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Cardiac organoids have emerged as invaluable tools for assessing the impact of diverse substances on heart function. 
This report introduces guidelines for general requirements for manufacturing cardiac organoids and conducting cardiac 
organoid-based assays, encompassing protocols, analytical methodologies, and ethical considerations. In the quest to 
employ recently developed three-dimensional cardiac organoid models as substitutes for animal testing, it becomes 
imperative to establish robust criteria for evaluating organoid quality and conducting toxicity assessments. This guide-
line addresses this need, catering to regulatory requirements, and describes common standards for organoid quality 
and toxicity assessment methodologies, commensurate with current technological capabilities. While acknowledging the 
dynamic nature of technological progress and the potential for future comparative studies, this guideline serves as 
a foundational framework. It offers a comprehensive approach to standardized cardiac organoid testing, ensuring scien-
tific rigor, reproducibility, and ethical integrity in investigations of cardiotoxicity, particularly through the utilization 
of human pluripotent stem cell-derived cardiac organoids.
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Introduction 

  The purpose of the guidelines for the practical applica-
tion of cardiac organoids is to provide standards for the 
quality of cardiac organoids and guidance on their utilization 
in toxicological assessments for non-clinical purposes. Car-
diac toxicity in pharmaceutical development has become 
a serious issue, particularly with the reporting of numer-
ous drugs inducing ventricular arrhythmias through QT 
prolongation, leading to the establishment of the Interna-
tional Council for Harmonisation of Technical Requirements 
for Pharmaceuticals for Human Use (ICH) S7B guideline 
on delayed ventricular repolarization in 2005, which has 
been utilized since then. However, these evaluation sys-



Hyang-Ae Lee, et al: Guidelines for Heart Organoids  131

Fig. 1. Comprehensive process for cardiac organoid manufacturing. EB: embryoid body, ESCs: embryonic stem cells, iPSCs: induced pluri-
potent stem cells, QC: quality control, ECM: extracellular matrix.

tems fail to comprehensively reflect the complex and in-
tricate electrophysiological phenomena of the heart (1). In 
addition, in vivo animal experiments are continually chal-
lenged due to limitations in predicting human toxicity 
caused by inter-species differences and ethical issues asso-
ciated with animal experimentation.
  With the emergence of induced pluripotent stem cells 
(iPSCs) and the development of cardiomyocyte differenti-
ation techniques, multinational regulatory agencies have 
cooperated to utilize cardiomyocytes differentiated from 
human stem cells for non-clinical testing. In the revised 
guidelines issued in August 2022, methods such as multi- 
electrode array (MEA) testing using human stem cell-de-
rived differentiated myocardial cells are proposed for fol-
low-up studies (2).
  Furthermore, recent research efforts are underway to 
mimic organ development processes in vitro and create 
three-dimensional (3D) organoid (mini-organ) models that 
can better simulate the 3D in vivo environment compared 
to conventional two-dimensional (2D) cell models. These 
models are expected to improve upon the limitations of ex-
isting 2D-based in vitro testing methods. Ensuring the safe-
ty of not only pharmaceutical products but also industrial 
chemicals and cosmetic products that may be encountered 
in daily life is essential. Thus, the development of in vitro 
human mimetic cardiac models capable of effectively de-
tecting their toxicity will play a crucial role in safely and 
efficiently introducing new products to the market.

General considerations
  The primary objective of this guideline is to establish 
minimum quality criteria for cardiac organoids, aiming to 
enhance the predictive accuracy of toxicity assessments based 
on cardiac organoid models. By minimizing evaluation un-
certainties, this guideline seeks to improve the reliability 
and robustness of toxicity assessment methods. Various mod-
els of cardiac organoids are being developed using differ-
ent production methods and utilization strategies, neces-
sitating optimization of production methods and analytical 
techniques for functional analysis of each model. This 
guideline provides universally applicable minimum qual-
ity requirements for cardiac organoids and presents exam-
ple protocols for their selective application in toxicity asse-
ssments. Test substances applicable to cardiac organoid- 
based toxicity assessments covered in this guideline may 
include pharmaceuticals, chemicals, and cosmetics. Equip-
ment systems, reagents, and materials used in the pro-
duction and analysis of organoids can be substituted with 
others demonstrating similar or equivalent performance. 
Continuous updates to this guideline are necessary to align 
with advancements in technology, societal consensus, mar-
ket demands, and regulatory science trends, as well as con-
siderations of feasibility and cost-effectiveness.

