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An organoid is a self-organized three-dimensional structure derived from stem cells that mimics the structure, cell
composition, and functional characteristics of specific organs and tissues and is used for evaluating the safety and
effectiveness of drugs and the toxicity of industrial chemicals. Organoid technology is a new methodology that could
replace testing on animals testing and accelerate development of precision and regenerative medicine. However, large
variations in production can occur between laboratories with low reproducibility of the production process and no
internationally agreed standards for quality evaluation factors at endpoints. To overcome these barriers that hinder
the regulatory acceptance and commercialization of organoids, Korea established the Organoid Standards Initiative
in September 2023 with various stakeholders, including industry, academia, regulatory agencies, and standard develop-
ment experts, through public and private partnerships. This developed general guidelines for organoid manufacturing
and quality evaluation and for quality evaluation guidelines for organoid-specific manufacturing for the liver, intestines,
and heart through extensive evidence analysis and consensus among experts. This report is based on the common
standard guideline v1.0, which is a general organoid manufacturing and quality evaluation to promote the practical
use of organoids. This guideline does not focus on specific organoids or specific contexts of use but provides guidance
to organoid makers and users on materials, procedures, and essential quality assessment methods at end points that
are essential for organoid production applicable at the current technology level.

Keywords: Organoids, Stem cells, Embryonic stem cells, Induced pluripotent stem cells, Regulations, Quality

Received: April 8, 2024, Revised: May 7, 2024, Accepted: May 8, 2024, Published online: May 20, 2024

Correspondence to Sun-Ju Ahn
Department of Biophysics, Institute of Quantum Biophysics, Sungkyunkwan University, 2066 Seobu-ro, Jangan-gu, Suwon 16419, Korea
E-mail: ahnsunju@skku.edu

Co-Correspondence to I1 Ung Oh
Division of Toxicological Research, National Institute of Food and Drug Safety Evaluation, Ministry of Food and Drug Safety, 187
Osongsaengmyeong 2-ro, Osong-eup, Heungdeok-gu, Cheongju 28159, Korea
E-mail: ollong@korea.kr

© This is an open-access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/ li-
censes/by-nc/4.0/), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

Copyright © 2024 by the Korean Society for Stem Cell Research

102



Introduction

Organoids are biologically engineered, self-organized
structures derived from embryonic stem cells (ESCs), in-
duced pluripotent stem cells (iPSCs), or neonatal or adult
stem cells (ASCs) and can be used as iz vitro models to
help understand human and disease development proc-
esses of various organs (1). Organoids can provide partial
transplantation as well as identify drug effectiveness and
evaluate toxicity because they recapitulate structures and
functions similar to those of real organs or tissues.

Organoids represent a groundbreaking frontier in bio-
medicine, offering unprecedented opportunities for perso-
nalized therapy (2). Although inexact replicas of native or-
gans or tissues, they are capable of mimicking human phys-
iological responses. This compatibility positions organoids
as instrumental in advancing the principles of Replace-
ment, Reduction, and Refinement, signaling a significant
shift away from traditional animal models towards more
human-relevant research models. Particularly, organoids
have been employed in unraveling the pathophysiology of
diseases impacting the brain and heart, highlighted by in-
vestigations into Zika virus and coronavirus disease 2019
(COVID-19), treating liver diseases using hepatocytes from
organoids, showing the emergence of eye structures in hu-
man embryos in miniature organoid brains with optic cups,
precursors to the retina. These findings highlight the po-
tential of organoids in developing personalized healthcare
solutions by enhancing our comprehension of disease mech-
anisms and drug responses based on individual genetic
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profiles. Regulatory bodies have been adapting to these
scientific advancements, with leading health authorities,
such as the U.S. Food and Drug Administration (FDA)
in the United States and the European Medicines Agency,
adopting New Approach Methodologies (NAMs) (3), which
range from cell-based assays and microphysiological sys-
tems (organ chips) to bioprinting and in silico models,
moving away from traditional animal testing. This tran-
sition is reflected in legislative changes, such as the FDA
Modernization 2.0 Act, which emphasizes nonclinical over
conventional testing.

However, replicating complex in vivo environments iz
vitro remains a challenge (4), requiring stringent quality
control (QC), standardization, and efforts to incorporate
organoids into regulatory frameworks. In response, the
Ministry of Food and Drug Safety in Korea, in partnership
with Sungkyunkwan University, initiated the Organoid
Standards Initiative (Fig. 1) in September 2023. This ef-
fort seeks to define standard benchmarks for organoids,
positioning them as a fundamental component of future
biomedical innovations.

