., 2022), most of which are best
defined by a combination of markers rather than a single
one. These markers, together with cell counting platforms
such as CellProfiler, Imaris, and ImageJ (Tables S2 and
S4), have been useful for qualitative comparisons of brain
organoids and the human brain (Bhaduri et al., 2020; Gor-
don et al., 2021; Pollen et al., 2019; Zhou et al., 2024).
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In addition to identifying cell types within the organoid,
morphological analyses such as measuring the diameter,
perimeter, area, and volume of whole organoids (Figure 2A)
provide basic structural insights. During the early stages of
differentiation, cortical organoids contain one or multiple
neural rosettes. The cross-sections of neural rosettes
resemble the cross-sections of neural tube which has a cen-
tral lumen and several layers of cells comprising neural pro-
genitor cells and sometimes immature neurons. To expand
on these measures, Qian and colleagues developed a
method to quantify the neuroepithelium of rosettes using
SOX2 and BCL11B to differentiate between the ventricular
zone (SOX2-positive progenitors), subventricular zone
(SOX2-positive progenitors and BCL11B-positive neurons),
and cortical plate (BCL11B-positive neurons) (Qian et al.,
2016). After defining these layers, the authors performed
three radial measurements, separated by a 45-degree angle,
to quantify ventricular and cortical plate thicknesses (Fig-
ure 2B), important measures of organoid maturation.
Another common technique to evaluate cellular distribu-
tion without the need to differentiate between specific
layers based on cell markers is “cell binning” (Kang et al.,
2021; Qian et al., 2020). By dividing the region of interest
into discrete sections or “bins,” researchers can quantita-
tively assess cell types within each segment. Cell distribu-
tion along the layers can then be easily compared across
experimental groups or conditions (Kang et al., 2021;
Qian etal., 2016, 2020), offering a reliable view of organoid
composition and development. Such measurements have
proven instrumental in validating organoids as models of
developmental disorders characterized by significant varia-
tions in cell numbers, such as microcephaly and macroce-
phaly (Brighi et al.,, 2021; Tang et al.,, 2021; Zhang
et al., 2019).

Challenges

Quantitative assessment of brain organoids presents a
multifaceted challenge, primarily due to the variability in
organoid development and the lack of standardized report-
ing guidelines. For example, early differentiation of cortical
organoids features neural rosettes, structures that resemble
the neural tube (Zhang et al., 2001). However, unlike the
developing brain that has a single neural tube, cortical or-
ganoids have more than one neural tube-like rosette struc-
ture and exhibit significant variability even among organo-
ids differentiated from the same hPSC line (Glass et al.,
2023). This variability is further complicated by the lack
of clearly defined cortical layers in later developmental
stages, diverging from the typically developing human
brain in vivo. Furthermore, markers commonly used to
identify certain cell populations within organoids may
not be specific for a given cell type, necessitating coexpres-
sion analyses of multiple markers for accurate cell identifi-
cation. Moreover, additional markers are needed to better
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define neuronal layers and cell types. Single-cell gene
expression analysis is of particular value in confronting
this issue, having identified new cell types and cell type-
specific markers (Ma et al., 2022; Pollen et al., 2014).
Compounding this issue, there is also a lack of specific
and well-characterized antibodies for individual cell types.
Techniques like single-molecule fluorescence in situ hybrid-
ization (FISH) (e.g., RNAscope) have partially addressed this
by detecting RNA rather than protein, but the RNA expres-
sion does not always linearly correlate with the protein
expression (Ma et al., 2022). Therefore, significant efforts
should be dedicated to generating specific, reproducible,
and open-source antibodies for human cell lineage anal-
ysis, improving the precision of organoid characterization.
Finally, cell types, distributions, and architecture can vary
widely, depending on the organoid generation protocol
used (Kelava and Lancaster, 2016; Poli et al., 2019), high-
lighting the need for a more unified approach to organoid
cultivation and analysis.

To date, there are no standardized reporting guidelines
for quantitative analyses of organoids, in stark contrast to
human and animal brain studies, which benefit from pub-
lished atlases and well-established measurement methods
(Hawrylycz et al., 2012; Poli et al., 2019). This lack of stan-
dardization is evident in the reporting practices of organoid
studies, where less than half of published brain organoid
studies include quantitative analyses of cell types and ar-
chitecture (Bremond Martin et al.,, 2021). Furthermore,
the details provided in these studies often lack the detail
required for reproducibility, such as the number of organo-
ids analyzed per condition, the number of regions quanti-
fied within each organoid, and the methods employed
for data analysis. Often, single cryosections from a single
organoid are quantified, without consideration of the
entire organoid or differentiation batch, introducing po-
tential sample bias and further complicating comparative
analyses across studies.

Optical clearing for morphological analysis of
organoids

Various imaging techniques are used for analyzing orga-
noids, including confocal and light sheet microscopies
(Dekkers et al., 2019; Ntziachristos and Razansky, 2010;
Shnaider and Pristyazhnyuk, 2021). Confocal micros-
copies require thin-section preparations (4-20 um), which
makes 3D reconstruction challenging. On the other hand,
light sheet microscopy, when combined with optical
clearing methods (Table S3), enables sufficient in-plane
resolution and deep light penetration for both qualitative
and quantitative analyses of neuroanatomical structures
in intact whole organoids (Susaki and Takasato, 2021).
Optical clearing removes the bias of choosing individual
cryosections and eliminates sectioning-induced artifacts,

such as tissue distortion (Albanese et al., 2020). Neverthe-
less, it is important to optimize antibody concentration,
permeabilization, and incubation times, since the con-
centrations may be higher and incubations longer when
using optical clearing compared to conventional staining
practices. For further detail, Smrek and Stelzer offer recom-
mendations on immunostaining whole mounts based on
different fixation and permeabilization criteria (Smyrek
and Stelzer, 2017). Once an optimized framework has
been established, tissue clearing for organoids allows for
fast and high-throughput characterization.