Scope of guidelines
  This standard guideline elaborates on the production of 
cardiac organoids for non-clinical testings, which cover as-
pects such as cell source, culture conditions, quality requi-
rements and assessment, storage and preservation, uti-
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lization in testing methods, and ethical considerations. While 
various methods for cardiac organoid production have 
been reported, this guideline provides a relatively detailed 
protocol that can be universally applied. In the section on 
organoid utilization in testing methods, representative 
analysis systems for cardiac arrhythmia-related toxicity as-
sessment, contractility-related toxicity assessment, and my-
ocardial cell cytotoxicity assessment are presented, using 
organoids produced according to the production protocol 
outlined in this guideline as examples. These guidelines 
can be extended and applied to model cardiac diseases and 
utilize cardiac regenerative therapies through future up-
dates based on scientific evidence-driven quality assessments.

Guidelines for Manufacturing of Cardiac 
Organoids

  The schematic of the overall process of manufacturing 
cardiac organoids using human pluripotent stem cells is 
shown in Fig. 1.

Stem cells
  Pluripotent stem cells, such as embryonic stem cells (ESCs) 
and iPSCs, can be utilized for the production of cardiac 
organoids. If the intention is to directly obtain source cells 
from humans for organoid production, it must adhere to 
ethical considerations and receive institutional review board 
(IRB) approval.
  Quality control recommendations: The quality of plu-
ripotent stem cells used for organoid production signifi-
cantly affects both the efficiency of organoid production 
and the quality of the produced organoids. Therefore, quality 
control (QC) of stem cells is crucial. It is necessary to peri-
odically verify if the quality requirements of the cells (cell 
viability, purity, contamination prevention, genetic stabil-
ity, self-renewal and differentiation capability, safety, iden-
tification, characterization, etc.) are met. It is recom-
mended to establish protocols for cell quality management 
and maintain records for cell history management in each 
laboratory to systematically manage them.
  A step-by-step guide outlining the sequential stages, from 
initial cell sourcing and culture initiation to the matura-
tion and QC of cardiac organoids. This process encom-
passes key steps such as embryoid body (EB) formation, 
differentiation induction, and QC of cardiac organoids, 
aimed at generating functional and physiologically rele-
vant cardiac organoids for non-clinical applications.
  Cell sources, characteristics, and quality requirements:
a. Cell sources and characteristics
  Pluripotent stem cells include ESCs and iPSCs. ESCs 

are cell lines obtained from the inner cell mass of blas-
tocysts from early-stage embryos and have the ability to 
propagate as undifferentiated cells. iPSCs are generated 
by inducing pluripotency in somatic cells, such as skin 
or blood cells, through the introduction of specific re-
programming factors. Similar to ESCs, iPSCs are capa-
ble of differentiating into cells of almost all organs in 
the body. These pluripotent stem cells exhibit character-
istics of self-renewal and pluripotency, enabling them to 
differentiate into various cell types representing the 
three germ layers: endoderm, mesoderm, and ectoderm.

b. Cell quality requirements
  For cell quality requirements, stem cells should exhibit 

high viability, with over 90% viability necessary for main-
taining natural differentiation or pluripotency. Additio-
nally, purity is essential, with stem cells expressing spe-
cific surface markers like SSEA-4 and TRA-1-60, con-
firmed via flow cytometry analysis. To prevent contami-
nation, stem cells must remain free from bacteria, fungi, 
viruses, and mycoplasma. Genetic stability is crucial, va-
lidated through chromosomal analysis and whole-ge-
nome sequencing to detect variations or abnormalities. 
Stem cells should possess self-renewal and differentiation 
capabilities, enabling long-term culture and tissue for-
mation. Safety measures are paramount, aiming to min-
imize potential adverse effects. Finally, accurate identi-
fication and characterization of stem cells through mar-
ker analysis are essential for ensuring their quality and 
reliability (Table 1). 

Organoid culture
  Essential components and reagents:
a. Media composition
  To produce cardiac organoids from stem cells, various 

differentiation-inducing factors and maturation-promot-
ing factors are added to the basal media for cardiac or-
ganoid culture. Different laboratories may utilize differ-
ent media compositions based on their differentiation 
strategies and protocols. The basal media for cardiac or-
ganoids should necessarily include components essential 
for cell growth and maintenance. One representative ex-
ample is the RPMI-1640 medium, which includes the 
essential components (Table 2).

b. Essential growth factors
  Various growth factors are utilized to support the for-

mation, growth, and function of cardiac organoids. The 
following growth factors can be used to efficiently in-
duce differentiation of cardiac constituent cells:

  ㆍFibroblast growth factor: Plays a crucial role in the 
growth and differentiation of cardiac cells, particularly 
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Table 1. Quality requirements for stem cells in cardiac organoid research

Requirement Description

Cell viability Stem cells should be able to survive in a state capable of producing ATP, indicating 
the health status of the stem cells. If the viability of stem cells is low, it can affect natural 
differentiation or pluripotency, so a viability of over 90% should be maintained

Purity Stem cells should not be mixed with other types of cells and should express stem cell-specific 
surface markers such as SSEA-4 and TRA-1-60. Surface marker expression can be 
confirmed through flow cytometry (FACS) analysis

Contamination prevention Stem cells should not be contaminated with bacteria, fungi, viruses, mycoplasma, etc.
Genetic stability Stem cells should be stable with minimal genetic variations or abnormalities. Genetic stability 

of stem cells can be confirmed through chromosomal analysis to detect abnormalities 
in the number and morphology of chromosomes, as well as through whole-genome sequencing

Self-renewal and 
differentiation capability

Stem cells should maintain self-renewal and differentiation capabilities. This means the ability 
of stem cells to be repeatedly cultured through generations and to form various tissues and organs

Safety Stem cells should ensure safety by minimizing potential side effects and harmful factors
Identification 

and characterization
Stem cells should be accurately identified and characterized through specific marker analysis

ATP: adenosine triphosphate, FACS: fluorescence activated cell sorter.

Table 2. Main ingredients of basal media in cardiac organoid cultures

Component Description

Amino acids A mixture of essential and non-essential amino acids necessary for protein synthesis and cell growth
Vitamins Essential B vitamins including folate, biotin, pantothenic acid, etc.
Glucose Utilized as an energy source for cells. RPMI-1640 typically contains a moderate level of glucose 

(e.g., 2 g/L), but this might vary depending on the supplier
Salts Various inorganic salts such as sodium chloride, calcium chloride, magnesium sulfate, 

and potassium sulfate are included to maintain osmotic balance and physiological pH
Buffering agents Typically includes 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) or 

other buffer agents to maintain stable pH during cell culture
Serum supplements Assist in supporting cell growth, survival, and differentiation, enhancing the formation 

and functionof cardiac organoids. Depending on the protocol, serum supplements devoid 
of insulin or vitamin A can be used during differentiation induction

influencing the proliferation and formation of my-
ocardial cells. Recommanded concentration range: 10
∼100 ng/mL.

  ㆍEpidermal growth factor: Regulates cell differ-
entiation and proliferation, influencing the prolifera-
tion and survival of cardiac cells. Recommanded con-
centration range: 10∼100 ng/mL.

  ㆍVascular endothelial growth factor: Plays a significant 
role in vascular growth and the formation of the car-
diac vascular network. Recommanded concentration 
range: 10∼100 ng/mL.

  ㆍInsulin: Regulates cell energy metabolism and influ-
ences cell growth and differentiation. Recommanded 
concentration range: 1∼10 μg/mL.

  ㆍNote: Optimizing the concentrations of these factors is 
indeed critical for the successful development and ma-
turation of cardiac organoids. The optimal dosages may 

vary depending on factors such as the cell type, culture 
conditions, and the specific protocol being used.

c. Reagents
  ㆍWNT signal regulators
    -WNT activators (WNT agonists): Used to activate 

the WNT signaling pathway.
    -WNT inhibitors (WNT antagonists): Used to inhibit 

the WNT signaling pathway and regulate cardiac or-
ganoid differentiation.

  ㆍExtracellular matrix (ECM): Used for stem cell at-
tachment culture and 3D organoid culture.

  ㆍRho-associated coiled-coil kinase (ROCK) inhibitor: Uti-
lized to enhance stem cell survival and proliferation.

  ㆍStem cell and cardiac organoid dissociation reagents
  ㆍMaturation inducers
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Table 3. Key stages in development of cardiac organoids

No. Stage Description

1 Stem cell culture Culturing stem cells in media specialized for the growth and maintenance 
of undifferentiated cells

2 EB formation Methods for EB formation include using commercial 3D cell culture devices, 
inducing self-aggregation using ultra-low attachment plates, or utilizing 96-U-well plates

3 Cardiac organoid 
differentiation induction

Sequential induction of Mesendoderm＞Mesoderm＞Cardiac mesoderm 
using the ECM, WNT signal regulators, and various growth factors to induce 
differentiation of cardiac constituent cells

4 Maintenance and 
maturation induction

Culturing cardiac organoids post-differentiation induction to enhance functionality and maturity

EB: embryoid body, ECM: extracellular matrix.