Background and Scope

The guidelines aim at promoting the practical applica-
tion of organoids, an emerging alternative in testing meth-
odologies, by setting standards for researchers involved in
the production or utilization of organoids, industry profes-
sionals engaged in the manufacture, distribution, and com-
mercialization of organoids, and regulatory experts assess-

Fig. 1. Organoid Standards Initiative
(OSI) organoid guidelines develop-

Imsmb ment scope (2023 ~2024) (2023.09.~
52 2024.02.) The OSI developed the
@))OECD first version of the guidelines for pro-

moting organoid practical use, which
presented general requirements and
considerations for organoid produc-
tion and quality evaluation with ex-
tensive evidence analysis and expert
consensus. These guidelines comprise
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lines for organoid use with specific
organs (liver, intestines, heart, kidney,
brain, lung, skin).
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ing organoids’ safety and efficacy. The key benefits of the
guidelines include:

-Enhanced transparency, reproducibility, and reliability:
recommendations for source cell management, culture, dif-
ferentiation methods, characteristics analysis, and quality
evaluation metrics will improve organoid experiment
transparency, reproducibility, and reliability
-Consistency and quality assurance: ensures organoid
production and QC adhere to high standard.
-Increased reliability for drug evaluation: boosts the reli-
ability of organoid technologies in evaluating drug safety
and efficacy.

-Guided practical application: aims at high reproduci-
bility and the safe and efficient use of organoids in
non-clinical/clinical applications.

Organoid research spans several organs, including the
liver, intestines, heart, kidneys, lungs, brain, and skin,
with applications in drug screening, safety and efficacy
evaluation, disease modeling, regenerative medicine, and
cell differentiation research. The guidelines seek to stand-
ardize minimum quality requirements for organoids to
increase their utility in safety and efficacy evaluations.
Developed through collaboration among academic, in-
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dustrial, and governmental organoid experts, the guide-
lines promote organoid practical application by defin-
ing organoid characteristics and technical requirements
for cell culture, quality maintenance, testing, and evalu-
ation. The guidelines support the development of patient-
specific organ-mimicking platforms for such applica-
tions as in pharmaceuticals, cosmetics, and cell therapies.
Despite organoids’ potential, the varied manufacturing
methods, and lack of standards for ensuring reproduci-
bility pose challenges in quality evaluation and valida-
tion. Establishing standard guidelines is crucial for en-
suring the safety, reproducibility, reliability, and ethical
use of organoids, offering more reliable results in drug
toxicity evaluation, and improving time and cost effici-
encies. The guidelines set standards for creating organo-
ids from stem and primary cells, focusing on research
and clinical uses. They detail protocols for cell quality,
culture conditions, and QC, including size, shape, and
function metrics. Procedures for organoid storage and test-
ing methods for toxicity and drug screening are also speci-
fied, ensuring uniformity across applications (Fig. 2).
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cells, iPSCs: induced pluripotent stem cells, ESCs: embryonic stem cells, DMEM: Dulbecco’s modified Eagle medium, RPMI: Roswell Park
Memorial Institute, IMDM: Iscove’s modified Dulbecco’s medium, EGF: epidermal growth factor, FGF: fibroblast growth factor, BMP: bone
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Terms and Definitions

-Primary cell: cells directly isolated from tissues or or-
gans extracted from an organism using enzymatic or
mechanical methods.

-Subculture or passage: process of further culturing cells
in a new culture vessel to provide a higher surface area/
volume, allowing for cell growth.

-Cryopreservation: process of maintaining cells at ultra-
low temperatures in an inactive state so they can be
revived later.

-Multipotency/multipotent: ability of a part of the em-
bryonic germ layer to differentiate into several types of
cells, similar to stem cells, mainly apparent early in the
developmental process.

-Microenvironment: location where molecules or complex
factors, such as nutrients and growth factors, which play
a crucial role in determining the properties of cells, exist.

-ESCs: undifferentiated cells derived from an embryo
about 5 days post-fertilization, before implantation, ca-
pable of developing into the initial three germ layers.

-Transforming growth factor- 8 (TGF- 8): Factor syn-
thesized in various tissues, acting cooperatively with
TGF-a to induce transformation and can also act as
a negative autocrine growth factor. TGF- 3 plays a po-
tential role in embryonic development, cell differenti-
ation, hormone secretion, and immune function, mostly
found in homodimeric forms of separate gene products,
TGF- 81, TGF-82, or TGF-33. heterodimers com-
posed of TGF-A1 and 2 (TGF-£1, 2) or TGF- 82 and
3 (TGF-£2, 3) have also been isolated, and TGF- 8
proteins are synthesized as precursor proteins.

-Differentiation: process of directing a cell to a defined
specific cell state.

-Viability: characteristics of survival according to pur-
pose (e.g., metabolic activity, reproductive ability).