Arange of clearing techniques (Kolesova et al., 2021; Sus-
aki and Takasato, 2021) have been adapted for organoids,
including methods based on organic solvents, hydrophilic
reagents, and hydrogels. The choice of the optimal clearing
method depends upon the experimental goals and the
method of organoid generation. For example, a compari-
son of three clearing methods on neurospheres found
that the Clear'® protocol preserved structural integrity
more effectively, whereas ScaleSQ caused tissue expansion,
and SeeDB resulted in tissue shrinkage (Boutin and
Hoffman-Kim, 2015). In contrast, different studies showed
tissue shrinkage with Clear™ in spheroids (Diosdi et al.,
2021; Nurnberg et al., 2020), and another comparison
showed that, for on-chip clearing, SeeDB and ScaleSQ out-
performed Clear'? (Grist et al., 2016). However, SeeDB and
ScaleSQ had drawbacks, such as induced autofluorescence
and tissue expansion, respectively. These data underscore
the importance of conducting comparative analysis of
clearing methods to ascertain the optimal approach for spe-
cific projects.

Cleared organoids allow for extraction of multiple mea-
surements. These range from large features such as the or-
ganoid volume and shape to finer details such as the vol-
ume of VZ-like zones, which can be generated by creating
surfaces around cells positive for PAX6 and NCAD (Glass
et al., 2023). In addition, quantification of cell types based
on markers and neuronal migration is possible across the
3D image (Meng et al., 2023).

Challenges

Cleared organoids generate large amounts of data with
greater complexity than two-dimensional (2D) immuno-
histochemical sections; therefore, data analysis and man-
agement plans are paramount. However, data analysis
poses a significant challenge to image-based quantitation
using cleared organoids, especially when stitching multiple
z stacks of images into a cohesive 3D structure and aligning
multiple channel images to correct chromatic aberration
(Krupa et al., 2021). Stitching usually involves intention-
ally overlapping image portions and thus is prone to errors,
including doubling of image features (like nuclei) that can
alter counts along the stitching seams. Stitched stacks must
therefore be visually checked for accuracy. Moreover,
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despite the existence of numerous tools for 2D nuclear seg-
mentation (Greenwald et al., 2022), the options for 3D seg-
mentation are limited (Diosdi et al., 2021; Stringer et al.,
2021), making it difficult to accurately separate nuclei
among densely packed cells even in high-resolution images
(Borland et al., 2021).

Lack of standardized methods for labeling can lead to sig-
nificant variability across studies. For example, one of the
issues in the analysis of organoid morphology is whether
necrotic cores—regions of dying or dead cells at the center
of larger organoids, typically resulting from insufficient
nutrient perfusion—should be included in volume mea-
surements. This practice is contentious because these cores
lack healthy or viable cells, raising questions about their
relevance to meaningful morphological assessments.
Consequently, new analytical tools are needed to automat-
ically count nuclei within regions densely packed with
cells, identify distinct zones within the organoid such as
VZ- or CP-like areas and necrotic cores, and trace axonal
connections.

MOLECULAR ANALYSES OF ORGANOIDS

Transcriptome analyses

Almost every aspect of cellular physiology is dependent on
and regulated by the transcriptome. Advances in next-gen-
eration sequencing, such as bulk and single-cell RNA
sequencing (scRNA-seq), have unlocked the potential to
delineate transcriptomic signatures of multiple types of
cells across cell development, disease states, and specific
brain regions. However, despite its promise, the application
of human brain transcriptomics is constrained by the
limited availability of primary human tissue. Thus, human
brain organoids emerge as a powerful surrogate, facilitating
the exploration of the transcriptome at the single-cell level.
Indeed, scRNA-seq data from cortical and retinal organoids
are concordant with scRNA-seq data from the developing
human cerebral cortex and retina, respectively (Fernando
et al., 2022), showcasing organoid transcriptomic fidelity.
In addition, different organoid models—cortical vs.
thalamic vs. medial ganglionic eminence organoids—
have distinct transcriptome profiles (Xiang et al., 2017,
2019), further supporting their fidelity as model systems.
One recent study built an integrated human neural orga-
noid cell atlas that has harmonized a number of scRNA-
seq transcriptomic data from organoids and mapped devel-
oping human brain data onto the atlas for comparison to
primary cell types (He et al., 2023b).

Organoid transcriptomics not only illuminate develop-
ment in health and disease but also reveal the maturation
of cellular composition over time (Quadrato et al., 2017;
Sun et al., 2021). For instance, analysis of 6-month-old or-
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ganoids unveiled gene expression profiles indicative of cell
types absent in 3-month-old organoids (Gordon et al.,
2021), demonstrating their evolving complexity. Most
recently, trajectory inference approaches elucidated the
differentiation sequence of cell types within cortical orga-
noids (He et al., 2023a; Qiu et al., 2017), such as radial
glia differentiation into mature excitatory or inhibitory
neurons (Velasco et al., 2019).

While scRNA-seq has predominantly been used to study
mRNA4, its versatility extends to studies of cell type-specific
long non-coding RNAs (IncRNAs) (Field et al., 2019), ex-
panding the relevance of this method for mechanistic in-
sights of human brain development and pathology. These
methods can reveal new insights into numerous types of
disorders (Klaus et al., 2019; Leong et al., 2022; Sawada
et al., 2020), marking a transformative era in our under-
standing of cellular dynamics in the context of neurodeve-
lopmental health and pathology.

Challenges

Organoid variability poses a challenge for transcriptomics
studies, largely due to differing growth conditions and
extracellular matrix components across labs (Chiaradia
et al., 2023; Martins-Costa et al., 2023; Pagliaro et al.,
2023). Certain cell types such as neuroprogenitors, excit-
atory neurons, and astrocytes, are consistently detected
across models, while others, such as inhibitory neurons,
appear sporadically. It is thus imperative that culture condi-
tions are standardized to enhance comparisons across
studies and models.