  Cultural process and requirements:
a. Culture protocols
  The culture protocol for cardiac organoids can include 

various media compositions and culture conditions based 
on the differentiation strategies adopted by each labo-
ratory. It can be broadly divided into four stages as 
shown in Table 3.

  Example of a cardiac organoid culture protocol:
    1) Rinse the human iPSCs being maintained in a 

CO2 incubator with DPBS twice and treated with 
cell dissociation reagent at 1 mL/well for a 6-well 
plate and incubate for 4 minutes in the incubator. 
After removing the cell dissociation reagent, use a 
pipette to detach the cells from the plate bottom 
and transfer them to a 15 mL tube.

    2) Take 10 μL of the obtained cells and dilute with 
0.4% trypan blue solution at a 1：1 ratio. Place 
10 μL of the diluted cell solution onto a cell 
counting slide and measure the number of viable 
cells using a cell counting machine.

    3) Prepare 0.5∼2.4×106 cells and evenly distribute 
them onto wells of a pre-coated 3D cell culture 
device. Use a pipette to evenly distribute the cell 
suspension across all wells.

    4) Place the plate in a CO2 incubator at 37°C for 15 mi-
nutes to ensure proper cell settling. Shake the plate 
every 2∼3 minutes to ensure uniform cell settling.

    5) Check under a microscope to confirm cells are set-
tled at the bottom of the well and remove excess 
cell suspension from outside the well. Carefully 
add plating media to the dish periphery. Incubate 
the dish in a CO2 incubator at 37℃.

    6) Replace with fresh stem cell culture media the 
next day after cell plating.

    7) Begin differentiation when the cell aggregates 
reach approximately 300 μm in diameter, typi-

cally 2 days after cell plating. Until differentiation, 
change the media daily with fresh stem cell cul-
ture media.

    8) On the day of differentiation, transfer the cell ag-
gregates from the 3D cell culture device to a 6-well 
clear bottom ultra-low attachment microplate us-
ing a 1 mL pipette and medium. Depending on 
the number of 3D cell aggregates, divide them into 
2∼3 wells per 6-well plate.

    9) Remove the existing stem cell culture media and 
replace it with differentiation induction media 
containing WNT activators. Use 2 mL per well for 
a 6-well plate.

   10) After 48 hours, switch to differentiation induction 
media containing WNT inhibitors.

   11) Replace the media with fresh differentiation in-
duction media every 2 days.

   12) On the 8th day of differentiation, switch to main-
tenance culture media containing insulin and 
change the media every 2∼3 days to maintain the 
cardiac organoids.

b. Culture environment conditions
  ㆍCell incubator: Culturing is typically performed in a 

cell culture incubator set at 37℃ with 5% CO2. The 
relative humidity within the incubator should be mai-
ntained at 95% or higher to prevent cell dehydration, 
which can affect proliferation and survival.

  ㆍCell culture methods: Culturing methods can be catego-
rized into adherent culture or suspension culture, each 
requiring suitable culture vessels and media. Stem cell 
maintenance culture typically utilizes adherent cul-
ture vessels coated with stem cell culture-grade ECM, 
while processes post-EB formation may involve the 
use of ultra-low attachment culture vessels. Bioreactors 
can be advantageous for suspension culture, facilitat-
ing mass production and expansion.
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Table 4. Specific markers for cardiac organoid characterization

Classification Marker type Description

Cardiomyocytes Cellular type-specific markers General cardiomyocyte marker: cTnT/Mature cardiomyocyte marker: cTnI
Atrial-type cardiomyocyte marker: MLC2a
Ventricular-type cardiomyocyte marker: MLC2v
Nodal-type cardiomyocyte marker: TBX18

Structural genes Sarcomere marker: α-actinin
T-tubule markers: JPH2, CAV3, BIN1

Functional genes Calcium (Ca2＋) channel markers: CACNA1C, RyR2
Potassium (K＋) channel markers: KCNA4, KCNH2, KCNJ2
Sodium (Na＋) channel marker: SCNA5

Non-myocytes Markers for vascular cells Endothelial cell marker: CD31
Smooth muscle cell marker: αSMA
Pericyte marker: PDGFRB

Markers for fibroblasts Cardiac fibroblast marker: Vimentin 

  ㆍSterile manipulation: Stem cell culture procedures 
should be conducted using aseptic techniques within 
a microbiological safety cabinet, and researchers should 
wear appropriate protective clothing.