-Fibroblast growth factor (FGF): family of small poly-
peptide growth factors sharing several common features,
including a central barrel-shaped core region composed
of 140 amino acids with high homology among family
members and strong affinity for heparin. Initially stud-
ied as proteins that stimulate the growth of fibroblasts,
this distinction is no longer a prerequisite for belong-
ing to the FGF family.

-Growth factors: substances that stimulate the growth,
proliferation, and differentiation of cells.

-ASCs: undifferentiated cells found in various organs or
differentiated tissues with limited self-renewal and dif-
ferentiation abilities.

-Cell line: cell population with designated characteri-
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stics, created by sequentially subculturing primary cells,
which can be managed by creating a cell bank.
-Organoid: organization of cells into structures resem-
bling organs. Organoids can be formed in culture, mainly
representing self-organized three-dimensional tissue stru-
ctures. These are tissue structures formed by cells or-
ganizing themselves iz vitro, primarily derived from stem
cells, and can also include three-dimensional structures
of cells derived from microphysiological systems and
found in certain neoplasms.

-Cell source: basic units of structure and function in an
organism, comprising various types of cell organelles,
including the cytoplasm and cell membrane boundary,
and are the smallest units that can proliferate indepen-
dently, used for therapeutic and research purposes.
-iPSCs: pluripotent stem cells (PSCs) derived from
adult cells.

-Gene expression: process in which a gene is activated
within a cell to produce RNA and proteins.
-Pluripotency/pluripotent: state of being able to differ-
entiate into various types of cells from the initial three
germ layers.

-PSCs: stem cells that can differentiate into all cell
types of the body and have the capability for indefinite
self-renewal in vitro.

-Proliferation: increase in cell numbers through cell
division.

-Fetal bovine serum (FBS): bovine serum albumin com-
monly used in ex vivo biological research.
-Epidermal growth factor (EGF): protein that promotes
the growth and division of epidermal cells, exerting
various biological effects, including the stimulation of
proliferation and differentiation of mesenchymal and
epithelial cells, synthesized as a transmembrane pro-
tein that can be cleaved to release a soluble active form.
-Thawing: process of activating cells from an inactive
frozen state to an active state.

Source cells

Organoids use human-derived ASCs, iPSCs, and ESCs
derived from blastocysts as source cells. The quality and
characteristics of the cells are crucial in the efficient dif-
ferentiation, maturity, and functional integrity of orga-
noids. Donor-derived stem cells are cultured in a three-di-
mensional environment with scaffolds that replicate tissue
microenvironments. iPSC-derived organoids employ repro-
grammed iPSCs, capable of sustained pluripotency and
maintenance in an undifferentiated state across genera-
tions, either on feeder cells or in feeder-free conditions like
extracellular matrix (ECM). While this document provides
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QC recommendations for source cells for organoid devel-
opment, it excludes recommendations for cell line providers.

General and QC recommendations: The quality ver-
ification of cell lines for organoid development involves
genetic validation, chromosomal analysis, evaluation mar-
ker evaluation, differentiation potential assessment, viral
contamination and sterility tests, and biological character-
istics evaluation. These techniques include short tandem
repeat (STR) profiling, karyotyping for chromosomal aber-
rations detection, differentiation marker expression analy-
sis, and contaminant testing (e.g., mycoplasma, mycobacte-
rium, and viruses). Furthermore, monitoring growth rates
and morphological features and ensuring batch-to-batch
consistency are important. These multifaceted assessments
are instrumental in maintaining cell line quality and in-
creasing organoid reliability.

a. Organoid development requires a material transfer agree-
ment that respects supplier specific requirements, and
each cell line from a donor should be assigned a unique
identifier.

b. Upon acquiring source cells, establishing a source cell
bank with cells having undergone minimum passaging
is recommended. Post-thaw quality assessment of these
cells is mandatory.

c. Validation and QC are crucial. STR profiling (5, 6) or
karyotype analysis (7) is recommended for PSCs, while
ASCs require detailed documentation of donor demo-
graphics and cell origin for traceability. Genetic valida-
tion, particularly through STR profiling, along with sin-
gle nucleotide polymorphism/comparative genomic hy-
bridization arrays (8) for chromosomal analysis, ensures
cell line integrity. Immunohistochemistry (9), flow cy-
tometry (10), and polymerase chain reaction (PCR) (11)
are vital for assessing cellular characteristics, with mar-
kers like Oct4 (12, 13), SSEA-3/4 (14), and TRA-1-
60/81 essential for PSCs.

d. The culture of source cells requires sterility evaluations
to detect bacterial, viral, fungal, and mycoplasma con-
tamination. Suppliers often provide contamination anal-
ysis data. For human-specific viruses, PCR techniques
are recommended for confirmation. Additionally, the use
of animal-derived materials, such as FBS, requires spe-
cific virus screening to ensure the safety and integrity
of the cell lines.

e. Proper cell line storage, including liquid nitrogen pres-
ervation, adherence to recommended storage durations,
initial and maximum recommended passage numbers (e.g.,
passage 2 and not exceeding passage 8, respectively),
and precise freezing and thawing methods, is critical.

f. Regular QC of cell lines should be performed. Follo-

wing initial quality validation, regular assessments should
be conducted to monitor chromosomal morphology, growth
rates, and contamination levels.