In addition, single-cell transcriptomics analyses of orga-
noids are mostly done using large-scale platforms such as
droplet-seq (10x Genomics) (Yang et al., 2024) or split-
seq (Parse Biosciences) (Glass et al., 2023). Although
many cells can be sampled, the depth of sequencing per
single cell is low, which undermines in-depth cell type or
differential gene expression analyses requiring the pres-
ence of genes with low expression levels.

Furthermore, data analysis pipelines such as Cell Ranger,
while constantly evolving, present challenges in experi-
mental application and dataset comparisons. A recently
published machine learning tool, Brain and Organoid
Manifold Alignment (BOMA), represents a step forward
in integrating scRNA-seq datasets to identify common or
diverse developmental trajectories between human orga-
noids and brains (He et al., 2023a).

Finally, scRNA-seq alone is limited in defining cell types
and cell lineages. The integration of multiomics ap-
proaches offers a more nuanced view of gene regulatory
networks critical for cellular functions. For example,
combining transcriptomic data with chromatin accessi-
bility measurements (e.g., single-cell assay for transpo-
sase-accessible chromatin with sequencing or scATAC-
seq) has revealed aspects of gene regulatory mechanisms
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such as linking transcription factors and distant regulatory
elements to target genes, which transcriptomics alone
might miss (Zhang et al., 2022). Despite their promise to
enrich our understanding of molecular mechanisms gov-
erning early human brain development, single-cell multio-
mic technologies face unique challenges such as high noise
and dropout rates, batch effects, and the complexity of data
integration. The field still awaits the development of
computational methods capable of effectively integrating
single-cell multiomics data and comparing brains and orga-
noids, which, despite the current high costs, would signif-
icantly advance our comprehension of the genetic and
epigenetic underpinnings of brain organoid development
and function.

Metabolic analyses

The brain, as the most energy-demanding organ in the
body, demands a continuous and substantial supply of
adenosine triphosphate (ATP) to maintain its complex
functions. This energy requirement underpins not only
the basic cellular activities but also the higher-order pro-
cesses such as neuronal firing, essential for cognitive and
sensory-motor functions (Rangaraju et al., 2014). More-
over, brain diseases often manifest with alterations in
diverse cellular processes, including metabolism, which is
highly dynamic and specific to cell type (Chong et al.,
2022). Notably, metabolism is profoundly influenced by
cellular environment. For organoid cultures, this environ-
ment depends on external conditions such as culture me-
dia composition and the levels of oxygen and carbon diox-
ide. Thus, to understand—and potentially target—the
effects of metabolism on brain development and disease,
we must ensure that organoid culture conditions are as
close to physiological conditions as possible.

Various methods are available to assess metabolic activity
and metabolic stress, as detailed in Table S4. Some of these
methods represent endpoint analyses, while others can be
conducted on live cells. Widely utilized methods include
colorimetric assays and biochemical measures of mito-
chondrial activity. Additionally, emerging technologies
for comprehensive metabolome and lipidome assessments
encompass targeted and untargeted metabolomics, and im-
aging mass spectrometry for examining spatial distribution
of metabolites.

Microscopy assays

Among live assays, fluorescence microscopy and fluores-
cence lifetime imaging microscopy (FLIM) stand out as valu-
able tools for non-invasive real-time studies of metabolic ac-
tivity (Okkelman et al, 2020). For example, specific
fluorescent probes allow estimation of the optical redox ra-
tio in a given cell. This method can indicate the mitochon-
drial nicotinamide adenine dinucleotide (NAD+/NADH)
redox potential (Blacker and Duchen, 2016), where higher

redox ratio suggests prevalence of oxidative phosphoryla-
tion (OXPHOS) (Meleshina et al., 2017), as well as oxidized
glutathione (Jiang et al., 2017, 2019), which can reflect reac-
tive oxygen species (ROS) production in a cell. In turn, FLIM
measures the contribution of exogenous and endogenous
fluorophores over time (Meleshina et al., 2016) and has
been employed to estimate the relative amounts of free or
enzyme-bound NAD(P)H in brain spheroids (Kashirina
et al., 2021; Stringari et al., 2012).

Plate-based assays

Specific glucose and lactate assays offer the capability to
measure the respective metabolite concentration in both
tissue and culture medium (Cho et al., 2021). Simulta-
neously, genetically encoded pH sensors, designed to selec-
tively target distinct cellular compartments (Martynov
etal., 2018), assess tissue pH (Kashirina et al., 2021). Collec-
tively, these assays provide information on tissue acidity,
indirectly indicating anaerobic conditions and cellular
stress. Furthermore, Seahorse analysis can provide informa-
tion on mitochondrial respiration by measuring oxygen
consumption rate and glycolysis by measuring extra-
cellular acidification rate. Although Seahorse is primarily
designed for monolayer cultures, new protocols for
measuring bioenergetics in intestine-derived and brain-
derived organoids are emerging. Methods involve dissoci-
ating organoids to monolayer culture before Seahorse
analysis and sequentially administrating mitochondrial
inhibitors (the ATP synthase inhibitor oligomycin, the
proton ionophore carbonyl cyanide-p-trifluoromethoxy-
phenyl hydrazone [FCCP], the mitochondrial complex I in-
hibitor rotenone, and the mitochondrial respiratory chain
inhibitor antimycin A) and blocking mitochondrial mem-
brane potential and electron transport (Le et al., 2021; Lu-
dikhuize et al., 2021). These complex experiments can
tease out specific mitochondrial processes that collectively
occur in each organoid sample.