Quality requirements and assessment
  Size and morphology: Organoids developed by differ-
ent laboratories may exhibit varied sizes, ranging from 
hundreds of micrometers to several millimeters, depend-
ing on the differentiation protocols.
  In non-chambered organoids, exceeding a certain size can 
lead to central cell death due to oxygen and nutrient depri-
vation, emphasizing the need to establish size criteria to en-
sure organoid viability. Thus, it is crucial to establish size 
criteria that prevent central cell death (necrotic core) result-
ing from oxygen and nutrient deprivation.
  While size and morphology are essential, functional cri-
teria such as toxicological assessments are often priori-
tized for evaluating organoid quality.
Healthy organoids exhibit rhythmic beating, which should 
be monitored during differentiation, culture, and testing 
phases.
  Cell composition and organ-specific gene expression: 
Organoids typically consist of cardiomyocytes and non- 
myocytes, with cardiomyocytes predominating. Cardiomy-
ocytes can be further categorized into nodal, atrial, and 
ventricular types. Non-myocytes include fibroblasts and 
vascular cells, which comprise endothelial cells, pericytes, 
and smooth muscle cells.
  Cell composition analysis is typically conducted through 
cellular type-specific markers using Fluorescence activated 
cell sorter (FACS) analysis.
  Quantitative reverse transcription polymerase chain re-
action (qRT-PCR) and similar techniques for analyzing 

cardiac-specific gene expression may exhibit high varia-
bility between experimental batches and lack established 
quantitative criteria for correlation with cardiac function. 
Hence, they are more suitable as qualitative confirmation 
assays for cardiac differentiation rather than establishing 
quantitative quality evaluation criteria.
  Examples of cellular type- and cardiac-specific genes 
are shown in Table 4.
  Periodic confirmation of the presence of myocardial and 
non-myocardial cells within cardiac organoids, in accor-
dance with the specified ratios and ranges determined by 
the organoid production protocol, is necessary for reliably 
evaluating the effects of test substance.
  Organ-specific functionality: 
ㆍElectrophysiological function: Myocardial cells within the 

cardiac organoid exhibit action potentials generated by 
inward ion channel currents (Na＋, Ca2＋, etc.) involved in 
depolarization and outward ion channel currents (such as 
hERG, IKs) associated with repolarization. These action 
potentials can be recorded as field potentials outside the 
cell membrane. Patch-clamp assays allow for the analysis 
of ion channel currents and action potentials, while 
MEA analysis enables field potential measurements.

ㆍContractile function: Cardiac organoids undergo spon-
taneous contraction and relaxation, driven by intra-
cellular calcium oscillations. Imaging techniques can be 
employed to measure changes in organoid length or 
quantify contractile force using calcium imaging.

  Others:
ㆍCellular metabolic analysis: The metabolic analysis of 

cardiac organoids represents a critical avenue for under-
standing cellular function. Central to this examination 
is the assessment of oxygen consumption rate (OCR), 
a key metric that identifies the metabolic activity within 
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these structures. By closely monitoring OCR, researchers 
obtain information about the efficiency of oxidative 
phosphorylation and broader cellular respiration proc-
esses, which can also be utilized in drug testing with 
cardiac organoids. Complementing this assessment is 
the pivotal role of adenosine triphosphate (ATP) analy-
sis, which delves into the intricacies of cellular energy 
dynamics. ATP, serving as the fundamental energy cur-
rency of cells, offers a glimpse into the metabolic state 
and functional resilience of cardiac organoids. 

ㆍChromosomal karyotype analysis: Performing karyotype 
analysis on cardiac organoids before and after differen-
tiation ensures genetic stability, enhancing confidence 
in the reliability of organoid-based assays for evaluating 
the effects of test substances.

ㆍCell identity analysis: The short tandem repeat (STR) 
analysis or similar methods can be utilized to periodi-
cally assess the identity of cardiac organoids and the 
pluripotent stem cells from which they originate, serv-
ing as a quality assurance (QA) measure. 

ㆍSterile manipulation: Stem cell culture procedures should 
be conducted using aseptic techniques within a micro-
biological safety cabinet, and researchers should wear 
appropriate protective clothing.

  Practical troubleshooting methods: Despite employ-
ing a well-established protocol demonstrating consistent 
efficiency in cardiac organoid differentiation, instances of 
failure in this process necessitate the researcher to reassess 
stem cell quality, evaluate potential compromises in the 
activity of differentiation materials, and verify the proper 
execution of the stock formulation.