Cell-based quality requirements for organoids:

. ASC-based organoids

ASCs, present in adult tissues or organs, hold the ca-
pacity for differentiation and self-replication. The undif-
ferentiated ASCs are expected to display functional
characteristics related to the target tissues of the organ
for organoids.
1) ASC quality requirements
Quality criteria for ASCs include: (a) ASCs should be
pure and homogeneous without unrelated cell types
that may hinder organoid formation and function-
ality; (b) ASCs should maintain a high degree of via-
bility to ensure proliferation and differentiation into
requisite cell types for organoid development; (c) ASCs
should be free from contamination by bacteria, fungi,
viruses, mycoplasma, or other similar agents; (d) ASCs
should have a robust proliferative capacity to produce
sufficient numbers of cells for organoids; and (e)
ASCs should be maintain genetic stability, devoid of
mutations or chromosomal abnormalities that may
compromise the quality and functionality of organoids.
2) ASC source
The acquisition of ASCs for organoid culture varies
depending on the target tissue or organ and its specif-
ic application. Commonly employed methods include
tissue biopsy (e.g., intestinal stem cells isolated from
biopsy samples of the small intestine) or primary cell
culture.

b. PSC-based organoids

PSCs include ESCs and iPSCs and are characterized by
their capacity for unlimited self-replication and pluri-
potency (which allows them to differentiate into endo-
derm, mesoderm, and ectoderm cells). These cells typi-
cally form monolayer colonies and are cultured either
with feeder cells, such as fibroblasts, or in feeder-cell-
free conditions using specific culture media.
1) PSC quality requirements
Quality criteria for PSCs include (a) PSCs should be
viable, capable of ATP production; (b) PSCs should
be free from non-stem cells and stem cell-specific sur-
face markers should be verified; (c) PSCs should be
free from bacterial, fungal, viral, and mycoplasma con-
taminants; (d) PSCs should be genetically stable with
as few mutations or generic aberrations as possible;
(e) PSCs should be capable of self-replication and dif-
ferentiation into diverse tissues and organs; and (f)
PSCs should be identified and characterized accu-



rately through marker analysis.

2) PSC source
ESCs can be obtained from the inner cell mass of the
blastocyst. iPSCs are generated by inducing pluri-
potency in somatic cells (e.g., skin, blood, bone mar-
row, urine) through the introduction of reprograming
factors (e.g., Yamanaka factors).

Culture

Essential culture elements for tissue-derived
organoids:

a. Culture medium

The medium for tissue-derived (e.g., ASCs) organoids
varies depending on the target organ and tissue. Essential
components include:

1) Basal medium constitutes the core of the culture me-
dium, providing vital nutrients, sodium, and buffers.
Representative examples are Dulbecco’s modified Eagle
medium (DMEM) and advanced DMEM/F12, with the
latter containing essential nutrients, vitamins, So-
dium pyruvate, and osmotic pressure necessary for
cellular proliferation and functionality.

2) Supplements such as R-spondin, vitamins, amino acids,
glucose, and other nutrients promote cell growth and
metabolic activity.

3) Supplemental hormones tailor physiological condi-
tions for specific organoid cultures.

4) Serum or serum equivalents provide proteins for cel-
lular growth, with a trend towards serum-free or se-
rum-reduced cultures for reproducibility.

The medium composition adapts to the target organ, re-

search objectives, and culture methods, requiring adher-

ence to established standard guidelines.

b. Growth factors and signaling molecules

Essential for proliferation and differentiation, tissue-

specific growth factors include:

1) EGF is a protein that binds to the EGF receptor on
the epidermis, facilitating cell generation and differ-
entiation (15).

2) FGF supports stem cell self-renewal, regulating cell
proliferation and differentiation.

3) Whnt ligands are involved in controlling cell fate de-
termination, proliferation, migration, and polarity
(16, 17).

4) Bone morphogenetic protein (BMP) inhibitors (e.g.,
Noggin, Gremlin, LDN-193189) block BMP signaling,
helping to maintain stem cell undifferentiated state.