Nanoparticle-based assays

Intra-organoid oxygen levels can be measured by oxygen-
sensitive phosphorus nanoparticles, which emit phospho-
rescence based on oxygen levels. To implement this tech-
nique, nanoparticles are diffused into brain organoids
incubated in medium containing Pt(II) meso-tetra(penta-
fluorophenyl)porphine (PtTFPP)-poly(urethane acrylate
nonionomer) (PUAN) (Choi et al., 2012). Higher oxygen
levels result in lower phosphorescence of the nanopar-
ticles, which is attributed to collisional quenching between
oxygen molecules and PtTFPP (Kashirina et al., 2021).
Metabolomics analyses

To comprehensively assess metabolism in organoids,
targeted and untargeted metabolomics are powerful ap-
proaches. Although extensively employed in cancer mo-
dels, the utilization of these methods in human brain orga-
noid models has been relatively limited (Gomez-Giro et al.,
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2019; Notaras et al., 2021; Sun et al., 2021). Targeted anal-
ysis of the glycolytic and fatty acid pathways, OXPHOS,
and other metabolites would provide specific metabolome
insights that, coupled with transcriptome analyses, would
generate the precise metabolic landscape in organoid
models. Most recently, imaging mass spectrometry, which
provides spatial localization of hundreds of metabolites
in a given sample at the same time, without the need for
special probes or labeling, generated the first map of lipids
in a human brain organoid model (Cappuccio et al., 2023)
(Figure 3). Imaging mass spectrometry has been envisioned
as a spatial metabolomics tool, paving the way for future
studies of the metabolic/lipidomic status of diverse orga-
noid models over time. Despite technical challenges, these
mass spectrometry-based methodologies offer the most
comprehensive insights into organoid metabolomes,
particularly when coupled with transcriptome analyses of
enzymes. Embracing these advanced techniques holds
promise for unraveling the complex metabolic signatures
and organoid stress responses in human brain organoid
models.

Challenges. Metabolic studies in organoids are challenging
and intrinsically linked to the complexity of metabolic pro-
cesses and the constraints of current methodologies for or-
ganoid growth and analysis. These challenges influence the
precision, consistency, and depth of our understanding of
metabolism in these complex models.

One of the most significant challenges in organoid cul-
ture is the diffusional limitation of oxygen and nutrients
(Bhaduri et al., 2020; Qian et al., 2016). As organoids
grow in size, their innermost cells may experience hypoxia
and nutrient deprivation, leading to a cascade of cellular
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Figure 3. Distinct mass spectrometry
technologies offer cell type-specific ana-
lyses of the metabolome

l l Conventional mass spectrometry (liquid
oL chromatography-mass  spectrometry [LC-
h ]‘ Organoid sections MS]) detects the metabolome content in a
‘\/ ® low-volume sample lysate, while imaging

mass spectrometry (IMS) maps the distribu-
tion of metabolites in tissue sections, thus
providing spatial information on thousands
of label-free metabolites.

lto MS

« Different molecular classes imaged.
¢ Integration with other imaging modalities.

stress responses. Several studies have reported markers of
oxidative stress in organoids, such as DNA damage, lipid
peroxidation, protein oxidation products, and unfolded
protein response as well as increased markers of glycolysis
(such as the glycolysis PGK1 gene), endoplasmic reticulum
(ER) stress (such as ARCN1 and GORASP2 genes), and elec-
tron transport pathways (Bhaduri et al., 2020; Huang et al.,
2022b; Pollen et al., 2019). Even though this process starts
in the inner parts of the organoid, it alters the metabolic
landscape throughout, as dying cells release their acidic
content into the tissue. This process can skew metabolic as-
sessments and has necessitated development of strategies
to enhance nutrient and oxygen penetration (Giandome-
nico et al., 2019; Qian et al., 2020).

Creating physiological metabolic conditions is a chal-
lenge of its own because metabolism—and particularly
generation of ATP for energy demands—is cell type depen-
dent. Achieving a cell’s ATP demands hinges on the delicate
balance between glycolysis and OXPHOS, the former
distinctly favored by proliferating cells, such as neuropro-
genitors, and the latter by postmitotic cells, such as neu-
rons (Vander Heiden et al., 2009). This metabolism is re-
flected in mitochondrial adaptations: proliferating cells
have smaller, shorter mitochondria favoring glycolysis
and lipid metabolism, while postmitotic cells contain com-
plex, elongated mitochondria, multiplied in number to
accommodate the increased demand for OXPHOS. The
coexistence of proliferating and non-proliferating cell
types in the organoids—albeit at varying degrees—presents
a challenge in ensuring optimal nutrient supplies to meet
their respective metabolic demands across developmental
stages, as well as assessing metabolism of specific cell types.
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Figure 4. Hyperglycemia causes cellular stress via the polyol
pathway

(A) Glucose concentrations (mM) of commonly used basal media are
significantly higher compared to those in the brain (Brain, in vivo).
BME, basal medium Eagle. BP, BrainPhys medium. DMEM, Dulbec-
co’s modified Eagle medium. HG, high glucose. LG, low glucose.
GMEM, Glasgow minimum essential medium. Nb, Neurobasal me-
dium. IMDM, Isocove’s modified Dulbecco’s medium. IMEM,
improved minimum essential medium.

(B) Under normoglycemia, glucose is phosphorylated to produce
glucose 6-phosphate to initiate glycolysis, which feeds pyruvate
into the tricarboxylic acid (TCA) cycle.

(C) Under chronic hyperglycemia, the enzyme that converts glucose
into glucose 6-phosphate, hexokinase, becomes saturated. As
glucose builds up, aldose reductase converts glucose into sorbitol,
which is then converted into fructose. Fructose accumulation in-
creases advanced glycation end products (AGEs) which cause ER
stress. In addition, the conversion of glucose to sorbitol depletes
the nicotinamide adenine dinucleotide phosphate (NADPH)
required for the antioxidant system, thereby increasing oxidative
stress. Hyperglycemia also leads to an increase in the overall rate of
glycolysis with a concurrent decrease in the rate of oxidative
phosphorylation, termed a glycolytic shift, which is associated with
numerous disease phenotypes across tissue types.