Monitoring of organoid quality
  After cardiac organoid production, assess the differen-
tiation efficiency of cardiac organoids batch-wise (confirm 
spontaneous beating) and periodically (e.g., weekly) mon-
itor the beats per minute (BPM) under the microscope to 
ensure it remains between 30∼90 bpm (0.5∼1.5 Hz).
  When using the MEA system for measuring cardiac orga-
noid function, utilize a detection threshold of 300 μV for 
field potential amplitude (FPA) and utilize BPM between 
30∼90 bpm for test substance assessment. Only treat with 
test substances when BPM, FPA, and field potential dura-
tion corrected by Fridericia’s formula (FPDcF) are stable 
during the pre-treatment stabilization period.
  When conducting contractility assessment tests such as 
imaging-based cardiac organoid contractility analysis or cal-
cium imaging analysis, evaluate the impact of test substances 
using indicators such as signal magnitude (amplitude, peak- 
to-peak), velocity (dV/dt, time-to-peak) obtained from images 

of the entire 3D organoid using calcium-sensitive dye.
  For cardiac cell toxicity testing using the 3D cell via-
bility assay, confirm a survival rate of over 90% in the 
untreated group or vehicle-treated group before conduct-
ing the assay.

Storage and preservation
  If freezing preservation of the produced cardiac organo-
ids is feasible, it is desirable for QA purposes to store sam-
ples that have been frozen for at least once a year. These 
stored samples should be thawed and compared for purity, 
functionality, etc., both before and after freezing or imme-
diately after freezing to ensure no change in quality.
  Storage protocol:
a. Freezing process
  1) Before freezing, confirm the quality of cardiac organo-

ids by PCR using culture media for the absence of 
fungi and microbes and select only cardiac organoids 
maintaining a beating rate of 0.5∼1.5 Hz.

  2) Transfer the cardiac organoids intended for freezing 
to a 15-mL conical tube.

  3) Centrifuge at 150 ×g for 1 minute to sediment the 
organoids and remove the supernatant.

  4) Resuspend the cardiac organoids in freezing preser-
vation solution and transfer them to cryotubes.

  5) Place cryotubes in a cryotank and store in a deep 
freezer for 24 hours or freeze using a controlled-rate 
freezer before transferring to an LN2 tank for 
long-term storage.

b. Thawing process
  1) Retrieve the frozen organoid stock from the LN2 

tank and rapidly thaw to approximately 50% in a 3
7℃ water bath.

  2) Add 0.5 mL of thawing medium (organoid main-
tenance culture medium＋10 μM ROCK inhibitor) 
and pipette to completely dissolve the freezing pres-
ervation solution.

  3) Transfer the organoids and dilution medium to a 
15-mL conical tube and add thawing medium to a 
total volume of 10 mL.

  4) Centrifuge at 150 ×g for 1 minute to sediment the 
organoids and add 1 mL of thawing medium for 
washing 1∼2 times.

  5) Transfer the washed organoids to a low attachment 
plate and culture in thawing medium.

  6) Replace with organoid maintenance culture medium 
without ROCK inhibitor the next day and change 
the medium every 2∼3 days thereafter.

  Quality checkpoints:
  ㆍPost-thaw beating: Analyze the recovery of beating 
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function during a stabilization period of 1 week after 
thawing the cardiac organoids using a platform that 
allows analysis under a microscope or of cardiac beat-
ing characteristics. Consider test substance impact as-
sessment only for cardiac organoids maintaining a 
beating rate of 0.5∼1.5 Hz, similar to before freezing. 
Subsequently, perform tests applying the QC criteria 
required for each toxicity evaluation method.

  ㆍMicroorganism testing: Mycoplasma testing after 
thawing is performed by PCR on the organoid culture 
medium cultured for 48 hours. Compare with a pos-
itive control group and confirm the negativity of the 
PCR product. Subsequently, perform mycoplasma test-
ing when deemed necessary during organoid mainte-
nance culture or periodically (e.g., every 1∼2 weeks).

Guidelines for Application of Cardiac Organoids

  The objective of assays utilizing cardiac organoids is to 
perform non-clinical testings related to cardiac arrhythmia 
induction, contractility impact, and cardiomyocyte toxicity. 
These tests utilize indices related to cardiac organoid 
function such as electrophysiological analysis, contractility- 
related indicators, and survival-related indicators.
  Note: This guideline primarily covers non-clinical in vi-
tro/ex vivo cardiac toxicity evaluations related to ar-
rhythmia, contractility, and cardiac cells’ cytotoxicity. 
Updates may be possible in the future as research results 
on chronic toxicity and cardiac remodeling accumulate, al-
lowing for validation and standardization of these assays.