5) Nerve growth factor is a protein that regulates growth
and survival of nerve cells and promotes the growth
of sympathetic and peripheral sensory nerve cells.
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6) Hepatocyte growth factor (HGF) is a mitogen for
hepatocytes and other cells such as endothelial cells,
epithelial cells, and melanocytes.

7) Glial cell line-derived neurotrophic factor is a pro-
tein that supports the survival and growth of various
types of neurons and plays a role in the maintenance
of neural stem cells.

8) Retinoic acid assists in the development of various
tissue types, including neural tissue, and lung and
intestinal epithelium, and promotes differentiation
of organoids, such as intestine or lung tissue.

9) Thyroid-stimulating hormone (18) is a pituitary hor-
mone that stimulates the thyroid to release thyroxine
and triiodothyronine.

10) Platelet-derived growth factor (19) is a mitogen for
connective tissues, required for lung growth.

11) Small molecules regulate signaling pathways or induce
specific differentiation processes, such as CHIR99021 to
activate Wnt-signaling pathway.

c. ECM components

The ECM in culture is a dynamic and complex assembly
that influences cell behavior and function. Composed of
various proteins such as collagen, fibronectin, laminin,
and vitronectin, the ECM provides not only essential
structural support for cells but also initiates crucial bio-
chemical and biomechanical cues required for tissue
morphogenesis, cell proliferation, and differentiation (20).
It serves as a scaffold that promotes more differentiated
phenotypes and generally supports longer cell survival,
sometimes even allowing cells to be cultured in the ab-
sence of serum and growth factors. The specific compo-
sition of the ECM, including the presence of growth fac-
tors and cytokines, mediates cell adhesion to bio-
materials, crucial for tissue engineering applications.
Through its complex interactions with cells, the ECM
regulates a wide array of cellular processes such as sur-
vival, growth, migration, and physiological responsive-
ness, making it indispensable in both natural and artifi-
cial cellular environments (21).

Essential culture elements for PSC-based organoids:

. Culture medium

The medium composition should mirror the character-
istics of the target organ and tissue. The essential com-
ponents include:

1) Basal medium includes DMEM, Roswell Park
Memorial Institute 1640, and mTeSR™ Plus.

2) Nutritional supplements: vitamins, amino acids, glu-
cose, glutamine, and insulin-transferrin-selenium to
foster cellular growth and metabolism.

3) Hormones: hormones are integrated to provide phys-
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iological conditions conducive to tissue organoid-spe-
cific differentiation and maturation.

4) Niche-specific supplements: tailored components are
added based on organoid types (e.g., Wnt3a and
R-spondin for intestinal organoids, brain-derived
neurotrophic factor, and neurotrophin-3 for neural
organoids).

b. Growth factors and signaling molecules

The following shows a classification of organoids based on

their origin: endoderm-derived, mesoderm-derived, and

ectoderm-derived organoids. Each category lists specific
types of organoids, the growth factors required for their
development.
1) Endoderm-derived organoids
(1) Intestinal organoids
-Growth factors: Activin A, Wnt3, EGF, FGF4,
Noggin, R-spondin 1, BMP4 (22)

(2) Liver organoids
-Growth factors: Activin A, FGF, TGF-«, HGF,
BMP, Rspol, Nicotinamide, Gastrin I, N-acetylcys-
teine, EGF, Y-27632 (23)

(3) Lung organoids
-Growth factors: Activin A, Wnt, FGF10 & 2,
BMP4, TGF, Y-27632 (24-26)

2) Mesoderm-derived organoids

(1) Kidney organoids
-Growth factors: Acvitin A, BMP4, Wnt, FGF
(2) Cardiac organoids
-Growth factors: TGF-B1, FGF-2, Activin A, BMP4

3) Ectoderm-derived organoids

(1) Brain organoids
-Growth Factors: Wnt, BMP4, OCT4, SOX2, KLF4,
C-MYC (22)

(2) Skin organoids
-Growth Factors: EGF, AMP4

Quality requirements and evaluation
Consistency and reproducibility in organoid quality is
critical but challenging due to variations in protocols, re-
agents, equipment, and research environments. Organoids
should meet established quality criteria at endpoints for
reliable evaluations of drug toxicity and efficacy. The
guidelines below outline quality assessment categories and
QC recommendations to improve organoid quality.
General concerns and quality of organoids:
-Structural maturity (morphological observation): This
involves examining the physical characteristics of orga-
noids, such as their shape, size, and the arrangement
of cells within them. Imaging techniques like micro-
scopy are used to capture detailed images, allowing re-

searchers to document and compare the structural de-
velopment of organoids over time. The aim is to ensure
that the organoids accurately replicate the structure of
the organ they are modeled after.