Indeed, the standard culture conditions often do not
accurately mimic the in vivo environment of human tissues,
inadvertently contributing to stress responses in cells. For
example, current standard brain organoid culture media
are hyperglycemic (Figure 4A), which may heighten
neuronal stress as cells increase oxygen consumption to
metabolize the high glucose content, consequently gener-
atingmore ROS (Yuetal., 2006) (Figures 4B and 4C). Further,
glucose concentration influences the balance between
glycolysis and OXPHOS, which in turn affects neuronal dif-
ferentiation rates (Chen et al., 2018) and function (Bardy
et al., 2015). The variable glucose culture conditions across
organoid protocols might contribute to some observed vari-
ability between studies. In turn, oxygen concentration also
plays a key role in cellular metabolism. Cortical organoids

grown in hypoxic (<1% O,) or hyperoxic (40% O,) condi-
tions, regardless of the glucose concentration in the media,
both demonstrate oxidative stress, disruption of protein ho-
meostasis, and cell death (Pasca et al., 2019).

The variability in organoid generation protocols, culture
conditions, and analytical methods can lead to inconsis-
tencies in metabolic data across studies. Indeed, reports
on metabolic stress in organoids are quite diverse, with
some highlighting substantial stress and questioning the
validity of organoid models (Bhaduri et al., 2020; Huang
et al., 2022b; Tanaka et al., 2020) and others not reporting
significant changes in their models (Gordon et al., 2021; Sa-
marasinghe et al., 2021). The issue is compounded by reli-
ance on transcriptomic data, which provide valuable in-
sights but do not capture enzyme activity, a key aspect of
metabolic pathways. Enzymes are activated when the sub-
strate is available and all other conditions for an enzymatic
reaction are met, and this information can only be gleaned
from metabolomic analyses. Further, in contemporary
transcriptome analyses, stressed/apoptotic cells are filtered
out (Vertesy et al., 2022), but the reported number of
filtered cells is rarely provided, even though it could serve
as a metric for organoid stress.

Finally, studies of metabolism in organoid models face
technical limitations of current assays as many of them
have been designed for monolayer cell cultures and may
not be directly applicable or fully informative for three-
dimensional organoid cultures.

Overall, cellular stress, including mitochondrial stress,
emerges as a key player in organoid development, growth
and maturation, cell specification, and fidelity with respect
to fetal tissue counterparts. This intricate relationship under-
scores the importance of understanding the interplay be-
tween environmental factors, cellular metabolism, and
stress responses in organoid models and integrating meta-
bolic assessments into their analysis. Addressing these com-
plexities requires concerted efforts to refine organoid culture
techniques, develop standardized metabolic assessment pro-
tocols and data integration analyses, and foster interdisci-
plinary collaborations to enhance the fidelity of brain orga-
noids for studies of human brain development and diseases.

FUNCTIONAL MEASUREMENTS

Brain organoids can be maintained in vitro for months,
which enables analysis of functional maturation, a critical
aspect when modeling neurodevelopmental disorders.
Multiple technologies have been used to measure both sin-
gle-cell and network activities in neurons in brain organo-
ids. The most common approaches include traditional
patch-clamp methods, calcium imaging, and multielec-
trode arrays (MEAs) (Table 1).
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Table 1. Methods for analyzing electrophysiology of organoids

Ephys method Organoid preparation Age References

Calcium imaging: fluo-4 Dissociated and sliced 64 days Lancaster et al. (2013); Lancaster et al. (2017)
Voltage and current clamp, Sliced and dissociated 90-130 days Pasca et al. (2015)

calcium imaging: fura-2 and fluo-4

Whole-cell patch clamp and Sliced culture 77-84 days Watanabe et al. (2017)

calcium imaging: GCAMP6f

Calcium imaging: GCaMP6f Whole-mount and in vivo 78-141 days Mansour et al. (2018)

Calcium imaging: fluo-4 Whole-mount 76-104 days Sakaguchi et al. (2019)

Current clamp Whole-mount

Whole-cell patch clamp Whole-mount

Voltage and current clamp and MEA Whole mount

Whole-cell patch clamp, Whole-mount and sliced

current clamp, and MEA
MEA Whole-mount

Kirigami electronics (KiriE) Whole-mount

120-150 days Sun et al. (2019)

76-91 days Wu et al. (2022)

42-224 days Trujillo et al. (2019)

150 days Giandomenico et al. (2019)
7-21 days Hartmann et al. (2023)
75-179 days Yang et al. (2024)

Patch-clamp recording

Patch clamp is the most widely used electrophysiology
technique, offering unparalleled insights into individual
cell activities with high temporal and spatial resolution
(Cummins et al., 2009). Patch clamp adapts to various orga-
noid preparations—whole-mount, sliced, or dissociated—
with each method presenting unique benefits and draw-
backs (Table 1). Whole-mount organoid recordings offer a
holistic view of organoid activity but are limited to surface
neurons. Organoid sectioning or cutting partially con-
serves the 3D organoid cytoarchitecture, but it risks
severing some neuronal connections and potentially
damaging neurons, which may alter electrophysiological
properties. Finally, organoid dissociation allows access to
the innermost neurons at the cost of disrupting the 3D
structure and neuronal networks.

Functional maturation of neurons within organoids has
been documented through patch-clamp studies. Trujillo
etal. (2019) and Giandomenico et al. (2019) independently
provided initial proof that neurons in organoids exhibit
spontaneous and evoked electrophysiological activities
indicative of developmental progression, mirroring human
cortical development. Extending beyond developmental
maturation and circuit organization insights, whole-cell re-
cordings can measure intrinsic biophysical properties of hu-
man neurons, revealing critical differences between human
and rodent models such as membrane capacitance (Eyal
et al., 2016), dendritic input resistance (Beaulieu-Laroche
et al., 2021), and dendritic compartmentalization (Beau-
lieu-Laroche et al., 2018). These functional differences are
critical for understanding human-specific neuronal proper-
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ties and their implications in neurological conditions such
as epilepsy (Rich et al., 2022; Wu et al., 2022) and Angelman
syndrome (Sun et al., 2019), showcasing organoids as a rele-
vant model for human brain disorders.