MEA-based cardiac arrhythmia assay 
  Essential equipments:
  -MEA Analysis Equipment
  -MEA Analysis Software
  -Clean Bench
  -CO2 incubator
  -MEA plates
  -Pipette & tips
  Test protocol (procedure) example (3-5):
ㆍMEA plate preparation: Dispense 4 μL of fibronectin 

(final conc. 50 μg/mL, diluted in DPBS [Mg＋/Ca2＋]) 
onto the central electrodes of each well of the MEA 
plate. Ensure that the fibronectin does not dry out by 
adding sterile 3rd distilled water to the reservoirs at the 
edges of the plate. Incubate the fibronectin-coated plate 
in a cell culture incubator for 30 minutes.

ㆍSample plating: Remove the fibronectin-coated MEA 
plate from the incubator and remove any excess fibro-
nectin. Immediately place the cardiac organoids onto the 

fibronectin-coated regions. Minimize the surrounding 
culture media to reduce organoid movement. Return the 
MEA plate with the organoids to the cell culture in-
cubator for another 30 minutes. Then, add 0.4 mL of 
maintenance culture media to each well.

ㆍSample maintenance: Every 2∼3 days, remove 0.2 mL 
of the existing culture media from each well and add 
0.2 mL of fresh maintenance culture media. At least 4 
hours before recording field potentials, replace all the 
remaining culture media in each well with 0.4 mL of 
fresh media.

ㆍField potential recording: Turn on the equipment and set 
the temperature to 37℃ for preheating. Attach the MEA 
plate to the MEA apparatus and inject CO2 while record-
ing for at least 20 minutes to confirm stabilization. After 
stabilization, record control values for 20 minutes before 
treating with the test substance. Use only wells where the 
FPA is above the detection threshold of 300 μV and the 
BPM are between 30 and 90 for the test substance 
evaluation.

ㆍTest substance preparation: Dissolve the test substance 
in a suitable solvent such as water or dimethyl sulfoxide 
(DMSO) to prepare a primary stock solution. Dilute the 
primary stock solution in solvent or maintenance culture 
media to prepare secondary stock solutions, ensuring 
that each test concentration achieves a 1000X dilution.

ㆍTest substance testing: Set the program to record data 
at 1-minute intervals over 5 minutes and evaluate the test 
substance response in at least three wells per substance, 
considering well-to-well variation. To add the substance 
sequentially from low to high concentrations, use 1/10 
volume of fresh media (40 μL for a 48-well plate) in the 
same well to maintain temperature at 37℃. Sequentially 
add the substance every 20 minutes from low to high con-
centrations to achieve the final test concentrations.

ㆍVehicle control testing: Record the vehicle control group 
by sequentially treating each test substance with the same 
concentration of solvent used for the test substance.

  Data analysis and interpretation: Data analysis in-
volves using the average values of the last 1 minute after 
stabilization before treatment with the test substance and 
the average values of the last 1 minute recorded over 20 
minutes after treatment with the test substance. BPM, FPA, 
and FPD values per well are used to calculate BPM and 
FPDcF. BPM is calculated as 60 divided by the beat period, 
FPA represents the size when the field potential is max-
imally depolarized, and FPD represents the duration until 
repolarization after depolarization. FPDcF is calculated as 
FPD divided by the square root of the beat period.
  The relative percent value for each concentration of the 
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test substance treatment is compared to the control value 
(100%) to present relative values. As analysis indicators 
for cardiac toxicity, phenomena such as quiescence of 
spontaneous beating, flatten phenomenon where T wave 
disappears, and various types of cardiac arrhythmias are 
separately indicated if present.

Imaging-based cardiac contractility assay 
  Essential equipments: 
  -Imaging Analysis Equipment
  -Microscope
  -Osmometer
  -pH meter
  -Pipette & tips
  Test protocol (procedure) example (6-8):
ㆍPreparation of contractility measurement solution: 

Prepare a 10X contractility measurement solution using 
3rd distilled water (NaCl 1,414 mM, KCl 40 mM, 
NaH2PO4 3.3 mM, HEPES 100 mM, MgCl2 10 mM). 
Adjust the pH of the solution to 7.5∼7.6 using 3M NaOH 
solution. After preparation, filter the solution using a 
0.02 μm bottle top filter and store it refrigerated. On 
the day of measurement, dilute the 10X contractility 
measurement solution to 1X using 3rd distilled water. 
Add 5.5 mM Glucose, 1.8 mM CaCl2, and 14.5 mM 
Mannitol, adjusting the pH to 7.3∼7.5 with 3M NaOH. 
Verify the osmolarity using an osmometer to ensure it 
falls within the range of 290∼320 mOsm.