Cellular composition: This refers to analyzing the types
of cells present in the organoid and their molecular fea-
tures, including the proteins and other biomolecules
they express. Specific biomarkers can indicate whether
the organoid contains the types of cells found in the
original organ and whether these cells are functioning
correctly. Techniques such as immunostaining, where
antibodies are used to detect specific proteins, and gene
expression analysis are commonly employed.

-Functional maturity: This aspect focuses on assessing
whether the organoid is not just structurally but also
functionally like the organ it represents. Organ-specific
functional assessments are tests designed to evaluate
the specific functions of the organoid; for example, if
the organoid models the liver, researchers might assess
its ability to metabolize drugs. These assessments help
to determine how closely the organoid’s function
matches that of the real organ.

Morphological requirements: The dimensions and form
of organoids serve as indicators of cell viability, prolifera-
tion rates, and structural or morphological irregularities.
The following are recommendations for morphological
requirements.

a. Qualitative inspection

1) Microscopy: utilize bright field, phase contrast, and
fluorescence microscopy for observation of organoid
structure, cellular organization, and differentiation
state, with documented findings.

2) Transmission electron microscopy: provide high- res-
olution insights into cellular organelles and ultra-
structures within organoids.

3) Confocal microscopy: offer three-dimensional visual-
ization of fluorescent-labeled organoid sections, enabling
examination of cell arrangements and interactions.

4) Immunofluorescence/H&E staining: confirm the pre-
sence of specific cell types and distribution within
organoids and identify cell and tissue structures.

b. Quantitative inspection

1) Size and diameter measurement: measure organoid
sizes and diameters to assess growth dynamics and
developmental progression.

2) Organoid count: count viable organoids per culture
medium to gage viability.

3) Proliferation analysis: employ Ki-67 and BrdU stain-
ing for quantitative cellular proliferation analysis with-
in organoids.



4) Differentiation assessment: evaluate cellular diversity
and distribution within organoids using specific
marker expression and cellular population proportions.

S) Growth uniformity: measure surface area and volume
of organoids for monitoring growth uniformity.

6) Maturation indictor: analyze nucleus/cytoplasm ratio
as an indicator of cell differentiation and maturation.

7) Structural integrity: assess organoid proportionality
and symmetry to evaluate morphological fidelity and
developmental integrity.

8) Differentiation pathways: perform quantitative analy-
sis of differentiation patterns within organoids to un-
derstand lineage-specific differentiation.

Compositional requirements:

. Qualitative inspection
1) Immunofluorescence staining: visualize specific pro-

teins/biomarkers within organoids to analyze molec-
ular presence and spatial distribution.

2) Immunohistochemistry: examine protein distribution
and volume, providing detailed protein localization and
concentration within organoids.

3) Western blotting: quantitatively measure protein ex-
pression levels within organoids to assess protein
presence and relative abundance.

4) In situ hybridization: identify the presence and loca-
tion of specific RNA/DNA sequences within organo-
ids, informing on genetic characteristics.

b. Quantitative inspection
1) Enzyme-linked immunosorbent assay (ELISA):

quantify specific antigens to measure concentration
within organoids.

2) Quantitative PCR: quantify RNA molecules within or-
ganoids to assess gene expression levels.

3) Flow cytometry: evaluate presence and quantity of
cell-surface markers within organoids, aiding in cha-
racterization of cellular populations.

4) Mass spectrometry: identify and quantify proteins
and biomolecules within organoids, providing a mo-
lecular composition overview.

5) RNA sequencing: conduct transcriptome profiling
via RNA sequencing for comprehensive gene expression
analysis.

6) Proteomics analysis: perform quantitative analysis of or-
ganoid protein composition to uncover protein profile.

Functional requirements:

. Organ-specific functional assessment requirement
The following outlines four types of organoids, the spe-
cific functions they are designed to mimic and the
methods used to assess these functions. It is important
to note that these are examples, not an exhaustive list.
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The assessment methods are critical for demonstrating
that these organoids accurately model the biological and
physiological processes of the organs they represent.
1) Brain organoids
(1) Target function: electrophysiological properties of
neurons, which are essential for understanding
how neurons communicate, process information,
and contribute to the overall function of the brain
27).
(2) Assessment methods:
-Patch-clamp: a technique used to measure action po-
tentials and other intracellular electrophysiological
features of neurons. This allows researchers to study
the electrical properties of neurons in detail.
-Microelectrode array (MEA) recording: This meth-
od records extracellular electrophysiological features.
MEA can monitor the electrical activity of neurons
over time, providing insights into neural networks
and brain organoid function.
-Calcium imaging: a method to directly indicate
neural activity by detecting changes in intra-
cellular calcium levels, which fluctuate with neu-
ron activation.
2) Heart organoids
(1) Target function: Contractile properties, which are
central to the heart’s ability to pump blood (28).
(2) Assessment methods:
-Contraction recording and analysis (MEA): Similar
to its use in brain organoids but focused on measur-
ing the contractile activity of heart cells. This as-
sesses how well the heart organoid can mimic the
heart’s pumping action.
3) Kidney organoids
(1) Target function: Protein uptake properties, specifi-
cally reflecting the function of proximal tubules in
the kidney, which are responsible for the reabsorp-
tion of proteins such as albumin from the urine (28).
(2) Assessment methods:
-Albumin uptake assay: This tests the organoid’s
ability to take up albumin, typically using fluo-
rescently labeled albumin (e.g., TRITC-albumin),
mimicking the reabsorption process.
4) Liver organoids
(1) Target function: Extrahepatic metabolism and
clearance, key liver functions that include metab-
olizing substances and producing proteins neces-
sary for blood clotting and immune function (29).
(2) Assessment methods:
-Indocyanine green (ICG) uptake and release: ICG is
a dye used in medical diagnostics, and its uptake and
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release can be used to assess the organoid’s metabolic
function.

-Albumin, @ l-antitrypsin, and urea quantitation: meas-
ured typically through ELISA tests to evaluate the
organoid’s ability to perform essential liver func-
tions such as protein synthesis and nitrogen waste
metabolism.

-Cytochrome P450 (CYP) enzyme measurements:
CYP enzymes (e.g., CYP450, CYP3A4, CYP1A2)
are involved in drug metabolism. Measuring these
can validate the organoid’s ability to metabolize
pharmaceuticals.

-Bile acid quantification: bile acids are produced by
the liver to help digest fats. Their quantification can
assess the organoid’s functionality in bile production.

Storage and preservation
To preserve organoids, freezing arrests cellular growth
and prevents structural and genetic alterations due to cell
passage. A detailed storage protocol should be followed to
ensure the retention of organoid quality post-thaw, main-
taining structure, cellular integrity, and preventing conta-
mination. The cryopreservation protocol may vary depend-
ing on the cell type and the cryopreservation medium
used. The guidelines provided by the cell and cryopreser-
vation medium manufacturers should be consulted. Similarly,
the thawing protocol may differ based on the cell type,
and adherence to the supplier-provided protocols is reco-
mmended. For a broad spectrum of cell types, the “General
Cryopreservation Protocol of Stem Cells” outlined below
serves as a guideline. The cryopreservation medium, sim-
ilar to the raw materials, should be verified to not contain
any substances derived from animals or animal cells.
Freezing and thawing processes:
a. Cryopreservation
Before cryopreservation, ensure that organoids are in
optimal health; avoid organoids that are overgrown or
deteriorating as this impacts post-thaw viability. Organoids
with a vesicular structure are less amenable to cryopre-
servation than their healthy counterparts because of the
potential for epithelium detachment and the formation
of cytoplasmic membrane protrusions, which indicates
organoid deterioration. Cryopreservation at —80°C to
—196°C is crucial for halting cellular metabolism. Cryo-
preservation, however, introduces risk of solute imbala-
nces, and cellular and structural damage due to intra-
cellular ice formation. Therefore, cryopreservation should
ensure cell integrity and optimize viability post-thaw.
While a short-term storage at —80°C is possible, it is
advisable to limit the storage period for stability. Key

factors in stem cell cryopreservation include:
-Sterility: using 70% ethanol or isopropanol is essential
for preserving sterility throughout the cryopreservation
process.

-Cell health: prior to freezing, assess cell health and
contamination, e.g., via mycoplasma testing. Media cla-
rity or turbidity, color, and cell morphology should be
examined, removing any contaminated cells.

-Cell confluency: cells should be in their maximum growth
phase, exhibiting >80% confluency to ensure post-cry-
opreservation integrity.

-Cell concentration in vials: optimal concentration var-
ies for freezing varies by cell type, generally ranging
from 1x10° to 1x10° cells/mL, balancing between low
survival rates at sparse concentrations and clumping at
high concentrations.

-Cryopreservation medium: employ GMP-compliant, veri-
fied cryopreservation medium.

-Freezing rate: controlled cooling rates, typically slow
freezing, are recommended to minimize quality loss, with
adjustments based on cell types.

For organoid cryopreservation, aiming for storing 100~
200 organoids for small size (<300 x«m) is advised, ac-
counting for potential loss and decreased viability dur-
ing freezing and thawing cycles. If organoids are to be
refrozen, they should undergo at least two subculturing
rounds to mitigate quality degradation from medium
exposure. Cryopreservation of mature organoids may face
challenges like disintegration and stem cell component
loss. Optimal methods and timing for cryopreservation
are organ-dependent.