Finally, patch-seq, a novel advancement, merges patch
clamp with single-cell sequencing (Cadwell et al., 2016),
broadening our understanding of the molecular underpin-
nings of neuronal function. Patch-seq has elucidated gene
expression signatures underlying neuronal activity across
various brain slice models, from mouse (Foldy et al.,
2016) to non-human primate (Gao et al., 2023) and human
(Berg et al., 2021), as well as in hPSC-derived neurons (van
den Hurk et al., 2018). By correlating electrical activity with
transcriptome profiles at the level of individual neurons,
patch-seq offers a comprehensive view of neuronal diver-
sity and function in organoids. Rigorous design based on
statistical power and transparent reporting are essential
for robust patch-seq and patch-clamp studies, ensuring
meaningful and replicable results.

Challenges

Patch-clamp recording requires specific expertise, is labo-
rious, and has low throughput. For organoids, patching
neurons located in the inner part of organoids has been
challenging. In addition, patch-clamp recording is not suit-
able for studying neural network activities among neurons
within the 3D structure of organoids.

Calcium imaging

Traditional patch-clamp electrophysiology, known for its
high temporal resolution, faces limitations in throughput
and broad network activity measurements. Calcium



Stem Cell Reports

Review

imaging overcomes both challenges, albeit with lower tem-
poral resolution. Fluorescent calcium indicators detect
changes in intracellular calcium concentration, indicative
of action potentials as shown by simultaneous patch-
clamp and calcium imaging methods (Wei et al., 2020).
By selecting the correct calcium indicator and imaging plat-
form, calcium imaging can be effectively used to detect
neuronal activity and synaptic plasticity (Grienberger and
Magee, 2022). The rapidly expanding catalog of calcium in-
dicators, alongside advancements in cell type-specific tar-
geting, has made calcium imaging highly accessible to
many neuroscientists.

Calcium indicators fall into two categories: chemical in-
dicators and genetically encoded indicators (GECIs) (de
Melo Reis et al., 2020), each of which have been success-
fully used in cortical organoids (Table 1). However, chemi-
cal indicators diffuse very slowly and inefficiently through
the organoid and are predominantly absorbed by glia,
limiting their use for long-term imaging essential for neu-
rodevelopmental studies. In turn, GECIs—particularly the
genetically encoded calcium indicator ((GCaMP) family—
offer advantages over chemical indicators by allowing spe-
cific, long-term neuronal expression and imaging (Zhang
et al., 2023). Viral delivery methods enhance the applica-
bility of GECIs, enabling targeted cell type analysis and
deep organoid imaging using multi-photon microscopy
(Grienberger and Konnerth, 2012). This approach has
elucidated functional neuronal networks within organoids
(Sakaguchi et al., 2019; Watanabe et al., 2017) and synchro-
nous calcium oscillations in cortical-medial ganglionic
eminence assembloids (Xiang et al., 2017). Calcium imag-
ing reports synaptic maturity and integration of human
organoids engrafted into animal models, including aber-
rancies in disease states, which cannot be observed in
in vitro models (Mansour et al., 2018). Calcium imaging
can be paired with optogenetics (Andersen et al., 2020), ex-
panding the scope of complex research questions.
Challenges
Although calcium imaging provides many advantages, cal-
cium indicators are too slow to distinguish fast neuronal
spikes, and they also sequester intracellular calcium, poten-
tially altering signal intensities (McMahon and Jackson,
2018). Voltage imaging, offering faster kinetics capable
of capturing individual action potentials, has recently
emerged as an alternative (Kiral et al., 2023; Puppo et al.,
2021), despite its lower signal-to-noise ratio compared to
calcium imaging and the need for specialized microscopy
equipment.

MEAs

MEA platforms offer a novel alternative to studying func-
tional neuronal networks, bridging the gap between tradi-
tional in vitro and in vivo neural analyses. Comprising arrays

of electrodes—embedded in culture plates or implanted
into animals—MEA records extracellular voltage changes,
providing insights into both single-cell and collective
neuronal network activity. This high-throughput technol-
ogy allows non-invasive monitoring of neural activity
over time, eliminating the need for cultures to undergo
disruptive procedures during data collection.

MEA platforms vary in their electrode density, catering to
different research needs. MEAs range from the widely used
systems such as the Axion Biosystems Maestro Pro—ac-
commodating multiple well formats (6-, 24-, 48-, or
96-well tissue culture plates) and recording from 8 to 64
electrodes per well—to high-density options such as the
MaxWell MaxOne, boasting up to 26,400 electrodes per
well to enable increased spatial and temporal resolution,
quantification of action potential propagation speeds, sin-
gle-cell functional resolution, and even quantification of
neurite arborization. High-density MEA can also be paired
with optogenetic techniques, stimulations, and axonal
tracking for examining 2D and 3D neuronal cultures
derived from hPSCs and conducting drug screening or
neurotoxicity tests (Hartmann et al., 2023; Shafer, 2019;
Shen et al., 2023; Guo et al.,, 2023; Yokoi et al., 2022),
thanks to their ability to capture intricate details of neural
activity and network organization over extended periods.

The utilization of MEA for organoid research presents
both unique opportunities and challenges. Studies utiliz-
ing in vitro MEA have demonstrated a progressive increase
in organoid electrical activity from 2 to 8 months in cul-
ture, mirroring brain development in vivo (Trujillo et al.,
2019). Advanced MEA setups have enabled detection of
not only network activity but also long-distance spatial
connections within organoid slices, rather than just
neighbor-to-neighbor connections among neurons. Low-
pass filtering of electrical activity in organoids, particularly
from penetrating electrodes that span several layers of the
cortical sheet, may reveal whether local field potentials
(LEPs), a hallmark of complex network organization in an-
imal studies, occur in organoids. For instance, a recent
study identified spatial and temporal correlations in the
theta frequency (4-12 Hz) in brain organoid slices (Sharf
et al., 2022), suggesting that organoid neurons may
encode information. Further, MEA has been used to
examine the activity of engrafted human organoids in a ro-
dent model in vivo, providing single-cell spike data (Man-
sour et al., 2018).