ㆍContractility measurement: Allow the contractility mea-
surement solution to flow through the recording cham-
ber at approximately 37℃ and a flow rate of 1∼2 mL/ 
min for at least 10 minutes. Place the cardiac organoid 
to be analyzed in the recording chamber to stabilize it, 
ensuring it remains stationary. Adjust the microscope to 
locate and focus on the area of the organoid where con-
tractility will be measured. Record the reaction under 
untreated conditions for at least 5 minutes using a sol-
ution without the test substance or with the same amount 
of vehicle used to prepare the test substance solution. 
Treat the organoids with the substance of interest for 
at least 3 minutes at each concentration, starting from 
the lowest concentration to the highest, to confirm con-
sistent responses to the test substance. Record contrac-
tility-related indicators under each concentration con-
dition sequentially.

  Data analysis and interpretation: The average values 
of contractility-related indicators over 30 seconds at the last 
point of each concentration are used for assessing the im-
pact of the test substance. Peak height represents the height 
from baseline to peak, departure velocity indicates the max-

imum contraction velocity reached in the departure phases, 
and return velocity represents the maximum relaxation ve-
locity reached in the returning phases. Time to peak 50% 
denotes the time taken to reach 50% of maximum con-
traction, and time to baseline 50% indicates the time tak-
en to reach 50% of maximum relaxation.
  It is important to confirm that the contractility analysis 
indicators are stably recorded in the control before treat-
ment with the test substance and to check the minimum 
signal size to avoid bias due to background noise. Statisti-
cal analysis is performed to assess the significance of 
changes in contractility indicators after treatment with the 
test substance compared to the vehicle control or the sol-
ution without the test substance.

ATP bioluminescence analysis-based 3D cardiac cell 
toxicity test 
  Essential equipments:
  -Clean bench
  -CO2 incubator
  -Centrifuge
  -Cell counter
  -Luminometer
  -Pipette & tips
  Test protocol (procedure) example (9-11):
ㆍSample plating: Place one cardiac organoid per well in 

a 96-well plate and add 50 μL of maintenance culture 
medium to ensure uniformity across all wells.

ㆍSubstance treatment: Treat the cardiac organoids with 
the test substance in at least three wells, considering 
well-to-well variation. Dissolve the test substance in a 
solvent such as water or DMSO to prepare a stock solu-
tion. Dilute the stock solution in a maintenance culture 
medium to achieve a final concentration that is 2 times 
the target concentration. For negative control experi-
ments, treat the wells containing organoids with the 
same concentration of solvent used for preparing the test 
substance solution. For positive control experiments, 
treat the wells containing organoids with 0.2% TX-100. 
To remove background noise, add only culture medium 
to wells without organoids.

ㆍCell viability measurement: Allow the 3D cell viability as-
say reagent and the plate to equilibrate at room temper-
ature for at least 30 minutes. Add 100 μL of 3D cell via-
bility assay solution to each well and mix the solution 
thoroughly. After a 30-minute incubation at room temper-
ature, measure luminescence using a microplate reader.

  Data analysis and interpretation: The measured values 
from microplate readers are exported and saved as an 
Excel file, with background values subtracted to minimize 
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interference from the medium. The positive control group 
is set as 100% cell toxicity, and the relative luminescence 
rate of the test substance-treated group compared to the 
positive control group is presented as a percentage. The 
cell toxicity of the negative control group is verified to be 
less than 10%.
  The determination of toxicity using these indicators and 
setting cutoffs for judgment may be further developed and 
validated through subsequent testing methods develop-
ment/validation using positive and negative control 
groups.
  The determination of toxicity using these indicators and 
setting cutoffs for judgment may be further developed and 
validated through subsequent testing methods develop-
ment/validation using positive and negative control 
groups.

Ethical Considerations

  The cardiac organoids outlined in this standard guide-
line include human ESCs or iPSCs, including differ-
entiated pluripotent stem cells. Therefore, obtaining sam-
ples and their utilization should be conducted under IRB 
approval, with the informed consent of sample providers 
regarding their participation in research, sample collec-
tion, organoid research, and utilization, following the en-
tire content of organoid research and application.
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