Some organ-specific considerations:

-Kidney organoids: specific cell types within kidney or-
ganoids may exhibit sensitivity to freezing and thawing,
inducing apoptosis and functional impairment. Storage
at the renal precursor cell stage following standard cell
cryopreservation methods is recommended.

Brain organoids: neuronal and other brain cells are sen-
sitive to temperature changes, and cells and neural net-
works may be damaged during freezing and thawing.
Cryopreservation can reduce oxygen supply to organo-
ids, causing oxidative stress and cellular damage.
Intestine: cryopreservation of human intestinal organo-
ids is possible from the fifth day post-passage.
-Liver organoids: liver organoids can be effectively cry-
opreserved for long-term storage at the expandable
stage before reaching full differentiation. It is recom-
mended to use organoids exhibiting a viability of over
70% upon thawing and to allow a recovery period of
1~2 weeks following thawing to enable the organoids



to regain stability in growth and promote further

differentiation.

-Cardiac organoids: before freezing, confirm the quality

of cardiac organoids by PCR using culture media to

check for the absence of fungi and microbes and select
only cardiac organoids maintaining a beating rate of
0.5~1.5 Hz. Analyze the recovery of beating function
during a stabilization period of 1 week after thawing
the cardiac organoids, using a platform that allows for
analysis under a microscope or of cardiac beating cha-
racteristics.

b. Thawing

General thawing protocol of stem cells:

1) Pre-warm stem cells in a 37°C water bath, gently ro-
tate the cryogenic vial in one direction to ensure even
thawing, minimizing cell damage. The process should
be completed within approximately 1~2 minutes.

2) Sterilize vial exteriors with 70% ethanol, proceeding
under aseptic conditions.

Ethical considerations

Organoid technology holds promise in disease model-
ing, drug testing, organ transplantation, and regenerative
medicine, offering the potential to reduce animal testing
and provide research outcomes more directly relevant to
human health. However, ethical concerns arise from the
use of biological materials from humans. These concerns
include safeguarding donor privacy, establishing concrete
consent procedures, and addressing the commercialization
of research findings. Organoid research should be con-
ducted in international cooperation and regulation frame-
works, fostering dialogue and collaboration between scien-
tists and policymakers, to align scientific progress with
human dignity and societal values.

Informed consent: Effective informed consent involves
educating donors about organoid research and its im-
plications in an accessible manner. Consent should in-
clude comprehensive understanding and agreement on the
use of their cells, including any potential for commercia-
lization. Key points for donor consent include: (1) the pur-
pose of organoid use in research and development; (2) per-
sonal data protection and management; (3) the possibility
of additional tissue use without further consent; (4) orga-
noid preservation, management, disposal protocols; (5)
consent withdrawal procedures, and rights regarding orga-
noids after withdrawal; (6) potential for organoid cryopre-
servation for future use; and (7) consent for linking orga-
noids to medical, clinical, and genetic data.

Commercialization: The commercialization of organoid
technology presents ethical challenges: (1) intellectual pro-
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perty-the development of organoids may lead to patent ap-
plications on the technology, organoids, or manufacturing
methods, raising intellectual property issues related to tis-
sue donors; (2) Accessibility-commercialization risks creat-
ing inequalities in access to medical advancements due to
cost barriers. Strategies to ensure equitable access, regard-
less of socioeconomic status, are important; and (3) con-
sent for commercial use-donors should be informed that
their tissues could be used to develop commercial prod-
ucts, with explicit consent obtained for such purposes.

Conclusion

In this report, we discuss the organoid manufacturing
and the quality assessment criteria at their endpoints. The
culture conditions for organoids derived from human stem
cells are under constant refinement and corroboration. The
integrity and pluripotency level of stem cells, which serve
as the source materials for organoids, significantly dictate
the subsequent organoid characterization. The organoid de-
velopment strategy varies based on the type of stem cell
(e.g., ASC and PSC); hence the combination of essential
growth factors, maintenance of characteristics, differentia-
tion stages, and QC of organoids at their endpoints guide
the production of organoids with a high degree of similarity
to the mimicked organs. Furthermore, verifying the mor-
phological, functional, and physiological characteristics
through imaging and immunological assays allows organoid
developers to validate the applicability and efficacy of orga-
noids for disease modeling, toxicity assessment, and the de-
velopment of new treatments. The recommendations pre-
sented facilitate a comprehensive understanding of the pro-
duction and quality evaluation of human-derived organoids,
offering a scalable framework to organ-specific organoid
manufacturing and their diverse application fields.
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