Challenges

Commercially available MEA systems have several limita-
tions, particularly when applied to 3D structures like orga-
noids. Primarily, these systems are designed for 2D cultures,
limiting their effectiveness in capturing the full scope of ac-
tivity within a 3D organoid. As a result, MEAs provide mea-
sures of the organoid surface or cells that have migrated
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outward over time. While it is possible to dissociate or slice
organoids, doing so disrupts potentially important neu-
ronal connections, presenting a significant drawback.
Furthermore, MEA plates are coated with an extracellular
matrix to secure the organoid, requiring optimization for
long-term recordings. To circumvent these challenges,
innovative 3D MEA configurations have been developed
to enable more comprehensive activity measurements
within organoids (Choi et al., 2021; Shin et al., 2021).
Comparative studies of organoids on 2D low-density
(8x8), 3D low-density (8x8), and 2D high-density (64x64)
MEA have shown that 2D high-density MEA are more
adept at detecting activity within organoids (Muzzi et al.,
2023), suggesting that higher electrode density may offer
better suitability for organoid recordings. Emerging MEA
platforms, such as mesh nanoelectronics and organoid-
integrating scaffolds, promise to facilitate 3D and high-res-
olution recordings within cortical organoids (Huang et al.,
2022a; Liu et al., 2020; Passaro and Stice, 2020; Yang et al.,
2024). However, the application of these novel approaches
is limited.

RECOMMENDATIONS FOR COMPREHENSIVE
EVALUATION OF ORGANOIDS

Human brain organoids have emerged as important
models for studying early human development and pathol-
ogy, paving the way toward personalized precision medi-
cine. While organoids may not recapitulate all aspects of
brain development and function, their value in probing
human development and developmental disorders is clear.
Challenges such as reproducibility across labs and the
absence of standardized characterization approaches
persist. The recent ISSCR standards for stem cell research
(Ludwig et al., 2023) are a step forward, offering guidelines
to elevate the quality of organoid research by establishing
clear criteria for stem cell quality, sample sizes, and report-
ing standards. In addition, new technologies, such as high-
throughput and high-resolution microscopy; single-cell
spatial genomics, proteomics, and metabolomics; and 3D
MEA, offer excellent analytical tools with high resolution
needed for characterization of these complex models. How-
ever, clear standardized guidelines for organoid analyses
are still lacking, and here we propose a structured approach
to organoid analysis to address variability and improve
reproducibility (Table 2).

First, to address the variability inherent to organoid
models and improve reproducibility, we emphasize the
importance of distinguishing between technical and bio-
logical replicates. Technical replicates should stem from a
single differentiation batch (one hPSC clone), whereas bio-
logical replicates should originate from differentiation
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batches of separate hPSC lines. Incorporating multiple
hPSC lines in a single study is critical to account for genetic
variability and ensure robust conclusions, especially in in-
stances when isogenic controls are unavailable. A strong
rationale should be provided for the chosen sample size,
which ideally includes power analysis. Finally, we recom-
mend using power analyses to determine the number of
hPSC lines and the number of organoids needed.

Next, data documentation is of the absolute essence. All
methods and criteria used in a study must be meticulously
documented, including the quantitative assessments of
specific structures such as rosettes, cortical layers, and orga-
noids as a whole. Next, it is critical to specify how measure-
ments are obtained, including the software packages and
features or markers assessed. Clarifying the boundaries for
inclusion and exclusion will also aid in standardizing
data collection and analysis. Comprehensive sample docu-
mentation should detail the number of hPSC lines and
clones used, the number of independent differentiations
performed for each line, and the number of organoids
analyzed from each differentiation batch. Additionally,
describing the sampling methods and the number of cryo-
sections evaluated per organoid will enhance the reproduc-
ibility of findings. This practice will facilitate cross-labora-
tory comparisons and improve the field’s overall rigor.

For histological analyses of cell types and organoid struc-
ture, efforts should be made to develop and use specific an-
tibodies and markers for cell type analysis. Where anti-
bodies fall short, single-molecule FISH techniques such as
RNAscope may provide a valuable alternative, despite the
caveats regarding RNA and protein expression correlation.
We recommend analyzing multiple sections per organoid
to capture its 3D architecture accurately. Random sampling
of serial sections can be used for quantitative stereology,
but sections should be sufficiently distanced to prevent
repeated measurements of the same cell. The number of
sections selected needs to be determined using statistical
methods. Finally, to minimize bias and increase the accu-
racy of quantitative measurements, we recommend using
semi-automatic and automatic cell counting platforms
such as CellProfiler or Imaris, and Image]J (Table S3). Pro-
moting the use of open-source software for data analysis
and encouraging sharing of raw data and code will facilitate
methodological standardization and independent valida-
tion of findings.

Clearing methods for organoid characterization should
include consistent protocols and develop open-source
tools to advance organoid research. Data documentation
is essential, mandating transparent reporting such as
whether necrotic cores are included or excluded from
morphological analyses. To mitigate sampling bias and
ensure comprehensive analysis, sufficient sampling of or-
ganoid sections is recommended, advocating for the
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Table 2. Recommended standards for quantitative analyses of organoids

Methods of analysis

Minimum recommendation

Ideal recommendation

All methods

Morphological and cell lineage

Transcriptomics

Functional

Metabolic

When possible use hPSC lines derived from
multiple individuals for each condition; if
hPSC lines from multiple individuals are not
available, differentiate organoids from
multiple clones of the same hPSC line.
Alternatively, perform independent
differentiations from the available hPSC lines
and ensure the use of multiple organoids from
each differentiation.

Report number of organoids used from each
differentiation batch and from each hPSC
line. Specify criteria for any excluded
organoids.

Report codes, packages, and analysis
software

Random sampling of 3-5 serial sections

Sample from 3 to 5 organoids in each
differentiation batch

Provide quantification of cell lineage markers
used.

Report number of organoids used from each
differentiation batch and hPSC line.

When appropriate, report how many neurons
from each organoid are recorded and how
many organoids were assessed

Report media composition before and during
recordings

Analysis of lactate in culture media (e.g.,
Abcam kit)

Fluorescent reporters that use ratiometric
analysis of redox state

As recommended by ISSCR, power analysis
should be used to determine sample size.

Report number of organoids used from each
differentiation batch and from each hPSC line
in figure legends and dedicated supplemental
tables. Specify criteria for any excluded
organoids.

Use or develop open-source methods; Report
codes, packages, and analysis software.

Perform organoid clearing to analyze 3D
reconstructions

Sample size pre-determined by trial
experiments and power analysis

Use unbiased automated or semi-automated
methods

Combine multiomic approaches (e.g.,
scATAC-seq, spatial genomics)

Use at least two complimentary methods to
confirm results (e.g., MEA and patch clamp)

Targeted qPCR or targeted glycolysis assay

Analysis of lactate in organoid tissues (ten
organoids per batch if using proton nuclear
magnetic resonance [NMR]).

Transcriptome-metabolome coupling analysis

analysis of at least 10 discrete areas of sufficient separation.
Ideally, these efforts will lead to deeper understanding of
organoid structure and the development of organoid at-
lases across methodologies.

For single-cell gene expression analysis of organoids, multi-
ple organoids from multiple hPSC lines should be used to
draw conclusions. Use of multiomics data and integrative
approaches that combine transcriptomics with chromatin
accessibility, chromatin interaction, and spatial omics
may help to further deconvolute the data. Comparing tran-
scriptome data with embryonic and fetal human brain
gene expression data and revealing shared cell develop-
mental trajectories using new bioinformatics tools such

as BOMA (He et al., 2023a) will help validate the organoid
model and disease mechanisms. Predicting gene regulatory
networks, especially involving epigenomics, driving gene
expression patterns can also help us understand develop-
mental mechanisms across brains and organoids.

For monitoring the metabolic status in live organoids,
methods such as lactate analysis in culture media and orga-
noids and utilizing fluorescent reporters for ratiometric as-
sessments of the redox states are relatively straightforward.
These approaches offer a glimpse into the organoid bioen-
ergetic state, providing valuable insights into their meta-
bolic dynamics. For a more comprehensive endpoint anal-
ysis, targeted qPCR and glycolysis assays that measure
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pyruvate/lactate levels would be instrumental in elucidating
the first-tier bioenergetics across both proliferating and post-
mitotic cell types. Moreover, multiomic strategies that inte-
grate transcriptomic and metabolomic data stand out as
particularly potent tools. These methods facilitate a deep
dive into the metabolic machinery in organoids, enabling
identification of specific metabolic pathways, including en-
zymes and metabolites, involved in particular experimental
conditions. Such analyses are crucial for a thorough assess-
ment and documentation of organoid metabolism and
stress responses. Employing these assays is thus recommen-
ded to enhance the depth and breadth of our understanding
of metabolic processes in organoid models.

Functional assays should leverage the strengths of multi-
ple complementary methods to validate phenotypes
robustly, thereby strengthening data interpretation and
drawn conclusions. As patch clamping is straightforward,
our recommendation here centers on statistical analysis of
these data. For example, power analysis determining the
number of cells needed and the number of cells to be re-
corded when combining patch clamp with patch-seq is
highly recommended, as this information is lacking in
most publications. It is also important to report the inclu-
sion and exclusion criteria when analyzing these data and
any thresholds that have been considered. If using calcium
indicators, we strongly recommend that detailed methodo-
logical descriptions—from microscopy technique and im-
aging parameters to pre-processing steps (e.g., low and
high pass filters before inserting the data into an analysis
pipeline) and analysis software—are critical for enhancing
reproducibility and facilitating cross-study comparisons.
We also recommend targeting calcium indicators to specific
cell types to refine data interpretation, underscoring the
importance of methodological precision in advancing the
field of organoid research. Finally, when considering MEA,
we recommend two strategies for examining neural activity
within organoids: 1) employing high-density MEA for
detailed but lower-throughput analysis or 2) opting for
low-density MEA to maximize sample sizes and conditions.
Another key consideration in utilizing MEA is the ability to
accurately identify the source of recorded activity on a sin-
gle channel and across multiple channels, also known as
spike sorting. Spike sorting is essential for discerning
whether changes in channel activity are attributable to
alterations in a single neuron’s firing rate or involvement
of multiple neurons. Currently, many computational
methods exist for spike sorting (Lee et al., 2020; Pachitariu
et al., 2023) that can distinguish the neurons that
contribute to the electrical activity within and across chan-
nels. Accurate spike sorting is critical for assessing pairwise
correlations that can unravel functional coupling between
neurons within neural networks (Ventura and Gerkin,
2012). Thus, for comprehensive neuronal activity analysis,
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it is advisable to supplement MEA data with post hoc spike
sorting and complement these findings with other tech-
niques such as calcium imaging or patch-clamp electro-
physiology. This multifaceted approach will enable a deeper
understanding of specific cell types and the intricate dy-
namics of neuronal networks within organoids.

Finally, for data analysis, including omics and electro-
physiological function assays, the code, packages, and
methodologies (not only the raw data) should be shared
to enhance standardization of approaches across labs. To
further enhance reproducibility, it is important for investi-
gators to use and publish open-source packages that can be
readily tested by others as our common goal is to better un-
derstand organoid structure and function.

By adhering to these recommendations and embracing a
comprehensive and standardized approach to quantitative
analysis of cortical organoids, we can significantly enhance
the reliability and reproducibility of research in this rapidly
evolving field. Although these recommendations are
tailored to cortical organoids—the most commonly used
organoid type—they are broadly applicable to other orga-
noid models as well. Ultimately, this concerted effort
aims not only to refine existing techniques but also to culti-
vate a collaborative ethos to propel our comprehension of
the human brain to new heights.
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